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Human Monkeypox: Weathering the Storm of an Emerging Global Health
Concern
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Abstract

Monkeypox virus (MPXV) is an emerging outbreak transmitted between animals and humans. In
2022, the World Health Organization (WHO) announced MPXYV cases in six different regions, and over 120
countries reported confirmed cases of MPX. By the end of August 2024, over 100,000 confirmed cases of
MPX and more than 220 deaths due to MPX were reported. Notably, the physical contact, especially in the
context of sexual intercourse, is the main route of transmission of MPXYV that led to the widespread spread
in the human population. This route increases the possibility of emerging outbreaks in many different coun-
tries outside the virus’s origin. Prevention measures should be implemented urgently to manage the disease
worldwide. In order to gain an understanding of this hazardous infection, this review aims to provide a
comprehensive review of MPXV infection.
Keywords: Monkeypox, Monkeypox virus, zoonotic, human-to-human transmission

Pesrome

BupychT Ha maiimyHckaTa mapka (MPXV) e HOBOBb3HUKBAILIO OTHUILIE, IPEAABAHO MEXKAY )KUBOTHU
u xopa. [Ipe3 2022 r. CetoBHata 31paBHa opranuzauus (C30) o0sBu ciiydyan Ha MPXV B miect paznuyau
peruoHa, a Hag 120 gppkaBu cboOIIMXa 3a MOTBBpAEHU ciydan Ha MPX. Jlo kpas Ha aBryct 2024 1. 6sixa
noxsagsanu HaJ 100 000 norBepaenu ciiydas Ha MPX u noseue oT 220 cMbpTHU CiIyyasi, IbJDKAIIN CE Ha
MPX. Baxno e n1a ce oroenexu, ye Pu3ndecKusIT KOHTAKT, 0COOCHO B KOHTEKCTa Ha IOJIOB aKT, € OCHOB-
HUSAT BT Ha npenasade Ha MPXV, koiiTo noBese A0 MHUPOKOTO My pa3spOCTPAHEHUE CPEl YOBEIIKATa I10-
nynanust. To3u ObT yBeIMYaBa Bb3MOKHOCTTA 32 [10SBA HA OTHUIIA B MHOT'O Pa3JIM4HU CTPAHU U3BBH IPO-
u3xoza Ha Bupyca. CrieniHo TpsioBa Jja ce BbBeJIaT IPEBAHTUBHU MEPKH 3a OBJIaJsiBaHE Ha 3a00JISIBAHETO
B CBeTOBeH Maal. 3a 1a ce pazdepe 3a Ta3u onacHa MH(EKIMs, TO3U Iperies] UMa 3a 1iell 1a IpeAoCTaBU
1sutocTeH nperien Ha MPXV undexmnusra.

Introduction

Monkeypox (MPX) is a rare viral illness that
can be spread from animals to humans. The caus-
ative agent of MPX is the MPX virus (MPXV),
which is classified under the Orthopoxvirus genus
in the Poxviridae family (Mclnnes et al., 2023).
This genus encompasses the variola virus (which
is responsible for smallpox), vaccinia virus, and
several related viruses. MPX is a zoonotic disease
that has important consequences for public health,
because it may spread from animals to humans and

has the potential to be transmitted between humans
(Bunge et al., 2022). The clinical presentations are
fever, headache, and back discomfort, which are
subsequently accompanied by a systemic rash, blis-
ters, and lymphadenopathy (Abbas et al., 2024).
Findings from an epidemiological study reported
that the most prevalent sign and symptom report-
ed was fever (54.29%), followed by inguinal lym-
phadenopathy (45.71%) and exanthema (40.00%).
Asthenia, fatigue, and headache were described in
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22.86% and 25.71% of the subjects, respectively
(Thornhill et al., 2022). Myalgia was present in
17.14% of the cases. Both genital and anal lesions
were reported in 31.43% of the cases. Cervical
lymphadenopathy was described in 11.43% of the
sample, while the least commonly reported symp-
toms were diarrhea and axillary lymphadenopathy
(5.71%) (Bragazzi et al., 2024).

The symptoms of MPX are similar to those
caused by variola virus and vaccinia virus. Further-
more, MPX bears resemblance to diseases induced
by viruses belonging to different families. Chicken-
pox, which is caused by the varicella-zoster virus,
a member of the Herpesvirus family, shows clinical
manifestations that are identical to MPX disease
(Kampf, 2022).

Historically, MPXV has been categorized by
genetic manner into two primary groups: Clade 1,
Congo Basin (central African), which is associated
with severe infection and linked with higher mor-
tality (>10%). However, Clade II, the West African
group, is associated with a lower mortality (<1%)
(Rana ef al., 2022). Nevertheless, subsequent bio-
informatic investigations utilizing MPXV genomes
from different specimens have indicated the pres-
ence of a third clade, known as Clade III (Rosa et
al., 2023). However, such nomenclature according
to the genetic manner is not used anymore. Further-
more, the possibility of using progressive clade no-
menclature (III, IV, V....) in the future for newly
described groups may occur (Table 1).

The transmission of the MPXV occurs by
direct contact with a patient’s eruption, blisters, or
fluids, as well as the usage of items or substances,
such as bedding, clothing, or hand towels, that have
come into contact with an individual infected with
MPX. It also includes contact with respiratory se-
cretions.

MPXYV can be passed to the developing in-
fants via the placenta in a pregnant individual. Fur-
thermore, individuals can contract MPXV from
diseased animals through bites, scratches, cooking,
or consuming meat from an infected animal, or by

Table 1. Classification details of Monkeypox

utilizing its products (Harapan et al., 2022). The in-
cubation period of MPXV is 5-41 days, resembling
the smallpox infection (Naseer et al., 2024). The
prospect of a new outbreak is worrisome since na-
tions are now grappling with the ongoing pandem-
ic of COVID-19. At the beginning of the SARS-
CoV-2 pandemic, little information was available
on the new virus and the related disease: similarly,
even MPXV was not a new virus, researchers and
clinicians had limited knowledge, since epidemics
were restricted mainly to Sub-Saharan countries
with scarce possibilities to study the infection char-
acteristics and evolution (Du et al., 2022). This re-
view aims to provide an inclusive summary of the
present understanding of MPX, encompassing its
epidemiology, biological characteristics, modes of
transmission, clinical manifestations, and available
treatments is enough, or it can be added to preven-
tive measures or vaccines.

Epidemiology and re-emergence of the virus

The term MPX emerged due to its initial dis-
covery among monkeys used for research in 1958
(Upadhayay et al., 2022). MPXV was discovered
in animals used for research purposes, while in the
text, it seems that monkeys were a means of trans-
port used to carry humans into forests. The first
case of MPX was detected in 1970, which was a
nine-month-old infant infected in the Democrat-
ic Republic of Congo (DRC) (Saied et al., 2022).
Subsequently, intermittent occurrences of the dis-
ease have persisted in many central and Western
African nations where it is native, primarily in rural
rainforest regions. The vast majority of incidents
were reported in the Congo Republic (Bunge et al.,
2022).

The identification of MPX in the USA oc-
curred in 2003, which is the first incidence outside
Africa in travelers from many nations, such as Ni-
geria, the UK, and Singapore, since 2018 (Schuele
et al.,2023). In 2020, Congo recorded almost 4000
incidences of MPX in people, while in 2021, the
number of cases exceeded 3000 (Simpson et al.,
2020). Since 2022, there has been a global out-

Classification Details
Family Poxviridae
Genus Orthopoxvirus
Virus Type Large enveloped double-stranded DNA (dsDNA)
Genetic Clades Clade I (Congo Basin/central African),
Clade IT (West African), and Clade III
Related Viruses Variola virus (smallpox) and vaccinia virus
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break of MPX in multiple nations beyond the Af-
rican continent. The outbreak is triggered by direct
interaction with animals or individuals who have
recently visited Africa. Since January 1, 2022, the
World Health Organization (WHO) has reported
MPX incidences from 116 nations throughout all
six WHO areas. On October 31, 2023, the World
Health Organization (WHO) received alerts of
91,788 instances that have been confirmed by lab-
oratory testing and 660 cases that are likely but not
yet confirmed. Out of these cases, 167 have resulted
in death.

By the end of May 2023, 111 nations had doc-
umented confirmed incidences of MPX. According
to the Centre for Control of Diseases, MPX has
been reported in sites without any previous records
of outbreaks (Focosi et al., 2022). As of July 31,
2024, the World Health Organization (WHO) has
announced about 102,997 laboratories confirmed
MPX and 186 suspected incidences, resulting in
223 deaths worldwide. In over 120 different coun-
tries, there are documented outbreaks of MPX from
January 2022 to August 2024. These reports and
statistics raise awareness of the danger of a possible
new pandemic of MPX, which may overlap with
COVID-19.

Biological features of MPX

MPXYV, belonging to the Orthopoxvirus ge-
nus of the Poxviridae family, is a large enveloped
DNA virus with a double-stranded DNA molecule
of ~197 kilobase pairs (kb), which encodes ~181
proteins (WHO, 2024). The virus structure consists
of a lipoprotein envelope, a viral core, and two lat-
eral bodies (Kumar et al., 2022) (Fig. 1).

Surface
Tubules

OQuter Envelope Core Membrane

Core Fibrils

Palisade
Layer
Viral DNA

Lateral Bodies

Fig. 1. The structure of MPX virion: MPXYV is composed
of outer envelope, palisade layer, lateral bodies, core fi-
brils, core membrane, and viral DNA

The genome of the virus contains a central
conserved section and reverse terminal repeats with
tandem repeats. However, the genes responsible for
virus-host interaction are not well conserved and
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are located in the terminal portion of the genome.
The genome consists of two variable sections locat-
ed on both the right and left sides. These variable
regions contain genes that encode proteins associ-
ated with virulence and determining the range of
hosts. The core region of the MPX contains genetic
information for the production of structural pro-
teins and crucial enzymes (Witt et al., 2023).

The MPXV genome has both advantages
and disadvantages in terms of detection. The life
cycle of MPXV is entirely in the cytoplasm of in-
fected host cells, where MPXYV replicates its DNA
by DNA replication machinery that consists of the
catalytic subunits, the DNA polymerase, and ura-
cil-DNA glycosylase. Unlike RNA viruses, the
dsDNA poxviruses have much lower mutation fre-
quency as their DNA replication machineries en-
able coupling of DNA replication, proofreading,
and base excision repair (Dobhal ef al., 2022). Con-
sequently, MPXV may persist in the body for an ex-
tended duration prior to the manifestation of symp-
toms in infected individuals (Witt et al., 2023). It
might lead to the dissemination of the virus among
the population. This process had a significant role
in the unnoticed dissemination of MPXV through-
out many geographic regions; novel tactics such as
biosensors and diagnostic tools are recommended.
However, one advantage of DNA viruses compared
to RNA viruses is that they may be more easily and
accurately detected by PCR testing. Before per-
forming PCR for DNA viral identification, reverse
transcription is not required (Luna et al., 2022).
However, the main route of transmission is strict
contact with symptomatic individuals: in particular,
the viral particles present in the skin vesicles pass
to a new subject exposed to broken, pus-emitting
blisters. Since these lesions are clearly visible, the
unreported cases are more attributable to the ab-
sence of patients’ presentation to medical attention
or presence of blisters in hidden or not superficial
body parts (i.e., anus during unprotected sexual in-
tercourse) (Luna et al., 2022).

Pathogenesis and clinical manifestation

The clinical manifestation of MPX closely
matches that of the smallpox virus. Viruses have
the ability to penetrate cells by adhering and merg-
ing with them (Durmus and Ulgen, 2017). Once the
MPXYV merges with the membrane of the host cell,
the fully developed virus is discharged from the in-
fected cell by means of lysis, while the enveloped
virus exits through exocytosis from the host cells.
The virions leave the cells, which are then sent to
other body parts; however, the relevant phenome-



non should be a migration of infected cells that al-
lows virions to infect new distant host cells. Viruses
spread by adhering to the cellular surface, thereby
transmitting from one cell to another. Infected cells
disseminate throughout the body by liberating viri-
ons (Bhalla and Payam, 2023).

The incubation period of MPXV is 10-14
days. Subsequently, there is a prodromal phase last-
ing from 1-3 days. During this period, non-specif-
ic viral symptoms such as fever, chills, headache,
weariness, back aches, muscle pain, and enlarge-
ment of lymphatic glands occur (Dashraath et al.,
2022). Fever is the most common sign preceding
the onset of the rash. MPX is typically initiated
with a fever over 38.3°C. There is both agitation
and lymphadenopathy present (Martinez-Fernan-
dez et al., 2023) (Fig. 2).

Appearance of clinical signs and
symptoms of MPXYV infection

Virus spread to target organs like skin,
Iungs, gastrointestinal tract, efc

Prodromal
phase

Virus spread to distant lymph node and
lymphoid organs and replication occurs

Virus spread to lymph node

Inoculation and replication of virus in
respiratory/ oropharyngeal mucosa

- Respiratory droplets. - Bites/ Scratches of infected animals

- Contaminated surface, fomites. Bl p04i}y fluids, blood, infected lesions, etc.

- Mucocutaneous lesions.

- Cooking and eating of infected meat,

- Nosocomial.

W

Transmission of MPXV

Fig. 2. Transmission, pathogenesis, and clinical mani-
festation of MPXV; Entry of MPXYV by different routes
mainly by respiratory droplets, replication at site of infec-
tion, and replication at regional lymph nodes induce the
development of primary viremia. Subsequently, MPXV
spreads to distant lymph nodes with development of sys-
temic lymphadenopathy and secondary viremia. In the
prodromal phase, the virus spread to the target organs and
the development of clinical manifestations

According to the latest reports of the Centers
for Disease Control and Prevention, some cases
of monkeypox have presented rash without a pro-
drome phase. In many patients during the global
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clade II outbreak, they have had only localized le-
sions and have not presented with the diffuse rash
that normally correlates with the disease. Monkey-
pox lesions typically develop simultaneously and
appear on any part of the body. The progression of
lesions evolves through four stages—macular, pap-
ular, vesicular, pustular - before scabbing over and
desquamating. A patient remains contagious until
all the scabs have fallen off, revealing a fresh layer
of intact skin underneath (Centers for Disease Con-
trol and Prevention, 2026).

The infection is normally resolved (self-lim-
iting), despite some adverse effects like rash and
lymphadenopathy (Yinka-Ogunleye et al., 2019).
The most significant danger is the propagation of
some severe complications. These complications
are rare but seen in some cases of monkeypox
infections. For instance, secondary bacterial in-
fections may develop. Skin lesions infections can
become superinfected, leading to cellulitis or ab-
scesses. Also, respiratory complications like bron-
chopneumonia have been reported in severe cases,
and systemic spread leading to sepsis. Encephalitis,
seizures, or confusion are also recorded in rare cas-
es; ocular involvement can result in corneal infec-
tion and potential vision loss.

During pregnancy, monkeypox infection has
been linked to adverse outcomes, including still-
birth. These complications are more likely to occur
in children, immunocompromised individuals, and
pregnant patients, underscoring the importance of
close monitoring and supportive care in high-risk
groups (Petersen et al., 2022; Yadav et al., 2025).

The immune response against MPXV

The immunological response to MPXV is
complex, involving both innate and adaptive im-
munity (Walter and Malani, 2022). After being
infected, the host’s innate immune system detects
the virus using specialized receptors on host cells,
such as Toll-like receptors and RIG-I-like receptors
(Qudus et al., 2023). Stimulation of these receptors
is responsible for recognizing patterns and initiat-
ing a series of immunological reactions that result
in the production and release of interferon (IFNs)
and pro-inflammatory cytokines (Saghazadeh and
Rezaei, 2022). Type I IFN (IFN-a and IFN-f) has
a crucial function in fighting viral infections. They
achieve this by hindering viral replication and trig-
gering an inflammatory response, thereby creating
an antiviral state (De Clercq et al., 2022). The T
cell response in the adaptive immune system is ac-
tivated when viral antigens are recognized. Effector
CD8+ T lymphocytes target and eliminate cells that



are infected by the virus. CD4+ T lymphocytes as-
sist B cells and CD8+ T lymphocytes (Sklenovska,
2020). The B cell response enhances the produc-
tion of antibodies specific for viruses by an intricate
procedure that guarantees focused and vigorous
protection against MPXYV infection (Lazar, 2022).

However, MPXV has developed multiple
pathways that avoid these immunological respons-
es. For example, it generates proteins that hinder
the transmission of signals by IFN, delay the pro-
grammed cell death of infected cells, and control
the reactions of cytokines. In addition, the MPXV
can impede the function of NK cells, which are es-
sential for innate immunity (Sah et al., 2022). In
addition, MPXV can disrupt the host’s adaptive
immune response by limiting T-cell activation and
multiplication and inhibiting the generation of anti-
bodies by B-cells. The immune evasion techniques
employed by MPXYV provide a significant challenge
in fighting this pathogen, emphasizing the impor-
tance of potent vaccines and treatments that may
improve the host’s immunological response against
this virus (Karim et al., 2022) (Fig. 3).

The similarity between MPX and COVID-19

Many zoonoses are characterized by ani-
mal-to-human transmission and then human-to-hu-
man transmission, making the comparison between
MPXYV and SARS-CoV-2 limited in sense. Howev-
er, similar to the recent COVID-19 pandemic, MPX
started in the DRC and then appeared in the USA
and European countries. MPX is a zoonotic disease
transmitted among animals, and later human-to-hu-
man transmission is documented (Depero and Bon-
tempi, 2023). These indicated a similarity between
COVID-19 and MPX in relation to epidemiology.
Moreover, MPXV and SARCoV-2 activate hepari-
nase, which cleaves heparin sulfate and stimulates
the production of pro-inflammatory cytokines (Al-
Kuraishy et al., 2023). In addition, both MPXV and
SARS-CoV-2 trigger the progression of endothelial
dysfunction and immunotherombosis (Al-Kuraishy
et al., 2023). Therefore, MPXV and SARS-CoV-2
co-infection may result in hyperinflammation and
the progression of cytokine storm, which is re-
sponsible for the progression of multi-organ fail-
ure (Al-Nuaimi and Al-Azzawi, 2024). It has been
suggested that travel lockdowns compulsory by
the Chinese government in the early stages of the
COVID-19 pandemic inhibited 70.5% of these ex-
portations, with daily exportation rates decreasing
by an average of 81.3% in the first three weeks of
travel limitations being applied.
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Fig. 3. MPX immune response; The innate immune sys-
tem detects the virus using specialized receptors on host
cells, such as Toll-like receptors and RIG-I-like receptors.
Stimulation of these receptors are responsible for rec-
ognizing patterns and initiate a series of immunological
reactions result in the production and release of interferon
(IFNs) and pro-inflammatory cytokines. However, MPXV
can escape immune response by suppressing of NF-xB ,
inhibition of complement activation, and immune mediat-
ed apoptosis

Correspondingly, the transmission route of
MPXV. It was found that it was transmitted be-
tween different countries by international travelers.
In spite of limitations on international travel that
may temporarily alleviate the spread of SARS-
CoV-2 and MPXYV, a lockdown could impact global
economic vitality (Jiang et al., 2023). Therefore,
the development of novel vaccines that can pre-
vent a co-infection with SARS-CoV-2 and MPXV
is crucial for reducing the international spread of
both viruses. Consistently, the STM8 vaccine pro-
vided a protective effect for the host in the case
of either SARS-CoV-2 or MPXYV infection alone
or in the case of co-infection (Jiang et al., 2023).
Hence, heparinase could be a pathologic link be-
tween MPX and COVID-19. Besides, lymphopenia
is a common feature of MPX and COVID-19 due
to exhaustion of circulating lymphocytes (Al-Asadi
et al., 2022; Al-Nuaimi et al., 2024). Activation of
heparinase in MPXV and SARS-CoV-2 co-infec-
tion leads to lymphopenia and related complica-
tions (Fig. 4).

Vaccines and treatment
Currently, there are no licensed antiviral
treatments or vaccines specifically designed for the



Lymphopenia

MPXV

Fig. 4. Lymphopenia in MPXV and SARS-CoV-2 co-in-
fection: Both of MPXV and SARS-CoV-2 co-infection
leads to lymphopenia and related complications via hep-
arinase

management or prevention of MPX. Nevertheless,
the “Smallpox Vaccine” has been employed in se-
lect scenarios in order to avoid MPXYV infections.
Vaccinated persons may have a significant reduction
in the severity of MPX symptoms or perhaps com-
plete prevention of the disease due to this cross-pro-
tection (Suraweera et al., 2020). However, the utili-
zation of the smallpox vaccination is restricted be-
cause of safety apprehensions, specifically among
select groups like those with weakened immunity,
pregnant women, and individuals suffering specific
dermatological problems (Adler et al., 2022). Sev-
eral vaccinations have been identified as being rel-
evant to MPXV. ACAM2000 is a pure clone that
was derived from the Dryvax vaccine. It is one of
the authorized vaccinations in the United States for
the immunization against smallpox. JYNNEOS is a
vaccination derived from manipulated vaccinia An-
kara (MVA). Both the FDA and EMA (European
Medicines Agency) have granted approval for the
use of this product in preventing both smallpox and
MPX. Furthermore, it is worth mentioning a vac-
cine known as LC16 m8, which belongs to the third
generation. The vaccinia virus used in this case is
a weakened form that comes from the Lister (El-
stree) strain. It has been accepted for use in Japan
since 1975 for smallpox vaccination. Patients with
severe manifestations and people at risk of severe
disease (e.g., immunosuppressed people) could
benefit from antiviral treatment (e.g., tecovirimat).
The current strategy for post-exposure prophylaxis
or pre-exposure prophylaxis for people at high risk
is vaccination with the non-replicating modified
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vaccinia Ankara. Antiviral treatment and vaccines
are not yet available in endemic countries in Africa
(Cheema et al., 2022; Kharisma et al., 2024).

Supportive care is the fundamental approach
to therapy for MPX patients, including the treatment
of subsequent infections and fluid management
(Yuqian et al., 2024). Several medicines are now
under exploration of their potential effectiveness in
antiviral therapy against MPXV. Among these are
the oral prodrug brincidofovir and cidofovir, both
of which have revealed effectiveness against pox-
viruses in animal models and in laboratory studies
(Kobiyama et al., 2025). Additionally, tecovirimat,
an antiviral medicine that received FDA approval
in 2018 for smallpox treatment, presents another
captivating alternative (Islam et al., 2022). These
drugs possess several drawbacks, like detrimental
adverse effects, restricted accessibility, and the po-
tent capacity for resistance to develop. However,
they can be utilized to treat MPX (Chittick et al.,
2017). There is a demand for drugs that are more
readily available to tackle these problems. An area
of significant ongoing study pertains to the upgrad-
ing of a secure and efficient vaccination or antivi-
ral MPX V- specific treatment. These advancements
will so far improve our ability to manage epidemics
and limit the morbidity and mortality linked with
the disease. Furthermore, findings from a preclin-
ical study demonstrated that the antibiotic doxy-
cycline is emerging as a competitive inhibitor of
MPXYV DNA polymerase more than smallpox DNA
polymerase (Yousaf et al., 2025).

In addition, doxycycline was shown to be
effective against COVID-19 (Sadighibidar et al.,
2025). Therefore, the repurposing of FDA-approved
drugs for MPX may be identical to that in COV-
ID-19. However, drugs have specific mechanisms
that involve the inhibition of replication cycle steps
or viral enzymes. For example, steps and enzymes
vary among viruses in terms of structures, cellular
interfaces, mechanisms, and amino acids involved.
Lamivudine is suitable for HIV treatment, but not
for SARS-CoV-2 or herpetic infection; on the con-
trary, acyclovir is active against HSV-1 and not in-
fluenza viruses, HIV, or SARS-CoV-2 (Zovi et al.,
2022).

The present review had several limitations,
mainly related to the diagnosis of MPXV and dif-
ferentiating it from smallpox and chickenpox. The
low specificity of the case definition for commu-
nity surveillance of MPXV implies the inclusion
of many false positives in both the epidemiologic
and clinical records scattered in peripheral health



structures, with some under- and overestimation
of the actual caseload. Most captured cases were
in fact chickenpox, confirming that the epidemio-
logic characterization and clinical identification of
MPXYV is seriously blurred by the co-endemicity of
both conditions that share many similar and over-
lapping features. It is expected that cases initially
identified by the very sensitive “community” case
definition are assessed through the more restrictive
“health facility” case definition; this two-step clin-
ical approach may not be very well understood by
less trained health workers. In addition, the latter
case definition still includes a significant number
of non-monkeypox cases despite the fact that it
may create difficulties in classifying the subgroup
captured by the “community” definition, which
is subsequently dismissed. Based on our restrict-
ed dataset, we confirmed the discriminative value
of some features, including the monomorphic na-
ture of the rash and the preferential localization on
palms and soles, and we also highlighted that their
confirming power for MPXYV is restricted. In dif-
ference with other studies, we did not observe any
predictive value for other characteristics, includ-
ing cervical lymphadenopathy, ocular opacities,
presence of other suspected cases in households
that are indicative of chickenpox, or consumption
of bush-meat, because they were all frequently
reported in patients with confirmed MPXV and
chickenpox. The negative correlation with previ-
ous vaccination against smallpox further indicates
high residual protection against MPXV clinical dis-
eases outcome, which is also supported by the gen-
erational divide in susceptibility because smallpox
vaccination was discontinued. Thus, development
and field evaluation of breakthrough diagnostics
and encouraging One Health intervention teams are
key to timely and adequate addressing the variety
and complexity of epidemic-prone diseases, such
as MPXV.

Conclusion and Perspective

MPX is an infectious disease, and many
infected individuals with MPXV have a mild,
self-limiting disease course even in the lack of spe-
cific therapy, but the prognosis for MPX depends
on multiple factors, including previous vaccination
status, initial health status, and concurrent illness-
es or comorbidities. Thus, developing personalized
treatments based on the individual risk of develop-
ing severe illness appears to be the most reasonable
strategy. The sudden and rapid outbreak of MPX in
2022 quickly spread throughout Europe, the Amer-
icas, and all six WHO regions. The worldwide
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epidemic has predominantly impacted, but not ex-
clusively, persons who are considered homosexual
males having Sex with Males, bisexual, or who en-
gage in sexual activities with other men. The trans-
mission of the virus has occurred through relation-
ships within sexual networks. In terms of having
a more global and effective laboratory network for
this emerging zoonosis, there is a need to improve
laboratory capacity and international specimens’
referral capacities as needed, for the diagnosis of
MPXYV infection, and related surveillance, based on
the use of nucleic acid amplification testing such
as real time or conventional polymerase chain re-
action.
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Abstract

Acne vulgaris is a common, chronic inflammatory disease affecting millions of people worldwide,
significantly impacting the self-esteem and quality of life of patients. The disease is characterized by a
multifactorial pathophysiological process, and recent years have seen a substantial increase in knowledge
regarding the influence of each factor individually, as well as their interconnectedness in the genesis of the
disease. The aim of this article is to provide a scientific review of newly discovered pathophysiological
mechanisms in sebum production, hyperkeratinization, Cutibacterium acnes colonization, and inflamma-
tion in patients with acne vulgaris and in vitro. It has been proven that not only is excessive sebum produc-
tion responsible for the genesis of acne, but also changes in the composition of sebum. Understandings of
the role of C. acnes have also been revised. The importance of biological diversity in the skin microbiota
and the loss of balance between different C. acnes phylogroups are dominant factors in the onset of the
disease, in contrast to hyperproliferation of the bacterium as an isolated factor. New findings regarding the
role of both innate and acquired immunity in the development and progression of the disease are reported.
This article summarizes current pathophysiological aspects related to the onset and development of acne
vulgaris. The necessity for further analysis in this direction is emphasized, as it would significantly contrib-
ute to the development of new therapeutic possibilities for treating this frequent dermatological condition.

Pe3rome

AKHE ByJTrapuc € 4eCTO, XpOHMYHO BB3MAJUTENHO 3a00ysgBaHe, KOETO 3acsira MUJIMOHU XOpa IO
CBCTAa U KOCTO OKa3Ba 3HAYUTCIIHO HCTATHUBHO BJIWAHHUC BBHPXY CAMOYYBCTBUCTO M KaYCCTBOTO Ha XKUBOT
Ha marueHTuTe. 3a00IBaHETO Ce XapaKTpU3upa ¢ MHOTO(MAKTOPEH MaTOPU3UOIOTHYCH BT, KaTo Mpe3
MOCJIETHUTE TOJMHY C€ HAATpaanXa 3HAYUTEITHO TIO3HAHUATA 32 BIMSHUETO Ha BCEKU (PAKTOP MOOTIEIHO,
KaKTO M TE3H 3a TAXHATa B3aMMOCBBP3aHOCT B IeHe3aTa Ha 3abosBaneTo. LlenTa Ha Ta3u cTaTusl € HaydeH
0030p Ha HOBOOTKPUTHUTE MATO(PHU3NOIOTHIHNA MEXaHU3MHU B c€OyMHATa POy KIS, XUTIEpKepaTUHU3AIUTA,
konmonmzanusaTa Ha Cutibacterium acnes W BB3MAJICHUETO MPU MAIUEHTH C aKHE BYJIrapuc U in Vvitro.
[TonacrosiiieM € A0Ka3aHo, Y€ HE CaMO CBPBXIPOLYKIMATA HAa ce0yM € OTTOBOPHA M30JIMPaHOo 3a reHe3ara
Ha aKHe, a ChIIO M IpoMsHaTta B ceOymHara kommno3unus. Pazoupanusra 3a ponsta Ha C. acnes CbIIO
MPEeTHPIsiXa MPEOCMUCIAHE. 3HAYEHUETO Ha OMOJIOrMYHOTO pa3HOOpa3HUE B KOXKHATa MHKPOOMOTa H
3arybara Ha Oananc Mexay otaenaute ¢uiotumnose C. acnes ca TOMHHHpAIIUTE GakTopH 3a aAcOrora Ha
3a00JIsIBAHETO B KOHTPACT HA XUTepnpoiaudepaiusaTa Ha 0akTeprs Karo U30JIMpaH TakbB. Jlokmaasar ce u
HOBOOTKPHTHS B POJISITA HA BPOJSHUS M MPUA0OUTHS UMYHHUTET 32 PA3BUTHETO U IIPOTpeca Ha 3a00IsIBAHETO.
B Tta3u crarus o6oOmaBame ChbBpeMEHHHUTE MaTO(GUO3UOIIOTUYHH ACIIEKTH, 3acsATallld Bh3HUKBAHETO H
pa3BUTHETO Ha akHe Bynrapuc. [lomuepraBa ce HEOOXOAMOCTTA OT MPOABIKABAIIY aHATIN3H B Ta3U MOCOKa,
THI KaTo OMXa JOTNPUHECITH 3HAYUTETHO 32 PA3BUTUETO HA HOBU T€PANIeBTUYHHU Bb3MOKHOCTH B JICYCHHETO
Ha JiepMaro3ara.

Introduction
Acne vulgaris is the second most common  across 27 countries in 2022 (Richard et al., 2022). It
skin condition in Europe after fungal skin infec-  affects 85% of adolescents to varying degrees, and

tions, according to a study conducted in parallel it may continue into adulthood, most often in wom-
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en (Tan et al., 2017). The condition is characterized
by inflammation of the pilosebaceous follicle, clin-
ically manifested by non-inflammatory lesions (mi-
crocomedones, open and closed comedones) and
inflammatory lesions (papules, pustules, nodules,
and draining sinuses). Typically, the face, neck,
shoulders, and back are affected; however, other
areas can also be involved in the process - axillae,
genitals, scalp. The clinical picture of acne is usu-
ally represented by a polymorphic rash combining
multiple types of lesions simultaneously, often in
the same area, which leads to the classification of
acne into four stages (comedonal, papulopustular,
pustular, nodulocystic) (Sutaria et al., 2024). The
course of the disease often lasts for years and re-
sults in scarring, which inevitably affects the pa-
tient’s quality of life (Cengiz and Giirel, 2020).
The pathophysiology of the disease is com-
plex and is driven by four interconnected processes:
excessive sebum production with altered composi-
tion, abnormal keratinization of the pilosebaceous
follicle, colonization by C. acnes, and inflammation
(Kraft and Freiman, 2011). Given the multifactorial
nature of acne, combination therapeutic strategies
employing multiple anti-acne agents are generally
preferred (Bhatt ez al., 2025). The precision and ef-
fectiveness of such approaches largely depend on
a comprehensive understanding of the underlying
pathogenic mechanisms described above, as well
as on the careful identification and targeting of the
dominant factors driving disease manifestation.
The onset of acne vulgaris typically coincides
with the onset of adrenarche and subsequent pu-
berty. As a result of increased levels of circulating
sex hormones, particularly androgens, sebaceous
glands develop, and sebum production is height-
ened in both sexes. Androgens are produced by the
reproductive organs and in peripheral tissues, where
they are synthesized from androgen precursors (an-
drostenedione) from the adrenal gland. Potent an-
drogens, such as dihydrotestosterone and testoster-
one, can also be synthesized by sebaceous glands
(Hay and Hodgins, 1974). The pilosebaceous unit
has not only the enzymatic potential necessary to
convert circulating androgenic precursors into ac-
tive hormones (Thiboutot et al, 2000), but also
a capability of de novo androgen synthesis from
cholesterol (Thiboutot et al., 2003). Histochemical
studies and radiolabeling confirm the localization
within the sebaceous gland of the androgen-synthe-
sizing enzymes 17p-hydroxysteroid dehydrogenase
and 5a-reductase, responsible for the synthesis of
testosterone and dihydrotestosterone (Hay and
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Hodgins, 1974; Thiboutot ef al., 2000).

Recent advances in elucidating the multifac-
torial pathophysiology of acne have expanded the
therapeutic landscape, revealing novel targets for
clinical intervention. Increasing attention has been
directed toward the modulation of key signaling
pathways through the targeting of receptors, cy-
tokines, chemokines, and other pro-inflammatory
mediators implicated in acne pathogenesis. Sub-
stantial progress has been made in elucidating the
pathophysiology of acne, largely driven by the rec-
ognition of the central role of the cutaneous micro-
biota (Dagnelie et al., 2022). Moreover, accumu-
lating evidence underscores the integral role of the
cutaneous microbiome, host genetic susceptibility,
and follicle-resident microorganisms in shaping
individualized and more effective acne treatment
strategies (Vasam et al., 2023).

Sebaceous immunobiology and acne vulgaris

The sebaceous gland is an exocrine organ
with holocrine secretion, and its density is highest
in the scalp, face, and upper trunk areas. There are
differences in sebum secretion levels even within
the face. The highest values are found on the skin
of the nose, forehead, chin, and cheeks. The main
components of sebum consist of triglycerides,
diglycerides, free fatty acids (57.5% total for the
three mentioned types), wax esters (26%), squalene
(12%), and cholesterol (1.5%) (Nelson, 2011). De-
spite a stable number of sebaceous glands through-
out life, age-related enlargement of these glands is
observed (Del Rosso and Kircic, 2024). The func-
tions of sebum are numerous and include participa-
tion in the formation of the skin barrier, maintaining
skin hydration, and antimicrobial and antioxidant
properties.

In the context of the pathophysiology of acne
vulgaris, sebum, in correlation with other mecha-
nisms, is a key contributor. Monounsaturated fat-
ty acids, squalene, and triglycerides have the most
pronounced comedogenic potential. Furthermore,
unsaturated fatty acids accelerate the differentiation
of keratinocytes and promote follicular hyperker-
atosis, leading to pore obstruction and subsequent
lesion formation (Li ef al., 2017). Sebum can pene-
trate the dermis and modulate the functions of kera-
tinocytes and immune cells. Moreover, the pilose-
baceous unit is a dynamic structure that not only
produces sebum but also communicates with hor-
mones and immune mediators (Cruz et al., 2023).
Sebocytes have receptors for IGF-1, SP, CRH, and
leptin, which mediate interactions between these
systems. Androgens stimulate sebocyte prolifer-



ation and differentiation, as well as lipid synthe-
sis via mammalian target of rapamycin (mTOR),
sterol regulatory element-binding protein-1, and
Wnt/B-catenin signaling pathways (Cong et al.,
2019). The mechanism by which acne is induced
involves excessive sebum production with an al-
tered composition. This disrupts the follicular bar-
rier function and contributes to the formation of
comedones and inflammation.

A study conducted among acne patients and
healthy controls demonstrated both quantitative
and qualitative differences in the sebum produc-
tion by the pilosebaceous unit (Pappas et al., 2009).
The acne patient group exhibited a significant in-
crease in sebum production, with the most notable
increase in triglycerides and wax/cholesterol esters.
The most distinguishing difference between the
two groups was the squalene levels, with a 2.2-fold
prevalence. Squalene is a precursor to cholesterol
with high penetration potential. It has been shown
that it could capture free radicals, but the benefit of
this process remains debated, as the metabolites of
this oxidative process can cause inflammation and,
together with unsaturated fatty acids, contribute to
the formation of comedones (Chiba et al., 2000).

There are several factors that can influence
both the quantity and quality of sebum. One such
factor is age. Sebum secretion from the glands on
the forehead and cheeks decreases with age. Other
factors include high temperatures and pH (Lopez et
al., 2000), which explains why acne is more preva-
lent on the T zone (forehead, nose, and chin), where
the skin temperature is higher compared to other
parts of the face.

Hyperkeratinization

One of the key events that contributes to the
formation of comedones is hyperkeratinization. The
exact mechanisms leading to the stimulation of this
process are still the subject of extensive research.
One of the triggers is the increased expression of
hyperproliferative keratins (keratin 1, 16, and 17)
and filaggrin in the infundibulum of an acne le-
sion, leading to pathological structuring of keratin
(Kurokawa and Nakase, 2020). Another factor is
the activated release of interleukins by C. acnes,
which induces hyperkeratinization in vitro (Haz-
arika, 2019). The change in the composition of se-
bum, as well as the action of androgenic hormones,
is also a key factor in the formation of comedones
(Cong et al., 2019). (Fig. 1)

Cutibacterium acnes

C. acnes is a gram-positive, non-spore-form-

ing, anaerobic to microaerophilic rod-shaped bac-
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tertum. It is part of the human microbiome, found
on the skin, in the oral cavity, gastrointestinal tract,
and upper respiratory tract (Corvec et al., 2019).
Specifically, the skin microbiome consists of a va-
riety of microorganisms, including bacteria, fungi,
and viruses (Dreno et al., 2020). When the skin
is healthy, commensal microorganisms interact
symbiotically to form a barrier against pathogens
(Dreno et al., 2017). C. acnes and Staphylococcus
epidermidis play an indispensable role in main-
taining skin homeostasis by producing bacterioc-
ins to compete with other skin bacteria for nutri-
ents. The interaction between these two bacteria
has a well-established role in the pathogenesis of
acne vulgaris. S. epidermidis can inhibit C. acnes
and suppress inflammation (Dreno et al., 2017).
S. epidermidis affects the proliferation of C. acnes
through the release of succinic acid, a product of
fatty acid fermentation. Additionally, it can sup-
press the secretion of cytokines from keratinocytes
induced by C. acnes. C. acnes itself can control pH
in the pilosebaceous structure by synthesizing pro-
pionic acid, thereby inhibiting S. epidermidis (Dre-
no et al., 2020).

C. acnes is classified into three phylogroups
(I-IIT) based on cell morphology, immunological
potential, virulence factors, and biochemical char-
acteristics — C. acnes acnes, C. acnes defendens,
and C. acnes elongatum. These are further divided
into six subtypes — [A-1, 1A-2, IB, IC, II, and III
(Boyanova, 2023). The onset of acne is more asso-
ciated with a loss of diversity in the bacterial phy-
logroups than with its over-proliferation. Therefore,
the inflammatory process in acne vulgaris is mainly



associated with phylogroup IA-1 and its pathogenic
potential (Dreno et al., 2020). Isolates from oth-
er phylogroups are also found in acne lesions, but
in significantly smaller concentrations (McLaugh-
lin et al., 2022). Furthermore, phylogroup IA-1 is
linked to the stimulation of innate immunity and
skin inflammation (Dreno et al., 2020).

C. acnes is capable of producing various
virulence factors: lipases and proteases, hyaluro-
nidase, thiopetides, bacteriocins, and others. The
anaerobe can trigger an innate immune response
by activating Toll-like receptor 2 (Christensen and
Briiggemann, 2014), (Miskin et al., 1997). Biofilm
formation is considered one of the most significant
pathogenic factors. Through biofilm, an appropriate
environment for microcolonies is created, and the
effectiveness of the immune response is reduced.
Phylogroups IA and II are associated with a signifi-
cant ability to form biofilms, consisting of bacteria
embedded in extracellular polymeric substances. In
acne vulgaris, the biofilm forms deep in the pilose-
baceous follicle. It is associated with the produc-
tion of exopolysaccharide “glue” that binds kerat-
inocytes, contributing to the formation of micro-
comedones [Fourniere ef al., 2020]. The formation
of biofilm and the secretion of virulence factors by
C. acnes phylogroup A1 stimulate the production
of IL-17 by Th17 lymphocytes (Mias et al., 2023)
(Fig. 2).

Inflammation, immune response

In recent years, there has been a shift in the
model of thinking regarding the sequence of
pathophysiological processes in the genesis of
acne vulgaris. Until recently, the hypothesis that
androgen imbalance and follicular hyperkeratosis
lead to obstruction in the infundibular part of
the pilosebaceous follicle was predominant.
Subsequently, anaerobic conditions favor the
development of C. acnes, which, combined with
follicular rupture, leads to an inflammatory response
(Kurokawa et al., 2009).

There is growing evidence in contemporary
research that unequivocally shows signs of inflam-
mation and an activated immune response during
or before the keratinization process in the micro-
comedone. Around this initial lesion, CD4+ T cells,
polymorphonuclear cells, and CD68+ macrophages
have been identified in the infiltrate. CD8+ cells
are also observed (Kurokawa et al., 2009). These
findings suggest that inflammation is not a conse-
quence of these processes but rather a preceding or
accompanying factor in the genesis of the lesions.
However, there is still no clear answer to which is
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the first triggering mechanism in the pathogenesis
of the disease.

An important aspect of the pathophysiological
analysis is the role of keratinocytes and sebocytes,
as they are considered to exert not only structural
elements. In addition to being the main cells of the
epidermis, keratinocytes and sebocytes actively par-
ticipate in the innate immune response as sources of
antimicrobial peptides and cytokines. They trigger
inflammation through molecular mechanisms asso-
ciated with Toll-like receptors 2, 4, and 6, and pro-
tease-activated receptor (PAR) — 2 ligands and their
corresponding receptors, expressed on the surface
of keratinocytes and sebocytes (O’Neill and Gallo,
2018). C. acnes can induce IFN-y from NK cells
through a cascade involving RNA release and an in-
nate immune response by activating TLR-8 and se-
creting IL-12p40 and IL-18 (Do and Modlin, 2019).
Furthermore, C. acnes promotes a mixed Th17/Thl



response by inducing simultaneous secretion of IL-
17A and IFN-y from specific CD4+ T cells in vitro.
The presence of IL-17A-positive cells and the acti-
vation of Th17-associated cytokines in acne lesions
indicate that the Th17 pathway plays a key role in
the pathological process and is potentially a new
therapeutic target (Kistowska et al., 2015). Recent-
ly, increased levels of IL-17 were demonstrated in
the serum of acne patients (Ebahim ez al., 2019).

Another important modulator of the immune
response, in addition to cytokines, is antimicrobi-
al peptides (AMPs), for which there is currently
substantial evidence that they are important mod-
ulators of cutaneous inflammation belonging to the
innate immunity and participate in the pathogene-
sis of acne (Lheure et al., 2016). Antimicrobial pro-
teins originating from the skin include the family
of B-defensins, S100 proteins, and ribonucleases
(Zouboulis et al., 2017).

Conclusion

In conclusion, acne vulgaris remains a com-
plex, multifactorial pathological process involving
sebaceous production, follicular hyperkeratiniza-
tion, microbiological changes, and inflammatory
mechanisms. Recent studies show that not only the
quantity but also the composition of sebum plays a
key role in the pathogenesis of the disease. Addi-
tionally, the understanding of the role of C. acnes is
evolving, with increasing evidence suggesting that
the loss of microbial diversity and the dominance of
specific phylotypes are crucial to the inflammatory
process.

Growing convincing data support the idea
that inflammation may be an initial factor in the
development of acne lesions, rather than simply
a consequence of other pathophysiological mech-
anisms. This calls for new therapeutic strategies
aimed at modulating the immune response and re-
storing microbial balance. Ongoing research in this
area will contribute to more effective and personal-
ized approaches in the treatment of acne vulgaris,
which could significantly improve the quality of
life of affected patients.

There is an emerging need for developing
new therapies to combat this pathology. This re-
quires profound knowledge of the pathophysiology
of acne vulgaris and the fine pathways involved in
it. To date, the current approach is mainly oriented
to alleviate the symptoms. But despite the proven
efficacy of the therapeutic modalities to some ex-
tent, cutaneous and systemic side effects (irritation,
scarring, antibiotic bacterial resistance, etc.) still
occur. The complexity of acne’s pathophysiology
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highlights the need for new approaches that respect
the skin microbiome diversity.
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Abstract

Antarctic fungi represent an important subject of ecosystem research and a promising source of struc-
turally diverse secondary metabolites with potential biomedical applications. Adaptation to extreme en-
vironmental conditions, including low temperatures, high ultraviolet radiation, oxidative stress, salinity
fluctuations, and limited nutrient availability, stimulates the biosynthesis of unique bioactive compounds
that are rarely encountered in microorganisms from temperate environments. This mini-review summariz-
es current knowledge regarding the major classes of metabolites produced by Antarctic fungi, including
polyphenols, flavonoids, organic acids, terpenoids, peptides, and alkaloids, with particular emphasis on
their antitumor and anti-inflammatory potential. Recent studies have demonstrated that these compounds
exhibit diverse biological activities, including antioxidant effects, modulation of oxidative stress responses,
induction of apoptosis, cell-cycle arrest, mitochondrial dysfunction, and regulation of signaling pathways
associated with tumor progression and inflammation, including NF-xB, PI3K/Akt, and MAPK pathways.
Several metabolites isolated from Antarctic fungi have also demonstrated selective cytotoxicity against
various tumor cell lines, as well as promising antimicrobial and antiviral properties. Advances in metabo-
lomics, genomic analysis, and bioinformatics have further expanded the possibilities for the discovery of
novel fungal metabolites through activation of silent biosynthetic gene clusters. Although most currently
available data remain limited to in vitro and early preclinical studies, Antarctic fungi remain an insufficient-
ly explored yet highly promising source of natural compounds with potential applications in pharmaceuti-
cals and modern oncology.
Keywords: Antarctic fungi; anti-inflammatory activity; polyphenols; terpenoids; alkaloids; peptides; oxi-
dative stress; fungal metabolites.

Pe3rome

AHTapKTHYECKUTE T'hOU ca BaKEH O0EKT HA €KOCHUCTEMHHUTE U3CIICIBAHUS U TIEPCTICKTUBEH U3TOUHHUK
Ha CTPYKTYpPHO Pa3HOOOpa3HH BTOPHUYHU METAOOIUTH C MOTCHIIMATHU OMOMEIWIIMHCKH TPHIOKEHUS.
ApnanTanuara KbM EKCTPEMHHM YCIOBHS Ha Cpelara, BKIIOYHUTEIHO HHUCKHA TEMIIepaTypu, BHCOKA
YATPABUOJICTOBA paJHaIlis, OKCUIAATUBEH CTPEC, KoJieOaHUs B COJEHOCTTA M OTPaHMYCHA XpaHUTEITHA
HAJMYHOCT, CTUMYJIMpa OMOCHHTE3aTa Ha YHUKATHI OMOAKTUBHU ChEIMHEHUS, KOUTO PSIKO C€ CpelaT mpu
MHUKPOOPTaHU3MH OT YMEPCHHs KIMMarhdeH rmosic. HacTosmoro MuHU-peBio 00001aBa ChBPEMEHHUTE
JTAHHU OTHOCHO OCHOBHHTE KJIACOBE METAOOIMTH, MPOAYIIUPAHH OT aHTAPKTHYECKU I'bOU, BKIFOUUTEITHO
nonudeHonu, (pIaBOHOUAM, OPTaHUYHHN KUCEIUHU, TEPIICHOUIN, TIENTUIN U ATKAJIOUIH, C aKIIEHT BbPXY
TEXHUSI aHTUTYMOPEH U MPOTUBOBB3NAIUTENEH noTeHman. [locneaauTe u3cienBanus mMokas3Bar, 4e Te3u
ChEIMHECHMS ITPOSIBSIBAT PA3HOOOpa3HU OMOJIOTMYHU AKTUBHOCTH, KATO aHTHOKCHIAHTHHU €()EeKTH, MO Ty IaIus
Ha OTrOBOpa KbM OKCHIATHBEH CTPEC, UHIYyLUpPAHE HA aronTo3a, 3aAbpXKaHE Ha KJIEThUHUS LIMKBI,
MUTOXOH/IPUATHA UCPYHKINS U PETyJaIUs Ha CUTHAITHYU ITHTHUIIA, CBBP3aHUA C TyMOPHATA MPOTPECUS H
Bh3nayicHneTo, BkirounTeaHo NF-kB, PI3K/Akt u MAPK. Hsaxon MeTabOIUTH OT aHTapKTHYECKH I'bOH
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JEMOHCTPUPAT CHILIO CEIEKTUBHA LIMTOTOKCUYHOCT CIPSIMO Pa3JIMYHU TYMOPHU KJIETbYHH JIMHUU, KAKTO U
oOeriaBaly aHTAMUKPOOHU U aHTUBUPYCHH CBOcTBa. Pa3BuTHETO HA METaOOIOMUKATa, TEHOMHUS aHAJINU3
u OunouH(poOpMaTHKaTa JOMBIHUTEIHO pa3UIMpsBa Bb3MOXXHOCTHTE 32 OTKPMBAHE HA HOBH (DyHTaHU
MeTabOIUTH Ype3 aKTUBUPAHE HA ,,THXU * OMOCHHTETUYHU T€HHU KII'BCTEPHU. BhIIpeKn ue moBeYeTo HaTuYHU
JTAHHU BCE OIIIE C€ OrpaHMYaBar Jo in Vitro M paHHU NPEAKIMHUYHU U3CIIEABAHUS, aHTAPKTUIECKUTE T'hOH
0CTaBaT HEJOCTATHYHO MPOYYEH, HO U3KIIFOUUTEIHO MEPCIEKTUBEH U3TOYHUK HA MPUPOJHU CHEIUHEHMUS C
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Introduction

The search for new pharmacologically ac-
tive compounds is increasingly directing scientific
attention to extreme and understudied ecosystems.
Among them, Antarctica occupies a special place
as a source of unique microbial and fungal biodi-
versity. Antarctic fungi survive under extreme con-
ditions, including low temperatures, high UV radi-
ation, limited nutrient availability, and intense ox-
idative stress (Satriawan et al., 2024). Adaptation
to these stressful environmental factors has led to
the development of specific metabolic mechanisms
and the synthesis of secondary metabolites with po-
tential applications in medicine and pharmaceutical
sciences (Fig. 1).

In recent years, there has been growing in-
terest in Antarctic mycobiota as a possible source
of new antitumor compounds. While the medicinal
properties of temperate fungi, such as Ganoderma
lucidum, Trametes versicolor, and Lentinula edo-
des (Galappaththi et al., 2023; Du et al., 2024a;
Bugajewski et al., 2025; Lucius, 2026), are rela-
tively well characterized, Antarctic species remain
considerably less investigated. Some authors report
that psychrophilic and psychrotolerant fungi iso-
lated from Antarctic soils and marine sediments
produce a wide range of bioactive compounds with
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pronounced cytotoxic activity against various tu-
mor cell lines (Arrieche et al., 2023; Camacho et
al., 2024; Singh et al., 2026). Over the past years,
advances in metabolomics, genomic analysis, and
bioinformatics have significantly expanded the
possibilities for investigating Antarctic microor-
ganisms. It has been demonstrated that extreme
environmental conditions may activate so-called
“silent” biosynthetic gene clusters, leading to the
production of novel secondary metabolites not syn-
thesized under standard laboratory conditions (Du
et al., 2024b; Leal et al., 2026). This makes Ant-
arctic fungi particularly promising targets for bio-
prospecting and the development of new antitumor
agents.
Diversity and biofunctional potential of fungal
secondary metabolites

Fungi synthesize a wide range of secondary
metabolites. Among the most important natural
compounds produced by fungi are polyphenols, fla-
vonoids, organic acids, terpenoids, alkaloids, and
peptides (Table 1). These metabolites are primar-
ily associated with antioxidant, anti-inflammatory,
and antiproliferative activities relevant to human
health and cancer research. Their biological effects
are mediated through diverse mechanisms, includ-
ing ROS scavenging, modulation of signaling path-
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Fig. 1. Secondary metabolites with antitumor activity produced by Antarctic fungi



ways (e.g., NF-xB, PI3K/Akt, MAPK), and regu-
lation of mitochondrial and cellular metabolism.
This metabolic diversity is particularly pronounced
in extremophilic fungi, including Antarctic species,
which are increasingly considered valuable sourc-
es of novel bioactive compounds for biomedical
applications (Kiss et al., 2023; Evidente, 2024;
Michalska et al., 2025; Nowacka-Jechalke et al.,
2025; Raseta et al., 2025; Phi et al., 2026; Singh et
al., 2026).

Polyphenolic compounds

Polyphenols can be classified according
to their origin, biological activity, and chemical
composition. Based on their chemical structure,
they are divided into six major categories: pheno-
lic acids, flavonoids, stilbenes such as resveratrol,
curcuminoids including curcumin, tannins, and
lignans like pinoresinol and secoisolariciresinol
(Lang et al., 2024). Polyphenolic compounds and
phenolic acids synthesized by cold-adapted fungi
have demonstrated strong radical-scavenging activ-
ity and the ability to reduce intracellular oxidative
stress, thereby protecting cellular macromolecules
from oxidative damage associated with carcinogen-

esis and chronic inflammation. In fungal-derived
extracts, phenolic acids such as gallic, protocate-
chuic, ferulic, caffeic, and p-hydroxybenzoic acids
have demonstrated pronounced antioxidant and
cytoprotective properties, primarily through free
radical scavenging, metal-chelating activity, and
modulation of redox-sensitive signaling pathways
(Nimse and Pal, 2015; Castafieda-Arriaga et al.,
2018). Recent studies further indicate that fungal
polyphenols may interfere with NF-xB, PI3K/Akt,
and MAPK signaling cascades, thereby suppress-
ing tumor cell proliferation and inflammatory re-
sponses associated with cancer progression (Table
1) (Zhao et al., 2022; Fogarasi et al., 2024; Linde-
quist, 2024).

Flavonoids

Flavonoids can be further divided into sev-
eral subclasses, including flavones (luteolin and
apigenin), flavonols (quercetin, kaempferol, and
myricetin), flavanones (naringenin, eriodictyol, and
hesperetin), isoflavones (genistein and daidzein),
and anthocyanidins (peonidin, cyanidin, malvidin,
delphinidin, and pelargonidin) (Panche ez al., 2016;
Oliveira and Bordiga, 2026). Flavonoids, in turn,

Table 1. Bioactive metabolites from Antarctic fungi: biological activities and mechanisms of action

Secondary Representative Main Activities Reported References
metabolites ~ Compounds Mechanisms
Polyphenols  Gallic, Protocatechuic, Antioxidant, ROS scavenging, Metal Fogarasi et al., 2024;
Ferulic, Caffeic, Anti-Inflammatory, chelation, Nf-xB, PI3k/ Zhao et al., 2022;
P-Hydroxybenzoic Antiproliferative Akt, and MAPK Lindequist, 2024
Acids modulation
Flavonoids Quercetin, Apoptotic, Caspase-3/-9 activa- Silva-Pinto et al., 2025;
Kaempferol, Luteolin, Antiangiogenic, tion, Bax/Bcl-2 Shahid et al., 2026;
Apigenin, Rutin, Cytotoxic, modulation, Vegf/Hif-  Saadh et al., 2025
Catechin Antimetastatic la suppression, MMP
inhibition
Organic Acids Citric, Fumaric, Immunomodulatory, Nrf2 activation, Peace and O’Neill,
Succinic, Gluconic, Antioxidant, Metabolic Mitochondrial and 2022; Tsuji, 2016;
Itaconic Acids Regulation redox regulation Gevi et al., 2022
Terpenoids Sesquiterpenes, Anticancer, Membrane disruption, Jiang et al., 2025;
Diterpenes, Antimicrobial, Mitochondrial dys- Garcia-estrada et al.,
Meroterpenoids, Antiviral, Cytotoxic function, Apoptosis 2026;
Fumagillin induction, Angiogene- Galappaththi et al.,
sis inhibition 2023
Peptides Efrapeptins, Cytotoxic, Membrane disruption, Ramadhani ef al., 2022;
Beauvericins, Eniatins, Antimicrobial, Apoptosis induction,  Youssef et al., 2019;
Asperterrestide A Antiviral Immune activation Evidente, 2024
Alkaloids Fungal alkaloids from  Antitumor, ROS generation, Liet al., 2026;
Aspergillus, Antimicrobial, Caspase activation, Zhang et al., 2025b;
Penicillium, Antioxidant Cell-cycle arrest, Pi3k/ Evidente, 2024
Cladosporium Akt and Nf-xB
Inhibition
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are capable of modulating the cell cycle, inducing
apoptosis, and suppressing signaling pathways as-
sociated with tumor progression, angiogenesis,
and metastasis. Compounds including quercetin,
kaempferol, catechin, rutin, luteolin, and apigenin
have been reported to inhibit cyclin-dependent ki-
nases, activate caspase-3 and caspase-9, and alter
the expression of pro- and anti-apoptotic proteins
such as Bax and Bcl-2 (Table 1) (Silva-Pinto et
al., 2025). In addition, several flavonoids exhibit
antiangiogenic properties through downregulation
of vascular endothelial growth factor (VEGF) and
hypoxia-inducible factor la (HIF-la) (Shahid et
al., 2026), while also reducing metastatic potential
via inhibition of matrix metalloproteinases (MMP-
2 and MMP-9). Certain fungal flavonoid-like me-
tabolites have also demonstrated selective cytotox-
icity toward multidrug-resistant tumor cell lines,
suggesting potential utility in overcoming che-
moresistance (Ciccone et al., 2021; Saadh et al.,
2025). Flavonoids synthesized by Antarctic fungi
represent a specialized class of extremometabolites
characterized by potent antioxidant and antitumor
properties, offering a strategic advantage in target-
ing oxidative stress-related malignancies (Singh et
al., 2026).

Organic acids

Organic acids produced by fungi, including
fumaric, citric, itaconic, succinic, gluconic, and ox-
alic acids, are involved in the regulation of cellular
metabolism and may enhance the biological activi-
ty of other metabolites. Itaconic acid, for example,
has attracted considerable attention due to its im-
munomodulatory and anti-inflammatory properties,
including inhibition of succinate dehydrogenase
and activation of the Nrf2 antioxidant pathway
(Table 1) (Peace and O’Neill, 2022). Organic acid
derivatives have been associated with the modula-
tion of mitochondrial metabolism, oxidative stress
responses, apoptosis-related pathways, and partic-
ipate in metabolic reprogramming, and may influ-
ence tumor-associated energy metabolism. Moreo-
ver, these organic acids can alter intracellular pH,
membrane permeability, and redox homeostasis,
thereby facilitating the uptake and activity of co-
existing bioactive compounds (Porporato et al.,
2017).

Organic acids synthesized under cold-stress
conditions, including citric, fumaric, succinic, glu-
conic, and itaconic acids, are also believed to con-
tribute substantially to the biological activity of
Antarctic fungal extracts. (Tsuji et al., 2016). These
metabolites participate in the regulation of cellular
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metabolism, mitochondrial respiration, redox bal-
ance, and inflammatory responses, and may poten-
tiate the activity of coexisting compounds through
synergistic interactions. Recent studies increasing-
ly support the hypothesis that the biological effects
of fungal extracts result not from a single metab-
olite alone, but from the coordinated interaction
between multiple classes of bioactive molecules.
Such synergistic effects appear to enhance antiox-
idant capacity, antiproliferative activity, apoptosis
induction, and immunomodulatory activity (Guo et
al., 1992; Nudelman et al., 2008; Tsuji et al., 2020;
Gevi et al., 2022; Lindequist, 2024; Garcia-Estrada
et al.,2026).

Terpenoids

Terpenoids constitute a structurally diverse
class of naturally occurring compounds with broad
applications in medicine, agriculture, cosmetics,
food processing, and biofuel production. In the
pharmaceutical field, terpenoids have attracted con-
siderable scientific interest because of their wide
spectrum of pharmacological effects. Numerous
studies have demonstrated their antimicrobial ac-
tivity (Fathy et al., 2025; Wiles et al., 2025). Fur-
thermore, they have been reported to possess pro-
nounced anti-inflammatory, antidiabetic, and anti-
cancer activities (Table 1) (Sharmila et al., 2025;
Garcia-Estrada et al., 2026). The mechanism of
their action is based on disruption of the cell mem-
brane integrity, induction of cell lysis, and inhi-
bition of DNA and protein synthesis. In addition,
terpenoids possess significant antioxidant potential
by performing electron transfer, hydrogen atom
transfer, and singlet oxygen neutralization. Certain
terpenoid compounds have been shown to induce
mitochondrial dysfunction, disrupt mitochondri-
al membrane potential, and activate caspase-de-
pendent apoptotic pathways (Sharmila et al., 2025;
Garcia-Estrada et al., 2026).

Fungal terpenoids exhibit a wide range of
biological activities, including anticancer, antimi-
crobial, antiviral, anti-inflammatory, antioxidant,
immunomodulatory, and cytotoxic effects. Major
producing genera included Aspergillus, Penicil-
lium, Trichoderma, and Eutypella, which yielded
numerous sesquiterpenes, diterpenes, and sester-
terpenes with notable anticancer and cytotoxic
activities (Bladt et al., 2013; Jiang et al., 2025).
Numerous studies have demonstrated that these
compounds can suppress tumor cell growth through
different mechanisms, such as induction of apop-
tosis, cell cycle arrest, disruption of mitochondrial
function, inhibition of angiogenesis, and regulation



of intracellular signaling pathways (Du et al., 2024;
Sharmila et al., 2025; Zhang et al., 2025a). Among
them, fumagillin and other related meroterpenoids
are particularly recognized for their strong antian-
giogenic and antitumor activities. In addition, trit-
erpenoids isolated from medicinal fungi, especially
species of Ganoderma, have shown promising an-
ticancer potential in vitro and in vivo (Galappaththi
etal.,2023; Du et al., 2024a).

Antarctic fungi are a promising source of bi-
oactive secondary metabolites, including terpenes
and terpenoid-related compounds. Terpenoids from
polar fungi demonstrate important pharmacolog-
ical properties, including antimicrobial, antiviral,
anti-inflammatory, and cytotoxic effects. Their bi-
ological activity is often associated with the dis-
ruption of key cellular processes such as membrane
integrity and enzymatic inhibition. For instance,
Antarctic Penicillium strains have been shown to
produce meroterpenoids such as chrodrimanins A,
E, and F, which exhibit antiviral activity against In-
fluenza A (HIN1) (Phi et al., 2026).

Peptides

Fungi represent an important source of bi-
ologically active secondary metabolites, among
which peptides with antitumor and anti-inflamma-
tory activities occupy a central place. Many of these
metabolites exhibit selective cytotoxicity against
various cancer cell lines, while demonstrating rel-
atively low toxicity towards healthy cells, making
them promising candidates for the development of
new anticancer agents. Particular attention has been
paid to peptides isolated from fungal genera such as
Acremonium and Aspergillus. Efrapeptins produced
by Acremonium species exhibit remarkably potent
cytotoxic activity against tumor cell lines, includ-
ing HCT-116, H125, and L1210, with activity ob-
served at low concentrations. In addition, some of
these peptides exhibit antibacterial activity against
pathogenic microorganisms, including resistant
strains of staphylococci. Similar findings have been
reported for cyclic peptides isolated from various
Aspergillus species, which demonstrate cytotoxic
activity against melanoma, leukemia, breast can-
cer, and lung carcinoma (Ramadhani et al., 2022).
Cyclic depsipeptides such as beauvericins, eniatins,
and boveniatins, synthesized by toxigenic fungi,
have also attracted considerable scientific interest.
Although these compounds are classified as my-
cotoxins, they demonstrate pronounced antican-
cer, antibacterial, and antifungal properties. Their
ability to induce cell death and inhibit tumor cell
proliferation makes them promising compounds for
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the development of new chemotherapeutic agents
(Evidente, 2024). The genus Aspergillus is one of
the richest sources of bioactive peptides. Species
such as Aspergillus terreus and Aspergillus versi-
color produce terrelumamides, asperterrestide A,
cotteslosins, and psychrophilins. These metabolites
demonstrate diverse biological effects such as cyto-
toxicity against leukemia, antiviral activity against
influenza viruses, and lipid-regulating effects. Im-
portantly, aspergillipeptides and related compounds
also show antiviral activity against herpes simplex
virus type 1 (Youssef et al., 2019).

Alkaloids

Alkaloids are a large and structurally diverse
group of nitrogen-containing secondary metabo-
lites, often characterized by complex heterocyclic
structures. They are produced by a wide range of
microorganisms, including marine and Antarctic
fungi of the genera Aspergillus, Penicillium, Clad-
osporium, and Sporothrix. Many of these com-
pounds exhibit significant biological activities,
including cytotoxic, neurotoxic, and antimicrobial
effects (Table 1). In recent years, fungal alkaloids
and their derivatives have also been recognized
for their promising antitumor potential through
mechanisms such as induction of apoptosis, gener-
ation of oxidative stress, and inhibition of cancer
cell proliferation (Zhang et al., 2025b; Evidente,
2024). These compounds can induce apoptosis by
activating caspase-dependent pathways, disrupting
mitochondrial membrane potential, and increasing
intracellular reactive oxygen species (ROS) levels.
Several fungal alkaloids also inhibit cancer cell
proliferation through cell-cycle arrest, particularly
at the G2/M phases. In addition, certain alkaloids
interfere with angiogenesis, metastasis, and tumor
cell migration by modulating signaling pathways
such as PI3K/Akt, MAPK, and NF-kB (Table 1).
Their selective cytotoxicity against melanoma, leu-
kemia, breast cancer, and lung carcinoma cell lines
highlights their potential as promising candidates
for anticancer drug development (Evidente, 2024).

Psychrophilic and marine fungi associated
with Antarctic sediments, sponges, algae, and in-
vertebrates are particularly promising producers of
alkaloids with pharmaceutical applications. Alka-
loids produced by Antarctic fungi have attracted in-
creasing scientific attention because of their struc-
tural diversity and significant pharmacological po-
tential, particularly in anticancer research (Li et al.,
2026). Fungal alkaloids are considered especially
important due to their broad spectrum of biologi-
cal activities, including cytotoxic, antioxidant, an-



timicrobial, antiviral, and anti-inflammatory effects
(Evidente, 2024)

Antarctic marine fungi, such as Penicillium,
Aspergillus, Cladosporium, and Sporothrix spe-
cies, have been identified as potent producers of
alkaloids with complex chemical structures. Some
of them have shown selective cytotoxic effects
against human cancer cell lines, including mela-
noma, breast, ovarian, colon, and leukemia. These
compounds can inhibit tumor cell proliferation
through multiple molecular mechanisms, including
induction of apoptosis, mitochondrial dysfunction,
generation of reactive oxygen species (ROS), cell
cycle arrest, and suppression of signaling pathways
associated with metastasis and angiogenesis. (Choi
et al., 2022; Arrieche et al., 2023; Evidente, 2024).

Conclusions

Owing to chronic exposure to low tempera-
tures, high UV radiation, oxidative stress, salinity
fluctuations, and nutrient limitation, Antarctic fungi
have evolved unique metabolic pathways that pro-
mote the biosynthesis of structurally diverse com-
pounds not commonly encountered in temperate
fungi. Overall, Antarctic mycobiota represent an
insufficiently explored yet highly promising source
of novel bioactive compounds. The unique adaptive
mechanisms of these organisms create favorable
conditions for the discovery of a new generation of
natural antitumor agents. Future studies integrat-
ing metabolomics, genome mining, and synthetic
biology approaches may facilitate the discovery of
novel Antarctic fungal metabolites with translation-
al potential.

However, despite encouraging experimental
findings, most of the currently available evidence
remains limited to in vitro and early preclinical
studies, and further chemical, toxicological, and
clinical studies are needed to fully evaluate the
therapeutic applicability and safety profiles of Ant-
arctic fungal metabolites in oncology.
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Abstract

Green-synthesized metal nanoparticles (GS-MNPs) offer a sustainable option to replace traditional
fungicides, which often lead to crop damage, ecological harm, residue risks to human health, and growing
resistance among plant-pathogenic fungi. We carried out this systematic review and meta-analysis to com-
pile and assess in vitro data on GS-MNPs’ antifungal effects against crop-damaging fungi, while examining
influences from metal type and test methods. Only nine records fitted the strict inclusion criteria, yielding
43 studies where poisoned food and diffusion assays were used. Overall, the result of the analysis showed
positive variable antifungal effect compared to controls across different assays for several GS-MNPs, in-
cluding silver (Ag), copper (Cu), zinc oxide (ZnO), iron (Fe), and composites such as Ag-CuO, Ag-TiO,,
and Ag-ZnO. Heterogeneity arose primarily from variations in synthesis protocols, green reducing/capping
agents, and tested pathogens, which consequently complicates metal-type rankings when identifying the
most effective nanoparticle-green agent complex. In view of this, we recommend standardizing synthesis
and antifungal testing protocols and consistently reporting all necessary data to enable future meta-analyses
and better understand GS-MNP antifungal activity.
Keywords: antifungal activity, green synthesis, metal nanoparticles, meta-analysis, phytopathogenic fungi,
systematic review.

Pesrome

Metanaure HaHoyactui (3C-MHY), nonydyeHu yupe3 TexHoOJOrusATa “3eJeH CUHTE3” Ipeajarar
YCTONYMB aJITEpHATUBEH BApPUAHT HA TPAJUIIMOHHUTE (DYHI UMM, KOUTO YECTO IPUYMHSBAT YBPEXKIaHE HA
pekosaTara, €KOJIOTUYHU ILE€TH, PUCKOBE 33 YOBELIKOTO 3/[paBe OT OCTAThLU U HapacTBallla PE3UCTEHTHOCT
cpen ¢uronaroreHHUTE I'bOM. TO3M CHUCTEMAaTHYEH Mperien W MeTa-aHaju3 CUHTE3Upa W OILCHSBA in
vitro nauau 3a aHTUreoHUTE epextn Ha 3C-MHUY cpenty re0u, yBpexaaniy KyJITypuTe, KaTo aHaTu3upa
BIMSHUETO HA BUJA METal U METoAuTe 3a TecTBaHe. CaMo AEBET IPOYYBAaHUS OTTOBapsT Ha CTPOTUTE
KpUTEpUU 3a BKJIIOUBAHE, MpeAocTaBsiiiku 43 Habopa JaHHM OT TECTOBE C OTPaBSIHE HA XpaHHUTEIHATA
cpena u meroau Ha audysus. OOmmTe pe3ylaTatu AEMOHCTPUPAT MOJOKHUTEIHH, Makap U BapuaOWIHU
aHTUI'BOHU €(EKTH CIPSMO KOHTPOJIUTE MPH pa3inyHu MeToau 3a pasnuyau 3C-MHY — cpedbbspuu (Ag),
mennu (Cu), nunkos okenni (ZnO), xenssnu (Fe) nanouactuum n komnosuru karo Ag-CuO, Ag-TiO, n Ag-
ZnO. XeTeporeHHOCTTa IPOU3THYa OCHOBHO OT Pa3JIMKH B IPOTOKOJIUTE 32 CHHTE3, 3€JICHUTE PeyLupaniu/
KaIllMHI areHTH U TECTBAHUTE IAaTOI€HU, KOETO YCIIOKHIBA KIACUPAHETO 110 BUJL METaJ IIpU ThPCEHE Ha
Hall-e()eKTMBHUTE HAHOYACTHIA-3€JI€H areHT KOMIUIEKCH. 3aroBa IpenopbuBaMe CTaHAApTH3HpaHE
Ha MPOTOKOJMTE 3a CUHTE3 U aHTUI'BOHO TECTBaHE, KAKTO W IMOCIJIEAOBATENIHO MPEACTAaBIHE HA BCUYKHU
HEOOXOAMMH JIaHHU 32 OCBIIECTBIBAHE HAa OBbICHIN METa-aHAIM3H U [10-100p0 pa3dupaHe HAa aHTUT'BOHATA
aktuBHOCT Ha 3C-MHUY.

Introduction
In agriculture and food security, fungal infec-  managing these phytopathogenic fungi is achieving
tions represent an important and increasing prob-  their complete and effective eradication or control

lem (Almeida et al., 2019). A primary difficulty in ~ (Brauer et al., 2019). Reliance on chemical fungi-
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cides can cause phytotoxicity in crops (Fatma et
al., 2018; Crop Protection Network, 2023), dam-
age the environment and disrupt ecological balance
(Brauer et al., 2019; Wu et al., 2023), pose poten-
tial long-term human health risks through residues
in fruits (Lozowicka et al., 2016; Brauer et al.,
2019; Sivasankary et al., 2025), and drive the emer-
gence of fungicide-resistant pathogenic fungi that
restrict the number of commonly used antifungal
agents (Brauer et al., 2019). These limitations have
spurred an ever-growing need for safer, sustainable
alternatives (Zubrod et al., 2019).

To solve these problems, various studies have
focused on new approaches for the prevention of
fungal infection. The development of nanotechnol-
ogy, particularly the synthesis of metal nanopar-
ticles, has paved the way for new opportunities
in this respect (Cruz-Luna et al., 2021). Metallic
nanoparticles (MNPs) are well-known for their bio-
cidal properties as a result of their distinctive physi-
cochemical properties, such as high surface-to-vol-
ume ratio and the ability to interact with fungal
cells via several mechanisms (Slavin and Bach,
2022; Baigorria et al., 2024). Of the diverse types
of nanoparticles, those prepared through a green
approach from biological extracts (plants, bacteria,
or algae) are being widely promoted and gradual-
ly replacing those synthesized using physical and
chemical methods (Ying et al., 2022). In addition,
the method involves an eco-friendly concept, which
is usually straightforward and less costly, and does
not involve the harsh chemicals employed ultimate-
ly in traditional synthetic methodologies and, thus,
meets the global sustainability objectives (Ying et
al., 2022; Saberi Riseh and Gholizadeh Vazvani,
2024).

The use of green-synthesized metal nanopar-
ticles (GS-MNPs) has several advantages. Their
nanosize enables them to interact efficiently with
fungal structures, and their unusual synthesis route
can, in some cases, grant them higher biocompati-
bility or novel surface chemistries, thus resulting in
higher efficacy against fungi (Irshad et al., 2024).

Silver (Ag), copper (Cu), and zinc oxide
(ZnO) nanoparticles have been reported to success-
fully inhibit the growth of fungal species that af-
fect crops in several studies (Pariona ef al., 2019;
Elshafie et al., 2023; Qureshi et al., 2023).

However, the translation of these individu-
al positive results involving GS-MNP to a general
consideration or knowledge of their potential as an-
tifungal agents encounters several challenges. The
offered efficacy of this treatment is very heteroge-
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neous in the literature, probably dependent on the
type of metal, the type of biological agent used for
the synthesis, the size and shape of the nanoparti-
cles, the concentrations tested, and the species of
the fungal pathogen (Ying et al., 2022).

In addition, a consolidated quantitative as-
sessment of their effectiveness, particularly based
on the assessment assay, and the effect of type and
concentration of the GS-MNP on their activity, is
important to extrapolate general tendencies, dif-
ferentiate the most effective nanoparticle formula-
tions, and direct further research toward well-tai-
lored applications in agriculture.

Hence, this systematic review and meta-anal-
ysis is conducted to identify, synthesize, and pool
the available data about antifungal properties of
GS-MNPs on phytopathogenic fungi and to explore
the general effectiveness of these nanoparticles,
and investigate type- -dependent responses through
subgroup analysis. Our objective is to provide a
systematic, evidence-based assessment of these
nanomaterials as a new generation of antifungal
agents for agronomic use.

Materials and Methods

Search strategy

A comprehensive search was performed in
electronic databases, including Science Direct,
Springer Nature, NCBI, and Google Scholar, up to
May 2025, using key terms such as (“Green Syn-
thesis”) and (“Nanoparticles”) and (“Antifungal
Activity”). Only articles published in English were
included, while gray literature was excluded to
minimize the risk of publication bias.

Inclusion criteria

* In vitro experimental studies assessing antifun-
gal activity against phytopathogenic fungi.

* Studies must use green synthesis methods (e.g.,
plant, microbial, or algal extracts) to produce metal
nanoparticles.

* Only studies employing the food poisoning
(poisoned food) method, agar well diffusion meth-
od, disk diffusion method, and microdilution broth
method for antifungal testing are included.

* Studies must report quantitative results at one
or more nanoparticle concentrations.

* Studies must provide measures of variability
(standard deviation or standard error) for the inhibi-
tion data, allowing effect size calculation.

* Studies published between 2015 and 2025.

* Full-text available.

Exclusion criteria
* Studies assessing antifungal activity exclusive-



ly against human, animal, or non-phytopathogenic
environmental fungi are excluded.

* Studies using only other antifungal assessment
methods are excluded.

* Studies that do not report quantitative inhibi-
tion data (Inhibition zone (mm), percentage inhi-
bition, MIC) or do not provide standard deviation/
standard error for the results are excluded.

* Reviews, meta-analyses, conference abstracts
without full data, editorials, and non-experimental
studies are excluded.

Elimination criteria
* Duplicate articles found in different databases.

The PICO format was used to define the re-
search question and guide the selection process.
The research question was formulated using the
PICO framework as follows:

Pico Question: “In in vitro studies of fungal
species (P: Population), does treatment with GS-
MNPs (I: Intervention), compared to untreated con-
trols (C: Comparison), result in greater percentage
inhibition of fungal growth as measured by the food
poisoning method, agar well diffusion method, disk
diffusion method, and microdilution broth method
(O: Outcome)?”

Titles and abstracts were screened to identi-
fy relevant studies, and duplicates were manually
removed. Then, a full-text review was conducted
to apply the inclusion and exclusion criteria. Only
studies that met all eligibility criteria were included
in the systematic review and meta-analysis. Several
studies reported antifungal activity across multiple
concentrations and/or fungal species, so we ex-
tracted each concentration—species combination as
a separate effect size to maximize data utilization.

Data extraction

Data were extracted by collecting informa-
tion on types of nanoparticles used, size of nano-
particles, used plant extract or bacterial strain, char-
acterization methods, tested fungal species patho-
gens, growth medium, tested concentration, and re-
ported outcomes, being the percentage of inhibition
or the diameter of inhibition, along with standard
deviation or standard error values and number of
replicates.

Quality assessment

A risk of bias assessment was conducted
using ToxRTool (Toxicological data reliability as-
sessment tool) for in vitro studies (Schneider et
al., 2009). This tool was originally made to assess
toxicological data, but we found it the most suit-
able among other tools to assess the risk of bias
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in our studies. It provides comprehensive criteria
and guidance for in vitro data, organized in several
groups including: (1) Test Substance identification,
(2) Test Organism Characterization, (3) Study de-
sign Description, (4) Study Results Documenta-
tion, and (5) Plausibility of study design and results.
Each item within these domains was scored as 1 if
the criterion was met or O if it was not met. For
each in vitro study, the item scores were summed to
obtain a total ToxRTool score, which was then used
to assign Klimisch reliability categories (Klimisch
et al., 1997): (1) reliable without restrictions, (2)
reliable with restrictions, (3) not reliable, (4) not as-
signable: documentation insufficient. A study was
classified as Klimisch category 1 (reliable without
restrictions) if the sum of all ToxRTool items was
between 15 and 18 points and no “red-flag” criteria
indicating critical deficiencies were present. Stud-
ies with lower total scores or any unresolved red
flags were assigned to Klimisch categories 2—4.

Statistical analysis

MetaWin 3 Software V.3.0.17 (Rosenberg,
2024) was used for the statistical analysis. Effect
sizes were calculated following a random-effects
model, where Hedges’d served as the standardized
mean difference (SMD) (Hedges and Olkin, 1985;
Gurevitch and Hedges, 1993). I? and Cochran’s Q
statistic were used to assess Heterogeneity (Hedg-
es and Olkin, 1985; Higgins and Thompson, 2002;
Huedo-Medina et al., 2006). The results were re-
ported in forest plots of the estimated effects with
95% confidence intervals, and forest plots were
used to assess publication bias (Light & Pillem-
er, 1984; Sterne and Egger, 2001). A grouped me-
ta-analysis using a random-effects model was per-
formed to explore type-dependent effects of metal
nanoparticles. The Get-Data Graph Digitizer (Fe-
dorov, 2013) desktop application and WebPlotDigi-
tizer (Rohatgi, 2024) were employed to extract data
from graphs when results were not presented in
clear numerical formats.

Results

The systematic search identified a total of 45
records from databases. After removing 2 duplicate
records before screening, 43 unique records were
screened. During this initial screening phase, no
records were excluded. Subsequently, 43 reports
were sought for retrieval, and all 43 were assessed
for eligibility through full-text review. During the
eligibility assessment, a total of 34 reports were
excluded for the following reasons: 2 articles
were excluded for assessing the antifungal activi-



ty against clinically isolated human fungal strains
rather than phytopathogenic fungi, 2 articles were
excluded for assessing the antifungal activity using
other methods( i.e. agar slant inhibition assay, ra-
dial mycelial growth inhibition assay on PDA) and
30 articles were excluded due to inadequate data for
estimating the effect size. Following the application
of the inclusion and exclusion criteria, 9 articles
were ultimately included in the review. The in vitro
studies provided data on the antifungal activity that
was assessed using the food poisoning method, disk
diffusion method, well diffusion method, and mi-
crodilution broth method. The PRISMA flow dia-
gram (Fig. 1) illustrates the entire selection process.

The totality of the studies presented in 9 arti-
cles successfully passed the risk of bias assessment
using the ToxRTool Tool (Schneider et al., 2009)
as shown in Table 1. Food poisoning studies scored
17/18 points across all five domains, meeting every
red criterion and earning Klimisch category 1 (re-
liable without restrictions; Klimisch et al., 1997),
while agar diffusion studies scored 16/18, failing
only red criterion 9 (“Are doses administered or
concentrations in application media given?””) but
were assigned to Klimisch category 1 per ToxRTool
Step C evaluator judgment (Schneider ef al., 2009).

The forest plots (Fig. 2. AB) present the me-
ta-analysis of 43 studies (Table 2). The forest plot
(Fig. 2A) presents the results of a meta-analysis of
36 studies (ID1 — ID36) investigating the antifun-
gal activity using the food poisoning method. Each
study is represented, showing its individual Hedg-
es’d and 95% confidence interval (CI). The hori-
zontal axis displays Hedges’d. Many studies show
positive effect sizes. The pooled effect size (Mean
Hedges’d) is 37.01 (95% CI: [30.18, 43.85]), indi-

cated by a circle at the top. This result, not crossing
the line of no effect (zero), signifies a statistically
significant positive antifungal effect. However, sig-
nificant heterogeneity among the studies was ob-
served (12=59.10%; 95% CI: [40.97, 71.66]). The
estimate of pooled variance was 261.2396. While
the forest plot (Fig. 2B) displays individual and
pooled effect sizes from 7 studies (ID36 — ID43)
using agar well/disk diffusion assays. Each study
is represented by its Hedges’d and 95% confidence
interval (CI). The pooled effect size (Hedges’d =
21.40; 95% CI: [9.80, 33.01]) is indicated by a cir-
cle at the bottom. This magnitude indicates a large
antifungal effect, corresponding to approximately
21 percentage points greater growth inhibition with
nanoparticles compared to controls. The 95% CI
does not cross zero, confirming statistical signifi-
cance. However, substantial heterogeneity was ob-
served (Q =15.90, p = 0.014; I> = 62.3%; 95% CI:
[14.1, 83.4]), with an estimated pooled variance of
160.09, suggesting true between-study differences
in effect sizes beyond sampling variation.

Metal subgroup analysis

Grouped meta-analyses by metal type (Fig.
3AB) examined moderation effects across both
assay types. For poisoned-food assays (3A), het-
erogeneity was substantial (Q = 94.0843, df = 35,
p < 0.0001; I2 = 62.7993%; 1> = 197.9344), with
Cu nanoparticles (3 datasets) showing the largest
effect (Hedges’d = 64.76, 95% CI: [37.33, 92.19];
I? =17.39%), ZnO (12 datasets) intermediate effi-
cacy (d =49, 95% CI: [37.10, 60.90]; I = 73.02%),
and Ag (21 datasets) the smallest (d = 27.56, 95%
CI: [20.07, 35.06]; I* = 46.35%). Between-group
differences were significant (Q = 13.61, df = 2,

Identification of Studies via databases and registers
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Fig. 1. The PRISMA flow diagram illustrates the study selection process, starting with 45 identified records, removing 1
duplicate, screening 45 records, assessing 43 reports for eligibility, and finally including studies in the systematic review

(Page et al., 2021)
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Table 1. Summary of ToxRTool Risk of Bias Assessment for the studies included in nine articles, Showing Scores for
Test Substance Identification, Test Organism Characterization, Study Design Description, Study Results Documentation,

Plausibility, Total Score, and Klimisch Category

Test . . Plausibility . >

References Substance e on Docmentation desgnand & 5
identification ®)

results

Mali et al., 2020 4 3 5 3 2 17 1
Dashora et al., 2022 4 3 5 3 2 17 1
Ahmad et al., 2020 4 3 5 3 2 17 1
Sahu et al., 2024 4 3 5 3 2 17 1
Ibrahim et al., 2020 4 3 5 3 2 17 1
Mossa et al., 2023 4 3 5 3 2 17 1
Linima et al., 2023 4 3 4 3 2 16 1
Noohpisheh et al. 2020 4 3 4 3 2 16 1
Rathi et al., 2020 4 3 4 3 2 16 1

p =0.0011), with overall mean d = 35.24 (95% CI:
[29.05, 41.42]) across 36 datasets. In agar diffu-
sion assays (Fig. 3B), heterogeneity remained pro-
nounced (Q = 20.79, df = 6, p = 0.002; I* = 71%
[37-87%]; t> = 81). Combining Ag with CuO or
ZnO improved performance over pure Ag: the three
composite datasets (Ag/Ti02, Ag/CuO, Ag-ZnO;
2/3 Cu/Zn-based) averaged Hedges’d = 14.2 (95%

CI: [2.9, 25.4]; 1> = 0%) against pure Ag’s d = 10.6
(95% CI: [5.5,26.7]; 1= 87%, p = 0.005) from two
datasets. Fe nanoparticles (two datasets) topped the
list at d = 72.5 (95% CI: [40.8, 104.2]; I* = 0%).
Metal category differences mattered (Q = 12.6, df
=2,p=0.002), giving a 7-dataset overall mean d =
17.6 (95% CI: [8.8, 26.5]).

Total Global Hedges' d (95% Cl) 37.0136 [30.1755;43.8517] Mean -®

Mali et al. — CuNPs — 1200 ppm 59.25 0.57 3 117.6030 [51.0448;184.1612] D1 | —e-
Mali et al. — CuNPs — 1800 ppm 73.7 152 3 54.8566 [23.7779;85.9353] D2 e

Mali et al. — CuNPs — 2400 ppm 76.29 152 3 56.7844 [24.6164;88.9524] D3 :®
Dashora et al. — AgNPs — 100 ppm 36.78 1.15 3 36.1842 [15.6490;56.7194] D4 10
Dashora et al. — AgNPs — 200 ppm 59.77 1.15 3 58.8018 [25.4937;92.1099] D5 :®
Dashora et al. — AgNPs — 300 ppm 6436 057 3 127.7457 [55.4504;200.0410] i
Dashora et al. — AgNPs — 400 ppm 71.26  0.57 3 141.4412 [61.3988;221.4836] D8 | e
Dashora et al. — AgNPs — 500 ppm 81.03 1 3 91.6750 [39.7812;143.5687] Ds i —e-
Ahmed et al. —ZnONPs — 10 ppm 21.10 0.2 4 129.7387 [66.1528;193.3246] 616 i
Ahmed et al. — ZnONPs — 10 ppm 16.50 0.4 4 50.7272 [25.8327;75.6217] 011 e
Ahmed et al. —ZnONPs — 10 ppm 36.60 1.4 4 32.1492 [16.3355;47.9629] D12 ®
Ahmed et al. —ZnONPs — 25 ppm 4630 3.2 4 17.7930 [8.9651;26.6208] D13 ‘®
Ahmed et al. — ZnONPs — 25 ppm 3130 1.3 4 29.6086 [15.0346;44.1826] D14 @
Ahmed et al. —ZnONPs — 25 ppm 51.60 1.5 4 42.3034 [21.5289;63.0780] D15 | —e—
Ahmed et al. — ZnONPs — 50 ppm 60.50 0.4 4 185.9998 [94.8510;277.1486] ID16 —
Ahmed et al. —ZnONPs — 50 ppm 53.10 0.1 4 652.9977 [333.0317;972.9638] D17 @
Ahmed et al. —ZnONPs — 50 ppm 73.50 1.4 4 64.5619 [32.8968;96.2270] D18 | —e—
Ahmed et al. —ZnONPs — 100 ppm 65.40 0.6 4 134.0429 [68.3484;199.7373] D19 - ®
Ahmed et al. —ZnONPs — 100 ppm 5520 1.2 4 56.5685 [28.8158;84.3212] D20 - &
Ahmed et al. —ZnONPs — 100 ppm 76.70 1.4 4 67.3728 [34.3316;100.4139] D21 ®

Sahu et al. — AgNPs — 500 ppm 37.44 427 3 9.9200 [4.0837;15.7564] D22 ®

Sahu et al. — AgNPs — 500 ppm 50.40 4.01 3 14.2197 [6.0167;22.4228] D23 ®

Sahu et al. — AgNPs — 1000 ppm 48.46  4.08 3 13.4378 [5.6682;21.2074] il vy

Sahu et al. — AgNPs — 1000 ppm 53.94 252 3 24.2167 [10.4219;38.0115] D25 »

Sahu et al. — AgNPs — 1500 ppm 57.93 4.18 3 15.6795 [6.6650;24.6940] 'I';;j g

Sahu et al. — AgNPs — 1500 ppm 59.58 3.68 3 18.3171 [7.8306;28.8037] D28
lbrahim et al. — AgNPs — 5 ppm 45.56 2 3 25.7726 [11.1031;40.4421] —_ Y
Ibrahim et al. — AgNPs — 10 ppm 62.22 2 3 35.1969 [15.2186;55.1753] D30 |-
Ibrahim et al. — AgNPs — 15 ppm 72.7 13 3 63.2697 [27.4364;99.1031] D31 ®
lbrahim et al. — AgNPs — 20 ppm 80.5 1.3 3 70.0580 [30.3874;109.7286) D32 ‘e
Mossa et al. — AgNPs — 10 ppm 6.58 1.8 3 4.1358 [1.3009;6.9707] D33 ®
Mossa et al. — AgNPs — 20 ppm 1893 0.7 3 30.5955 [13.2110;47.9800] D34 ®

Mossa et al. — AgNPs — 40 ppm 2222 1.2 3 20.9492 [8.9888;32.9097] D35 o
Mossa et al. — AgNPs — 80 ppm 29.62 2.4 3 13.9630 [5.9024;22.0236] D36 ‘®
Mossa et al. — AgNPs — 150 ppm 46.09 0.7 3 74.4927 [32.3149;116.6705)

Mossa et al. — AgNPs — 200 ppm 7119 2.8 3 28.7651 [12.4115;45.1187]

Heterogeneity: 0 200 400 600 800 1000
Chi2 = 85.57, df = 35 (P < 0.0001); Hedges' d

12=59.10% (95% Cl: 40.97% to 71.66%);
©=261.24

Fig. 2A. Forest plot of individual effect sizes for each study for poisoned food method. Effect size measured as Hedges’
d. The vertical dotted silver line represents no effect. Study effect sizes are indicated by greenish circles, with the corre-
sponding line the 95% confidence interval based on a normal distribution
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Std Mean Difference (Hedges’ d),
random, 95% Cl

Std Mean Difference (Hedges’ d),
random, 95% CI — Forest Plot

Study Mean SD Total
Total Global Hedges' d (95% ClI 21.40 [9.80, 33.01
gew ol [B5%iC) L ] Mean 20—
Linima et al. — Fe - A. flavus 3.00 0.042 3 80.81 [35.06; 126.56] ID37 @
- ID38 -_—l
Linima et al. — Ag — A. flavus 1.00 0.019 3 59.55 [25.82; 93.27]
ID39 L 4
Linima et al. — Fe — A. niger 1.00 0.017 3 66.55 [28.86; 104.24]
Linima et al. — Ag — A. niger 0.00 0.019 3 0.00 [-1.60; 1.60] D40 ©
Noohpisheh et al. — Ag/ZnO — C.Albicans 10.50 0.707 3 16.80 [7.16; 26.44] ID41
D42 ——
Rathi et al. — Ag/TiO2 — C. Albicans 14.64 1.03 3 16.08 [6.84; 25.32]
D43 -
Rathi et al. — Ag/CuO - C. Albicans 9.33 1.03 3 10.25 [4.23; 16.26]
Heterogeneity:
Q=15.90, df = 6 (P = 0.014); ' T J J J !
12=62.3% (95% Cl: 14.1% to 83.4%); 0 25 50 75 100 125
©=160.09 Hedges'd

Fig. 2B. Forest plot of individual effect sizes for each study for difussion assay method. Effect size measured as
Hedges’ d. The vertical dotted silver line represents no effect. Study effect sizes are indicated by greenish circles, with
the corresponding line the 95% confidence interval based on a normal distribution

Global ——
Ag Yo
Cu @
Zn0o — ——
T T T T T
0 20 40 60 80
Hedges' d

Fig. 3A. Effect sizes for the mean of all food poisoning studies (36 effect sizes), as well as subgroups by metal type
(CuNPs, AgNPs, ZnONPs). Effect size measured as Hedges’ d. The vertical dotted silver line represents no effect. Mean
effect sizes are indicated by greenish circles, with the corresponding line the 95% confidence interval based on the Nor-
mal distribution. Medians are represented by pumpkin orange Xs.

The funnel plots (Fig. 4AB) plot Hedges’d
against standard error for 36 food poisoning da-
tasets and 7 agar diffusion datasets, both showing
characteristic right-sided asymmetry. For food poi-
soning (Fig. 4A), 33/36 datasets (91.7%) lie right
of the pooled mean (d = 13.87), dominated by three
extreme low-precision outliers in the bottom-right
(d =653.0, SE = 163.25; d = 186.0, SE = 46.51; d
= 141.4, SE = 40.84) while higher-precision stud-
ies (top half, SE < 20) cluster around d = 13-75,
spanning d: 4.14-653.0 overall. On the other hand,
agar diffusion assays (Fig. 4B) exhibit even more
marked dispersion (d: 0.00-80.81; SE: 0.82-23.34)

203

with three low-precision outliers bottom-right (d =
80.81/66.55/59.55; SE = 23.34/19.23/17.21), four
high-precision studies top-right (d = 10.25-16.80;
SE =0.82-4.92), and a lone null effect top-left (d =
0.00, SE = 0.82).

Discussion

This systematic review and meta-analysis
evaluated the in vitro antifungal efficacy assessed
by two solid-medium assays: the poisoned agar
(food poisoning) method and agar well/disk diffu-
sion method, compared to untreated controls. The
findings demonstrate that GS-MNPs exhibit signif-
icant antifungal activity across both assay methods,
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T
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Hedges' d

Fig. 3B. Effect sizes for the mean of all diffusion assay studies (7 effect sizes), as well as subgroups by metal type (Fe,
Ag, Ag-complexes). Effect size measured as Hedges’ d. The vertical dotted silver line represents no effect. Mean effect
sizes are indicated by greenish circles, with the corresponding line the 95% confidence interval based on the Normal dis-
tribution. Medians are represented by pumpkin orange Xs.
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Fig. 4A. Funnel plot of Hedges’ d vs. standard error for food poisoning studies (36 effect sizes). The dotted silver line
represents the mean effect size. The dashed silver line represents the 95% pseudo-confidence interval of the funnel, after

Sterne and Egger (2001).
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Fig. 4B. Funnel plot of Hedges’ d vs. standard error for diffusion assay studies (7 effect sizes). The dotted silver line
represents the mean effect size. The dashed silver lines represent the 95% pseudo-confidence interval of the funnel, after

Sterne and Egger (2001).
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though effect magnitudes and metal-type rankings
differ substantially depending on assay mechanism.
(Dawoud et al., 2021; Yassin et al., 2021; Madu-
sanka et al., 2024).

For Poisoned Agar Assays, the meta-anal-
ysis of 36 studies revealed a pooled mean Hedg-
es’d of 37.01 (95% CI: [30.18, 43.85]), indicating
a very large antifungal effect corresponding to ap-
proximately 37 percentage-point greater mycelial
growth inhibition in nanoparticle-treated medium
compared to untreated controls. For agar diffusion
assays, the meta-analysis of seven well/disk dif-
fusion datasets gave a pooled Hedges’ g of 21.40
(95% CI: [9.80, 33.01]), indicating a large antifun-
gal effect but roughly 42% lower than the poisoned
agar estimate (37.01). This difference is consistent
with the distinct assay mechanics: in poisoned agar,
nanoparticles are mixed homogeneously into the
medium, ensuring continuous and uniform contact
with the mycelium throughout incubation, where-
as diffusion assays rely on radial diffusion from a
central well or disk, generating steep concentration
gradients with maximal levels at the source and
progressively subinhibitory concentrations toward
the colony margin (Hudzicki, 2009; Chung et al.,
2023). As a result, diffusion-based methods are
prone to underestimating the activity of nanopar-
ticles whose effects are strongly concentration-de-
pendent or require prolonged exposure for full ex-
pression of antifungal efficacy (Tendencia, 2004;
Hudzicki, 2009; Chung et al., 2023).

GS-MNPs demonstrate strong antifungal po-
tential in vitro, with effect size substantially depen-
dent on assay type. Both methods support the pri-
mary research question: GS-MNPs produce signifi-
cantly greater fungal growth inhibition compared to
untreated controls.

Subgroup analysis of poisoned agar data re-
vealed significant between-metal heterogeneity
(Q=13.61,df =2, p=0.001), with the following
ranked effects (Table 3A):

The apparent metal-type hierarchy and sig-
nificant between-metal heterogeneity must be in-
terpreted with extreme caution due to the non-inde-

pendence of datasets and severe study imbalance.
Specifically:

Cu nanoparticles (» = 3 datasets from 1
study): All three datasets originated from a single
study (Mali et al., 2020) testing C. paniculatus-de-
rived Cu nanoparticles (5 nm) against F. oxysporum
at presumably different concentrations. Cu’s ap-
parent superiority (Hedges’d = 64.76) is therefore
entirely based on one synthesis protocol, one lab
environment, and one fungal species. It is impos-
sible to distinguish whether Cu is inherently more
antifungal or whether Mali et al.’s specific green
synthesis approach (using C. paniculatus extract,
at a particular pH, temperature, and reaction condi-
tions) produced unusually effective nanoparticles.
The low within-group heterogeneity (I> = 17%) re-
flects experimental consistency within one lab, not
cross-study reproducibility. Replication of Cu na-
noparticles by independent research groups using
different plant extracts and fungal species is essen-
tial before conclusions about Cu superiority can be
drawn.

ZnO nanoparticles (n = 12 datasets from 1
study): All ZnO datasets originated from Ahmad et
al. (2020), which tested E. globulus-derived ZnO
nanoparticles (52—70 nm) at four different concen-
trations against three fungal species (B. dothidea,
D. seriata, A. mali). The high within-group heter-
ogeneity (I*> = 73%) observed for ZnO is not ev-
idence of synthesis variability but rather reflects
fungal species differences in inherent susceptibility
(3—5-fold variation in inhibition observed across
the three species). All datasets share identical nan-
oparticles, synthesis method, and laboratory condi-
tions, making this variability biological rather than
methodological. As with Cu, the ZnO hierarchy
ranking cannot be considered robust without repli-
cation from independent research groups.

Ag nanoparticles (n = 21 datasets from 4
studies): In contrast to Cu and ZnO, Ag datasets
were distributed across four independent studies
using different synthesis sources (four plant spe-
cies: P. longifolia, H. coronarium, Z. album; one
bacterial source: P. poae), resulting in nanoparti-

Table 3A. Pooled antifungal effect sizes (Hedges’ d) by metal nanoparticle type in poisoned agar assays, revealing ap-
parent Cu > ZnO > Ag hierarchy driven by significant between-metal heterogeneity (Q = 13.61, df =2, p=0.001; n =36

datasets from 6 studies).

Metal n n . Effect i

Type  Datasets Independent Studies Hedges'd (95% CD) Magnitude Within-Group I
Cu 3 1 (Mali et al., 2020) 64.76 (37.33,92.19) Very large 17% (low)

ZnO 12 1 (Ahmad et al., 2020) 49.00 (37.10, 60.90) Very large 73% (high)
Ag 21 4 (Dashora, Ibrahim, Mossa, Sahu) 27.56 (20.07, 35.06) Large 46% (moderate)
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cles of varying sizes (6—44 nm) and tested against
four fungal species (F. oxysporum, A. flavus, A.
alternata, F. graminearum). The moderate with-
in-group heterogeneity (I = 46%) is therefore the
only meaningful heterogeneity estimate in this
metal-type comparison, as it reflects true variation
across independent studies.

The finding that Cu appears most effective is
highly preliminary and exploratory, being based en-
tirely on one study. The between-metal heterogene-
ity (Q=13.61, p=0.001) may reflect study-specif-
ic factors (synthesis protocol, laboratory environ-
ment, fungal strain virulence) rather than true metal
superiority. Hierarchical or multilevel meta-analy-
sis (accounting for datasets nested within studies)
would be the statistically appropriate approach
(Cochrane Handbook Chapter 24), but could not be
conducted due to insufficient independent studies
per metal type. Therefore, the metal-type rankings
reported here should be considered exploratory and
hypothesis-generating rather than definitive con-
clusions about metal efficacy.

Subgroup analysis of well diffusion data by
metal type (Fe, Ag, Ag-complexes) revealed signif-
icant between-subgroup heterogeneity (Q_between
= 12.60, df = 2, p = 0.0018), with the following
ranked subgroup effect sizes (random-effects mod-
el) (Table 3B):

The apparent dominance of Fe nanoparticles
(Hedges’d = 72.52) in diffusion assays is severely
limited by non-independence and single-study ori-
gin:

Both Fe datasets originated from a single
study (Linima et al., 2023), which tested identical
Fe nanoparticles against two Aspergillus species (4.
flavus, A. niger). The exceptionally high pooled ef-
fect size (Hedges’d = 72.52) therefore reflects one
synthesis protocol, one laboratory environment,
and one set of experimental conditions. It is impos-
sible to distinguish whether Fe nanoparticles are

inherently superior in diffusion assays or whether
Linima et al.’s specific synthesis method yield-
ed unusually effective particles. The zero with-
in-group heterogeneity (I> = 0%) is an artifact of
the same-study origin, not evidence of cross-study
consistency. The finding of Fe superiority cannot be
considered robust and requires replication from in-
dependent research groups before any conclusions
can be drawn.

Combined Ag/metal-oxide formulations
(Hedges’d = 14.18; I? = 0%) demonstrated moder-
ate efficacy with zero within-group heterogeneity.
However, 67% of Ag-complex datasets (2/3) orig-
inated from Rathi ef al. (Study 22), which tested
two composite formulations (Ag/CuO, Ag/TiO,) on
C. albicans. These composites are not independent
replicates but rather two different nanoparticle for-
mulations tested in one experimental system. Only
one truly independent study (Noohpisheh et al.,
2020) tested Ag-ZnO composites.

Pure Ag exhibited the lowest diffusion-based
effect (d = 10.60) with extremely high heteroge-
neity (I*> = 87%), indicating highly variable and
method-dependent inhibition zones. This contrasts
with Ag’s moderate poisoned agar performance (d
= 27.56) and is consistent with the idea that Ag[’
ion bioavailability is reduced in diffusion assays,
where concentration gradients and local depletion
around the well or disk limit sustained exposure at
the colony margin.

Overall, poisoned agar heterogeneity was
moderate to substantial (Q = 85.57, df = 35, p <
0.0001; I* = 59%, 95% CI: [41, 72]; ©> = 261.24).
The 36 datasets analyzed in this meta-analysis for
food poisoning originated from six independent
studies with considerably uneven contributions.
The largest portion came from Ahmad et al. (2020),
which accounted for 12 datasets (33%), followed by
Sahu et al. (2024) and Mossa ef al. (2023) with six
datasets each (17%). Dashora et al. (2022) contrib-

Table 3B. Subgroup meta-analysis results for agar diffusion assays by metal nanoparticle type, highlighting assay-de-
pendent ranking reversal and non-independence of datasets (k = 7 studies).

Metal Type/ n n . 0 Effect Within-Group
Composite  Datasets Independent Studies Hedgesd (95% CI) Magnitude I’

1 72.52 0%
Fe 2 (Linima et al.) (40.80, 104.25)  Verylarge (none)
Ag-Complex
(Ag/TiO,, . . 14.18 0%
Ag/CuO, 3 2 (Noohpisheh et al., Rathi et al.) (2.91,25.44) Large (none)
Ag-ZnO)

1 10.60 Non- 87%
Ag (Pure) 2 (Khan et al.) (-5.46, 26.65) significant (very high)
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uted five datasets (14%), Ibrahim et al. (2020) pro-
vided four (11%), and Mali et al. (2020) included
three (8%). This uneven distribution indicates that
a few studies dominated the data pool, potentially
influencing the pooled heterogeneity estimations.

Overall agar diffusion assay heterogeneity
was high (Q =20.79, df = 6, p = 0.002; I* = 71%,
CI: [37, 87]; ©> = 80.96). The 7 datasets analyzed
originated from only three independent studies with
highly uneven contributions. Linima et al. (2023)
dominated with 4 datasets (57%), testing Fe and
Ag NPs from R. communis against A. flavus and
A. niger. Rathi et al. contributed 2 datasets (29%)
with Ag/TiO] and Ag/CuO composites from C.
pulcherrima against C. albicans. Noohpisheh et
al. provided 1 dataset (14%) with Ag-ZnO from T.
foenum-graecum against C. albicans. This extreme
clustering, with one study comprising over half the
data, substantially influences pooled heterogeneity
estimates and limits between-study inference.

True between-study heterogeneity stemmed
from variations in nanoparticle physicochemical
characteristics, synthesis methods, experimental
protocols, and fungal species. Nanoparticle size
ranged between 5 and 70 nm for poisoned agar as-
says and between 6 and 75 nm for diffusion assays.
Synthesis methods differed by assay: poisoned agar
used plant extracts from C. paniculatus, P. longi-
folia, E. globulus, H. coronarium, and Z. album
(plus bacterial P. poae), while diffusion assays
employed R. communis, T. foenum-graecum, and
C. pulcherrima. These bio-reducing agents creat-
ed distinct phytochemical coatings that modulat-
ed morphology and potency alongside variations
in synthesis pH, temperature, and post-treatments.
Experimental protocols varied in incubation dura-
tion, temperature, nanoparticle concentrations, and
inoculum density (which covaried with species and
incubation time). Fungal species also differed sub-
stantially between methods—poisoned agar assays
evaluated ten species, including F. oxysporum, A.
flavus, A. mali, B. dothidea, D. seriata, Rhizoctonia
solani, and F. graminearum on PDA media, where-
as diffusion assays tested A. flavus, A. niger, and
C. albicans. These interspecies differences in cell
wall composition (Lima et al., 2019; Ibe and Mun-
ro, 2021) generated substantial susceptibility var-
iation, representing a major biological component
of the observed heterogeneity.

The interpretation of within-metal heteroge-
neity for food poisoning assays revealed distinct
patterns. For Cu (I> = 17%), the low heterogeneity
value is misleading, since all three datasets origi-
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nated from Mali et al. (2020) and involved identi-
cal nanoparticles tested on a single fungal species.
This uniformity reflects experimental consisten-
cy within a single laboratory rather than genuine
between-study reproducibility. By contrast, ZnO
exhibited high heterogeneity (I =73%), entirely
attributable to species-specific differences within
Ahmad et al. (2020), where B. dothidea, D. seri-
ata, and A. mali showed 3-5fold variation in in-
hibition despite identical nanoparticle properties.
This represents biological rather than methodolog-
ical heterogeneity. For Ag (1> = 46%), the moderate
heterogeneity was biologically meaningful, repre-
senting variation across four independent studies
that differed in synthesis routes (three plant-based,
one bacterial), particle sizes (6—44 nm), and fungal
targets (four species). This reflects genuine meth-
odological and biological diversity rather than in-
tra-laboratory variance.

While for diffusion assays, the within-metal
heterogeneity further underscored methodological
variability. For Fe (I? =0%), the apparent absence
of heterogeneity was misleading, as both datasets
derived from a single source (Linima et al., 2023)
and used identical Fe nanoparticles on two As-
pergillus species under standardized conditions—
again representing intra-study, not cross-study,
variation. For AgComplex nanoparticles (I* = 0%),
homogeneity primarily reflected composite formu-
lation stability and methodological consistency,
with two-thirds of datasets originating from Rathi
et al.; this uniformity, however, does not equate to
external reproducibility. In contrast, pure Ag exhib-
ited very high heterogeneity (I = 87%), reflecting
true between-study variation across two independ-
ent investigations likely differing in synthesis route
and fungal model. These discrepancies highlight
that the antifungal performance of pure Ag nano-
particles assessed by agar diffusion remains highly
synthesis-dependent and therefore unreliable for
cross-study generalization.

Risk of bias assessment using ToxRTool
(Schneider et al., 2009) rated all studies included
in nine articles as Klimisch Category 1 (“reliable
without restrictions”; Klimisch et al., 1997), con-
firming low risk of bias across test substance iden-
tification, organism characterization, study design,
and results documentation. Six food poisoning
studies achieved maximum scores (17/18 points),
while seven diffusion assays from three articles
scored 16/18, deducting only for red criterion 9
(unreported nanoparticle suspension concentra-
tions) - a standard reporting convention in diffusion



assays where fixed pipette volumes suffice for zone
diameter quantification. The tool’s proposed down-
grade to category 3 for diffusion studies (due to
red criterion failure) was overridden via evaluator
discretion (ToxRTool steps C/D), justified by com-
plete reporting of inhibition zones, replicates, and
variability measures enabling standardized Hedg-
es’d meta-analysis. This transparent adaptation
maintained methodological rigor while recognizing
field-specific reporting practices, ensuring compre-
hensive evidence synthesis across assay types. The
uniform Klimisch 1 rating strengthens confidence
in pooled effect estimates and metal-type compari-
sons (Tables 3AB).

Funnel plot analysis (Fig. 4A) revealed pro-
nounced asymmetry consistent with small-study
effects. Among 36 datasets from poisoned agar
assays, 33 (91.7%) yielded Hedges’d estimates ex-
ceeding the pooled mean (d = 13.87), while only
three (8.3%) fell below. Three low-precision outli-
ers (d =653, 186, 141; SE > 40) occupied the bot-
tom-right quadrant, a pattern typical of underpow-
ered experiments prone to effect overestimation.
This skewness reflects the paucity of eligible data-
sets from a few laboratories (k = 6), limiting repre-
sentation of modest effects despite uniformly posi-
tive findings. Insufficient studies precluded formal
bias tests (Egger’s regression), underscoring the
challenges of meta-analyzing sparse nanotechnol-
ogy literature. The agar diffusion funnel plot (Fig.
4B) exhibited pronounced right-sided asymmetry.
Of 7 datasets, 6 (85.7%) exceeded the pooled mean
(Hedges’d = 1.79), with 1 null effect (d = 0.0) left
of center. Three low-precision outliers dominated
the bottom-right quadrant (d = 80.8, 66.6, 59.5; SE
=23.3, 19.2, 17.2), while three modest effects oc-
cupied the upper-right (d = 10.2-16.8). The 85.7%
right-skewed distribution from only k = 3 labora-
tories precluded Egger’s regression for formal bias
assessment. Funnel plot asymmetry should not be
equated with publication bias, as it may arise from
true heterogeneity, poor methodological quality in
smaller studies yielding inflated effects, or chance
(Sterne et al., 2011). Given a few source articles
(n=9 yielding 43 datasets total) and substantial het-
erogeneity (I°=59-62%), formal asymmetry tests
lack power, precluding definitive attribution to re-
porting bias.

Despite these limitations, the findings of this
review highlight the potential of green-synthesized
metal nanoparticles as effective antifungal agents.
The observed differences in efficacy between Ag,
Cu, and ZnO nanoparticles suggest that the type of
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metal is a critical factor in their antifungal activity.
The use of environmentally friendly green synthesis
methods is also a significant advantage. This aligns
with a global push for greener and more sustainable
technologies in material science and medicine.

Conclusion and Perspective

This systematic review and meta-analysis
demonstrate that green-synthesized metal nano-
particles exhibit strong in vitro antifungal effects
against phytopathogenic fungi using both poi-
soned agar (Hedges’d = 37.01, 95% CI: [30.18,
43.85], I? = 59%) and diffusion assays (d = 21.40,
95% CI: [9.80, 33.01], I = 71%). The antifungal
efficacy holds across methods, though metal-type
performance varied substantially between assays.
However, study clustering with 33-57% of data-
sets originating from single studies combined with
small-study effects and statistical non-independ-
ence precludes definitive efficacy rankings. All
studies included in the nine articles earned Klim-
isch category 1 ratings. Moving forward, research-
ers should focus on uniform test methods, in vivo
experiments, resistance tests with repeated applica-
tions, and consistent synthesis protocols to turn GS-
MNPs into practical fungicide replacements.
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Abstract

Disoxaril (WIN) inhibits replication of a broad spectrum of entero- and rhinoviruses through bonding
to the hydrophobic pocket within VP1 coat protein. Previously we established Coxsackievirus B1 (CVB1)
disoxaril mutants, sensitive (CVB1/SOF), resistant (CVB1/RES) and dependent (CVB1/DEP), which phe-
notypic characteristics being done. Moreover, analysis of the VP1 gene sequences of CVB1 mutants es-
tablished an amino acid sequence, highly different at 195-255 in CVB1/RES with two point mutations,
M213H and F237L, in the ligand-binding pocket. 3D-alignment of CVA9 over CVB3/B1 allows explicit
transferring of two WIN-ligand atomic coordinates into CVB1 “canyon”, site-1 and site-2. The second
site is forbidden for ligand in CVB1/SOF. It generated more than 100 models and all of them were treated
with ‘clashing analyses’ for side chain rotamers. CVB1/RES has mainly steric and less energetic nature. In
CVBI1/DEP occupation of site-1 is restricted but site-2 can be filled. WIN molecule in site-2 interacts with
the neighboring VP2 protein and all capsomers become chained in the pentamer. This explains the finding
that CVB1/DEP mutant needs WIN compound to provoke coating. Analysis of oligomer complexes in the
tetramer capsoer resulted in presentation of the whole capsid structure.
Keywords: disoxaril, coxsackievirus B1 mutants

Pe3rome

Juzokcapun (WIN) naxubupa perumkanyara Ha MHUPOK CIEKThP OT €HTEPO- U PUHOBHPYCH Ype3
cBbp3BaHe ¢ xuapodoonus ko0 B VP1 nporenna Ha o0BuBKara. [Ipenu ToBa ycTaHOBUXME AU30KCAPUITHH
mytantu Ha Coxsackievirus B1 (CVBI), uyBctBurenaun (CVB1/SOF), pesucrentan (CVB1/RES) u 3a-
Bucumu (CVBI1/DEP), unuto ¢heHOTHUITHU XapaKTepucTUku Osxa u3ciaeaBaHu. OCBEH TOBa, aHAIM3BT HA
reHHuTe nocienosarenHoctTd Ha VP1 Ha CVBI1 MyTaHTH yCTaHOBU aMHUHOKHCEIMHHA TIOCIIEA0BATEIHOCT,
cwiHo paznmuHa npu 195-255 B CVBI/RES ¢ nBe toukoBu mytammm, M213H u F237L, B nuranm-
cBbp3Bamus 1k00. 3D-alignment Ha CVA9 cipsimo CVB3/B1 no3BosisiBa eKCIITUIIMTHO MPEXBHPIISTHE HA
nBe aroMHU koopauHath Ha WIN-nuranga B ,,kanboHa™ Ha CVBI, caiit-1 u caiit-2. Broporo mscto e
3abpaneno 3a nurang B CVB1/SOF. I'enepupanu ca noede ot 100 Mozena u BCUUKHU T€ ca TPETUPAHHU C
,,COTbCKBAIIM aHAMM3U™ 3a poramepu Ha crpannuHuTe Bepuru. CVBI/RES uma nmpenumHo crepudeH u
no-maiiko eHeprues xapakrep. B CVB1/DEP 3aemanero Ha caift-1 e orpaHudeHo, HO caifiT-2 Moxe /1a ObJie
3armrpiHeH. Monekynara WIN B caiiT-2 B3aumozeiicTBa cbe cbheeqHusl VP2 NpoTenH U BCUUKH KallCOMEPH
ce CBbP3BaT BbB Bepurara B neHtamepa. Toa o0sicHsaBa oTkputreto, ue MyTanTbT CVBI1/DEP ce nyxnae
ot WIN chenuHenue, 3a a MpoOBOKKpaA MOKPUTHE. AHAU3HT HAa OJTUTOMEPHHUTE KOMIUIEKCH B TETPAMEPHHUS
KaIlcoOMep JI0BEZIE J10 MPEICTAaBIHE Ha 1is1aTa CTPYKTYypa Ha Karcuaa.

Introduction

Great number of studies have shown that the  picornaviral replication no matter of their mech-
lack of success in the development of an effective  anism of action. The basis of the drug resistance
chemotherapy of enteroviral infections is caused by ~ development is the extraordinarily high mutation
the extraordinarily fast development of drug resist-  frequency (107-10™*) observed in this viral family
ance to each of the known specific inhibitors of the ~ (Richards and Ehrenfeld, 1990), thus defining the
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contents of the viral population of billions of qua-
si- or pseudospecies (Domingo et al., 2008). This
phenomenon is due to the high infidelity of the viral
RNA-dependent RNA polymerase — on average one
mutation per each newly synthesized molecule of
poliovirus RNA being established (Agol, 2006). It
can also explain the vast diversity of clinical mani-
festations caused by almost each of the Enterovirus
genus members.

More than thirty years ago was found that
WIN-compounds (arildone, disoxaril, pleconaril,
etc.) inhibit virus uncoating. Based on direct crystal
x-ray analysis of virus-inhibitor complexes it was
shown that the primary target structure of their ac-
tion is the VP1 capsid protein: inhibitors, inserted
into a twisted B-sheet formed hydrophobic cleft, in-
creased structural rigidity of VP1 subunit and thus
prevent virus “undressing”. Following Darwinian
evolution all WIN-treated wild viruses are blocked
and the only inhibitor-resistant generation survived.

In our previous research (Nikolova and Gal-
abov, 2003a) we proved the development of resist-
ance to disoxaril (WIN 51711) during experimental
infection with CVB1 in newborn mice treated by a
10-day course (25 mg/kg daily dose). Disoxaril is
a typical representative of the WIN compounds —
highly effective inhibitors of the virus replication
stabilizing the virion and blocking its uncoating.
The target for these compounds is the hydropho-
bic pocket located on the so called “canyon” on the
VP1 protein (Diana et al., 1989; Rosssman, 1989;
Andries et al., 1990). Disoxaril inhibits a broader
spectrum of entero- and rhinovirus serotypes. The
antiviral effect of disoxaril has been shown to be
mediated predominantly through an inhibition of
the virion uncoating process (Fox et al., 1986).
Enterovirus resistance to disoxaril has been estab-
lished initially with poliovirus type 3/Sabin (Mosser
et al., 1994). Later, this phenomenon was observed
in CVB3 to another WIN compound, pleconaril
(Cloarke et al., 1999; Schmidtke et al., 2004).

In previous study on the application of treat-
ment course with disoxaril in CVBI1 infected mice
we established that the virus population in brain
samples taken after the 6™ day post virus inocu-
lation is fully resistant to disoxaril (Nikolova and
Galabov, 2003a). Only three passages of the wild
Coxsackievirus B1 (CVB1/SOF) in FL cell cul-
tures in the presence of disoxaril (30 mM/ml) are
sufficient for development of disoxaril-resistant
Coxsackievirus B1 mutant (CVBI1/RES), and nine
consecutive passages of CVB1/RES mutant in FL
cells in the presence of disoxaril (30mM) gave rise
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to a disoxaril-dependent Coxsackivirus B1 mutant
(CVBI1/DEP) (Nikolova and Galabov, 2003a, b).
The phenotype analysis of the disoxaril-resistant
mutants manifested almost identical character-
istics: size and form of plaques under agar over-
lay, thermosensitivity (at 50°C) and pathogenicity
for newborn mice (increased in comparison to the
standard disoxaril-sensitive strain) (Nikolova et al.,
2011).

Translation of the VP1 gene of the disoxaril
mutants of Coxsackievirus B1 in protein amino acid
sequences was carried out (Nikolova ef al., 2011).
Analysis of the VP1 sequences of CVBI1 mutants
established an amino acid sequence highly differ-
ent in the VP1 195-255 peptide of CVBI/RES: two
point mutations - M213H and F237L - in the ligand-
binding pocket. Upon purification of the VP1 gene
of the disoxaril mutants of Coxsackievirus B1, the
fragments were sequenced through the dideoxy
Sanger’s method (Sanger et al., 1977; Church,
1984). Then, the sequence information obtained
was analyzed through comparison to the available
online database with the aid of the BLAST® (Basic
Local Alignment Search Tool) software package. In
order to minimize the relative share of the uniden-
tified nucleotides in the sequences, parallel com-
parative sequence analysis of both the coding and
the matrix chain (Pairwise BLAST) (Tatusova and
Madden, 1999) of each of the studied fragments was
performed, thus generating a consensual sequence
(M 16650) for the VP1 fragments from the genomes
of disoxaril mutants of CVBI, respectively CVB1/
SOF, CVB1/RES and CVBI1/DEP (Nikolova et al.,
2011). In particular, VP1 of CVB1/SOF and VP1 of
CVBI1/DEP demonstrate a high degree of similarity
with the referent strain (CVB1/REF) on almost the
entire length of the sequence under study (82% and
89%, respectively), while VP1 of CVBI/RES fea-
tures high (85%) similarity with the referent strain
was found in its medium area only — this is the seg-
ment between 35™ and 197" amino acid residue, i.e.
outside the ligand-binding site.

The results of this analysis (Nikolova et al.,
2011) provide a basis for fundamentally different
interpretation. For comparison, CVB1/REF features
Gly on the same position. On position 251, both in
the CVB1/SOF strain and in the CVB1/RES, there
is a deletion of Arg (the latter is however present
in the CVB1/DEP and the CVB1/REF). In the wild
mutant there is a deletion of Ser observed outside
the ligand-binding site, on position 25, while in the
resistant mutant this position is substituted by glu-
tamic acid. Due attention was paid to the fact that



all sequences under study, including the referent
one, feature Thr instead of Pro on position 94. The
resistant mutant has His instead of Met on position
213. The wild and the resistant mutants feature Leu
instead of Phe on position 237.

The main goal in the present study is to
construct the atomic model of CVB1 mature virus
through explaining the structural basis of produc-
ing disoxaril-resistance and to propose a correct
working hypothesis for understanding the na-
ture of the disoxaril-dependent mutant. Using the
3D-structures of CVB3 and CVA9 as templates, the
3D-structures of all these proteins with one or two
ligands in the “canyon” of VP1 were determined.
Both steric restrictions in ‘canyon pocket’ and re-
pulsive interaction between G207H and G207W
with positively charged oxazoline groups in case of
the resistant mutant were registered. High 3D-ho-
mology between CVB3 and CVA9 assumes two
disoxaril-binding sites in the CVB3/B1. Site-1 is
normal palmitate only site whereas site-2 (as shown
in CVA9) cannot be occupied in the wild CVB1/
SOF and in CVBI/RES but it is obligatory in the
CVBI1/DEP. Analysis of oligomer complexes in the
tetramer capsomer resulted in presentation of the
whole capsid structure.

Materials and Methods

Virus

Coxsackievirus B1 (Connecticut 5 strain),
disoxaril-sensitive (CoxB1/SOF), from the collec-
tion of the Stephan Angeloff Institute of Microbi-
ology, BAS (Sofia, Bulgaria), grown in monolayer
FL cells; plaque purified, infectious titer 9 x 107
PFU/ml; disoxaril-resistant progeny of Coxsackie-
virus B1 produced both in cell cultures and in mice
(CoxB1/RES) and disoxaril-dependent progeny de-
veloped in cell cultures (CoxB1/DEP).

Cells

FL monolayer cultures in Costar (Corning,
NY, USA) 96- or 24- well plates grown at 5 % CO,
or in capped 20-ml scintillation glass vials were
used.
Compound tested  5-[7-[4(4,5-dihydro-2-oxaz-
olyl)phenoxy]heptyl]-methyl -isoxazole (disoxar-
il, WIN 51 711) was supplied by Sanofi Winthrop,
Inc. (Malverne, Pennsylvania, USA).
RNA extraction and RT-PCR used are described in
Nikolova et al. (2011).

Sequencing
Disoxaril mutants of CVBI1 were sequenced
by the dideoxy Sanger’s method (Sanger et al.,
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1977). Sequence comparison of the mutants was
done by BLAST® from NCBI (world data base)
(Altschul et al., 1997).

Homology 3D-modeling

Five different sequences for each three of
them (see below) were superimposed over strict
length of 13-288 VP1 frame of VP1 chain with
the help of ‘Modeller-4’ (Fox et al., 1991; Sali
and Blundell, 1993) and ‘MolIDE’ (Canutescu et
al., 2003) program packages. This procedure was
especially necessary to obtain correct place of li-
gand site-2. The resulted models were visualized by
programs RasWin (http://sourceforge.net/projects/
rastop), PyYMOL (http://pymol.sourceforje.net) and
UCSF-Chimera (http//www.cgl.uscf.edu.chimera).

Clashing analysis

The clashing analysis was performed using
“DeepView”’/SPDBYV 3.7 (Guex and Peitsch, 1997,
1999) — independent Force Field Energy calcula-
tions of non-bonded interactions and visualized
by “Select ‘aaMaking Clashes’” as well as from
SCWRL 3.0

Results
Analysis of structural differences of the
Coxsackievirus Bl strain SOF mutants and ligated
forms

The 3D-structure of CVBI1 is unknown until
now. We disposed the atomic models for CVB3 and
CVAO9 only (PDB ID 1cox and 1d4m, respectively).
Instead of having differences in sequences they dif-
fer in occupation of “canyon”: CVB3 has one mol-
ecule palmitate (PLM), but CVA9 has two disoxaril
molecules — one at virtually the same place site-1
as palmitate in lcox (Fig. 1) and the second one,
tightly fixed to the first, at the internal side of the
“canyon”, here named as site-2 (Fig. 2, 3).

Because of the very high sequence homolo-
gy of CVBI1 with both others, we used SCRWL3
of MolIDE and Modeller-4 packages to create its
3D-structure in constant 13-281 frame for all of
them. In whole 3D-analysis of five different mod-
els were provided: structures based on “B1 PLM”
sequence (CVBI/REF, CVBI1/SOF, CVBI/RES,
CVBI1/DEP), structures based on “B1 WIN-site-1
” (CVBI/REF, CVBI1/SOF, CVBI/RES, CVBI1/
DEP), structures based on “E1 WIN-site-1” (CVB1/
REF, CVB1/SOF, CVBI/RES, CVB1/DEP), struc-
tures based on “E3 WIN-site-1” (CVBI/REF,
CVBI1/SOF, CVBI/RES, CVBI1/DEP), mutants
based on “Del-G WIN-site-2” (CVB1/SOF, CVB1/
RES, CVBI/DEP) and mutants based on “Gap
WIN-site-2” (CVBI/SOF, CVBI/RES, CVBI/



Fig. 1. Natural fulfil on the “canyon” with palmitate (PLM)

dwy ' ~s—)( = 1
double ligands. The only site-2 ligands are in contact with VP2-residues

1

Fig. 3. CVBI1 trimer of VP1-VP2 pairs wit
(filled — in red)
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G,

Fig. 3a. CVB1 VP1 trimer (neighbour “ABE subunits™) as a part of the pentamer. Ligands are not in contact to any

neighbour VP1 chains.

Fig. 3b. VP1 of CVB1/DEP model in CVB3 configuration with two ligands at site-1 (PLM) and at site-2 (WIN) sur-
rounded with ionic groups (ball-and-stick with CPK collared N and O atoms) and nonpolar/hydrophobic groups (grey

heavy sticks).

DEP). Differences between each of them arise from
optimization procedure. It changes the selected ro-
tamers depending of free space around neighbors.
We select the above situations as follows: “Bl
PLM” with “canyon” occupied by palmitate, “B1
WIN-site-1" the same but with oxazoline compound
transferred from 3D-structure of CVB3 in site-1 (see
below), two others “E1 WIN-site-1” and “E3 WIN-
site-1” are selected from many totally optimized
structures, and the last two with WIN-ligand at
site-2 only — models with incorporated Gly-residue
at each deletion to not shift the chain (“Del WIN-
site-2”’) and the sequence with deletions as “gaps”
where they are (“Gap WIN-site-2”) (Fig. 4).

The file 1cox from PDB was used as univer-
sal template for all structures without and with pal-
mitate (PLM) or disoxaril (WIN) ligands at site-1
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and file 1d4m — mainly to generate ligand in both
site-1 and site-2. However these two files 1cox and
1d4m have different coordinate origin. Using good
overlapping we “transfer” site-2 ligand from su-
perimposed 1d4n to 1cov with reasonable stack to
site-1 ligand and without big clashing between them
(about clashing see below). With these procedures
best fit of WIN-ligands from CVA9 to CVB3 was
achieved. Same models were used for “covering”
with prepared five CVB1 sequences (see above) and
generating their 3D-models.

Thus, we have a set of 22 models each repeat-
ed twice (from SCRWL3 and Modeller-4) — in total
44 models. In general, as products of independent
procedures, the obtained 3D-models were accepted
if their RMSD (root mean standard deviation) was
+0.3A.



Fig. 4. Coxsackievirus in two conformations on the site-1: ligated A. CVB3 configuration “relaxed conformation”; B.
CVADO configuration “tensed conformation”).

Miodal 1 - DEL HES - w2
ocaized TAY

Madel SGAF. B coxvir VIFY
DEP » NIt focalized o TA)

Model JGAP: B convir V1
IDEP +WAnT1 flocaired o TA)

g h 1

Fig. 5. (a) Model B1-DEL-Win2 site; (b) Model B1-DEL RES-Win2; (c) Model B1 3DEL DEP-Win2; (d) Model 1GAP:
B1 CoxVir VP1 + Win71; (e) Model 2GAP: B1 CoxVir VP1 RES + Win71; (f) Model 3GAP: B1 CoxVir VP1 DEP

+ Win71 ; (g) Model 1GAP: B1 CoxVir VP1 + Win71; (h) Model 2GAP: B1 CoxrVir VP1 RES + Win71; (i) Model
3GAP: B1 CoxVir VP1 DEP + Win71
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(B) GAP mutants
Fig. 6. Comparative clashing analysis (only few of such obtained are here shown).

gand clash

AB125 - i

Ly

Fig. 7. Why wild CVBI1 does not bind with WIN at site-2 - clashing to the neighbour “right sided” VP2.

Clashing analysis

The clashing analysis (Fig. 5, 6) of all gener-
ated structures was performed using semi-automat-
ic procedure with and without restricted rotamers.
The amino acid residues which are 7 A from the
ligand were visualized and all non-bonded atom-at-
om distances were checked to be more or equal of
the sum of their van der Waals radii. If this sum is
smaller, then the program reports “clashing” and/or
calculates the energy of local repulsion. As much
as 60 mono-ligand models (5x4 for each of CVBI1
with PLM at site-1), CVBI1 (with WIN at site-1) and
CVBI (with WIN at site-2), as well as 40 di-ligand
models (5x4 for each of CVB1 with PLM at site-1
and with WIN at site-2) and CVBI1 (with WIN at
site-1 and with WIN at site-2) were tested. These
data show conformational adaptive structures:
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some of them have no clashing features (typical for
mono-ligand forms of PLM/WIN at site-1) and oth-
ers have relatively big number of clashings (such as
predominantly mono-ligand of WIN at site-2).

The collected results demonstrated that
most clashing sites are at 143, 189, 213 and 237
positions. Disoxaril resistant mutant (CVB1/RES)
shows most clashing at Met213His/Arg at site-1
and less clashing of Tyr189Trp at site-2. Disoxar-
il-dependent mutant (CVB1/DEP) accepts WIN li-
gand easier than CVB1/RES mutant. It shows defi-
nitely clashing with Tyr189Trp, when the WIN-li-
gand is at site-1 (exclude occupation of this site)
and slightly interacts with Thr237His, when it is
at site-2. It has to be searched at inter-molecular
level of interactions between VP1 and its neighbors

(Fig. 8).



Fig. 8. Coxackievirus B1 capside pentamer with all-atomic (spheres) residues Asp/Glu (in red) and Lys/Arg (in blue).
Each capsomer contain four VP (1-4). Sulface exposed are three of them (VP1, VP2 and VP3); all five VP4 are buried

inside the pentamer. Their Ntr NH,

are amidated by myristilic acids and grouped aroung the central hole. a - Frontal

view from top; b - Sidelong view — on the top (the apex) there are 5 idenical loops containg GIn125, Pro126, Gly127 and

Thr128. Visualised by RasMol

This was confirmed from the data obtained
for VP1 ABE trimer generated by VIPER server.
From Fig. 8 is visible that the positively charged
“oxazoline head” of WIN from VPI1(A) (with WIN
at site-2) is located between AB-dimer and interact
with residues 182 and 184 from the VP2(B)-chain.
At CVBI1/REF sequence (lizuka et al., 1987) these
two residues are Asp and Tyr, respectively. Even if
the mutation does not change the nature of these res-
idues, their slight rotamerization will omit clashing.
Then, both attractive interactions between opposite
charges of carboxyl and oxazoline, from one side,
and aromatic stacking interactions between phenyl
and oxazoline rings, from others, will be sufficient
to overcome repulsion within VP1 subunit and to
stabilize the capsomer.

Oligomer complexes in the tetramer capsomer and
in the pentamer

The results mentioned above characterise the
oligomer complexes. WIN molecules in site-2 inter-
act the neighboring VP2 protein and all capsomers
becomes chained in the pentamer coating. Analysis
of oligomer complexes in the tetramer capsomer re-
sulted in presentation of the whole capsid structure.
In such a way is explained the finding that CVB1/
DEP mutants need WIN compound to provoke rep-
lication. This data permits the construction of the
position of oligomer complexes in the tetramer cap-
somer and in the pentamer (Fig. 9, 10, 11, 12).

Discussion
First of all, to understand antiviral properties
of disoxaril we have to divide it structure into three
parts: two oxazole/iso-oxazoline type ‘“heads”, a
phenoxy part and polymethylene - (CH,).- chain.
In contrast to palmitic acid, which represent
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polymethylene chain with one unsaturated bond and
one negative charged carboxylic group, disoxaril
has two positively charged “heads”, both with o-in-
ductive effects in opposite sign”: a methyl group
which tend to increase N-atom pK_ of oxazole ring
and a phenoxy group which decrease N-atom pK_
of next iso-oxa-zoline ring. Thus, both pK are 8.3
and 6.2, respectively (Fig. 13, 14) . Other difference
between palmitate and disoxaril is the relatively in-
creased rigidity of the second if compare to the first.
This was marked years ago (Diana ef al., 1992) as
explanation of the WIN antiviral effect.

The analyses performed so far show that the
primary structure of VP1 of CVB1/RES in the seg-
ment between 195" and 255™ amino acid residue is
entirely changed in comparison to all the rest dis-
oxaril mutants.

Molecular basis of drug-resistance and bio-
logical properties of the picornavirus (entero- and
rhinovirus) strains resistant to VP1-binding WIN
compounds were object of a series of investiga-
tions. Thus, Mosser et al. (1994) found that in the
disoxaril-resistant mutant of poliovirus 3/Sabin
strain amino acid substitutions were mapped to
three distinct loci in VP1 (on the inner capsid sur-
face accompanied most probably with substitution
at VP4, in the drug-binding site on the beta bar-
rel and on the receptor-binding site on the canyon
edge), while mutations conferring dependence and
thermolability occurred in all four capsid proteins
(VP1 to VP4).

It was established that pleconaril binds into
the CVB3 VP1 hydrophobic pocket and thus sta-
bilizes the capsid resulting in inhibition of the cell
attachment and RNA uncoating. In this case RNA



Relaxed # et < e U e Tensed

conformation conformation

<5’ “B3 configuration” “A9 configuration”
(2) (b)

Fig. 9. CoxVir VP1 protein in Relaxed (a) and Tensed (b) configurations as demonstrated in two strains CoxVir B3 and
CoxVir A9. In (b) myristyl moiety is visualised in yellow.

Coxackievirus B1 pentamer (1/12 of full capside)
T i g ' ¢ Ty

Fig. 10. Coxackievurus B1 capside with all-atomic spheres colored by B-factor [ ]: a. The surface around one capsomer
— most fixed in blue and most “moved” in red; b. The empty capside equatorial clipped —the depth of 12 Angstrroms. In
the formal hole virion mRNA have to be accommodated (see crio-EM picture as in [ ]).
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inside view outside view

Fig. 11A. The full pentamer Fig. 11B.The full pentamer
All ligands are shown, too.

1
1
: channel
1
1

L=17.80-17.99 A

DISOXARIL

2R.02

L=18.65+20.92 A
Fig. 13. Ligand length size (optimally extended chain).
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pKa=6.2
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disoxaril (3)

Fig. 14. Disoxaril

sequence analysis revealed amino acid changes in
VP1 (Ile to Met at residue 92, and Leu to Val at
residue 207) in the pleconaril-binding pocket of the
drug-resistant enterovirus mutants (Mosser et al.,
1994). Susceptibility of CVB3 to pleconaril was
found strongly associated with the VP1 amino acid
at position 92. Conformational changes in the hy-
drophobic pocket leading to susceptibility to ple-
conaril occur when Leu is substituted for Ile or Val
(Schmidtke et al., 2005). Similar data were found
in human rhinovirus (HRV) B strains, where in both
naturally resistant strains and treatment-emerging
resistant strains Phe at residue 152 and Leu at 192
in VPI “canyon” replace Tyr and Val, respective-
ly (Ledford et al., 2004, 2005). Similar data were
registered with HRV14 mutants resistant to WIN
52035 (Shepard et al., 1993).

Our data from the timing-of-addition study
with CVB1/DEP mutant showing rapid forma-
tion of infectious virus particles when disoxaril
is added even at the end of the growth cycle (Ni-
kolova et al., 2011) remind the findings of Lee and
Wang (2003) with WIN 52035-dependent HRV 16
mutants. The requirement of drug for assembly of
mutant pentamers to form provirions and the rapid
assembly of preformed subunits (synthesized in
the absence of drug) after drug addition suggested
that after native pentamers (P5) have been formed
they must be converted to an assembly active state,
possibly by a conformational change induced by
the binding of drug. It was proposed that the pocket
factor plays the same role in wild-type virus. Three
independent mutations result of VP1 single amino
acid substitution conferring drug dependence at
MI1103T, T1208A, and V1210A were established
(Wang et al., 1998).

Single amino acid substitutions located in
the hydrophobic pocket of VP1 determined the
drug-resistance in poliovirus 2 (Sabin strain) to an-
other VP1 ligand, 3(2H)-isoflavene, by hindering
the situation of the isoflavene ring in the pocket.
The mutations in the dependent strains registered
both in VP1 and in VP4 are located on the surface
of the capsid (Salvati et al., 2004). Seven amino
acid substitutions in VPI of enterovirus 71 were
revealed in the mutants resistant to pyridyl imidaz-
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Cilz

pKa =283

olidinones (Shih et al., 2004).

In conclusion, the results from our study can
give a clear explanation for the established pheno-
typic characteristic of the mutants. Obviously, in
disoxaril-resistant mutants the hydrophobic pock-
et cavity is empty because the structure is highly
restrictive to take any ligand(s); it becomes water
accessible and thus — thermolabile (thermounsta-
ble). In disoxaril-dependent mutant the hydropho-
bic pocket is still occupied — it has one (or two)
molecule(s) disoxaril and this ensures of that mu-
tant pentamer “cross links” with increased thermo-
stability of the wild disoxaril-sensitive strain. This
guarantees a successful virus replication. The new
population of disoxaril-dependent mutant needs
new molecules of disoxaril for assembling of vi-
rions and to continue the virus replication. This
study contributes to the capsomer mechanisms of
receptor binding and viral uncoating in enterovirus-
es. The importance of such investigations is of big
interest of investigators of enterovirus replication
cycle (Zhu et al., 2018).

Acknowledgements

The authors thank Jean Balanant (Pasteur In-
stitute, Paris) for the assistance in the sequencing of
the DNA samples.

References

Agol, V. 1. (2006). Molecular mechanisms of poliovirus vari-
ation and evolution. Curr. Top. Microbiol. Immunol. 299:
211-259. https://doi.org/10.1007/3-540-26397-7 8.

Altschul, S. F., T. L. Madden, A. A. Schiffer, J. Zhang, Z.
Zhang, W. Miller, D. J. Lipman (1997). Gapped BLAST
and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25: 3389-3402.
https://doi.org/10.1093/nar/25.17.3389.

Andries, K., B. Dewindt, J. Snoeks, L. Wouters, H. Moereels,
P. J. Lewi, P. A. J. Janssen (1990). Two groups of rhino-
viruses revealed by a panel of antiviral compounds pres-
ent sequence divergence and differential pathogenicity. J.
Virol. 64: 1117-112. https://doi.org/10.1128/jvi.64.3.1117-
1123.1990.

Canutescu, A. A., A. A. Schelenkov, R. L. Dunbrack, Jr.
(2003). A graph theory algorithm for rapid protein side-
chain prediction. Protein Sci. 12: 2001-2014. https://doi.
org/10.1110/ps.03154503.

Cariello, N. F., J. K. Scott, A. G. Kat, W. G. Thilly, P. Keo-
havong (1988). Resolution of a missense mutant in hu-
man genomic DNA by denaturing gradient electrophoresis



and direct sequencing using in vitro DNA amplification:
HPRT Munich. Am. J. Hum. Genet. 42: 726-734.

Church, W.G. (1984). Genomic sequencing. Proc. Natl. Acad.
Sci. USA 81: 1991-1995.

Diana, G. D., P. Kowalczyk, A. M. Treasurywala, R. G. Og-
lesby, D. C. Pevear, F. J. Dutko (1992). CoMFA analysis
of the interactions of antipicornavirus compounds in the
binding pocket of human rhinovirus 14. J. Med. Chem. 35:
1002-1008. https://doi.org/10.1021/jm00084a005.

Domingo, E., V. Martin, C. Perales, C. Escarmis (2008).
Coxsackie viruses and quasi species theory: evolution of
enteroviruses. Curr. Top. Microbiol. Immunol. 323: 3-32.
https://doi.org/10.1007/978-3-540-75546-3 1.

Fox, M. P., M. A. McKinlay, G. D. Diana, F. J. Dutko (1991).
Binding affinities of structurally related human rhinovirus
capsid-binding compounds are related to their activities
against human rhinovirus type 14. Antimicrob. Agents
Chemother. 35: 1040-1047. https://doi.org/10.1128/
aac.35.6.1040.

Fox, M. P., M. J. Otto, M. A. McKinley (1986). The preven-
tion of poliovirus and rhinovrus uncoating by WIN 51711:
a new antiiviral drug. Antimicrob. Agents Chemother. 30:
110-116. https://doi.org/10.1128/aac.30.1.110.

Groarke, J. M., D. C. Pevear (1999). Attenuated virulence of
pleconaril-resistant Coxsackievirus B3 variants. J. Infect.
Dis. 179: 1538-1541. https://doi.org/10.1086/314758.

Guex, N., M. C. Peitsch (1997). SWISS MODEL and the
Swiss-PDB Viewer. An Environment for comparative
protein modeling. Electrophoresis 18: 2714-2723. https://
doi.org/10.1002/elps.1150181505.

Guex, N., M. C. Peitsch (1999). Molecular Modelling of Pro-
teins. Immunol. News 6: 132-134.

Keohavong, P., W. G. Thilly (1989). Fidelity of DNA poly-
merases in DNA amplification. Proc. Natl. Acad. Sci. USA
86: 9253-9257. https://doi.org/10.1073/pnas.86.23.9253.

Ledford, R. M, N. R. Patel, T. M. Demenczuk, A. Watan-
yar,d T. Herbertz, M. S. Collett, D. C. Pevear (2004). VP1
sequencing of all human rhinovirus serotypes: insights
into genus phylogeny and susceptibility to antiviral cap-
sid-binding compounds. J. Virol. 78: 3663-74. https://doi.
org/10.1128/jvi.78.7.3663-3674.2004.

Ledford, R. M., M. S. Collett, D. C. Pevear (2005). Insights
into the genetic basis for natural phenotypic resistance of
human rhinoviruses to pleconaril. Antiviral Res. 68: 135-
138. https://doi.org/10.1016/j.antiviral.2005.08.003.

Lee, B, F. M. Richards (1971). The Interpretation of pro-
tein structures: estimation of static accessibility. J.
Mol. Biol. 55: 379-400. https://doi.org/10.1016/0022-
2836(71)90324-x.

Lee, W.-M., W. Wang (2003). Human rhinovirus type 16: mu-
tant V1210A requires capsid-binding drug for assembly of
pentamers to form virions during morphogenesis. J. Virol.
77: 6235-6244. https://doi.org/10.1128/jvi.77.11.6235-
6244.2003.

Ling L.L., P. Keohavong, C. Dias, W. G. Thilly (1991). Op-
timization of the polymerase chain reaction with regard
to fidelity: modified T7, Taq, and vent DNA polymeras-
es. PCR Methods Appl. 1: 63-69. https://doi.org/10.1101/
gr.1.1.63.

Mosser, A. G., J. Y. Sgro, R. R. Rueckert (1994). Distribution
of drug resistance mutations in type 3 poliovirus identi-
fies three regions involved in uncoating functions. J. Virol.

222

68: 8193-8201.
8201.1994.

Nikolova, L., A. S. Galabov (2003a). Development of resist-
ance to disoxaril in Coxsackievirus B1 infected newborn
mice. Antiviral Res. 60: 35-40. https://doi.org/10.1016/
s0166-3542(03)00150-5.

Nikolova, L., A. S. Galabov (2003b). Isolation of disoxaril-de-
pendent mutant of Coxsackievirus Bl. In: Proceedings
of the Tenth Congress of the Bulgarian Microbiologists,
Plovdiv, 9-12 October, Vol. I (A. S. Galabov and H. Naj-
denski, eds.). Bulgarian Society for Microbiology & The
Stephan Angeloff Institute of Microbiology, BAS, Sofia,
pp. 332-335.

Nikolova, I., A. S. Galabov, R. Petkova, S. Chakarov, B.
Atanasov (2011). Disoxaril mutants of Coxsackievirus B1:
phenotypic characteristics and analysis of the target VP1
gene. Z. Naturforsch. 66¢: 627. https://doi.org/10.1515/
znc-2011-11-1213.

Pevear, D. C., T. M. Tull, M. E. Seipel, J. M. Groarke
(1999). Activity of pleconaril against enteroviruses. 4n-
timicrob. Agents Chemother. 43: 2109-2115. https://doi.
org/10.1128/aac.43. 9.2109.

Rossman, M. G. (1989). The structure of antiviral agents that
inhibit uncoating when complexed with viral capsids.
Antiviral Res. 11: 3-14. https://doi.org/10.1016/0166-
3542(89)90016-8.

Sali, A., T. Blundell (1993). Comparative protein modelling
by satisfaction of spatial restrains. J. Mol. Biol. 234: 779-
815. https://doi.org/10.1006/jmbi.1993.1626.

Salvati, A. L., A. Dominicis, S. Tait, A. Canitano, A. Lahm, L.
Fiore. (2004). Mechanism of action at the molecular level
of the antiviral drug 3(2H)-isoflavene against type 2 po-
liovirus. Antimicrob. Agents Chemother. 48: 2233-2243.
https://doi.org/10.1128/aac.48.6.2233-2243.2004.

Sanger, S. A. R. Ncklen, A. Coulson (1977). DNA se-
quencing with chain — terminating inhibitors. Proc Natl.
Acad. Sci. USA 74: 5463-5467. https://doi.org/10.1073/
pnas.74.12.5463.

Schmidtke, M., E. Hammerschmidt, R. Zell, P. Wutzler
(2004). VP1 sequence analysis and susceptibility of lab-
oratory strains and clinical isolates of coxsackievirus B3
(CVB3) to pleconaril. Antiviral Res. 62: A78. https://doi.
org/10.1093/jac/dki263.

Shepard, D. A., B. A. Heinz, R. R. Rueckert (1993). WIN
52035-2 inhibits both attachment and eclipse of human rhi-
novirus 14. J. Virol. 67: 2245-54. https://doi.org/10.1128/
jvi.67.4.2245-2254.1993.

Shih, S.-R., M.-C. Tsai, S.-N. Tseng, K.-F. Won, K.-S. Shia,
W.-T. Li, J.-H., Chern, G.-W. Chen, C.-C. Lee, Y.-C. Lee,
K.-C. Peng, Y.-S. Chao. (2004). Mutation in enterovirus
71 capsid protein vpl confers resistance to the inhibito-
ry effects of pyridyl imidazolidinone. Antimicrob. Agents
Chemother. 48: 3523-3529. https://doi.org/10.1128/
aac.48.9.3523-3529.2004.

Tatusova T. A., T. L. Madden. (1999). Blast 2 sequences - a
new tool for comparing protein and nucleotide sequenc-
es. FEMS Microbiol. Lett. 174: 247-250. https://doi.
org/10.1111/§.1574-6968.1999.tb13575.x

Wang, W., W. M. Lee, A. G. Mosser, R. R. Rueckert (1998).
WIN 52035-dependent human rhinovirus 16: assembly
deficiency caused by mutations near the canyon sur-
face. J. Virol. 72: 1210-1218. https://doi.org/10.1128/

https://doi.org/10.1128/jvi.68.12.8193-



jvi.72.2.1210-1218.1998. Zhu, L., Y. Sun, J. Fan, B. Zhu, L. Cao, Q. G, Y. Zhang, H.

Westbrook, J., Z. Feng, L. Chen, H. Yang, H. M. Berman Liu, Z. Rao, X. Wang (2018). Structures of Coxsackievirus
(2003). The Protein Data Bank and structural genomics. A10 unveil the molecular mechanisms of receptor binding
Nucl. Acid. Res. 31: 489-491. https://doi.org/10.1093/nar/ and viral uncoating. Nature Comm. 9: 4985. https://doi.
gkg068. org/10.1038/s41467-018-07531-0.

223



g E’, ACTA MICROBIOLOGICA BULGARICA  volume 42/ 2 (2026)

Screening of Plant Extracts, Ribavirin, and Ionophore Antibiotics on the
Replication of Vaccinia Virus

Alexandra Gergova!, Nikolay Petrov'*, Lucia Mukova!, Boris Gavrilov?, Mariya
Stoyanova’®, Miroslava Valkova’®, Teodora Mihova*

'Laboratory of Virology, New Bulgarian University, Sofia, Bulgaria

’Huvepharma EOOD, Biologics Development, Sofia, Bulgaria

JInstitute of Soil Science, Agrotechnologies and Plant Protection (ISSAPP) “Nikola Pushkarov”,
Agricultural Academy, Sofia, Bulgaria

‘Research Institute of Mountain Stockbreeding and Agriculture, Troyan, Agricultural Academy, Sofia,
Bulgaria

Abstract

Vaccinia virus (VACV), a member of the family Poxviridae, is widely used as a model organism for
studying Orthopoxvirus biology and for evaluating potential antiviral compounds. The increasing emer-
gence of viral infections and the risk of zoonotic Orthopoxvirus transmission emphasize the need for new
antiviral agents. The aim of the present study is to evaluate the antiviral activity of selected plant extracts,
ribavirin, and ionophore antibiotics against Vaccinia virus replication in Vero cell cultures. Cytotoxicity
and antiviral activity were determined using a neutral red uptake assay. The cytotoxic concentration (CC,),
inhibitory concentration (IC, ), and selectivity index (SI) were calculated. Plant extracts from Lavandula
angustifolia and Moringa oleifera were tested alongside ribavirin and the ionophore antibiotics monensin
and salinomycin. The results demonstrated varying inhibitory effects on viral replication. Ribavirin showed
moderate antiviral activity, whereas monensin and salinomycin exhibited stronger inhibition but higher
cytotoxicity. Plant extracts demonstrated low toxicity but limited antiviral activity. These findings highlight
the potential of natural products and ionophore antibiotics as sources of antiviral compounds and emphasize
the need for further studies to identify molecules with improved antiviral selectivity.
Keywords: Vaccinia virus, antiviral activity, plant extracts, Ribavirin, Monensin, Salinomycin, Vero cells

Pesrome

Vaccinia virus (VACV), npeacraBuren Ha ceMelicTBoO Poxviridae, ce M3MoN3Ba MUPOKO KaTO MOJIEN-
Ha cucTeMa 3a u3cieaBane Ha Ouonorusara Ha Orthopoxvirus u 3a oleHKa Ha OTEHIIMATHNA aHTUBUPYCHU
ceeauHeHus. HapacTBamara mosiBa Ha BUPYCHM WH(EKIMM W PUCKBT OT 300HO3HO IIpeIaBaHe Ha
Orthopoxvirus mogyepTaBar HEOOXOAMMOCTTA OT pa3paboTBaHe Ha HOBU aHTUBUPYCHU areHTH. Llenta Ha
HACTOSIIIIOTO M3CJIEJBAHE € JIa Ce OILICHW aHTHBHMPYCHATa aKTMBHOCT HA W30paHU PACTUTEIIHU €KCTPAKTH,
ribavirin 1 HOHODOPHU AHTHOMOTHUIIM CHPSIMO pEIUIMKalUATa Ha BHpyca Vaccinia virus B KJIEThUHH
KyATypu OT JuHHS Vero. [[UTOTOKCHYHOCTTa M aHTUBUPYCHATa aKTMBHOCT OsiXa OMPENEICHU 4pe3 TECT
¢ HeyTpanHo uepBeHo (neutral red uptake assay). M3uncienn Osixa NUTOTOKCHYHATA KOHIIEHTparus S50
(CC,,), unxubupama konuentpauus 50 (IC, ) u cenextuBuuaT unjaekc (SI). Mscnensanu 0sxa pacTUTETHH
eKCTpakTH oT Lavandula angustifolia u Moringa oleifera, xakto u ribavirin 1 HOHOQOPHUTE AHTUOUOTULIU
monensin u salinomycin. Pe3ynrarure nmokaszaxa pa3jimyHa CTENEH Ha MHXUOMPaHEe Ha BUPYCHATA PETUTUKA-
nus. Ribavirin mposiBu yMepeHa aHTUBUPYCHA aKTUBHOCT, JJOKaTO monensin 1 salinomycin geMoHCTpupaxa
MO-CUJICH UHXUOUTOPEH €(EeKT, HO U TT0-BUCOKA IIMTOTOKCUYHOCT. PacTUTETHUTE EKCTPAKTH Ce XapaKTepH-
3Mpaxa ¢ HUCKa TOKCMYHOCT, HO OIpaHMuYeHa aHTHBHPYCHA aKTUBHOCT. IloiydyeHuTe NaHHU momdepTaBar
MOTEHIIMAJA Ha MPUPOAHUTE MPOAYKTH U HOHO(DOPHUTE AaHTUOMOTHIIM KaTO M3TOYHUIM HA aHTHBHPYCHU
CHEIMHEHUS U aKIIEHTHPAT BbPXY HEOOXOAMMOCTTA OT JOIBIHUTEIHHA H3CIIEIBaHUS 32 HIeHTU(DUIIUpaHe
Ha MOJIEKYJIH C TI0-BUCOKA aHTUBUPYCHA CEIIEKTUBHOCT.
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Introduction

Vaccinia virus (VACV) is a large, enveloped
virus belonging to the Genus Orthopoxvirus with-
in the Family Poxviridae. Members of this genus
include several important human and animal path-
ogens such as Variola virus, the causative agent of
Smallpox, as well as Monkeypox virus, Cowpox
virus, and Camelpox virus (Fenner et al., 1988).
Vaccinia virus gained global significance through
its use as the live vaccine responsible for the suc-
cessful eradication of Smallpox, one of the greatest
achievements in public health (Henderson and Kle-
pac, 2013). Despite the eradication of smallpox in
1980, Orthopoxviruses continue to attract scientif-
ic attention due to their complex biology, potential
zoonotic transmission, and possible use in biotech-
nology and vaccine development (Volz and Sutter,
2017).

Vaccinia virus possesses a large dou-
ble-stranded DNA genome of approximately 190
kilobase pairs that encodes more than 200 proteins
involved in viral replication, transcription, immune
evasion, and host interaction (Moss, 2013). Unlike
most DNA viruses, which replicate in the host cell
nucleus, vaccinia virus completes its entire repli-
cation cycle in the cytoplasm of infected cells. To
achieve this, the virus encodes many of the enzymes
required for DNA replication, transcription, and
mRNA processing, making it relatively independ-
ent of host nuclear functions (Condit et al., 2006).
This unique replication strategy has made VACV an
important model system for studying viral gene ex-
pression, virus—host interactions, and antiviral drug
discovery.

The replication cycle of vaccinia virus is high-
ly complex and involves multiple stages, including
viral attachment, membrane fusion, entry, early
gene expression, DNA replication, intermediate
and late gene expression, virion assembly, and re-
lease of progeny viruses (Roberts and Smith, 2008).
After entering the host cell, the viral core is released
into the cytoplasm, where transcription of early vi-
ral genes begins immediately using viral RNA pol-
ymerase packaged within the virion (Moss, 2013).
Early proteins are responsible for DNA replication
and for modulating host immune responses. Viral
DNA replication subsequently triggers intermediate
and late gene expression, leading to the production
of structural proteins required for virion assembly.

Another important feature of vaccinia virus
biology is its ability to evade host immune respons-
es. Orthopoxviruses encode numerous proteins that
interfere with host antiviral mechanisms, including
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interferon signaling pathways, cytokine responses,
and apoptosis (Seet et al., 2003). These viral im-
mune-modulating proteins allow the virus to rep-
licate efficiently within host cells and contribute to
the virulence of Poxvirus infections. Understand-
ing these immune evasion mechanisms is essential
for the development of antiviral therapies and im-
proved vaccine vectors.

In addition to its historical role in smallpox
vaccination, vaccinia virus has attracted consider-
able interest as a vector for recombinant vaccines
and as a platform for oncolytic virotherapy. Recom-
binant Vaccinia viruses can be engineered to ex-
press foreign antigens, making them useful for de-
veloping vaccines against infectious diseases such
as HIV, tuberculosis, and influenza (Pantaleo and
Esteban, 2010). Furthermore, genetically modified
Vaccinia viruses are currently being investigated as
oncolytic viruses capable of selectively infecting
and destroying cancer cells while stimulating anti-
tumor immune responses (Kirn and Thorne, 2009).
These applications highlight the importance of un-
derstanding Vaccinia virus biology and identifying
compounds that can regulate or inhibit its replica-
tion.

Although Smallpox has been eradicated, the
emergence of other Orthopoxvirus infections has
renewed interest in antiviral research targeting this
group of viruses. In recent years, outbreaks of zo-
onotic Orthopoxviruses such as Monkeypox virus
have been reported in several regions of the world,
raising concerns about their potential public health
impact (Rizk et al., 2022). Moreover, the possibility
of accidental or intentional release of Orthopoxvi-
ruses has led to increased efforts to develop antivi-
ral drugs capable of controlling such infections.

The search for effective antiviral agents has
traditionally focused on synthetic pharmaceutical
compounds that target specific stages of the vi-
ral life cycle. One such compound is ribavirin, a
broad-spectrum nucleoside analogue with antiviral
activity against a wide range of RNA and DNA vi-
ruses (Gammon, 2008). Ribavirin interferes with
viral RNA synthesis and replication by inhibiting
viral polymerases and inducing lethal mutagene-
sis in viral genomes. Although its antiviral activ-
ity against orthopoxviruses is limited compared
with its activity against RNA viruses, Ribavirin re-
mains an important reference compound in antiviral
screening studies.

In addition to conventional antiviral drugs,
ionophore antibiotics have been investigated for
their potential antiviral effects. lonophores such as



monensin and salinomycin are capable of transport-
ing ions across biological membranes and disrupt-
ing intracellular ion gradients (Roberts and Smith,
2008). These alterations can interfere with vesicular
trafficking and intracellular transport processes that
are essential for viral entry, assembly, and release.
As a result, ionophore antibiotics have shown an-
tiviral activity against several enveloped viruses,
making them interesting candidates for further in-
vestigation.

Natural products have also gained increas-
ing attention as potential sources of antiviral com-
pounds. Plants produce a wide variety of secondary
metabolites, including flavonoids, alkaloids, phe-
nolic acids, and terpenoids, many of which exhib-
it antimicrobial, anti-inflammatory, and antiviral
properties (Prichard and Kern, 2012). Numerous
medicinal plants have been studied for their ability
to inhibit viral replication or enhance host immune
responses. Extracts from plants such as Lavandu-
la angustifolia and Moringa oleifera are known to
contain bioactive compounds with antioxidant and
antimicrobial activities, suggesting that they may
also possess antiviral potential (Betlej et al., 2023;
Segwatibe et al., 2023; Magar et al., 2025).

Plant-derived compounds offer several ad-
vantages in antiviral research. They often display
lower toxicity compared with synthetic drugs and
may target multiple stages of the viral replication
cycle. Furthermore, plant extracts can serve as val-
uable sources for the identification of novel antivi-
ral molecules that can later be optimized through
chemical modification (Ivanova et al., 2026; Petrov
et al., 2026).

Despite the growing interest in natural prod-
ucts and existing pharmaceuticals as antiviral agents,
relatively few studies have systematically evaluated
their activity against vaccinia virus. Investigating
the antiviral potential of both plant extracts and
known pharmacological compounds may provide
valuable insights into new strategies for controlling
orthopoxvirus infections. Therefore, the aim of the
present study was to evaluate the antiviral activity
of selected plant extracts, Ribavirin, and ionophore
antibiotics against vaccinia virus replication in Vero
cell cultures. Cytotoxicity and antiviral activity
were assessed using the neutral red uptake assay,
and the cytotoxic concentration (CC,)), inhibitory
concentration (IC,), and selectivity index (SI) were
determined. The results of this study may contrib-
ute to the identification of new antiviral agents and
improve our understanding of how natural and syn-
thetic compounds affect orthopoxvirus replication.
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Material and Methods

Cell line

Vero cells (African green monkey kidney ep-
ithelial cells) were used in all experiments. Cells
were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with fetal bovine
serum and antibiotics at 37°C in a humidified incu-
bator with 5% CO.,.

Virus

A laboratory strain of Vaccinia virus was
propagated in Vero cell cultures. Viral stocks were
harvested after cytopathic effect was observed and
stored at -80°C until use.

Tested compounds

The following substances were evaluated: 1)
plant extracts (L. angustifolia and Moringa oleifera);
2) pharmaceutical compounds (ribavirin, monensin,
and salinomycin). Plant extracts were extracted in
methanol using Soxhlet and concentrated under
vacuum according to Stoyanova et al. (2024).

Determination of the virus infectious dose

The infectious titer of the virus was deter-
mined using the Reed—Muench method for calculat-
ing the 50% tissue culture infectious dose (TCID,).

Cytotoxicity assay

Cytotoxicity of the tested compounds was
evaluated using the neutral red uptake assay. Vero
cells were exposed to different concentrations of
each compound for 72 hours. Cell viability was
measured spectrophotometrically. The concentra-
tion causing 50% reduction in cell viability was de-
fined as CC,,.

Antiviral activity assay

For antiviral testing, Vero cell monolayers
were infected with Vaccinia virus and treated with
different concentrations of the tested compounds.
After incubation, viral replication was assessed us-
ing the neutral red assay. The concentration reduc-
ing viral replication by 50% was defined as IC,.

Selectivity index

The Selectivity Index (SI) was calculated as:
SI=CC,,/IC,,. Higher SI values indicate stronger
antiviral activity relative to cytotoxicity.

Results and Discussion

Antiviral activity of L. angustifolia extract against
vaccinia virus on the Vero cell line

The antiviral activity of L. angustifolia ex-
tract was tested on Vero cells infected with Vaccinia
virus. Figure 1 shows the relationship between cy-
totoxic concentration (CC, ) and inhibitory concen-
tration (IC,)) of L. angustifolia.
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Fig. 1. Relationship between L. angustifolia extract con-
centration and percentage of cell protection (CC,, — black
line) and antiviral activity against Vaccinia virus (IC, —
red line)

At low concentrations (1-10 pg/ml), no cy-
totoxic effect was observed, with cell viability re-
maining above 90%. A gradual decrease in cell den-
sity was only noted at concentrations above 1000
ug/ml, where IC_ was determined to be 1013 ug/
ml, indicating good tolerance of the cell line to the
extract. At the same time, the virus-specific cyto-
pathic effect was clearly inhibited as the extract
concentration increased. The calculated IC, value
- the concentration at which 50% inhibition of vi-
ral replication occurs - was 9.85 pug/ml. The ratio
of these two parameters (SI = CC,  / IC,; = 100)
demonstrates an extremely high selectivity index,
indicating a strong antiviral potential with low cy-
totoxicity. These results suggest that the lavender
extract may exhibit selective inhibitory activity
against Vaccinia virus replication without signifi-
cantly affecting host cells.

Antiviral activity of M. oleifera extract against
vaccinia virus on the Vero cell line

The results of testing the antiviral activity of
the ethanol extract of M. oleifera show a relation-
ship between extract concentration and cell protec-
tion (Fig. 2). At concentrations below 50 mg/ml,
no significant cytopathic effect was observed, with
cell viability remaining above 80%. As the concen-
tration increased above 100 mg/ml, a gradual de-
crease in viability was noted, with CC, determined
as 83.33 mg/ml, indicating moderate cytotoxicity
toward Vero cells.

The antiviral effect appeared at concentra-
tions around 50 mg/ml, where viral replication was
inhibited by approximately 50%, corresponding to
the calculated IC,; value of 49.1 mg/ml. The ratio
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of these parameters (SI = 1.7) is below the accept-
ed threshold of 3, indicating limited selectivity and
suggesting that M. oleifera extract does not exhibit
significant selective antiviral activity against Vac-
cinia virus at the tested concentrations. Neverthe-
less, moderate cytotoxicity and partial inhibition
of viral replication indicate the potential for dose
optimization or combined use with other antiviral
agents.
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Fig. 2. Relationship between M. oleifera extract concen-
tration, percentage of cell protection (black line), and an-
tiviral activity against Vaccinia virus (red line)

Antiviral activity of ribavirin against vaccinia
virus on the Vero cell line

The antiviral activity of ribavirin was tested
on Vero cells infected with Vaccinia virus. Figure 3
shows the relationship between cytotoxic concen-
tration (CC, ) and inhibitory concentration (IC, ) of
ribavirin. At low concentrations (up to 10 uM), no
cytotoxic effect was observed, with cell viability
remaining above 90%. A gradual decrease in cell
density was observed at higher concentrations, with
CC,, determined as 74.43 uM, showing good toler-
ance of Vero cells to ribavirin.

Simultaneously, the virus-specific cytopathic
effect was clearly inhibited with increasing drug
concentration. The calculated IC, value - concen-
tration at which 50% inhibition of viral replication
occurs - was 2.16 pM. The ratio of these parameters
(SI=CC,,/IC,, = 34.45) demonstrates a high se-
lectivity index, indicating pronounced antiviral po-
tential with low cytotoxicity. These results suggest
that ribavirin exhibits selective inhibitory activity
against Vaccinia virus replication without signifi-
cantly affecting host cell viability.

Antiviral activity of monensin against vaccinia
virus on the Vero cell line
The antiviral activity of monensin was tested
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Fig. 3. Relationship between cytotoxic concentration
(CC,,=74.43 uM) and inhibitory concentration (IC,, =
2.16 uM) of ribavirin on Vero cells infected with Vaccinia
virus. High selectivity index (SI = 34.45) indicates strong
antiviral activity at low cytotoxicity

on Vero cells infected with Vaccinia virus. Figure 4
shows the relationship between cytotoxic concen-
tration (CC, ) and inhibitory concentration (IC, ) of
monensin. At low concentrations (up to 10 pM), no
significant cytotoxic effect was observed, with cell
viability remaining above 90%. Gradual reduction
in cell density was observed at higher concentra-
tions, with CC_ determined as 58.6 uM, indicating
good tolerance of the cell line to the compound.
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Fig. 4. Relationship between cytotoxic concentration
(CC,, = 58.6 uM) and inhibitory concentration (IC, =
5.40 uM) of monensin on Vero cells infected with Vac-
cinia virus. Selectivity index (SI = 10.85) indicates good
antiviral activity with moderate cytotoxicity

At the same time, the virus-specific cyto-
pathic effect was clearly inhibited with increasing
monensin concentration. The calculated IC,; val-
ue - concentration at which 50% inhibition of viral

replication occurs - was 5.40 uM. The ratio of these
parameters (SI = CC, /IC, = 10.85) demonstrates
a moderate to high selectivity index, indicating
good antiviral potential with relatively low cytotox-
icity. These results suggest that monensin exhibits
selective inhibitory activity against Vaccinia virus
replication without significantly affecting host cell
viability.
Antiviral activity of salinomycin against vaccinia
virus on the Vero cell line

The antiviral activity of salinomycin was
tested on Vero cells infected with Vaccinia virus.
Figure 5 shows the relationship between cytotoxic
concentration (CC, ) and inhibitory concentration
(IC,,) of salinomycin. At low concentrations (up
to 10 uM), no significant cytotoxic effect was ob-
served, with cell viability remaining high (above
90%). Reduction in cell density and morphological
changes were observed at higher concentrations,
with CC, determined as 17.10 uM, indicating mod-
erate tolerance of the cell line to the compound.
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Fig. 5. Relationship between cytotoxic concentration
(CC,, = 17.10 uM) and inhibitory concentration (IC,, =
1.03 uM) of salinomycin on Vero cells infected with Vac-
cinia virus. High selectivity index (SI = 16.6) indicates
significant antiviral activity with low cytotoxicity

At the same time, the virus-specific cytopathic
effect was clearly inhibited with increasing salino-
mycin concentration. The calculated IC, value - con-
centration at which 50% inhibition of viral replication
occurs - was 1.03 uM. The ratio of these parameters
(SI=CC,,/IC, = 16.6) demonstrates a high selectiv-
ity index, indicating pronounced antiviral potential of
salinomycin at low cytotoxicity. These results sug-
gest that salinomycin exhibits effective and selective
inhibitory activity against Vaccinia virus replication
while preserving host cell viability.
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Vaccinia virus has played a central role in
medical history, primarily due to its use as a live
vaccine that enabled the global eradication of
Smallpox, a landmark achievement in public health
(Henderson and Klepac, 2013). Although Smallpox
was declared eradicated in 1980, Orthopoxviruses
remain of considerable scientific interest because of
their complex biological characteristics, zoonotic
potential, and applicability in modern biotechnolo-
gy and vaccine design (Volz and Sutter, 2017).

Beyond its historical importance, the Vac-
cinia virus is widely utilized as a versatile tool in
biomedical research. It serves as an efficient vec-
tor for recombinant vaccine development, as it can
be genetically engineered to express heterologous
antigens targeting pathogens such as HIV, Tubercu-
losis, and Influenza (Pantaleo and Esteban, 2010).
In addition, modified Vaccinia strains are being ex-
plored in oncolytic virotherapy, where they selec-
tively infect and lyse tumor cells while simultane-
ously activating antitumor immune responses (Kirn
and Thorne, 2009). These diverse applications un-
derline the necessity of a deeper understanding of
Vaccinia virus biology, particularly in relation to
identifying compounds capable of modulating or
suppressing its replication.

Traditionally, antiviral drug development
has focused on synthetic compounds designed to
interfere with defined stages of the viral life cy-
cle. Ribavirin is a well-known example, acting as
a broad-spectrum nucleoside analogue effective
against numerous RNA and DNA viruses (Gam-
mon, 2008). Its mechanism involves inhibition of
viral polymerases and induction of mutagenesis
within viral genomes. Although its efficacy against
Orthopoxviruses 1is relatively modest, ribavirin
continues to be used as a benchmark compound in
antiviral screening.

In parallel, ionophore antibiotics have
emerged as compounds of interest due to their indi-
rect antiviral mechanisms. Agents such as monensin
and salinomycin disrupt intracellular ion homeosta-
sis by facilitating ion transport across membranes
(Roberts and Smith, 2008). This disturbance affects
vesicular trafficking pathways that are crucial for
viral entry, assembly, and release, thereby limiting
viral propagation. Consequently, ionophores have
demonstrated activity against various enveloped
viruses and represent promising candidates for fur-
ther exploration.

More recently, attention has increasing-
ly shifted toward natural products as alternative
sources of antiviral agents. Plants synthesize a di-
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verse array of secondary metabolites - including
flavonoids, alkaloids, phenolic compounds, and ter-
penoids - many of which exhibit broad biological
activities, including antiviral effects (Prichard and
Kern, 2012). Medicinal plants such as L. angus-
tifolia and M. oleifera are known to contain such
bioactive constituents, supporting their potential
relevance in antiviral research.

Plant-derived compounds offer notable ad-
vantages, including generally lower toxicity pro-
files and the ability to act on multiple targets within
the viral replication cycle. Additionally, crude plant
extracts may serve as starting points for the isola-
tion and subsequent chemical optimization of novel
antiviral molecules.

Despite the expanding interest in both natural
and synthetic antivirals, systematic investigations
of their activity against Vaccinia virus remain limit-
ed. Therefore, evaluating and comparing the antivi-
ral properties of plant extracts alongside established
pharmacological agents is essential for identifying
new therapeutic strategies and advancing the con-
trol of Orthopoxvirus infections.

Conclusion

The solid methanol extract of L. angustifolia
demonstrates exceptionally strong antiviral activity
against Vaccinia virus, combined with minimal cy-
totoxicity (CC,, = 1013 pg/ml; IC, = 9.85 nug/ml;
SI = 100). These findings highlight its high selec-
tivity and suggest that lavender extract represents
a promising natural candidate for antiviral applica-
tions in both prevention and therapy. In contrast,
the methanol extract of M. oleifera shows relatively
weak antiviral activity (CC,, = 83.33 mg/ml; IC,
=49.1 mg/ml; SI = 1.7), indicating low selectivity
and limited effectiveness against Vaccinia virus.

Among the tested pharmacological com-
pounds, ribavirin exhibits strong antiviral efficacy
with low cytotoxicity in Vero cells (CC,, = 74.43
uM; IC, = 2.16 uM; SI = 34.45), confirming its
well-established broad-spectrum antiviral proper-
ties. Monensin shows good antiviral activity (CC,,
=58.6 uM; IC, = 5.40 uM; SI = 10.85), while sal-
inomycin demonstrates potent and selective antivi-
ral effects (CC, = 17.10 uM; IC, = 1.03 uM; SI =
16.6), despite differences in cytotoxicity levels.

Vaccinia virus (VACV) remains highly sig-
nificant in both historical and modern biomedical
contexts, from its role in smallpox eradication to
its use as a vaccine vector and research tool. In this
study, the antiviral activity and cytotoxicity of nat-
ural extracts and synthetic compounds with diverse



mechanisms of action were evaluated in Vero cell
lines. By analyzing CC,  and IC, values, the se-
lective index (SI) was determined as a measure of
therapeutic potential.

The results reveal notable variability among
the tested substances. The extract of L. angusti-
folia stands out with the highest selectivity index
and lowest cytotoxicity, indicating excellent toler-
ability and strong antiviral efficacy. These obser-
vations suggest the presence of bioactive constit-
uents with potential for development as natural
antiviral agents. Conversely, M. oleifera extract
exhibits limited effectiveness, pointing to the need
for further optimization, such as dose adjustment or
combination with other antiviral compounds. The
ionophore compounds monensin and salinomycin
display meaningful antiviral activity through selec-
tive inhibition of viral replication, supporting their
potential role in antiviral strategies.

Overall, comparative analysis identifies lav-
ender extract as one of the most effective tested
agents, combining high activity with low toxicity.
This study provides valuable insights into the an-
tiviral potential of plant-derived extracts and ion-
ophore compounds, and offers a foundation for fu-
ture research in this field.
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Abstract

Moraxella catarrhalis (M. catarrhalis) is one of the most common bacterial pathogens associated
with respiratory infections in children as well as exacerbation of chronic lung diseases in adults. This
pathogen expresses proteins on its surface that determine the interactions with the host and thereby the
pathogenesis of the infection. In the current study, we isolated 98 M. catarrhalis strains during routine di-
agnostics from nasal and nasopharyngeal swabs, ear and sinus punctures, and sputum samples. The patients
included in the study were divided into two categories based on their diagnoses: upper respiratory tract
infections (65.3%, age range 1-15) and lower respiratory tract infections (34.7%, age range 45-81). We
detected six important virulence factors through conventional PCR, with the following frequencies: mcaP
(100.0%), ompB2 (98.0%), ompCD (87.8%), ompE (93.9%), uspAI (94.9%), and uspA2 (81.6%). Three of
these factors (uspA1, uspA2, and mcaP) were tested for the first time among Bulgarian patients. The results
related to OMP proteins were compared with previous research conducted in Bulgaria (1997-2007), which
indicated an increased frequency of omp genes across all studied groups, as well as statistical significance
in the distribution of ompB2. These findings suggested an increased virulence in strains of M. catarrhalis.
Furthermore, the factors that were examined were recognized as potential vaccine candidates, highlighting
the importance of monitoring their prevalence.
Keywords: Moraxella catarrhalis, respiratory infections, virulence factors, vaccine

Pe3rome

Moraxella catarrhalis (M. catarrhalis) e uecT OakTepuaneH NPUIMHUTEI Ha PECITUPATOPHH HH(EKIINU
MpH JIela, KaKTO ¥ MPUYHMHA 32 000CTpSHE Ha XPOHUYHH OeoapoOHU 3a00JsBaHUs MPU Bb3pacTHHU. M.
catarrhalis excripecupa NMPOTEHMHU Ha MOBBPXHOCTTA CH, KOMTO Ca OTTOBOPHHU 3a B3aMMOJICHCTBHUETO C
TOCTONPUEMHHKA ¥ CbOTBETHO C Ba)KHA POJISI IIPH MaToreHe3ara Ha nHpekuusaTa. B HacTosmoTo npoyuBane
B XOJla Ha pyTUHHATa JUarHocTuka uzonupaxme 98 mama M. catarrhalis oT Ha3zaneH, Ha3o(hapUHIeaIeH
CEKpeT, MYHKTAaTH OT YIIM W CHUHYCH, KakTo M Xpauku. [lanmentute Osxa pasneneHH B JIBe TPylu B
3aBUCHMOCT OT JMarfHo3ara: WHQEKIWW Ha TOpPHH AuxarenHu mbeTumma (65.3%, Bb3pact mexmy 1-15
rofHu) U WHGMEKIu Ha A0NHU auxartenHu nbruma (34.7%, se3pact mexnay 45 u 81 rogunu). Uscnen-
BaXMe€ IIECT BaXHU (PAKTOpU Ha BHUPYJIEHTHOCT ype3 KoHBeHIMoHaseH PCR cbc crienHuTe dectorTu:
mcaP (100.0%), ompB2 (98.0%), ompCD (87.8%), ompE (93.9%), uspAIl (94.9%) u uspA2 (81.6%).
Tpu ot uzbpoenure paxropu (uspAl, uspA2 n mcaP) 6sxa TecTBaHU 3a IHPBU BT B bbirapus. Uecro-
tara Ha OMP npotennuTe Gere cpaBHEHa ¢ MpeAUIIHO Obarapcko npoyuBade (1997-2007), noka3Baiiku
MOBHIIIABAHE HAa YECTOTA HAa BCHUKHU 0mp TeHH ITPH BCSAKA eIHA U3CIIe/IBaHa IpyTa, KaTo pu ompB2 ce oTuere
cTarucTuyecka 3HaYuMocT. ClieZJoBaTeIHO KIMHUYHUTE U30atu M. catarrhalis nposiBsBaT MOBUILIAaBaHE HA
BUPYJEHTHOCTTA. B nombnHenue, nicinenBanuTe (pakTopu BIM3aT B ChCTaBa HA KaHAWAT-BAaKCUHHU, KOETO
MoJYepTaBa BAKHOCTTA HA IPOCIIEAsIBAHE HAa Pa3POCTPAHEHUETO UM.

Introduction

Moraxella catarrhalis (M. catarrhalis) is an important human pathogen in children and adults char-
acterized by a seasonal variation, with increased rates of isolation during the winter and spring months
(Spaniol et al., 2011). The primary factors that contribute to the onset of upper and lower respiratory tract
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infections (URTI and LRTI) during childhood in-
clude the colonization of the nasopharynx soon af-
ter birth, as well as preceding viral infections (Sil-
lanpdi et al., 2016; Ho et al., 2023). M. catarrhalis
is the third most prevalent bacterial agent causing
respiratory diseases in the paediatric population,
including otitis media, rhinosinusitis, and pneumo-
nia (Ngo et al., 2016; Ho et al., 2023). In adults,
this pathogen is frequently associated with exacer-
bations of chronic obstructive pulmonary disease
(COPD), as well as bronchiectasis and chronic
bronchitis. In rare cases, it can also lead to severe
infections, including endocarditis, sepsis, and men-
ingitis (Blakeway et al., 2017; Jaber, 2021).

M. catarrhalis is a gram-negative, oxidase
and catalase-positive, aerobic, piliated, nonmotile,
and non-encapsulated diplococcus. This pathogen
possesses lipooligosaccharides (LOSs) that exhibit
endotoxin activity and adhesion properties. Addi-
tionally, M. catarrhalis produces enzymes such as
deoxyribonuclease, lipases, and indoxyl acetate es-
terase, which serve as important diagnostic markers
and play a role in the spread and invasion of the
most virulent strains; however, it does not secrete
exotoxins (Yang et al., 2011; Gergova, 2019; Alex-
androva et al., 2024).

The primary virulence strategies associated
with the colonization and pathogenesis mecha-
nisms of M. catarrhalis include evasion of comple-
ment-mediated lysis, polyclonal B cell activation,
hiding within lymphoid tissues, biofilm formation,
and involvement in the imbalance of proteases and
antiproteases (Augustyniak et al., 2018). Virulence
factors that facilitate the described mechanisms are
either associated with the bacteria or are released
as part of outer membrane vesicles (Jaber, 2021).
Different proteins are described to mediate adhe-
sion and complement resistance, which are critical
initial phases in the pathogenesis of the infections.
Most important are outer membrane proteins B2,
CD, and E (OMP B2, OMP CD, and OMP E, en-
coded by the ompB2, ompCD, and ompE genes,
respectively), ubiquitous surface proteins Al and
A2 (UspAl and UspA2, encoded by the uspAl
and uspA2 genes, respectively), and Moraxella ca-
tarrhalis adherence protein (McaP, encoded by the
mcaP gene) (de Vries et al., 2010; Alexandrova et
al., 2024). Furthermore, they possess immunogenic
properties and are considered as potential vaccine
candidates (Blakeway et al., 2017).

The study aimed to determine the frequen-
cy of the main virulence factors in M. catarrhalis
strains isolated from patients with URTI and LRTI,
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and to compare the results with a previous study
conducted in Bulgaria. Moreover, three of these
factors (uspAl, uspA2, and mcaP) are assessed for
the first time among Bulgarian patients. This will
help in monitoring the virulence of M. catarrhalis
and contribute to future vaccine development.

Materials and Methods

Sample collection

A total of 98 M. catarrhalis specimens were
collected from the Department of Medical Micro-
biology at the Medical University of Sofia between
2023 and 2025. The patients involved in the study
were diagnosed with either upper or lower respira-
tory tract infections. Clinical strains of M. catarrh-
alis were obtained during routine diagnostics from
nasal and nasopharyngeal swabs, ear and sinus
punctures, and sputum samples. The last were col-
lected only from adult patients.

Bacterial strains

The identification was done using conven-
tional microbiological tests, including typical Gram
morphology, positive tests for catalase, oxidase,
and indoxyl acetate esterase reactions, as well as
the hockey puck sign. If necessary, subsequent de-
tailed biochemical identification was done with the
BD BBL™ Crystal™ GramPositive (GP) (Becton,
Dickinson and Company, USA) or the Phoenix
(BD, BBL, Beckton Dickinson, Germany). M. ca-
tarrhalis ATCC® 25238™ was used as the refer-
ence strain in the molecular genetic experiments.

DNA extraction and detection of virulence genes

DNA extraction was performed using an ex-
traction kit (DNA-Sorb-A DNA extraction kit, Sa-
cace Biotechnologies Srl, Como, Italy) or MagCore
Genomic DNA Bacterial Kit MagCore® Genomic
DNA Bacterial kit, RBC Bioscience Corp., New
Taipei City, Taiwan) in accordance with the man-
ufacturer’s instructions. The extracted DNA was
stored at —70°C.

PCR amplification of virulence genes

The primer sequences of M. catarrhalis viru-
lence genes were previously described by Eghbali
et al. (2019) and Zhao et al. (2022) (Table 1). For
PCR amplification, we used Prime Taq premix 2x
(Genet Bio, Daejeon, South Korea). The reaction
conditions for conventional PCR were initial de-
naturation at 95°C for 5 min, followed by 35 cy-
cles consisting of denaturation at 95°C for 30 sec,
annealing for 40 sec, and elongation at 72°C for 1
min; final elongation at 72°C for 10 min. We used
GelRed nucleic acid gel stain (Biotium, San Fran-



cisco, USA) for the interpretation of the result with
gel electrophoresis.

Statistical Analysis

Statistical analyses were carried out with
SPSS 19.0 software (SPSS Inc., Chicago, IL, Unit-
ed States). A P value <0.05 was considered statisti-
cally significant.

Results

Studied population

The examined M. catarrhalis strains (n=98)
were collected during the 20232025 from patients
with ages ranging (AR) from 1 to 81 years old.
They were categorized into two groups according
to diagnosis: Group I consisted of 64 patients with
URTTI (rhinopharyngitis, rhinosinusitis, otitis me-
dia, and adenoiditis; AR 1-15), whereas Group II
comprised 34 patients with LRTI (chronic bronchi-
tis and COPD; AR 45-81). Regarding gender, there
were 35 (35.7%) female patients and 63 (64.3%)
male patients.

Distribution of virulence factors

The rate of the genes that encode OMP in
the examined M. catarrhalis isolates was: ompB2
(98.0%), ompCD (87.8%), and ompE (93.9%).
Regarding the usp genes, uspA1l was identified in
94.9% of the tested strains, whereas uspA2 was
found in 81.6%. All isolates tested positive for the
mcaP gene. There was no statistical significance in
the distribution of virulence factors between URTI
and LRTI samples (p>0.05) (Table 2).

Evolution of omp genes prevalence

Table 3 demonstrates the frequency of omp
genes regarding the clinical manifestations, com-
paring it with our earlier study conducted from
1997 to 2007 (Mitov et al., 2010). Regarding the
distribution of all strains, statistical significance
was observed for the distribution of ompB2, which
was predominant in the current study (p<0.00001).

Furthermore, statistical significance was
found in the distribution of ompB2 in both URTI
and LRTI groups. The remaining omp genes (omp-

Table 1. Primer sequences and amplification conditions for detection of M. catarrhalis virulence genes

Product size Annealing
Primer sequence (5'>3’) temperature Reference
(bp) o
(°C)
F GCCAGCCTAAGGTTGTCT
ompB2 R GAAGTTCACGCCAACACG 2195 56 Zhao et al., 2022
F GTGTGACAGTCAGCCCACTA
ompCD R TTGCTACCAGTGATTACTGA 1240 54 Zhao et al., 2022
F TTCAACCCTAACCGCAAC
ompE R TTTGGCGTGATAAGCAAG 1333 52 Zhao et al., 2022
F CGCAATAAAGATCACCATGCTTG .
meaP R CGGGATCCCGCTGACACATTGCATTGATAAA 1% 61 Eghbali et al., 2019
F GTTATGCACTAAAAGAGCAGGTC .
“PAT R GCATCTGACCAGCTTAGACCAATC 220 ol Eghbali et al., 2019
F GCTGTAACCAGTGCCATGA .
uspA2 R ACGATAGCCAGCACCGATAG 1645 60 Eghbali et al., 2019

F - forward primer, R - reverse primer

Table 2. Distribution of studied M. catarrhalis virulence factors among patients with upper and lower respiratory tract

infections
* %

Sffﬁferﬁf ([fgi) %r}g 2 T"tzlli“;gber p-value*** (URTI/LRTI)
ompB2 63 (98.4%) 33 (97.1%) 96 (98.0%) 1

ompCD 55 (85.9%) 31 (91.2%) 86 (87.8%) 0.535

ompE 62 (96.9%) 30 (88.2%) 92 (93.9%) 0.178

mcaP 64 (100.0%) 34 (100.0%) 98 (100.0%)

uspAl 60 (93.8%) 33 (97.1%) 93 (94.9%) 0.656

uspA2 52 (81.3%) 28 (82.4%) 80 (81.6%) 1

*URTI - upper respiratory tract infections. **LRTT - lower respiratory tract infections. *** a p-value <0.05 is considered statis-

tically significant



Table 3. Evolution of omp genes prevalence among the M. catarralis isolates regarding clinical manifestations in strains

from 2023-2025 compared to strains from 1997-2007

Factors Study vears All patients with infections URTI LRTI
of virulence Yy (n=93*/98) (n=41*/64) (n=52%*/34)
1997-2007* 50 (53.8%) 12 (29.3%) 38 (73.1%)
ompB2 2023-2025 96 (98.0%) 63 (98.4%) 33 (97.1%)
p-value** <0.00001 <0.00001 0.004
1997-2007* 78 (83.9%) 35 (85.4%) 43 (82.7%)
ompCD 2023-2025 86 (87.8%) 55 (85.9%) 31 (91.2%)
p-value** 0.534 1 0.349
1997-2007* 84 (90.3%) 39 (95.1%) 45 (86.5%)
ompE 2023-2025 92 (93.9%) 62 (96.9%) 30 (88.2%)
p-value** 0.426 0.643 1

*Isolates from 1997-2007 (Mitov et al., 2010). **a p-value <0.05 is considered statistically significant

CD and ompE) did not exhibit any significance
between the analyzed isolates. A limitation of the
comparison conducted is that the present study in-
cluded additional virulence determinants (uspAI,
uspA2, and mcaP genes) that were not examined in
the previous one.

Discussion

M. catarrhalis, initially considered a harm-
less inhabitant of the upper respiratory tract, is now
recognized as a significant pathogen responsible
for respiratory infections, especially among chil-
dren (Murphy and Parameswaran, 2009; Morris ef
al., 2022). In a large retrospective study conducted
in Bulgaria from 1998 to 2014, involving 4768 pa-
tients aged 1 to 16 years with URTI, M. catarrhalis
was among the most commonly isolated bacterial
etiological agents, following Haemophilus influen-
zae and Streptococcus pneumoniae. The differenc-
es in the frequency of these pathogens were min-
imal, which highlights the importance of examin-
ing the distribution and virulence potential of M.
catarrhalis (Gergova et al., 2016). In the current
study, most of the patients were in the age group
of under 15 years (65.3%). This observation, along
with other recent studies and meta-analyses, sup-
ports that M. catarrhalis has transitioned from an
emerging to a well-established human pathogen,
affecting children in our country and globally (Ver-
duin et al., 2002; Mather et al., 2019; Alexandro-
va et al., 2025; Kenmoe et al., 2025). Regarding
the adult group in our study, all patients were aged
45 or older and diagnosed with COPD or chronic
bronchitis. This confirms the association in previ-
ous studies concerning these lower tract infections
in adults and the etiological role of M. catarrhalis
(Gonzalez-Reyes ef al., 2025; Yagyu et al., 2025).

The initial stages of infection pathogenesis
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involve the expression of adhesion factors and the
subsequent formation of biofilm. These processes
are essential for colonization, establishment, and
the further progression of the infection (Alexan-
drova et al., 2025; Muhtarova et al., 2025). Fur-
thermore, the species M. catarrhalis consists of
two separate lineages. The first lineage is serosen-
sitive (SS), comprising strains that are susceptible
to complement-mediated killing, characterized by
moderate virulence. The second lineage, which is
seroresistant (SR), exhibits higher virulence and
includes strains that possess the enhanced ability
to adhere to epithelial cells. The main function of
Usp and OMP proteins is to facilitate host tissue
adhesion, bacterial colonization, immune evasion,
and serum resistance (Bootsma et al., 2000; Mur-
phy et al., 2000; de Vries et al., 2009; Augustyniak
et al., 2018; Gonzalez-Reyes et al., 2025). In ad-
dition to the already presented functions, OMP B2
(also known as CopB) protein participate in iron ac-
quisition, OMP CD in adherence to the middle ear
mucin, Omp E in putative nutrient acquisition, and
McaP possesses phospholipase B and esterase ac-
tivity (de Vries et al., 2010; Blakeway et al., 2017;
Gonzalez-Reyes et al., 2025).

In comparison to our previous study con-
ducted in 1997-2007, the analysis of OMP proteins
revealed an increase in the frequency of all tested
genes across all groups examined (URTI, LRTI, and
the total number of patients with infections) (Mitov
et al.,2010). This indicated a notable change in the
distribution of these proteins, especially OMPB2,
which is associated with an increase in the viru-
lence of the isolated strains. They are characterized
by enhanced adhesion, biofilm formation, bacterial
establishment within the host, serum resistance, and
bacterial survival related to iron acquisition. The



results presented are consistent with findings from
other countries, where OMP proteins were detected
at rates ranging 88.0%-100.0% for ompB2, 100.0%
for ompCD, and 98,6% for ompE (Verhaegh et al.,
2008; Eghbali et al., 2019; Zhao et al., 2022). In
research conducted in Zambia, the frequencies for
ompCD and ompE are lower, but still around 70.0%
(Nawa et al., 2022). According to the data, uspAl
is detected more often (ranging from 92.3% to
99.0%) compared to uspA2 (ranging from 69.2% to
83.0%), which is in concordance with the findings
of the present study (Verhaegh et al., 2008; Verhae-
gh et al., 2011; Eghbali et al., 2019; Nawa et al.,
2022). Regarding mcaP, it is ubiquitously present-
ed in our results as well as in other reported studies
(Verhaegh et al., 2008; Eghbali et al., 2019).

All tested virulence factors were recognized
as potential vaccine candidates, with the majori-
ty currently undergoing animal studies; however,
a few are already in clinical trials, such as uspA2
(Blakeway et al., 2017; Perez and Murphy, 2017;
Zahid et al., 2024). In a recent systematic review
and meta-analysis involving the non-typeable Hae-
mophilus influenzae/M. catarrhalis vaccine for pa-
tients with COPD, it was found that the vaccines
did not result in a significant decrease in the risk of
exacerbations or mortality, despite being well-tol-
erated (Shuai ef al., 2025). In our research, all ana-
lyzed genetic determinants exhibited high rates and
encoded proteins with important functions, thereby
emphasizing their potential as vaccine targets. This
highlights the significance of evaluating the evolu-
tion and monitoring of key virulence factors that
will contribute to future vaccine development.

Conclusion

The current research examined the preva-
lence of key virulence factors that are crucial for
the pathogenesis and survival of M. catarrhalis in
Bulgarian patients diagnosed with respiratory tract
infections. All tested isolates harboured genetic
determinants with a frequency of 80.0% or higher.
Additionally, we compared the results related to the
genes encoding OMPs with our previous study. Our
research indicated an increase in the frequency of
these proteins across all patient groups, suggesting
an increase in virulence. Moreover, the tested viru-
lence factors were recognized as potential vaccine
candidates, highlighting the importance of monitor-
ing their prevalence and geographical distribution.
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Abstract

Diarrhea remains a leading cause of morbidity and mortality in Bangladesh. This study aimed to
assess the prevalence of diarrheal pathogens among 430 patients seeking care at Sheikh Hasina Medi-
cal College and Hospital, Tangail. Stool samples were analyzed using both conventional microbiological/
biochemical methods and molecular techniques. Template DNA was extracted from overnight cultures in
Tripticase Soya Broth and screened for specific virulence genes: /t and st (ETEC); aata and aaic (EAEC);
bfpA and eae (EPEC); stx2 (STEC); ipaH (EIEC and Shigella); and invA (Salmonella). Molecular typing
revealed a high prevalence of pathogens: 48% (n=207) for pathogenic E. coli, 10.5% (n=45) for Salmonella
spp., and 4.6% (n=20) for Shigella spp. Among E. coli pathovars, EAEC and ETEC were the most prevalent
(19% each), followed by EPEC (9%) and STEC (1%). Conventional culture methods identified pathogens
in 106 samples, confirming 34% E. coli, 8% Salmonella, and 5.6% Shigella. Notably, three Shigella-like or-
ganisms (SLOs) were identified, which may represent a novel, yet-to-be-classified serotype. Overall, 63%
of patients were infected with a single pathogen, while 9% presented with co-infections. These findings
underscore the significant burden of diverse diarrheal pathogens in the region and highlight the superior
sensitivity of molecular diagnostics over conventional culture methods for clinical surveillance.
Keywords: Diarrhoea, enteric pathogen, Shigella-like organisms, PCR.

Pe3rome

Jumapusita octaBa Bojella IpHUUMHA 3a 3a001eBaeMOCT U cMbpTHOCT B banrnaznem. ToBa npoyuBaHe
¥MMarie 3a el Ja OIeHH Pa3MpOCTPAHEHHUETO Ha AuapuiiHu matoreHu cper 430 manueHTH, TOTHPCUIH
oMo B MeauumHCKus Koiex u 6onauua ,,lleiix Xacuna™ B Tanraiin. [IpoGute ot u3npaxxHenus Osxa
aHAJIM3MPAHU C TIOMOIITa HA KOHBEHIIMOHAIHU MUKPOOUOJIOTUYHU/OMOXUMUYHUA METOU U MOJIEKYJISIPHU
texHuku. Marpuuna JIHK Geme u3zpneuena ot HomHu KynTypu B Tripticase Soya Broth u ckpunupana
3a cneruduunn reau 3a BupyneHTHOCT: It u st (ETEC); aata u aaic (EAEC); bfpA u eae (EPEC); stx2
(STEC); ipaH (EIEC u Shigella); u invA (Salmonella). MonekymsipHOTO THIH3UpaHE Pa3KpH BHUCOKa
pasmpoctpaneHocT Ha maroreHu: 48% (n=207) 3a marorenHa E. coli, 10,5% (n=45) 3a Salmonella spp.
u 4.6% (n=20) 3a Shigella spp. Cpen naroBapure Ha E. coli, EAEC u ETEC 06sixa Haii-pa3npocTpaHeHH
(mo 19% Bcekn), cnenanu ot EPEC (9%) u STEC (1%). KouBenumonanHuTe METoIM 3a KyJTUBUPaHE
uaeHTuunmpaxa naroreu B 106 npobu, noreepxkaasaiiku 34% E. coli, 8% Salmonella n 5.6% Shi-
gella. 3abenexurenno e, ye Osxa waeHtudunupanu tpu Shigella-nogo6uu opranmsma (SLO), xouto
MOXXE€ JIa TIPEJICTABIIsABAT HOB, BCE olle Hekiacuduiupan ceporur. Karo msuo, 63% ot manueHTuTe ca
Oounu MH(EKTHpaHU ¢ €IUH MaToreH, Jokaro 9% ca umanu KomHpeKuuu. Te3n OTKPUTHS MoauepTaBar
3HAUMTENIHATa TEKECT Ha Pa3HOOOpA3HUTE TUAPUIHH MTAaTOT€HU B PETHOHA U TIOAYepTaBaT MpeBb3X0JHATA
YYBCTBUTEIHOCT Ha MOJEKYJIsSpHaTa TUarHOCTUKAa B CpPaBHEHHWE C KOHBEHIIMOHAJIHUTE METOAM 3a
KyJITUBUPAHE 332 KIMHUYHO HAOIIO/IEHUE.
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Introduction

Having three or more loose or liquid feces
within 24-hours considered diarrhea (Diarrhoeal
disease). Despite being preventable, diarrheal dis-
eases remain one of the most prevalent public health
problems (Nayak ef al., 2020). Diarrhea causes
morbidity among children in developed countries,
while children in countries with low and medium
incomes experience mortality (Tosisa ef al., 2020;
Akter et al., 2024). It is estimated that children be-
tween 0 and 36 months from LMICs suffer from
an average of three diarrhoea episodes annually
(Mwape et al., 2023). Approximately 1.5 million
deaths worldwide and about 35,000 deaths in Ban-
gladesh are attributed to diarrheal diseases (Sharif
et al.,2023; Alam et al., 2025). In accordance with
World Health Organization (WHO), there were
370,000 child fatalities due to it in 2019, making it
the second greatest cause of mortality among chil-
dren under five and 525,000 children were killed
annually (Diarrhoea; Afum et al., 2022; Akinlabi et
al., 2023). Children in Africa and South-East Asia
account for over 80% of diarrhea-related deaths
worldwide, making diarrhea the second leading
cause of death among children under the age of five
(Hossain et al., 2022; Muse et al., 2024). Due to
a lack of proper hygiene, poor sanitation, contam-
inated food, and a wide range of bacterial, viral,
and parasite species, primarily those transmitted by
water contaminated with feces, are the main causes
of diarrheal diseases (Ghosh et al., 2022; Khuntia
et al., 2022; Dahiru and Aliyu, 2024). Escherichia
coli, Salmonella species, and Shigella spp. are the
etiological agents of moderate-to-severe diarrhoea
(Parvej et al., 2020; Afrad et al., 2024). Rotavirus,
Vibrio cholerae, and Cryptosporidium species also
have important roles in causing diarrhea (Akinni-
bosun and Nwafor, 2015; Zhu et al., 2016; Omola-
jaiye et al., 2020).

Diarrheagenic E. coli (DEC) is the most com-
mon and frequently observed causative agent of di-
arrhea, particularly in rising nations. Currently, six
fundamentally recognized strains of DEC are Shiga
toxin-producing E. coli (STEC), enteroaggregative
E. coli (EAEC), enteroinvasive E .coli (EIEC), en-
terotoxigenic E. coli (ETEC), enteropathogenic E.
coli (EPEC), and diffusely adhering E. coli (DAEC)
(Gong et al., 2022). Among them, enterotoxigenic
E. coli is considered a major cause of bacterial diar-
rhea in children (Akhtar ef al., 2024).

Salmonellosis is a foodborne disease mainly
associated with the predominant Salmonella sero-
types, S. typhimurium, S. enteritidis and S. serovar
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Choleraesuis (Teshome et al., 2019; Saleh et al.,
2021). Diarrhea, fever, vomiting, and cramping in
the abdomen are the characteristics of salmonello-
sis after 12—72h of infection (Khalil et al., 2018).
Shigella spp. (S. flexneri, S. dysenteriae, S. sonnei,
and S. boydii) affects persons of all ages and is the
leading cause of diarrhoea mortality in adolescents
and adults (Casabonne et al., 2016). Shigella has
also been found to be the leading causative agent of
childhood diarrhea, affecting 1.1 million children
per year, predominantly infants in the age group
below 5 years old (Bose et al., 2024). Shigella is
mainly transmitted via fecal-oral route and only 10
to 100 bacterial cells are enough to initiate the in-
fection (Gugliandolo et al., 2011).

This current study investigated the preva-
lence of Shigella, Salmonella, and E. coli spp. in-
fection among patients with diarrhea from Tangail,
Bangladesh, and also this study aimed to identify
Bangladeshi strains of E. coli, Shigella, and Sal-
monella species using a combination of phenotypic
and molecular traits.

Methods and Materials

Study site and diarrheal disease surveillance

The study was conducted at the Microbiol-
ogy and Molecular Laboratory of the Department
of Biotechnology and Genetic Engineering, Maw-
lana Bhashani Science and Technology University
(MBSTU). The samples (stool) were gathered from
the diarrheal patients admitted to the Sheikh Hasi-
na Medical College and Hospital (Tangail Sadar
Hospital), Tangail. A structured questionnaire was
administered to patients suffering from diarrhoea to
collect information on demographic, epidemiologi-
cal, and clinical characteristics.

Study population

A total of 430 diarrheal patients from under-
S-year-old children to adults were enrolled from
March 2018 to November 2019. The sample col-
lection was done after written permission from the
patients or guardian of the patients.

Collection and culture of clinical specimens

A single, fresh, whole-stool specimen (at
least 3 ml) was collected from 430 patients suffer-
ing from diarrhea and admitted to the above-men-
tioned hospitals enrolled from May, 2018 to No-
vember 2019. A fecal swab was then placed in a
glass screw-top test tube containing Tryptone Soya
Broth (TSB). Using a Styrofoam container with
cold packs, the specimens were transported to the
central laboratory of the BGE department, MBS-



TU in Tangail, within 6 hours of collection. Fresh
stool specimens were inoculated onto Mac-Con-
key and Shigella- Salmonella (SS) agar media, and
kept for overnight incubation at 37°C. Suspected
lactose fermenting (LF) colonies that were consid-
ered as E. coli and non-lactose fermenting (NLF),
non- pigmented, small, tiny, medium, and large-
sized colonies, normally represented as SLOs,
were picked up and subjected to phenotypic (bi-
ochemical) tests to identify presumptively. The
strains were isolated and identified using stand-
ard microbiological and biochemical tests (WHO,
1987). Biochemically distinguished Shigella spp.
were further serologically confirmed by using an
antisera kit (Denka Saiken, Co. Ltd., Japan) that is
commercially available.

Preparation of DNA templates

Preparation of DNA templates from 430 stool
samples was done from direct enriched broth cul-
ture of these stools by following the boiling method
(Gugliandolo et al., 2011). The isolates were grown
on 1.5ml of Luria-Bertani (LB) broth overnight at
37°C and centrifuged at 13000 rpm (rotations per
minute) for 5 minutes and washed with 1ml of nor-
mal saline/ PBS. Then the pellet was mixed with
200 pl of deionized water and heated at 100°C for
10 min. After immediate cooled down on ice (4°C)
for 10 min, centrifugation at 13000 rpm for 10 min
of the samples was done again. Then the superna-
tant that contains the genomic DNA was taken as
template for PCR amplification.

PCR amplification and detection

PCRs were performed in a final reaction vol-
ume of 25 pL. The reaction mixture for each PCR
contained 12 puLL PCR GoTaq® Green Master Mix,
2X (holding Tag DNA polymerase, dNTPs, MgCl,
and reaction buffers), 0.5 pL primer (100 pM con-
centration), and 5 pL of prepared template DNA.
The PCR amplification was accomplished by fol-
lowing the standard PCR cycling protocol, main-
taining the indication for the kit described in Table
1 in a thermocycler (Infinigen).

Verification of PCR amplified products was
performed in 1.5% agarose gel electrophoresis
that was stained with ethidium bromide, and the
amplicons were visualized under ultraviolet light
trans-illumination. A 100-bp DNA ladder was used
as a marker to determine the amplicon sizes.

Results

Of 430 samples, conventional biochem-
ical tests KIA (Kligler Iron Agar), MIU (Motili-
ty, Indole, Urea), and citrate were performed for
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106 samples, and through these methods, 34%
(n=36/106) pathogenic E. coli, 5.6% (n= 6/106)
Shigella, 8% (n=9/106) Salmonella were identified
presumptively. After performing an antisera test
for Shigella spp. two S. boydii, one S. sonnei, and
three Shigella-like organisms (SLOs) were found.

A total of 430 E. coli, Shigella, and Salmo-
nella samples were recovered from diarrheagenic
stool specimens and subjected to PCR for further
characterization. Table 2 summarizes the preva-
lence of Shigella, Salmonella, and E. coli that were
recovered from diarrheal stool specimens. A total
of 48% (n= 207/430) pathogenic E. coli was mo-
lecularly validated through PCR. Of pathogenic
E. coli, predominant virotypes were EAEC 19%
(82/430) and ETEC 19% (82/430), followed by
EPEC 9% (39/430), and STEC 1% (4/430) (Ta-
ble-2). Figures 1, 2, and 3 indicate the PCR prod-
ucts of four (EAEC, ETEC, EPEC) diarrheagenic
E. coli.

All of the 430 samples were screened for
the inv4 gene specific for Salmonella spp and the
ipaH gene specific for Shigella spp. invA gene was
present in 10.05% (45/430) of the samples, and
the ipaH gene was present in 4.6% (20/430) of the
samples. Figures 4 and 5 show gel electrophoresis
images of the PCR amplification of ipaH and invA
genes for the detection of Salmonella and Shigella
spp. respectively.

Among the 430 cases, 63% (272/430) of cas-
es were infected by single bacterial pathogens, and
9.06% (39/430) of cases were infected by multiple
bacterial pathogens. The variety of gene combina-
tions of different bacteria and frequencies of co-in-
fection are described in Table 3.

Of the 430 stool samples collected, conven-
tional biochemical tests (KIA, MIU, citrate) were
performed on 106 samples. Molecular validation
via PCR was performed on all 430 samples. PCR
detected more positive cases for pathogenic E. coli
(48%) and Salmonella spp. (10.5%) rather than the
conventional culture method for the detection of
pathogenic E. coli (34%) and Salmonella spp. (8%).
For Shigella spp. conventional culture method de-
tected 6 (5.6%) positive cases out of 106 samples,
but only three were confirmed by the anti-sera test.
On the other hand, PCR detected 4.6% (20 out of
430) positive cases for Shigella spp. The predomi-
nant pathogenic E. coli pathovars were EAEC and
ETEC, and overall, 63% infections were caused by
a single pathogen. Table 4 summarizes the compar-
ison of pathogen detection between conventional
and molecular methods.



Table 1. Sequence of primers used in PCR, sizes of amplicons, and their PCR conditions

Oligonucleotide sequences employed for the molecular confirmation of diarrheagenic E. coli, Shigella, and

Salmonella spp.
o & o > =
S © ¢ ne o] o = e
5. "o’ Sequence (5°-3) > E PCR Condition a e
5 g A ’ 2
w o w
F 5-CAC ACG GAG CTC CTC AGT C-3’ 94°,95°, 68°, 72°, 72°
(Tanih et al.,
= 508 35 2015)
m  R5-CCC CCA GCC TAG CTT AGT TT-3’ 5,307, 1,1/, 8
z
F5-GCT AAA CCA GTA GGT CTT CAA AA-3’ 94°,95°, 58°, 72°, 72° (I\Ilguzyoe(gt
2 147 35 -
R 5-CCC GGT ACA GCA GGA TTA CAA CA-3’ 5.30,1, 1,8
F 5-CCC GAA TTC GGC ACA AGC ATA AGC-3’ 94°,95°, 58°, 72°, 72° (Toma et al
S 881 0 03
= R5-CCCGGATCC GICTCG CCA GTA TTC G-3 5,30,1, 1.5, 8
s
O _ F5-GGA AGT CAA ATT CAT GGG GGT AT-3’ 94°, 95°, 63°, 72°, 72° ot al
SN 300 30 (Tanih et al.,
™ R5-GGA ATC AGA CGC AGA CTG GTA GT.3 5,307, 40', 17, 8’ 2015)
. F5-CTG GCG AAA GAC TGT ATC AT-3’ 94°,95°, 59°, 72°, 72° (Neuyen et
N 630 C 2y005)
m © R5-CAATGT ATA GAA ATC CGC TGT T-3 5,30,1, 1, 8 s
@9l
O _ F5-ATT GTC CTC AGG CAT TTC AC-3’ 94°,95°, 58°, 72°, 72° Talukd
S 215 30 (Talukdar et
' R5-ACG ACA CCC CTG ATA AAC AA-3’ 5,30, 1,17, 8 al., 2013)
F 5-CAG TTA ATG TGG TGG CGA AGG-3’ 94°, 95°, 55°, 72°, 72°
§ 348 35 (Dong et al.,
c ™ R5-CAC CAG ACA ATG TAA CCG CTG-3 5,30, 1,17, 8 2017)
o9l
O F5-ATC CTA TTC CCG GGA GTT TAC G-3’ 94°,95°, 58°, 72°, 72°
© (Dong et al.,
£ 584 35 7
R 5-GCG TCA TCG TAT ACA CAG GAG C -3’ 5,30, 1, 1.5, 8
€ F5-TGG AAA AAC TCA GTG CCT CT-3’ 95°,95°, 55°, 72°, 72°
0§ < (Liischer and
s 2 423 30 Altwegg,
(s 1994)
= R5-CCAGTC CGT AAA TTC ATT CT-3 5,30, 1, 1.5, 8
..  F5-GTGAAA TTA TCG CCA CGT TCG GGC AA-3’ 95°,95°, 64°, 72°, 72°
«
S (Sunar et al.,
S 285 3> 2014)
S

R5-TCA TCG CAC CGT CAA AGG AACC-¥

5,30,1,1.5,8
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Discussion

In this study, Conventional tests provided
presumptive identification, whereas PCR (antisera
tests for Shigella) showed higher sensitivity
and allowed species-level and pathovar-level
characterization. PCR was more sensitive than
conventional biochemical testing for all cases,
detecting a larger proportion of positive samples.
And finally, it is clear that PCR enabled the detection
of co-infections and detailed pathovars of E. coli,

which conventional methods could not.

The extant study aimed to make known the
bacterial etiology of diarrhoea and determine the
prevalence of major enteric pathogens responsible
for causing diarrhoea, especially pathogenic E.
coli, Shigella, and Salmonella spp. in stool samples
of diarrheal patients. In this study, overall E. coli
was identified as 48%, where four diarrheagenic E.
coli pathotypes were characterized, among them
EAEC and ETEC pathotypes were predominant

Table 2. Characterization of the isolated Shigella, Salmonella, and E. coli spp. based on species-specific virulence genes

Diarrhea-causing Organisms ~ Gene Combinations

N (Number of PCR positive isolates)

Percent (%)

Shigella ipaH
Salmonella invA

ETEC It gene

st gene

It + st
EAEC aata
aaic

aata + aaic

EPEC bfpA

STEC stx2

20 4.6
45 10.05
20 4.6
54 12.51
8 1.85
43 10
21 4.87
18 4.17
39 9

4 0.93

Samples

N L p ~—— Samples ——

L Bl N X ] -

+————Sampless—— L N P +— Samples

Fig. 1. Image of PCR products: a) Image of 215 bp PCR product of the aaic gene; b) Image of 630 bp PCR product of
the aata gene. L — Ladder (1kb), P — positive control (known EAEC), N — negative control (E. coli, K12)

a LP Samples

b L p Samples

Fig. 2. Image of PCR products: a) Image of 508 bp PCR product of the st gene; b) Image of 147 bp PCR product of the /¢

gene. L — Ladder (1kb), P — positive control (known ETEC)



L P Samples .

Fig. 3. Image of 300 bp PCR products: of the bfp gene; L — Ladder (1kb), P — positive control (known EPEC)

LiL, L3‘ Sample DNA , LiLyL; . Sample DNA

Fig. 4. Image of PCR products: of the invA gene; Lane 1 — Ladder (1kb), Lane 2 — positive control (known Salmonella),
Lane 3 —negative control (E. coli, K12)

570bp
500bp

250bp

Fig. 5. Image of 285 bp PCR products: of the ipaH gene; Lane 1 — Ladder (1kb), Lane 2 — positive control (known Shi-
gella), Lane 3 — negative control (E. coli, K12)
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Table 3. Allocation of genes in diverse combinations within positive cases (N=39)

Diarrhea-causing Organisms Gene Combinations N (%)
ETEC + EAEC It + aata 2(0.46)
st + aata 4(0.93)
It + aaic 1(0.23)
st + aaic 2(0.46)
It + st + aata 1(0.23)
st + aata + aaic 1(0.23)
It + aata + aaic 2(0.46)
It + st + aata + aaic 1(0.23)
EPEC + EAEC aaic + bfpA 1(0.23)
bfpA +aata 1(0.23)
ETEC + EAEC+ EPEC st + aaic + bfpA 1(0.23)
Shigella + EAEC ipaH + aata 1(0.23)
ipaH + aaic 1(0.23)
ipaH + aata + aaic 1(0.23)
Shigella + ETEC + EAEC + EPEC ipaH + st + aata + aaic + bfpA 1(0.23)
Salmonella + EAEC invA + aaic 3(0.70)
invA + aata 7(1.62)
invA + aata +aaic 2(0.46)
Salmonella + ETEC invA + st 2(0.46)
invA +lIt + st 1(0.23)
Salmonella + ETEC + EAEC invA + st + aaic 2(0.46)
Salmonella + EAEC + EPEC invA + st + bfpA 1(0.23)
invA + bfpA + aata + aaic 1(0.23)

with 19% each. This finding is consistent with
many previous studies where EAEC and ETEC
were focused as one of the predominant enteric
pathogens in developing countries (Ahmed et
al., 2013; Dutta et al., 2013; Msolo et al., 2020).
The frequency of EPEC and STEC were 9% and
1%, respectively, and this result is supported by
previous findings (Roy et al., 2014; Msolo et al.,
2020). A total of seventeen of these pathogenic E.
coli positive samples have been identified as having
more than one E. coli pathogenic gene in a variety
of different combinations. A combination of EAEC
and EPEC was found to be 0.46% of the harmful E.
coli isolates, followed by a combination of EAEC
and ETEC that was 3.5%, and then a combination
of EAEC and EPEC that was 0.23%. Early studies
described the combination of these pathogenic
genes of E.coli involved in causing diarrhea (Roy
etal.,2014).

Shigellosis is an utmost public health issue,
which is caused by Shigella spp. (Organization,
2005). In this study, 4.6% Shigella spp. was iden-
tified through ipaH-specific PCR. In previous stud-
ies, ipaH-specific PCR identified that 6.7 to 14 %
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of Shigella remained in stool samples (Mokhtari et
al.,2012), and among them, 5.4% of S. boydii (Ak-
ter et al., 2019).

A total 9.75% (39) patients were infected
with more than one bacterial pathogen, such as var-
ious strains of E.coli pathogens, E. coli pathogens
with Shigella spp., or E.coli with Salmonella, and
these findings also agree with earlier reports where
they found 10.1% of co-infection (Aminshahidi et
al., 2017).

Conclusion

This study confirms that the combination of
culture method, biochemical tests, and PCR-based
molecular method is remarkably effective to deter-
mine the actual disease burden caused by pathogen-
ic organisms such as Shigella, Salmonella, and E.
coli spp., and it was found that about 63% diarrhea
occurred by the above-mentioned organisms. This
is the first report from Tangail district in Bangla-
desh. Therefore, this study has demonstrated good
prospects for upcoming research to explore the ac-
tual disease burden of diarrhea. The combination of
both phenotypic and molecular methods appears to



Table 4. Comparison of conventional biochemical tests and molecular typing for the detection of diarrhoeagenic patho-

gens
Pathogen No. Tested ~ Positiveby =~ No.  Positive by Comparison / Observation
(Biochemical) Biochemical Tested PCR (%)
(%) (PCR)

Pathogenic 106 36 (34%) 430 207 (48%) PCR detected more positive cases, suggesting

E. coli higher sensitivity.

Shigella spp. 106 6 (5.6%) 430 20 (4.6%) Out of 6, only three were confirmed by an-
ti-sera test (two were S. boydii and one was S.
sonnei) other three were identified as SLOs.
So, the confirmed identification percentage
of biochemical test was 2.83%. PCR showed
higher sensitivity and antisera test allowed
species-level identification.

Salmonella spp. 106 9 (8%) 430  45(10.5%) PCR detected more Salmonella-positive sam-
ples, likely due to higher sensitivity.

EAEC — — 430  82(19%) Predominant pathogenic E. coli pathovar.

(pathovar)

ETEC — — 430 82 (19%) Equal prevalence with EAEC.

(pathovar)

EPEC — — 430 39 (9%) Moderate prevalence.

(pathovar)

STEC — — 430 4(1%)  Rare pathovar.

(pathovar)

Single bacterial — — 430 272 (63%) Most infections were caused by a single

infection pathogen.

Multi-bacterial — — 430 39 (9.1%) Co-infections identified via PCR.

infection

be more specific and sensitive for the identification
of Shigella, Salmonella, and E. coli spp. Proper
control of this disease can improve both the health
and financial conditions of patients.
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Abstract

Comparative serological studies were performed to establish the prevalence of the virus of contagious
ecthyma (CE) in small ruminants in Bulgaria, using the microvirus neutralization test (MVNT) and pas-
sive hemagglutination (PHA) on 260 serum samples obtained from animals inhabiting 12 sheep and goat
farms. Fourteen serum samples from sheep and goats with characteristic clinical signs of CE, including
animals vaccinated against the infection, were used to develop PHA. To determine non-specific inhibitors
and hemagglutinins, the 14 serum samples were processed thermally, and with a sheep erythrocyte depot,
and in this study, no non-specific hemagglutinins and PHA inhibitors were detected. A reference strain of
CE “Phylaxia” was used as antigen for conducting the PHA, after concentrating with a saturated solution of
ammonium sulfate. The sheep erythrocytes were found to be the most suitable for conducting PHA. When
performing comparative studies of 14 serum samples by MVNT and PHA, 13 samples were found positive
by using MVNT, and 14 were positive by PHA. We found an agreement of results in 13 samples, studied
by MVNT and PHA. In a serological study of 260 serum samples for antibodies against the virus of CE,
we found 190 positive (73.1 %) by MVNT, and 192 positive (73.8 %) by PHA. No statistically significant
difference in the studies of serum samples by both tests was found. From the results obtained, it can be
concluded that the PHA can be successfully used for retrospective diagnosis of CE. Both tests established
a wide prevalence of CE in Bulgaria.
Keywords: Contagious ecthyma, MVNT, PHA.

Pesrome

[IpoBeneHn ca CpaBHUTEIHH CEPOJIOTMYHU M3CJIEBAHUS 34 YCTAHOBSIBAHE Pa3NpOCTPAHEHUETO Ha
BHUpYyca Ha 3apa3Hara exktuma (3E) nmo npebnute npexuBHU B bbarapus, upe3 MUKpOBUPYCEH HEyTpau-
3armmoned Tect (MBHT) u macuBna xemarmytunanus (IIXA) Bepxy 260 cepymHu 1poOH, MOTYYEHU OT
YKUBOTHH, oOuTaBamiu 12 oBuedepmu u kozedepmu. 3a pazpadorBane Ha [IXA ca nznonspanu 14 cepymMHn
poOU OT OBIIE U KO3U C XapaKTepHHU KJIMHUYHM Npu3HaM Ha 3E, BKIIOUUTETHO )KUBOTHH, BAKCUHUPAHU
cpemty uH(pekuusATa. 3a onpenesiHe Ha HecnelU(PpUUHN HHXUOUTOPU M XeMarlyTUHUHH, 14-Te cepyMHU
npobu ca 00pabOTEHN TEPMUYHO U C JICTIO OT OBYM CPUTPOIIMTH, KaTO B TOBA MPOyYBAHE HE Ca OTKPUTHU
HecrnenupuyHu xeMartyTuHUHY U [IXA nnxuburtopu. Karo anturen 3a nposexaane Ha [IXA e uznonssan
pedepenren mam Ha 3E ,,Phylaxia®, cien koHIleHTpuUpaHe ¢ HACUTEH Pa3TBOP Ha amMoHMEB cyndar. OB-
HEIIKUTE EPUTPOIIMTH, ca YCTAHOBEHU KaTo Hail-moxxonsuy 3a mpoBexaane Ha [IXA. [Ipu mposexaane
Ha CpaBHUTEIHM u3cienBaHus Ha 14 cepymuu npobu upe3 MBHT u I1XA, 13 npobu ca noiaoxuTenHu
ype3 u3nonzpane Ha MBHT, a 14 ca nonoxkurennu upes [IXA. YecraHoBuxMe ChBIIAaJIEHUE HA PE3YJITATUTE
B 13 npobu, nzcnensanu upe3 MBHT u I[TXA. IIpu ceponoruuno u3cnensane Ha 260 cepyman mpobu 3a
antutena cpenry Bupyca Ha 3E, otkpuxme 190 monoxutennu (73,1%) upes MBHT u 192 nonoxurennu
(73,8%) upe3 [1XA. He Gemie oTkpuTa CTATUCTUUECKH 3HAUMMa pa3jvKa B M3CJIEABAHUATA HA CEPYMHUTE
po6u upes3 aBata tecta. OT MoMyuyeHUTe pe3yaTaTH Moxe 1a ce 3akioun, 4ye [IXA moxe na ce usnonssa
YCIIENIHO 3a peTpocnekTBHa quarHoctuka Ha 3E. U nBata Tecta ycTaHOBHMXA IIUPOKO PAa3NpOCTpaHEHUE
Ha 3E B brearapus.
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Introduction

Contagious ecthyma (CE) is a viral infection
of sheep and goats, a serious health problem, and
causes significant economic losses. CE is caused by
Parapoxvirus orf. Diseases in different countries,
due to the different clinical manifestations, is re-
ferred to as contagious pustular stomatitis, conta-
gious ecthyma, ecthyma contagious, infectious pus-
tular dermatitis, infectious labial dermatitis, sore
mouth, scabby mouth, and orf (de Wet and Murie,
2011). In animals, the disease is mostly cyclical. It
can also affect humans, but the manifestations are
local (Paiba et al., 1999).

The disease is distributed on all continents.
The morbidity and mortality are variable, depend-
ing on the virulence of the circulating strains. Al-
though the disease is considered to be benign, in the
last few decades there has been a serious reversal
with the registration of a severe malignant course,
especially in newborn lambs and kids, most often
after complication with secondary bacterial micro-
flora (Elzein and Hausawi et al., 1997; Haig and
Mercer, 1998; de la Concha-Bermejillo et al., 2003;
Mclnnes, 2014). There are currently vaccines on
the market that can successfully control the disease,
but the presence of the virus in the environment
poses an increasing risk to other susceptible ani-
mal species. The role of cell-mediated immunity in
eliminating the virus from infected animals is also
not fully understood. The economic losses that CE
causes to livestock farming in our country require
continued research on the spread of this disease,
and the development and application of diagnostic
methods to prove the presence of the etiological
agent in the affected farms.

The purpose of this communication is to con-
duct comparative serological studies using Micro-
virus Neutralization Test (MVNT) and Passive He-
magglutination (PHA) to determine the prevalence
of contagious ecthyma in different regions of the
country.

Materials and Methods

Tested sera

Two hundred and sixty serum samples from
12 sheep and goat farms with data on the occur-
rence of the disease from the following settlements
were examined through MVNT and PHA: Burgas,
Blagoevgrad, Stara Zagora, Trapoklovo, Pernik,
Zlatolist, Pchelishte, Dragovishtitsa, Avren, Veliko
Tarnovo, Chernevo, and Mladinovo. We also exam-
ined 35 serum samples from sheep and goats vac-
cinated against CE. After coagulation of the blood
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samples, we pipetted the sera, centrifuged, and
stored at -20°C, adding antibiotics (penicillin 50 UL
and streptomycin 50 pg/mL).

Microvirus neutralization test (MVNT)

To detect specific antibodies against the orf
virus, we developed and used MVNT according to
the methods described by Dilovski et al. (1982).
Sera from sheep and goats were carefully pipet-
ted and inactivated by temperature at 56°C for 30
min. We performed two-fold increasing dilutions
of the tested sera with supporting medium for cell
cultures (CCs), after which we added the virus of
CE strain “Phylaxia” in an amount of 100 TCID,/
mL. We left the serum-virus mixture for contact at
37°C for 2 h, then we added the CC indicator sys-
tem (Sheep fetus thymus (SFT) or lamb testis (LT)),
in an amount of 5 x 10* cells/mL. As a control in the
reaction, we placed uninfected CC and performed a
reverse titration of the indicator virus to confirm the
titer used in the reaction. The plates with the stud-
ied serums were observed daily with a microscope,
and for the titer, we accepted the biggest dilution of
the serum, giving full suppression of the reproduc-
tion of the indicator virus.

Passive hemagglutination reaction (PHA) for the
detection of antibodies against ORFV
Antigen preparation

As an antigen to conduct a reaction, passive
hemagglutination, we used a virus of the CE strain
“Phylaxia”, cultivated in primary CC from LT and
having a titer of 10* TCID, /mL. We concentrated a
part of the viral antigen by treating the viral suspen-
sion with a saturated solution of ammonium sulfate
according to the method of Gutekunst (1977). We
left the treated suspension for 12 h at 4°C, stirring
periodically, then centrifuged at 6000 rpm/ 30 min
and removed the supernatant. The precipitate re-
covered in a minimum volume of phosphate-buft-
ered solution (PBS) with pH 8.5. The removal of
ammonium salt was carried out by dialysis against
PBS with a pH of 8.5 and repeated replacement of
the buffer, and the absence of sulfate ions was prov-
en with a solution of barium chloride. To establish
the concentration of proteins, we examined the vi-
ral antigen spectrophotometrically.
Preparation for the erythrocyte diagnosticum

Erythrocyte diagnosticum for performing
PHA was prepared from sheep erythrocytes stored
in Alsever’s solution or EDTA. The erythrocytes
were processed according to the method described
by Cabau et al. (1981) with modifications. For this
purpose, an equal volume of glutaraldehyde diluted



1:250 in PBS with pH 7.5 was added to the eryth-
rocytes and left for 1 night at 37°C. The erythro-
cytes were centrifuged three times at 1500 rpm for
15 min and washed with PBS with pH 7.5. After
the last centrifugation, the erythrocytes were re-
suspended in PBS and brought to a 3% solution.
We checked for spontaneous hemagglutination by
adding 0.05 mL of PBS pH 7.5 and 0.05 mL of 1%
bovine serum albumin to 0.05 mL of a 1% solution
of glutaraldehyde-treated erythrocytes.

Tanninization of erythrocytes was performed
with tannin, diluted 1:20000 in PBS with pH 6.4,
by mixing equal volumes of the tannin solution and
3% of sheep erythrocytes and leaving them in a
thermostat at 37°C for 30 min with periodic shak-
ing. Then we centrifuged three times at 1500 rpm
for 15 min and washed the treated erythrocytes with
PBS with pH 7.5 and tested again for nonspecific
hemagglutination.

Sensitization of sheep erythrocytes was
achieved by mixing equal volumes of a 3% solution
of tanninized erythrocytes and the antigen undilut-
ed and in dilutions from 1:2 to 1:16. The erythro-
cytes were allowed to interact with the antigen at
37°C for 1 h, then centrifuged three times at 1500
rpm for 10 min and the sensitized erythrocytes were
washed with PBS pH 7.5 and tested for nonspecific
hemagglutination.

The optimal ratio between antigen and eryth-
rocytes was determined with a constant amount of
hyperimmune serum obtained from a sheep with
signs of CE and having a titer of 5 log, in an agar
gel immunodiffusion (AGID) test. We performed
PHA at three concentrations of antigen-sensitized
erythrocytes: 1, 0.75, and 0.5%.

Validation of the PHA

To validate the reaction in the laboratory, we
studied 14 serum samples obtained from sheep and
goats with clinical signs characteristic of CE from
different regions of the country, simultaneously ex-
amined by MVNT. After coagulation of the blood
samples, we pipetted and centrifuged the sera,
then stored them at -20 C, as we added antibiotics
(penicillin 50 UI and streptomycin 50 pg/mL). To
eliminate nonspecific viral inhibitors (thermolabile
and thermostable) and heterohemagglutinins, we
processed all 14 serum samples by the method of
Mengeling (1972). The same serum samples were
only heated to 56° C for 30 min, and then we ex-
plored them in parallel with the processed ones.

Conducting the PHA
We conducted the PHA in U or V- shaped
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wells, into which we distributed 0.025 mL PBS with
pH 7.5. In the first wells of the plates, we transferred
0.025 mL of the tested sera and diluted them two-
fold, then we dispensed the erythrocyte diagnosti-
cum in an amount of 0.050 mL. To each reaction,
we added controls for spontaneous and non-specific
hemagglutination. To identify non-specific inhibi-
tors and hemagglutinins against the CE virus, we
tested 7 goat and sheep sera with and without treat-
ment with a sheep erythrocyte depot. To prove the
specificity of the reaction, we also tested 12 heter-
ologous bovine sera positive by ELISA for antibod-
ies against the contagious rhinotracheitis virus. As
the antibody titer in the PHA, we took the highest
dilution of the sera that gave hemagglutination of
the erythrocytes.

Results and Discussion

Micro virus neutralization test (MVNT)

When examining 260 samples, originating
from animals from 12 sheep and goat farms in the
country, using the microvirus neutralization test
(MVNT), we found 190 positive samples (73.1 %)
for antibodies against CE. The highest was the se-
rum antibody titer in sheep and goats after 3 to 4
weeks of infection. Of the tested sheep and goat
farms, we found the highest percentage of positive
animals in herds from Burgas (100%), Blagoev-
grad (99%), Trapoklovo (94%), followed by Cher-
nevo (91.4%), Mladinovo (83.5%), Avren village
(79.4%), Zlatolist (78%), Dragovishtitsa (64%),
Stara Zagora (54.9%), Pchelishte (52%), and Per-
nik (50%). The lowest percentage of positive sam-
ples we found in the researched samples from Ve-
liko Tarnovo (31%) (Fig. 1).

MVNT was used to prove disease outbreaks,
enzootic infection or detection of antibodies after
vaccination (Buddle and Pulford, 1984), and indi-
rect hemagglutination (Koptopoulos et al., 1982).
When developing the MVNT, we used laborato-
ry-prepared primary CCs from AT and SFT. The
differences in the final serum titers after administra-
tion of CE virus with titers of 100 and 1000 TCID, /
mL were statistically insignificant. The antigen -
strain “Phylaxia” was used with a neutralizing titer
of 102 TCID, /mL. In the conducted neutralization
studies, we established the highest serum antibody
titers in sheep and goats after 3-4 weeks from the
appearance of infection in the herd, with similar
results reported by other authors (Buddle and Pul-
ford, 1984). When monitoring the development and
depletion of postvaccinal antibodies, using MVNT,
we found that the highest titers are reached in the
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Fig. 1. Percentage distribution of serologically positive MVNT samples for 12 regions of the country

third to fourth week after vaccination. Humoral
antibodies gradually depleted even one year after
vaccination, and we established strongly decrease
in titers of virus neutralizing antibodies. Immunity
against the CE virus likely involves not only the
humoral, but also the cell-mediated system of the
body, since in animals with low or negative tiers
on MVNT, characteristic changes of the disease are
not always observed. The MVNT allows us to de-
termine exactly when the herd needs to be re-vacci-
nated for reliable protection against CE.

PHA for the detection of antibodies against the CE
VIirus

The antigen that we used for sensitization
of the ovine erythrocytes was prepared by con-
centrating with a saturated solution of ammonium
sulfate. After concentrating the viral antigen with
a saturated solution of ammonium sulfate, dialy-
sis against buffer, we did not detect the presence
of sulfate ions. In the spectrophotometric research
on viral antigen, we established a concentration of
12.1 mg/mL. We used viral antigen, concentrated
chemically by methods described by Gutenkunst ef
al. (1978) and Trepanier et al. (1981), because they
are easier to perform and do not require differential
centrifugation. In our studies, the ammonium sul-
fate-concentrated antigen sensitized erythrocytes
up to a 5 log, dilution, but the sensitivity of the re-
action decreased significantly after dilution of the
antigen to 2 or more logarithms, which is most like-
ly due to the smaller number of adsorbed virus par-
ticles on the erythrocyte surface. After dilution of
the antigen by more than 2 log, the specificity and
sensitivity of the reaction decreased significantly.
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After treatment of erythrocytes with glutar-
aldehyde and tannin, in the studies for the detec-
tion of nonspecific hemagglutination, we did not
detect spontaneous hemagglutination of the treated
erythrocytes. The erythrocytes loaded with differ-
ent dilutions of the antigen also did not give non-
specific hemagglutination. The best sensitization
with sheep erythrocytes, established by Vengris and
Mare (1971), with which the reactions are the clear-
est, 1s also confirmed in our studies.

When determining the optimal ratios between
the processed erythrocytes and the antigen against
a constant amount of hyperimmune serum 5 log,,
the highest values of the serum in the PHA (5log))
were found with the undiluted and diluted to 1:2 an-
tigen. At higher dilutions of the antigen, we did not
find a specific reaction. When setting the control for
non-specific hemagglutination using different per-
centages of erythrocytes - 0.5, 0.75 u 1.0 % we did
not find non-specific hemagglutination.

In a study with three different concentrations
of sensitized erythrocytes (1 %, 0.75 % u 0.5 %),
we did not find a statistically significant difference
(p>0,05) in the titers at a constant amount of hy-
perimmune serum. The reaction was most distinct
when using 0.5 % of the erythrocyte diagnosticum.

In the study of 12 heterologous bovine sera
positive for antibodies against bovine herpesvirus
1, we did not find positive values by PHA. In the
study of 14 goat and sheep sera with and without
treatment with a sheep erythrocyte depot, we did
not find nonspecific inhibitors and hemagglutinins.
The data from the studies of the sera in PHA were
completely consistent in the treated and untreated
sera.
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Fig. 2. Geometric mean titer (GMT) of positively reacting serological samples tested in the PHA and MVNT from 4 re-

gions of the country

When conducting comparative studies of 14
serum samples originating from several regions of
the country, through the MVNT and the PHA, we
found that 13 samples were positive in MVNT, and
14 were positive in PHA. We established a coinci-
dence of the results of the studies in the MVNT and
the PHA in 13 samples (Fig. 2).

In the study of 260 blood sera, tested in paral-
lel by MVNT and PHA, we found a coincidence of
the results in 190 serum samples. Two serum sam-
ples, negative by MVNT, showed a positive result
for antibodies against the ORF virus by PHA.

When examining positive sera treated and
untreated with erythrocyte depot, we did not find a
statistically significant difference in the results ob-
tained with erythrocyte-treated and untreated sera
by PHA. This indicates that the temperature treat-
ment of the sera is sufficient to eliminate nonspecif-
ic reactions.

The difference in titers of positive sera by
PHA, which have low or negative titers by MVNT,
is probably due to the detection of early classes of
IgM antibodies. The higher sensitivity of PHA, due
to the detection of IgM antibodies, is also discussed
in other viral diseases (Haffer et al., 1980).

Conclusion

The developed and applied PHA can be suc-
cessfully used in the diagnosis of contagious ecthy-
ma, as it is easy to perform, does not require spe-
cial equipment, and can be performed in diagnostic
laboratories without prior provision of cell cultures.
The study conducted by examining serum sam-
ples using MVNT and PHA from 12 regions of the
country affected by CE, with data on the disease,
established its widespread distribution. In the com-
parative study using the MVNT and the PHA of 260
serum samples from sheep and goats, we found a 99
% coincidence in the results of the two reactions.
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Abstract

Endophytic fungi represent an important source of natural biologically active compounds with sig-
nificant pharmaceutical and biotechnological potential. In the present study, endophytic fungi Rhizopus
stolonifer FK23 and Plectosphaerella cucumerina K14 were isolated from the roots of the medicinal plant
Chelidonium majus L. (greater celandine, family Papaveraceae), known for its antitumor, antioxidant, an-
timicrobial, and anti-inflammatory properties, and were molecularly identified. These fungi exhibited high
alkaloid-producing activity. The results showed that the extracts, particularly from R. stolonifer FK23,
possessed pronounced antioxidant activity. LC-MS analysis revealed the presence of several phenolic and
flavonoid compounds, including gallic acid, Caffeic acid, glutathionyl caftaric acid, quercetin, kaempferol,
and isorhamnetin, which likely contribute to the observed biological effects. The findings confirm the high
pharmacological potential of endophytic fungi associated with C. majus L. and indicate the feasibility of
further studies on these fungi as promising producers of natural antioxidant compounds for the develop-
ment of biopharmaceuticals.
Keywords: antioxidant activity; Chelidonium majus; endophytic fungi; LC—MS analysis; molecular iden-
tification; polyphenolic compounds

Pe3rome

EnnopurHute rp0M mpeAcTaBisABAT Ba)KEH HW3TOYHUK HA E€CTECTBEHHM OMOJIOTMYHO AaKTHBHU
CHEIMHEHUS ChC 3HAYUTENEH (hapMaIleBTUYCH U OMOTEXHOJIOTMYCH IMOTEHIIMAI. B HacTOAIIOTO M3CIieABane,
ennoputHUTe THOU Rhizopus stolonifer FK23 u Plectosphaerella cucumerina K14 0sixa u3onupaHu OT KO-
penute Ha jedeOHoTO pactenue Chelidonium majus L. (ronsim xbITypueTa, ceMeicTBo Papaveraceae),
M3BECTHO ChC CBOMTE IMPOTUBOTYMOPHH, aHTHOKCHIAHTHU, aHTUMUKPOOHH U MPOTHBOBB3NAIUTEIIHU CBOM-
CTBa, U OsIXa MOJICKYJISIpHO HAeHTU(DUIMpaHH. Te3n rp0u MPOsBABAT BHCOKA AJIKAJIOUA-ITPOITYIIHPAIA aK-
TUBHOCT. Pe3ynTarute mokassar, ue eKCTpakTUTE, 0CO0eHO OT R. stolonifer FK23, nputexasar uspaszeHa
aHTHOKCHJAHTHA aKTUBHOCT. LC-MS aHanu3bT pa3skpy HAJMUUETO Ha HIKOJIKO (PEHOTHHU U (IIaBOHOMIHU
ChEIMHEHUS], BKIIOUYMTEIHO TajioBa KUCEIIMHA, KadeeHa KUCENIMHA, TIyTaTHOHWI KadTapoBa KHUCEIHHA,
KBEPILETUH, KeMI(epoa U U30paMHETHH, KOUTO BEPOSTHO JAONPUHACAT 3a HaOMIOAaBaHUTE OMOIOTHYHU
epexTn. Pesynrarute MOTBBpXKIABAT BUCOKHS (apMaKOIOTHUEH IOTEHIMAl Ha EHAO(UTHHUTE TI'bOwH,
cebp3anu ¢ C. majus L., 1 TOKa3BaT OCHIICCTBUMOCTTA Ha MO-HATATHITHH M3CIIEIBAHUS BbPXY TE3U I'bOU
KaTo o0elaBaliy IpPOU3BOAUTENN HA €CTECTBEHN aHTUOKCUJAHTHU ChEMHEHUS 3a pa3paboTBaHe Ha OMo-
(bapMareBTHYHN TPOTYKTH.

Introduction

Endophytic microorganisms, residing with-
in plant tissues without exhibiting pathogenicity,
play a crucial role in enhancing plant resistance
to stressors and pathogens, as well as in regulat-
ing plant growth and development (Rabbee et al.,
2024). These symbionts contribute to maintaining

ecosystem balance and are considered a significant
source of biologically active compounds with a
broad spectrum of pharmacological activities (Yagi
etal., 2012; Yan et al., 2018)

In recent years, endophytes have attracted
particular attention as promising producers of nat-
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ural metabolites possessing antioxidant, antimicro-
bial, antitumor, and anti-inflammatory properties
(Pham et al., 2024). Endophytic fungi synthesize a
wide range of secondary metabolites, including al-
kaloids, terpenoids, flavonoids, phenolic acids, sap-
onins, and coumarins, many of which exhibit pro-
nounced biological activity. Interest in such natural
compounds is driven by their lower toxicity and
reduced side effects compared to synthetic analogs.

The choice of the host plant is a key step in
isolating endophytes with the potential to biosyn-
thesize pharmacologically significant compounds
(Raietal, 2021). Medicinal plants rich in secondary
metabolites and with proven therapeutic properties
are of particular interest, as their endophytes often
produce similar or structurally related substances.
One such plant is Chelidonium majus L., a peren-
nial species widely distributed across Europe, Asia,
and North America (Arora and Sharma, 2013).

In traditional medicine, C. majus is used for
its anti-inflammatory, antimicrobial, antispasmod-
ic, and antitumor properties. Its phytochemical pro-
file includes isoquinoline alkaloids (chelidonine,
sanguinarine, berberine, canadine, etc.) as well
as polyphenolic compounds - chelidonic, ferulic,
and caffeic acids, quercetin, kaempferol, and rutin
(Gracz-Bernaciak et al., 2021; Zwerger et al., 2024;
Romanu et al., 2025). The presence of these metab-
olites underlies the plant’s broad spectrum of bio-
logical activity, including pronounced antioxidant
properties, attributed to their ability to neutralize
free radicals and prevent oxidative stress - a key
factor in the pathogenesis of chronic diseases (Nile
et al., 2021; Romanu et al., 2025).

Despite abundant data on the chemical com-
position and pharmacological properties of C. ma-
jus, endophytic microorganisms associated with
this plant remain poorly studied. Only limited in-
formation is available regarding the isolation and
morphological characterization of celandine endo-
phytes, as well as their antifungal activity, ability to
produce biosurfactants, and hydrocarbon degrada-
tion potential (Marchut-Mikolajczyk et al., 2018;
Huang et al., 2019). At the same time, information
on the chemical composition, antioxidant activi-
ty, and molecular identification of C. majus endo-
phytes is extremely limited.

Previously, we demonstrated that endophytic
fungi isolated from C. majus L. exhibit pronounced
alkaloid-producing activity (Salimova et al., 2024).
Since the secondary metabolism of microorganisms
often includes the synthesis not only of alkaloids
but also of phenolic compounds with antioxidant
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properties, these strains are of interest as potential
producers of natural antioxidants. Investigating
antioxidant properties allows a comprehensive as-
sessment of the bioactive potential of endophytes
and helps identify new sources of pharmacological-
ly valuable compounds.

The present study aimed to quantitatively
evaluate the content of phenolic compounds in ex-
tracts of the endophytic fungi Rhizopus sp. FK23
and Plectosphaerella sp. FK14, isolated from the
roots of C. majus L., and to identify their major
phenolic and flavonoid components using LC-MS/
MS. Additionally, the morphological identification
of the isolated strains was performed and confirmed
by molecular analysis.

The obtained results will expand the under-
standing of the bioactive potential of C. majus en-
dophytes and confirm the feasibility of their further
study as promising producers of naturally occurring
pharmacologically relevant compounds.

Materials and Methods

Study objects

The study focused on the endophytic fungi
Rhizopus sp. FK23 and Plectosphaerella sp. FK14,
isolated from the roots of C. majus L. and select-
ed as an active alkaloid producer (Salimova et al.,
2024).

Fermentation and preparation of fungal extracts

The isolated endophytic fungi were inoculat-
ed into 500 mL Erlenmeyer flasks containing 100
mL of liquid potato-dextrose medium and culti-
vated at 28°C with shaking at 140 rpm on a rotary
shaker for 7 days (Wang et al., 2013). After incu-
bation, the biomass along with the culture medium
was lyophilized. The dried residue was ground and
extracted with ethanol at a 1:5 ratio. The result-
ing extracts were filtered, and the filtrate was con-
centrated using a rotary evaporator. Finally, | mL
of ethanol was added to the concentrated extract
(Krizhanovska et al., 2021).

Quantitative determination of phenolic metabolites

The total content of phenolic compounds in
the ethanol extracts of fungal isolates was deter-
mined using the Folin—Ciocalteu (FC) method with
minor modifications (Jakovljevic et al., 2013). To
1 mL of extract (1 mg/mL), 100 pL of 0.5 N FC
reagent (diluted with water 1:1, v/v) was added and
left for 15 minutes. Then, 2.5 mL of sodium car-
bonate solution was added and incubated at room
temperature for 30 minutes. Optical density was
measured at 765 nm using a UV—Vis spectropho-



tometer, with methanol as a blank. A calibration
curve was constructed using various concentrations
of gallic acid (10—100 pg/mL). Total phenolic con-
tent was expressed as ug of gallic acid equivalents
(GAE) per mg of dry extract.

The total flavonoid content in ethanol extracts
was determined by the colorimetric aluminum
chloride method [16]. To 1 mL of extract (1 mg/
mL), 1 mL of 2% aluminum chloride solution, and
I mL of 120 mM potassium acetate solution were
added, followed by 2.8 mL of distilled water. The
mixture was incubated at room temperature for 30
minutes. Optical density was measured at 415 nm
using a UV—Vis spectrophotometer, with methanol
as a blank. The calibration curve was prepared us-
ing quercetin (10-100 pg/mL), and total flavonoid
content was expressed as g quercetin equivalents
(QE) per mg of extract.

DPPH radical scavenging activity

The radical scavenging activity of extracts
was determined using the DPPH (1,l-diphe-
nyl-2-picrylhydrazyl) assay (Xie et al., 2009; Chan-
dra et al., 2021). Various dilutions of the aqueous
extract (100, 200, 300, 400, and 500 pg/mL) were
prepared. DPPH solution was prepared in ethanol:
I mL of 0.2 mM DPPH solution was mixed with
I mL of each extract dilution and incubated in the
dark at room temperature for 30 minutes. A mixture
of 1 mL methanol and 1 mL DPPH solution (with-
out extract) was used as a control, and ascorbic acid
served as a standard. Optical density was measured
at 517 nm. The formula was used to calculate the
percentage of free radical absorption activity: %
activity = (Ac — As)/Ac x 100, where Ac is the ab-
sorption of the control and As is the absorption of
the extract.

IC50 (Effective concentration that scavenged
50%) was calculated by probit analysis, and the re-
sult was expressed in pg/mL of fungal extract.

Hydrogen peroxide scavenging activity

The antioxidant activity of fungal extracts
against hydrogen peroxide was assessed accord-
ing to (Chandra et al., 2021). A hydrogen peroxide
solution (40 uM) was prepared in phosphate buffer
(50 mM, pH 7.4). The concentration of hydrogen
peroxide was determined by measuring optical den-
sity at 230 nm using a spectrophotometer. Fungal
extracts (100, 200, 300, 400, and 500 pg/mL) were
added to the hydrogen peroxide solution, and after
10 minutes, the optical density was measured at 230
nm relative to the blank (phosphate buffer without
HIJOLJ). Ascorbic acid was used as a standard anti-
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oxidant. The scavenging percentage was calculated
as: The percentage of hydrogen peroxide absorp-
tion was calculated as follows: absorbed H,O, (%)
= [(Ai -At)/Ai] x 100, where Ai is the absorption
capacity of the control, and At is the absorption ca-
pacity of the tested samples. EC50 (Effective con-
centration that scavenged 50%) was calculated by
probit analysis, and the result was expressed in pg/
mL of fungal extract.

Determination of total antioxidant capacity (TAC
assay)

The analysis was conducted using the meth-
od of Zheng and others (Zheng et al., 2019) with
minor modifications. The method is based on the
reduction of Mo(VI) to Mo(V) by metabolites,
forming a green phosphate—molybdenum complex
under acidic conditions. An aliquot of 0.1 mL of
each solution (concentrations 100-500 pg/mL) was
mixed in a test tube with 1 mL of the reagent solu-
tion (0.6 M sulfuric acid, 28 mM sodium phosphate,
and 4 mM ammonium molybdate) and incubated at
95 °C for 90 minutes with tightly closed caps. Af-
ter cooling to room temperature, the optical density
was measured at 695 nm against a blank using a
UV-5100 spectrophotometer (China).

LC-MS/MS analysis

Reverse-phase nano-LC-MS/MS was per-
formed using an Agilent 1200 nano-flow LC sys-
tem coupled to a CHIP-Q-TOF mass spectrometer
(Agilent Technologies, 6520B series). The sample
was fractionated on an Agilent 1200 chromatograph
equipped with a Zorbax SB C18 chip (5 um, 75 um
% 43 mm). The mobile phase consisted of: A—0.1%
formic acid + 5% acetonitrile, and B — acetonitrile
+ 0.1% formic acid + 10% deionized water. Sam-
ple loading was carried out on an Agilent 1260 Cap
Pump at a flow rate of 4 pl/min. Elution was per-
formed using an Agilent 1260 Nano Pump at a flow
rate of 0.6 pl/min. The gradient of mobile phase B
was programmed as follows (time in minutes): 0%
(0-3 min), 60% (12—18 min), and back to 0% (20
min) (Abdulmyanova et al., 2025).

Morphological and cultural analysis of strains
Morphological and cultural identification of
fungal strains was performed based on a combina-
tion of macro- and microscopic features according
to keys and manuals on micromycete systematics
(Alsohaili and Bani Hasan, 2018). Fungi were cul-
tivated on standard PDA (Potato Dextrose Agar)
medium at 25 £ 2°C for 7-10 days. Colony charac-
teristics such as color, shape, structure, growth, and
reverse side were assessed. Hyphae, conidiophores,



sporulation, conidia, and other characteristic struc-
tures were analyzed under a light microscope at
x400-1000 magnification. Identification was per-
formed to the genus or species level based on mor-
phological traits and comparative literature data.

Genomic DNA extraction and PCR amplification

Genomic DNA (gDNA) was extracted from
fungal cultures using an optimized cetyltrimethyl-
ammonium bromide (CTAB)-based protocol adapt-
ed for filamentous fungi of the genera Rhizopus,
Fusarium, Plectosphaerella, and Aspergillus. This
method was selected due to its high efficiency in ob-
taining high-quality, high-molecular-weight DNA
suitable for subsequent applications, including
PCR amplification and sequencing (Carter-House
et al., 2020).

Fungal genomic DNA was used for PCR am-
plification of the internal transcribed spacer (ITS)
region using universal primers ITS1 (5-TCCG-
TAGGTGAACCTGCGG-3') and ITS4 (5'-TC-
CGTAGGTGAACCTGCGG-3"), as described by
White (White et al., 1990). These primers are wide-
ly used for fungal identification through ITS region
amplification. PCR reactions were performed using
GenPak® PCR MasterMix in a total volume of 20
pL. Each reaction contained 10 pL of 2x Master-
Mix, 8.2 uL of nuclease-free water, 0.4 pL of for-
ward and reverse primers, and 1 pL of template
DNA. Thermal cycling conditions were optimized
as follows: initial denaturation at 95°C for 7 min-
utes; 35 cycles of denaturation at 94°C for 45 s, an-
nealing at 58°C for 45 s, and elongation at 72°C
for 90 s; final elongation at 72°C for 10 minutes.
After amplification, PCR products were analyzed
by electrophoresis on a 1% agarose gel stained with
ethidium bromide. This step allowed visualization
and confirmation of the expected amplicon sizes
under UV illumination. Partial ITS sequences ob-
tained from fungal isolates were analyzed using the
NCBI BLASTn tool.

Statistical analysis

All experiments were performed in triplicate,
and the data were expressed as mean £ SEM (n =
3). Statistical differences were evaluated using Stu-
dent’s t-test at p < 0.05.

Results and Discussion

Total phenolic and flavonoid content in Rhizopus
sp. FK23 and Plectosphaerella sp. FK14

Phenolic compounds and flavonoids are ef-
fective antioxidants capable of neutralizing reactive
oxygen species and preventing the development of
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oxidative stress (Huyut et al., 2017; Hassanpour
and Doroudi, 2023). According to the data present-
ed in Table 1, both endophytic strains isolated from
C. majus L. exhibited high levels of phenolic and
flavonoid compounds.

Table 1. Content of phenols and flavonoids in ethanolic
extracts of endophytic fungi (M+m, n=3).

Total Total
Isolate phenols flavonoids
(ug GAE/mg  (ug QE/mg
dry extract)  dry extract)
Plectosphaerella sp.
FK14 40.6+0.13 170.7£1.40
Rhizopus sp. FK23 43.7+0.21 184.3+0.75

The strain Rhizopus sp. FK23 showed the
highest phenolic content (43.7 + 0.21 ug GAE/mg)
and flavonoid content (184.3 £ 0.75 pg QE/mg),
slightly surpassing the values for Plectosphaerella
sp. FK14 (40.6 +0.13 ug GAE/mg and 170.7 + 1.40
pug QE/mg, respectively). The obtained values are
comparable to or exceed data for endophytes from
other medicinal plants, indicating the pronounced
antioxidant potential of the studied fungi (Da Rocha
et al., 2020). For example, in a study on endophytic
fungi from Vernonia amygdalina, the total pheno-
lic content ranged from 0.53 to 116.03 mg GAE/g
of extract, while flavonoids ranged from 81.12 to
390.21 mg QE/g of extract (Praptiwi et al., 2020)

The data obtained indicate that the phenolic
and flavonoid content in the extracts of the endo-
phytic fungi Rhizopus sp. FK23 and Plectosphaer-
ella sp. FK14 is comparable to or exceeds the val-
ues reported in the literature, confirming the high
biological potential of these strains. The high ac-
cumulation of flavonoids in C. majus endophytes
may reflect their activity in the synthesis of sec-
ondary metabolites and metabolic adaptation to the
chemical composition of the host plant. During the
flowering period of C. majus, the phenolic and fla-
vonoid contents in plant tissues were 17.8 + 1.59
mg/g and 69.7 + 0.86 mg/g dry weight, respectively
(Khodabande et al., 2017), whereas another study
reported 60.96 mg GAE/g and 291.58 mg QE/g in
methanolic plant extracts (Jakovljevic et al., 2013).

The pronounced accumulation of phenolic
metabolites by endophytes is likely associated with
metabolic adaptation to the phenolic profile of the
host plant and the involvement of these compounds
in antioxidant protection, highlighting their poten-
tial as sources of natural bioactive compounds with
pharmacological significance.



Identification of polyphenolic compounds in
endophytic fungal extracts by LC-MS/MS
LC-MS/MS analysis of the endophytic fun-
gal extracts isolated from C. majus L. revealed the
presence of a range of polyphenolic compounds, in-
cluding hydroxybenzoic and hydroxyphenylpropi-
onic acids, flavonols, hydroxycoumarins, and naph-
thoquinones (Table 2). The detected metabolites are
known as biologically active compounds involved
in antioxidant, antimicrobial, and cytoprotective
activities from various natural sources (Scalbert et
al., 2005). Their presence in endophyte metabolites
indicates the fungi’s ability to synthesize secondary
metabolites analogous to the phenolic components
of the host plant (Ratnaweera and De Silva, 2017).
Gallic acid (C H,0O,) and dihydrocaffeic acid
(C,H,,0,) belong to low-molecular-weight phenolic
acids with pronounced antioxidant properties. Gallic
acid effectively scavenges free radicals and inhib-
its lipid peroxidation (Badhani et al., 2015). It also
exhibits antibacterial activity against a broad spec-
trum of pathogenic microorganisms (Sorrentino et
al., 2017). Previous studies have reported that endo-
phytic Phomopsis sp. isolated from Acer ginnala is
capable of producing gallic acid (CN101280279A)
(Zhan et al., 2008). Dihydrocaffeic acid (DHCA), a
microbial metabolite of chlorogenic acid, has been

reported to possess strong antioxidant and hepato-
protective properties. It significantly reduced reac-
tive oxygen species (ROS) generation in HepG2
liver cells exposed to oxidative stress and prevented
cellular cytotoxicity and macromolecular damage
(Baeza et al., 2016). The presence of these com-
pounds in C. majus endophyte extracts may contrib-
ute to their overall antioxidant activity and enhance
fungal tolerance to environmental stress.

Among the detected flavonols, there were
quercetin, kaempferol, and their glycosidic deriv-
atives — well-known natural antioxidants with a
wide spectrum of biological activities (Jan et al.,
2022). Quercetin exhibits pronounced anti-inflam-
matory and anticancer effects through the inhibition
of NF-kB and MAPK signaling pathways (Min et
al., 2007). Kaempferol is characterized by antican-
cer activity and the ability to reduce reactive oxygen
species levels (Shahbaz et al., 2023). Isorhamnetin,
a methylated analog of quercetin, is known for its
cardioprotective properties (Gong et al., 2020). The
presence of glycosidic forms of these flavonols in-
dicates the metabolic flexibility of endophytes and
their ability to perform glycosylation, enhancing the
solubility and bioavailability of these compounds
(Singh et al., 2021).

Thus, the identified phenolic compounds not

Table 2. Mass spectrometry analysis of endophytic fungi extracts

No. Proposed compounds Molecular Formula ~ RT (min) 'Mc.)de .Of Mole.cular Observed
ionization Weight (m/z)
FK14
Phenolic acid:
Hydroxycinnamic acids
1 Caffeic acid glycoside C,H,0O, 1.678 [M-H] 342.298 341.258
2 Glutathionyl caftaric acid C,H,N.O.S 15.173 [M+H]* 617.537 617.47206
Flavonoids:
Flavonols
3 Quercetin triglycoside C,H, O, 3.514 [M+H]* 626.516 627.37251
4  Isorhamnetin CH.O, 12.543 [M-HJ 316.2623 315.17849
5  Kaempferol glucoside C,H,0, 15.934 [M-HJ 448.3769  447.25608
6  Kaempferol triglucoside C,H, 0, 19.555 [M-H] 772.6581 771.49655
FK23
Hydroxybenzoic acid
7 Gallic acid C.H,O, 1.690 [M+H]*  170.1195  171.10967
Hydroxyphenylproponoic acid
8  Dihydrocaffeic acid CH, 0, 2.153 [M+H]* 182.1733 182.1075
Flavonoids:
Flavonols
9  Isorhamnetin glucoside C,H, O, 18.013 [M-H] 477.395 476.348

Note: RT (min) — retention time in minutes. Ionization mode: [M—H]" — negative mode, [M+H]" — positive mode. MS/MS
product ion values correspond to fragment ions, confirming the structural identity.
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only reflect the metabolic relationship between the
fungus and its host plant but also demonstrate the
potential of C. majus L. When comparing our re-
sults with previous studies, it was found that the
phenolic and flavonoid content of endophytic fun-
gi isolated from Vernonia amygdalina significantly
influences their biological activity (Praptiwi et al.,
2020). Endophytes as promising producers of natu-
ral antioxidants and prototypes for the development
of new pharmaceutical agents.

Antioxidant activity of endophytic fungal extracts

The study of endophytic microorganisms as-
sociated with medicinal plants is one of the most
promising areas in modern biotechnology and phar-
macognosy, as these microorganisms have high po-
tential as sources of novel bioactive compounds
with therapeutic effects. For instance, according to
patent No. US7192939B2, endophytic Pestalotiop-
sis microspora isolated from Terminalia moroben-
sis produces novel compounds with antioxidant and
antimycotic activities (Strobel et al., 2007). Despite
this, information on endophytes isolated from C.
majus L. and the spectrum of their biological activ-
ities remains limited.

In addition to alkaloids, the main compo-
nents of C. majus are phenolic compounds and
flavonoids, which exhibit pronounced antioxidant
activity. These compounds effectively neutralize
free radicals and reactive oxygen species (ROS),
thereby reducing oxidative stress - a key factor in
the development of chronic diseases, including car-
diovascular, oncological, and neurodegenerative
disorders (Nile ef al., 2021).

To assess the antioxidant potential of metab-
olites produced by endophytic fungi, the DPPH
(2,2-diphenyl-1-picrylhydrazyl) assay was used,
which is based on the ability of samples to reduce
a stable free radical. This method is widely applied
in pharmacology and food chemistry as a standard
approach for screening the antioxidant activity of
natural compounds.

In the DPPH assay, extracts from the fruit peel
and leaves of C. majus showed activities of 45.46%
and 41.61%, respectively, indicating their potential
antioxidant effect. The flowers of the plant demon-
strated the highest antioxidant activity (46.82%) in
the phosphomolybdenum assay (Nile ef al., 2021).

As shown in Figure 1, the antioxidant activ-
ity of methanolic extracts of both isolates, Plecto-
sphaerella sp. FK14 and Rhizopus sp. FK23 — in-
creased in a dose-dependent manner, similar to the
standard (ascorbic acid). The maximum free radical
scavenging effect was observed at a concentration
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of 500 pg/mL: Rhizopus sp. FK23 — 66.67%, Plec-
tosphaerella sp. FK14 — 64.36%. The standard

(ascorbic acid) exhibited slightly higher activity —
70.11%.
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Fig. 1. Free radical scavenging activity of endophytic
fungi measured by the DPPH assay (n = 3)

The development of most diseases, such as
cardiovascular disorders, malignancies, and inflam-
matory conditions, is accompanied by the activation
of lipid peroxidation induced by free radicals. Hy-
drogen peroxide easily penetrates cell membranes
and reacts with intracellular Fe*" and sometimes
Cu?* ions, leading to the formation of hydroxyl rad-
icals. This results in multiple toxic effects.

As shown in Figure 2, the FK23 and FK14
strains exhibited a strong ability to scavenge hydro-
gen peroxide, which was also dose-dependent. The
highest H, O, scavenging activity was observed at
a concentration of 500 pg/mL - 64.3% and 62.1%,
respectively. The control (ascorbic acid) showed
slightly higher activity - 72.41%. An endophyt-
ic fungus isolated from Cordia dichotoma also
demonstrated antioxidant activity, confirmed by the
H,0, scavenging assay. The MCS2 isolate showed
the highest activity, with an IC, value of 149.51 +
0.2 pg/mL (Sharma et al., 2023).

Both strains — FK23 and FK14 — also ex-
hibited a concentration-dependent total antioxidant
capacity (TAC) in protecting against free radi-
cal-induced damage. The highest TAC value was
observed for P. cucumerina FK14 (204.76 EAA/
ug) compared to R. stolonifer FK23 (182.61 EAA/
ug) at a concentration of 500 ug/mL (Fig. 3). For
comparison, the endophyte Aspergillus tubingen-
sis ASH4, isolated from Hyoscyamus muticus, was
analyzed for TAC and TPC using the phosphomo-
lybdenum method, with values ranging from 111.66
to 880.66 mg AAE/g of dry extract (El-Hawary et
al., 2020).
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Fig. 3. Assessment of the total antioxidant capacity of en-
dophytic fungi using the phosphomolybdate method (n=3)

A comparative assessment of the antioxidant
activity of fungal extracts was performed based on
IC,, values - the concentration required to neutral-
ize 50% of free radicals. As shown in Figure 4, the
IC,, values for R. stolonifer FK23 in all three assays
(DPPH, TAC, H,O,) were lower than those for P
cucumerina FK14 and also lower than the standard
(ascorbic acid). This indicates a higher antioxidant
efficiency of R. stolonifer FK23 extracts, likely as-
sociated with the presence of phenolic compounds,
flavonoids, and certain alkaloids with pronounced
antioxidant properties.
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Fig. 4. 1C, antioxidant activity of endophytic fungi
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The antioxidant activity observed in the pres-
ent study is consistent with previous reports on en-
dophytic fungi. For instance, endophytic fungi iso-
lated from Eugenia jambolana had high phenolic
content (36% of the extracts), and these exhibited
strong antioxidant activity. Strains of Chaetomi-
um sp., Aspergillus sp., Aspergillus peyronelii, and
Aspergillus niger showed the highest antioxidant
activity, ranging from 50% to 80%, while the total
phenolic content was determined to be in the range
of 58—-60 mg/g GAE (Yadav et al., 2014).

Moreover, crude extracts of endophytic fungi
isolated from Dillenia indica L. demonstrated anti-
oxidant activity ranging from 50% to 90% in DPPH
and H,0, assays. The inhibition percentage of eth-
yl acetate extracts ranged from 34.05% to 91.5%,
while IC, values varied from 72.2 to 691.14 pg/mL
(Kumar and Prasher, 2023). Endophytic fungi from
Calotropis procera also showed significant anti-
oxidant potential, with DPPH scavenging activity
up to 68.86%, which strongly correlated with phe-
nolic content (Rani et al, 2018). In another study,
Pestalotiopsis neglecta exhibited a low IC, value
of 36.6 ng/mL, indicating high antioxidant efficien-
cy (Almustafa and Yehia, 2023).

Overall, the antioxidant activity of endophyt-
ic fungi reported in the literature typically ranges
from 35% to 80% in assays, which is comparable to
the results obtained in the present study.

Morphological and cultural identification of
endophytic fungi Plectosphaerella sp. FK14 and
Rhizopus sp. FK23

The morphological and cultural characteris-
tics of the endophytic fungi Plectosphaerella sp.
FK14 and Rhizopus sp. FK23 were examined to
clarify its taxonomic position. The study was car-
ried out by culturing the isolates on Potato Dextrose
Agar (PDA) under optimal temperature conditions.

Both strains exhibited characteristic morpho-
logical and cultural features corresponding to their
respective genera. The strain Plectosphaerella sp.
FK14 formed white or yellowish colonies with a
floccose or velvety texture, moderate growth rate,
and hyaline septate mycelium. In contrast, Rhizo-
pus sp. FK23 showed rapid growth, abundant aerial
mycelium, and produced typical dark sporangia
containing numerous oval sporangiospores. The
main morphological and cultural characteristics of
the endophytic fungi are presented in Table 3.

These morphological characteristics indicate
the genera Plectosphaerella and Rhizopus. In ad-
dition to classical identification, molecular-genetic
identification was performed, which allowed the
species of the strains to be established.



Table 3. Morphological and cultural characteristics of endophytic fungi Plectosphaerella sp. FK14 and Rhizopus sp.

FK23

Characteristic Plectosphaerella sp. FK14

Rhizopus sp. FK23

Culture medium

Colony color White to yellowish

Potato dextrose agar (PDA)

Potato dextrose agar (PDA)

Initially white, later grayish-brown to

black
Colony texture Fl'occose to velvety, becoming denser Soft, densely covered with aerial myceli-
with age um
Reverse color Pale yellow Colorless to light brown
Mycelium type Hyaline, septate, branched Coenocytic (non-septate), branched
Hyphal diameter 5-15 um 2-4 um
Conidiophores/ Short, simple, or occasionally branched, . . .
Sporangiophores arising directly from hyphae Branched, bearing spherical sporangia
- Ellipsoidal to cylindrical, smooth-walled, Oval to ellipsoidal, smooth-walled, 4-8 x
Conidia / Spores

5-10 x 2-3 pm

Spore color Spore color

Sporangium size

Optimal growth conditions 27-28 °C, pH 6.5-7.0

3-6 um
Initially colorless, turning light brown
upon maturation

80-250 um in diameter

28-30 °C, high humidity

Note: Morphological characteristics were determined after 7 days of cultivation on PDA under standard laboratory conditions

Molecular identification of endophytes

Genomic DNA (gDNA) was extracted from
all pure isolates of the endophytic fungi Plectos-
phaerella sp. FK14 and Rhizopus sp. FK23 used
the CTAB method, which proved effective for all
samples.

The strain Rhizopus sp. FK23 showed 100%
similarity with R. stolonifer, while Plectosphaerel-

la sp. FK14 exhibited 99.8% similarity with P. cu-
cumerina. The obtained data were compared with
database entries, and a phylogenetic tree of the
strains was constructed using the neighbor-joining
method in the MEGA software.

The strains were registered in the NCBI data-
base as R. stolonifer FK23 (PQ569160) and P. cuc-
umerina FK14 (PQ669676) (Fig. 6).

.

Fig. 5. Plectosphaerella sp. FK14: (A — colonies 3 days old; B — colonies in liquid medium; C — microphotographs of
sporangiophores and conidia); Rhizopus sp. FK23: (D — colonies 3 days old; E — colonies in liquid medium; F — micro-

photographs of sporangiophores and conidia). x400—1000.
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0.016

0.008

0.011

NR 155614.1 Plectosphaerella melonis CBS 489.96 ITS region
OW985826.1 Plectosphaerella melonis

NR 158920.1 Plectosphaerella sinensis ACCC 39145 ITS region
JX508810.1 Plectosphaerella oligotrophica strain LC1990 ITS
HQ238975.1 Plectosphaerella plurivora strain Plect365ITS
PQ669676 Plectosphaerella cucumerina strain FK14 ITS

NR 171712.1 Plectosphaerella cucumerina CBS 131739 ITS
ON500611.1 Plectosphaerella cucumerina strain WWS108 ITS

ON500603.1 Plectosphaerella cucumerina strain ZHR97

0.008
|_ JX508806.1 Plectosphaerella oligotrophica strain LC1990 28 S rRNA

0.466

0.014

0.008

0.005

0.000

0.000

0.102

0.313

Iﬂ KY662248.1 Plectosphaerella plurivora strain CBS 131742 28S rRNA

MF491636.1 Rhizopus delemar isolate F2 small ITS
KY628942.1 Rhizopus delemar isolate MU1 ITS
GU594768.1 Rhizopus oryzae strain 783018 ITS
KJ634088.1 Rhizopus oryzae isolate 853576 ITS
PP384608.1 Rhizopus arrhizus strain AHO2E02 ITS

—T PQ669160 Rhizopus stolonifer strain FK23 ITS
oo PP385442.1 Rhizopus arrhizus strain SD20A01 ITS

—— MH746762.1 Rhizopus stolonifer strain iso5 TS
o |: MK989600.1 Rhizopus stolonifer isolate F153 ITS
NR 149337.1 Rhizopus microsporus var. chinensis CBS 631.82I1TS

KT737216.1 Rhizopus microsporus isolate NF3 ITS

Fig. 6. Phylogenetic tree showing rDNA-based (ITS region) molecular taxonomy and phylogenetic analysis of bioactive
endophytes: A — P. cucumerina FK14, B — R. stolonifer FK23

Conclusion

Thus, the results of the present study confirm
that the endophytic fungi R. stolonifer FK23 and
P cucumerina FK14 possess significant antiox-
idant properties and can be considered promising
sources of novel biologically active compounds.
Endophytes isolated from C. majus L. demonstrate
substantial therapeutic potential, opening prospects
for the development of effective pharmaceutical
formulations based on them. It should be noted that
this study is the first to investigate the bioactivity of
endophytic fungi isolated from C. majus L. grow-
ing in Uzbekistan. The data obtained expand our
understanding of the metabolic potential of endo-
phytes from medicinal plants of Central Asia and
provide a foundation for their further use as produc-
ers of secondary metabolites with antioxidant and
therapeutic activity.
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Abstract

ESKAPE pathogens are six multidrug-resistant bacteria that pose serious public health risks and are
difficult to treat. This study evaluated the prevalence of ESKAPE pathogens and antimicrobial resistance
profiles. A cross-sectional study was conducted in Lagos, collecting 500 samples from clinical (n = 350),
environmental (n = 100), and animal (n = 50) sources between December 2023 and February 2024. The
samples were analyzed, and standard methods were used for antibiotic susceptibility testing. RT-PCR was
used to detect resistance (blag,, bla,, , bla,,. bla,,, . bla, ) and virulence gene (ompA, toxA, magA,
gelFE) markers. A prevalence of 7.6% (38/500) ESKAPE pathogens was recorded, with source rates of
5.4% clinical, 10% animal, and 14% environmental samples. Pseudomonas aeruginosa was 100% resistant
to cefepime and cefoxitin and 92.3% to vancomycin. Klebsiella pneumoniae exhibited 100% resistance
to cefepime, and Enterococcus faecium was 100% resistance to vancomycin. Staphylococcus aureus and
Enterobacter spp. were resistant to multiple antibiotics. ESKAPE pathogens showed 28 antibiotic resist-
ance patterns, with P. aeruginosa predominantly exhibiting CIP-VA-AUG-CAZ-CPM-MEM-FOX pattern.
Four isolates from clinical samples, two each from Acinetobacter baumannii and P. aeruginosa) produced
AmpC. ESKAPE pathogens were multidrug-resistant, with over 70% showing a Multiple Antibiotic Re-
sistance (MAR) index greater than 0.5. Acinetobacter baumannii strain harboured extended-spectrum be-
ta-lactamases (ESBL) and carbapenemase genes, while an environmental K. pneumoniae strain had the
bla,,, ., gene and the virulence genes ompA, magA, and toxA. The study underscores the urgent need for
improved surveillance and targeted strategies to combat these resistant ESKAPE pathogens and their gene
expression across different sources.
Keywords: ESKAPE, pathogens, antimicrobial resistance, virulence genes

Pesrome

[Tarorenure ESKAPE ca mect MyATHpPEe3UCTEHTHH OakTepUH, KOUTO NPEACTaBISIBAT CEPUO3HU
PHCKOBE 3a 00IIECTBEHOTO 37[paBe U ca TPYIHU 3a JedeHne. ToBa mpoy4BaHe OLEHIBA Pa3IpOCTPAHEHUETO
Ha marorenute Ha ESKAPE u npodunure Ha anTuMuKpoOHa pe3ucteHTHOCT. B Jlaroc e mpomeaeHo
HalpeyHo NpoyyBaHe, karo ca cbOpanu 500 mpobu ot kaumHM4yHM (n = 350), exonornynu (n = 100) u
*UBOTUHCKH (n = 50) uzrounumm mexay aexkemspu 2023 1. u ¢peBpyapu 2024 r. [IpoOute ca aHanu3upanu
U ca U3IO0JI3BaHU CTaHJApTHU METOAM 3a TECTBaHE HAa YyBCTBUTEIHOCT KbM aHTUOMOTHUIM. M3non3Bana e
RT-PCR 3a orkpuBane Ha Mapkepu 3a pesucteHTHOCT (blaSHV, blaTEM, blaKPC, blaOXA-48, blaIMP) u
TeHH 32 BUPYJICHTHOCT (ompA, toxA, magA, gelE). Peructpupana e paznpocrpaneroct ot 7.6% (38/500)
Ha natorenu Ha ESKAPE, ¢ npouent Ha u3tounuk ot 5.4% knuHuyHu, 10% xuBoTuHCKU U 14% eko-
JOTHYHU 1podu. Pseudomonas aeruginosa e 100% pe3ucteHTeH KbpM 1edenuM 1 nedokcutud u 92.3%
KbM BaHKoMULIUH. Klebsiella pneumoniae nokxaszea 100% pe3ucteHTHOCT KbM Lieernum, a Enterococcus
faecium e 100% pe3ucTeHTeH KbM BaHKOMULIUH. Staphylococcus aureus u Enterobacter spp. ca pe3UCTEHT-
HU KbM MHOkecTBO aHTHOHOTHIIM. ESKAPE marorenute mokassar 28 mozena Ha aHTUOMOTUYHA Pe3uC-
TEHTHOCT, Kato P. aeruginosa npeaqumuo nposiesisa CIP-VA-AUG-CAZ-CPM-MEM-FOX monen. Uetupu
n3ojara OT KJIMHUYHHU MPoOH, 1Mo JBa OT Acinetobacter baumannii u P. aeruginosa, nponyuupar AmpC.
ESKAPE narorenure ca MyaTHpe3UCTeHTHH, KaTo Haj 70% moka3BaT MHAEKC Ha MHOXKECTBEHA aHTUOHO-
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tuuHa pe3ucTeHTHOCT (MAR) mo-romsm ot 0,5. HlambT Acinetobacter baumannii € mpuTexaBayl TeHU 3a
Oera-makramasu ¢ mupok ciuekTsp (ESBL) u kapbanenemaswu, qokarto mam Ha K. prneumoniae OT OKOJTHATA
cpena e uman rera blaOXA-48 u renuTe 3a BUpYJeHTHOCT ompA, magA u toxA. [IpoyuBaHeTo momuepra-
Ba HEOTJIOXKHATA HEOOXOAUMOCT OT OJOOPEHO HAOIIOCHNE U 1IeJICHACOYCHH CTpaTeruu 3a 6opoda ¢ Te3u
pesucrenTH ESKAPE natorenu u TsxHata reHHa €KCIIpecusi B pa3InyHU U3TOUHHULIH.

Introduction

The Centers for Disease Control and Preven-
tion (CDC) has stated that ESKAPE bacteria pose a
significant global health threat due to their potential
to raise morbidity and mortality rates in infected
individuals (Loyola-Cruz et al., 2023). These path-
ogens can lead to longer hospital stays and higher
costs for both patients and the healthcare system.
(Catalano et al., 2023). In 2008, the term ESKAPE
was introduced to describe a group of pathogens
that can “escape” the lethal effects of antibiotics.
(Rice, 2008). The pathogens include Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species, which are
among the leading causes of potentially fatal infec-
tions, and it 1s widely acknowledged that they can
develop and transmit antibiotic resistance (Santa-
jit and Indrawattana, 2016; Mulani et al., 2019).
Furthermore, to guide the development of new an-
tibiotics, the World Health Organization (WHO)
recently established a global priority list of antibi-
otic-resistant pathogens. Among the critical priori-
ties is the Enterobacterales order, which includes
several antibiotic-resistant organisms, such as
those resistant to third-generation cephalosporins
(Shrivastava et al., 2018; Benké et al., 2020). As
a result, the entire Enterobacterales group is often
categorized within the ESKAPE group of bacteria
in various publications (Denissen et al., 2022). De-
spite a recent rise in awareness of the issue, there is
a lack of data on the prevalence of healthcare-as-
sociated infections (HCAISs) in veterinary medicine
compared to human medicine (Stull and Weese,
2015). Nevertheless, the increasing importance of
animal healthcare-associated infections (HCAIs) in
modern veterinary practice, infection control meas-
ures are still in their early stages (Walther ef al.,
2017). This is particularly true for companion ani-
mals, such as dogs, cats, and horses, where grow-
ing research has documented nosocomial outbreaks
of various etiologies. These outbreaks are often
complicated by the zoonotic and antibiotic-resist-
ant traits of the involved microorganisms (Walther
et al., 2017). The presence of ESKAPE pathogens
in the environment can be attributed to various
human activities, such as swimming, bathing, im-
proper hospital waste disposal, sewage spills, and
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agricultural runoff (Hrenovic et al., 2017; Amar-
asiri et al., 2020). Additionally, these pathogens
have been found in beach sand and intertidal wa-
ters (Akanbi ef al., 2017). Industrial and municipal
wastewater systems act as reservoirs for ESKAPE
pathogens, which aid in their environmental spread
(Gwenzi, 2020). Soils affected by human activities
and dumping sites can also contain these patho-
gens, promoting their transmission and persistence
(Amarasiri et al., 2020). Furthermore, ESKAPE
pathogens can contaminate vegetables (Ebomah
and Okoh, 2020), raw or prepared foods (Verraes et
al., 2013), and water sources, including irrigation,
groundwater, and drinking water systems, posing
risks to both animal and human health (Ebomah
and Okoh, 2020). For these reasons, this study aims
to investigate the prevalence of multidrug-resistant
ESKAPE pathogens in humans, animals, and the
environment, including food, in Lagos, Nigeria.

Materials and Methods

Study design, place, duration

This cross-sectional study was done to as-
sess the prevalence of ESKAPE pathogens from
different sources in Lagos, Nigeria. A total of 500
samples were collected from different sources, in-
cluding clinical, abattoir and environmental, from
December 2023 to February 2024.

Samples collection

Clinical samples, including oral swabs,
wound swabs, sputum, and urine, were random-
ly collected from patients involved in this study
at two prominent hospitals in Lagos State: Lagos
State University Teaching Hospital (LUTH) and
Badagry General Hospital (BGH). The samples
were sourced from individuals aged eighteen and
older, of both genders, who had been hospitalized
for at least 14 days. In total, the study comprised
350 patient samples collected aseptically by labora-
tory scientists from these facilities. Additionally, 50
samples of hospital effluent and Mazamaza Lagoon
were gathered from various locations on different
days at the lagoon and two hospitals. At Cele Ab-
attoir, Otto Awori and Oko Oba, veterinary doctors,
collected 100 cow rectal swabs using sterile swab
sticks.



Sample processing and identification of ESKAPE
isolates

A total of 200 urine samples underwent visual
assessment for quality, emphasizing colour, clarity,
and any particulate matter. Turbid samples or those
with visible sediment were centrifuged to concen-
trate potential pathogens. Approximately 5 ml of 50
blood samples were obtained from patients show-
ing clinical signs of chronic septicemia. The sam-
ples were obtained and placed in a sterile container
with 50 ml of thioglycolate broth, maintaining a
blood-to-broth ratio of 1:10. Blood culture bottles
were incubated at 37°C and checked daily after 48
hours for 5 days. Indicators of microbial growth
included turbidity, hemolysis, gas formation, or
colour changes. If no growth was detected within
7 days, the result was considered negative. Upon
visible growth, a small amount of broth was asep-
tically withdrawn and subcultured. Forty sputum
samples were homogenized to ensure even patho-
gen distribution. Fifty wound swab samples and ten
oral swabs were aseptically collected with sterile
forceps and placed in sterile saline for the elution of
the collected material. These samples were initial-
ly cultured on selective agars, such as MacConkey
(HIMEDIA, Mumbeai, India), Bile aesculin (Tintan
media, Rajasthan, India) from Hardy Diagnostics,
Mannitol salt (HiMedia Laboratories Pvt. Ltd., In-
dia) and Cetrimide agar (HiMedia Laboratories Pvt.
Ltd., India). Colonies of interest were then further
cultured on Blood agar and Muller Hinton agar to
assess hemolysis and pigmentation, with all plates
incubated at 37°C for 18-24 hours for growth eval-
uation. Isolate identification was conducted using
standard bacteriological techniques, focusing on
morphology, colony characteristics, hemolysis, and
pigment production. Additionally, 50 hospital efflu-
ent samples, each comprising 100 ml of water from
various sites, were collected and mixed with 90 ml
of Tryptone Soya Broth, then incubated aerobically
at 37°C for 24 hours. A 100 pL aliquot of the bac-
terial suspension was streaked onto selective agar
plates, which were incubated aerobically at 37°C
for 24-48 hours. Animal samples were collected
with sterile swabs and sent to the Microbiology Re-
search Laboratory at Lagos State University, where
isolates were identified following the methods out-
lined (Chika et al., 2018), Additional identification
techniques included Gram staining and various bio-
chemical tests, such as the Triple Sugar Iron (TSI)
test, catalase test, oxidase test, citrate utilization,
indole production, and urea hydrolysis (Yang et al.,
2021).
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Antimicrobial susceptibility testing

Susceptibility testing was conducted using
the disc diffusion method following the Clinical
and Laboratory Standards Institute Guidelines. An-
tibiotic discs from Mast (Mast Diagnostics, Mer-
seyside, UK) were utilized, including cefepime
(30pg), augmentin (30 pg), ceftriaxone (30 pg),
cefotaxime (30 pg), imipenem (10 pg), colistin sul-
fate (10 pg), ciprofloxacin (5 pg), gentamicin (10
ug), and tigecycline (15 pg). Results were interpret-
ed by measuring the diameters of inhibition zones.
When VETO1S breakpoints were not available, hu-
man breakpoints were used, and the diameter zones
of inhibition were evaluated according to the guide-
line’s performance standards. The control strain
used for the testing was Escherichia coli ATCC
25922. To identify multidrug-resistant ESKAPE
pathogens, organisms that showed resistance to at
least three different classes of antibiotics were se-
lected (Bayot and Bragg, 2024).

Phenotypic identification of AmpC beta-lactamase
(AmpC) and extended-spectrum beta-lactamase
(ESBL)

The identification of ESBL-producing iso-
lates was carried out phenotypically using the dou-
ble disc synergy test (El Aila et al., 2023). This
method involved inoculating a test organism on a
Mueller-Hinton agar (Oxoid, U.K.) plate. Four an-
tibiotic discs, ceftriaxone (30 pg), cefotaxime (30
ng), ceftazidime (30 pg), and amoxicillin/clavulan-
ic acid (20/10 pg), were positioned 20 mm apart
from the central amoxicillin/clavulanic acid disc,
ensuring that their edges were in contact. After 24
hours of incubation, a positive result was indicated
by an increased zone of inhibition between any of
the cephalosporin antibiotics and the amoxicillin/
clavulanic acid disc. This enhanced inhibition zone
suggested a synergistic effect with clavulanic acid,
confirming the presence of an ESBL-producing or-
ganism (El Aila et al., 2023).

For evaluating AmpC production, the AmpC
Disk Test was performed as described by Black et
al. (2025). In-house filter paper disks were prepared
by mixing 20 pl saline with 100x Tris-EDTA, dried,
and stored at low temperatures (2 - 8°C). A lawn
of cefoxitin-susceptible E. coli strain ATCC 25922
was spread on a Mueller-Hinton agar plate. Just be-
fore testing, the AmpC disks were rehydrated with
20 pl of saline, and a few colonies of the test or-
ganisms (ESKAPE isolates) were applied to one of
these disks. A disk containing 30 pg of cefoxitin
was placed on the agar surface, face down, with the
AmpC disk positioned close to it. The inverted agar



plates were incubated overnight at 35°C in ambi-
ent air. After incubation, the plates were inspect-
ed for results. A positive result was indicated by
an indentation or flattening of the inhibition zone
around the cefoxitin disk, while a negative result
showed no distortion (Black et al., 2005).

DNA extraction from ESKAPE pathogens

DNA was extracted from bacterial colonies
grown on the selective media using bacterial ly-
sis buffer (Tris-hydroxymethylaminomethane and
NaCl) and heat treatment. These were carried out
using the Luna Universal qPCR protocol (New
England BioLabs), following the manufacturer’s
instructions. The process involved mechanical dis-
ruption using a bead beater for 25 min, followed by
centrifugation of the ZR Bashing Bead Lysis Tube
at 10,000 g for 1 min. B-Mercaptoethanol was
added to the Genomic Lysis Buffer (final concen-
tration: 0.5%) to enhance performance. Pure ES-
KAPE isolate cells were placed into the lysis tube
with the Bashing Bead Buffer and centrifuged at
high speed for 15 min. The supernatant was filtered
through a Zymo-Spin II-F Filter (Zymo Research,
Irvine, CA, USA) at 8000% g for 1 min, then washed
and centrifuged with a Zymo-Spin ICR Column.
The DNA was then eluted by adding DNA Elution
Buffer to the column and centrifuging at 10,000x
g for 3 s, resulting in ultra-pure DNA. The super-
natant containing the extracted DNA was collected

Table 1. Primer sets for virulence and resistance genes

and stored at —20°C (Ajoseh et al., 2025). The RT-
PCR Rotor-Gene Q 2plex (Qiagen, Hilden, Ger-
many) amplification was performed using specific
primer sets for resistance (blag,,, bla,, bla,,.
bla,,, .. and bla, ) and virulence (ompA., toxA,
magA and gelE) genes (Table 1), with PCR mix-
tures prepared using specific volumes and concen-
trations. The PCR process entailed 45 cycles, each
consisting of a denaturation phase at 95°C for 30
s, followed by an annealing step at 50°C for 30 s,
and concluding with an extension at 72°C for 60 s
(Akinyemi et al., 2021).

Statistical analysis

In this study, the collected data were analyz-
ed using IBM SPSS software (version 20). The re-
sults were displayed in various formats, including
frequency tables, charts, and written descriptions.
Key variables were cross-tabulated, and the Chi-
square test was used to evaluate the relationships
between variables. The Multiple Antibiotic Resist-
ance Index (MARI) is a simple metric calculated
as the number of antibiotics to which a bacterial
isolate is resistant divided by the total number of
antibiotics tested.

Resultsw

A total of 500 samples from different sourc-
es, clinical (n=350), environmental (n=100) and
animal (50) were examined. An overall prevalence
of 7.6% (38/500) of tested samples was positive

Genes Primer Sequence (5! - 3") References

blag,, F - CGCCTGTGTATTATCTCCCT (Ungo-Kore et al., 2019)
R - CGAGTAGTCCACCAGATCCT

bla,,., F - TTTCGTGTCGCCCTTATTCC (Ungo-Kore et al., 2019)
R- ATCGTTGTCAGAAGTAAGTTGG

bla,. F- CGTCTAGTTCTGCTGTCTTG (Booq et al., 2022)
R- CTTGTCATCCTTGTTAGGCG

bla,, ., . F - GCGTGGTTAAGGATGAACAC (Gondal et al., 2024)
R- CATCAAGTTCAACCCAACCG

bla,, F- GGAATAGAGTGGCTTAAYTCTC (Yamakawa et al., 2019)
R - GGTTTAAYAAAACAACCACC

ompA F: GTTAAAGGCGACGTAGACG (Abdulhussein and Mahdi, 2023)
R: CCAGTGTTATCTGTGTGAC

gelE F-TATGACAATGCTTTTTGGGAT

(Vankerckhoven et al., 2004)

R-AGATGCACCCGAAATAATAT
foxA F- CTGCGCGGGTCTATGTGCC
R - GATGCTGGACGGGTCGAG

magA

(Mahmood, 2023)

F - GGTGCTCTTTACATCATTGC
R- GCAATGGCCATTTGCGTTAG

(Mohammed and Flayyih, 2018)




Table 2. Biochemical characterization of isolates from different sources

g . s v 0z s 8 3 ER
I S 5 £ 3 e e g S S = < o g
< o 3 &) s o = ! = 3 Bo oS
— G2 /M < S < = 73
3 © - O o) £
Alkali - Alkali - - - + - - + + P aeruginosa
Acid Alkali i - i i i - - K. pneumonia
Alkali Alkali - - + + - + S aureus
Alkali Acid - - + - - - - - E. faecium
Alkali Alkali - - - - - =+ A. baumannii
Acid - Alkali + - + - + - Enterobacter spp

Key: H,S: Hydrogen sulphide, +: positive -: negative

for ESKAPE pathogens, including 0.4% (2/500) E.

faecium, 0.4% (2/500) S. aureus, 1.8% (9/500) K.
pneumoniae, 2.2% (11/500) A. baumannii, 2.6%
(13/500) P. aeruginosa, and 0.2% (1/500) Entero-
bacter spp. The identification of these pathogens
was conducted using cultural, morphological, and
biochemical methods (Table 2).

The frequency distribution of positive iso-
lates from different sources is presented in Table
3. In clinical samples, 5.4% (19/350) were found
positive for ESKAPE pathogens. Of the 19 ES-
KAPE from clinical samples, 0.6% (11/19) were
isolated from males and 0.5% (8/19) were female
subjects. P. aeruginosa was the most frequently
isolated pathogen, with 5 strains from males and 3
from females’ gender in this study. ESKAPE path-
ogen was mostly implicated in the age group 50
years and above, 0.6% (12/19), with P. aeruginosa
and A. baumannii being the most prominent. Ani-
mal samples showed a positive rate of 10% (5/50),
while environmental samples had a positive rate
of 14% (14/100) for ESKAPE pathogens (Figure
1 and Table 3).

2.6

B K. pneumonioe

B P. geruginosa

u A baumanni

H Enterabacter spp
B Enterococcus spp

u Staphylococcus spp

Fig. 1. Percentage of ESKAPE isolates from the positive
samplereviewers’

The results of AST show that all the ESKAPE
pathogens identified in this study were multiple
drug resistant, with over 70% of these pathogens
exhibiting a MAR index of >0.5 (Table 4). Specif-
ically, 2 strains of A. baumannii, BLS9 and URS6
from blood and urine, respectively, exhibited a 0.7
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MAR index. Similarly, 5 strains of P. aeruginosa
BLS4, BLS5, BLS6, BLS8 and WOS7 were ob-
served to have a MAR index of 0.7 and were isolat-
ed from clinical samples.

Three strains of K. pneumonia (ENL1, ENES
and ENE2) were isolated from environmental sam-
ples with a higher MAR index of 0.6, and then strain
BLS10 from the clinical sample showed a MAR in-
dex of 0.5, the two strains of E. feacium ARS2 and
ARS3 exhibited a MAR index of 0.6 similarly, S.
aureus strains URS1 and URS6 have MAR index
of 0.7 and 0.9 respectively and were all isolated
from cattle. Nevertheless, a strain of Enterobac-
ter spp. from a urine sample had a low MAR in-
dex of 0,3 with 100% susceptibility to gentamicin,
and imipenem and completely resisted augmentin,
cefoxitin, ceftazidime, cefepime, imipenem, mero-
penem and vancomycin (Table 4). Furthermore, P
aeruginosa strains are 100% resistant to cefepime
and cefoxitin, 92.3% to vancomycin and 69.2% to
augmentin. K. pneumoniae strains were 100% re-
sistant to cefepime, and 66.7% to cefoxitin and van-
comycin. E. faecium developed 100% resistance to
vancomycin and augmentin, with 50% susceptibil-
ity to gentamicin, ciprofloxacin and carbapenem
antibiotics. S. aureus strains were 100% resistant
to 7 different antibiotics: augmentin, cefoxitin, cef-
tazidime, cefepime, imipenem, meropenem and
vancomycin. Furthermore, all the ESKAPE isolates
exhibited 95% susceptibility to gentamicin and cip-
rofloxacin (Table 5). The 38 ESKAPE pathogens
exhibited 28 antibiotic resistance patterns altogeth-
er and CIP-VA-AUG-CAZ-CPM-MEM-FOX was
the most frequently encountered pattern exhibited
by 4 strains of P. aeruginosa BLS1, BLS4, BLS6
and WOS7. It was followed by VA-CPM-FOX-
IMI exhibited by 3 ESKAPE isolates, one from P,
aeruginosa and 2 from K. pneumonia, while other
ESKAPE isolates exhibited one or two of the resist-



Table 3. Bacterial pathogens isolated from different sources in Lagos, Nigeria by sample source, age and sex

Category
No. of No. of + No of + ESKAPE Pathogens n (%)
Sam- samples
Subcategory Variables ples n (%)
. Y 2
3 N S S S
Hospital A < Q a E
BGH 150 14(93) 7(47) 6(4) 1(0.7) 0() 0(0) 0(0)
LASUTH 200 4(2) 105 1(05) 00 0(0) 2(1) 1(0.5)
3 Total 350 19(54) 8(23) 7(2) 1(03) 0(0) 2(0.6) 1(0.3)
g Urine 200 4((2) 000) 1(0.5 0(0) 0(0) 2(1) 1(0.5)
© Samples  Blood 50 14(28)  7(14)  6(12) 1(2) 0(0) 00 0(0)
collected gy um 40 00 00 00 00 00 00 0(0)
Wound 50  1(2) 1(2) 000) 0(0) 0@ 0(0) 0(0)
Oral swab 10 0(0) 0 (0) 000) 0() 0@ 0() 0(0)
Total 350 19(54) 8(23) 7() 1(03) 0(0) 2(0.6) 1(0.3)
Sex Male 207 11(53) 5(24) 4(1.9) 0(0) 0(0) 2(@1) 0(0)
Female 143 8(49)  3(21) 3(21) 1(07) 0(0) 0(0) 1(0.7)
Total 350 19(54) 8(23) 7(2) 1(03) 0(0) 2(0.6) 1(0.7)
Age 18 - 30 5 1(2) 0 (0) 12) 0@ 0(0) 0() 0(0)
31-49 100 6(5) 3(3) 220 0(0) 00 0(0) 1(0.1)
> 50 200 12(6) 5(25) 4(2) 1(05 0(0) 2(1) 0(0)
Total 350 19(54) 8(23) 7(2) 1(03) 0(0) 2(0.6) 1(0.1)
Effluent iict’tgza 10 2(20) 0 (0) 0(0) 2(0) 0(0) 0(0) 0(0)
Ervironmental aclfifmir 10 2(20) 0 (0) 2000 0(00) 0(0) 0() 0(0)
BGH 20 0(0) 0 (0) 00) 0(0) 0@ 0(0) 0(0)
LASUTH 20 0(0) 0 (0) 000) 0(0) 0@ 0(0) 0(0)
Lagoon
Wa%er Mazamaza 40 1025 3(75) 1(25) 6(15 0(0) 0(0) 0(0)
Total 100 14(14)  3(3) 3(3) 8(8) 0(0) 0(0) 0(0)
Animal Study area  Oko oba 5 1(20) 1(20) 0 (0) 0() 0@ 0@ 0(0)
Cele abatto 20 1(0) 1(5) 0 (0) 0(0) 0(0) 0(0) 0(0)
Oto Awori 25 3(12) 0 (0) 1(4) 0@ 2(8) 0(0) 0(0)
Total 50 5(10) 2 (4) 1(2) 0(0) 2(4) 0@ 0(0

Samples Nasal Swab 10 2 (20) 1(10) 1(10) 0() 0() 0() 0(0)
collected Rectal Swab 40 3(7.5) 1(2.5) 0 (0) 0() 2(5 0() 0¢(0
Total 50 5(10) 2(4) 1(2) 00 2 0 0(0)
Grand total 500 38(7.6) 13(2.6) 11(2.2) 9(1.8) 2(0.4) 2(0.4) 1(0.2)

Key: LASUTH: Lagos State University Teaching Hospital, BGH: Badagry General Hospital, NS: Nasal swab, RS: Cattle Rectal
swab, (%): percentage n=number
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Table 4. Antibiotics Susceptibility Test (AST) of ESKAPE pathogens Isolated

£ . 2 5 5
& S 3 o L g 2
2 o ) S Antibiotics Used S °
= T S 2 3
2 3 3 S
GM PTZ CIP VA AUG CAZ CPM MEM FOX IMI
BLS47  Blood Badagry S S S R S R R R R R 6 4 06
BLSI12 Blood  BGH S § $ R S S R R R R 5 5 05
BLS31 Blood  BGH S $ S R R R R R S S 5 5 05
.=  BLSI5 Blood BGH S S S R R S R R R S 5 5 05
S BLS9 Blood BGH S S R R R R R S R R 7 3 07
S  BLS38 Blood BGH S $ S R R R R S R R 6 4 06
§ URS6  Urine Lasuth S R R R S R R R R R 8 2 07
T ANS4  CattleN'S OAA S $ S R S R R R R S 5 5 05
ENE3 CeleAE CA S S S $ S R S S S S 1 9 01
ENE5 CeleAE CA S § $ $ S R R S S S 2 8 02
ENL4  Lagoon ML S S S BRE S R S S R S 3 7 03
BLS4  Blood  BGH S S R R R R R R R S 7 3 07
BSLI  Blood  BGH S S R R R R R R R S 7 3 07
BLS25 Blood  BGH S S R R S R R R R S 6 4 06
BLS6  Blood  BGH S S R R R R R R R S 7 3 07
«  BLS5  Blood  BGH S S R R R R R S R R 7 3 07
€  BLS38 Blood  BGH S §$ S R S S R S R R 4 6 04
¥  BLSI2 Blood  BGH s $ $ R R R R S R S 5 5 05
S WOS7 Wound Lasuth S S R R R R R R R S 7 3 07
" ANS3 CatleNSOOA S S S R R S R S R R 5 5 05
ARS3  CatleN'S OOA S § $ R S R R R R S 5 5 05
ENL2  Lagoon ML S $ S R R S R R R S 5 5 05
ENL7  Lagoon ML S S S S S R R S R S 3 7 03
ENLI  Lagoon ML S S R R R R R S R S 6 4 06
BLS5  Blood  BGH S §$ S R R R R S S R 5 5 05
ENE5  Effluent OOA S S R S S S R R S S 3 7 03
¥ ENE§  Effluent OOA S S S R R R R R R S 6 4 06
S  ENL22 Lagoon ML S §$ S R S S R S R R 4 6 04
S ENL2  Lagoon ML S S R R R R R S R S 6 4 06
S, ENLS8B Lagoon ML S S S s s S R R R S 3 7 03
¥ ENLI3 Lagoon ML S §$ S S R S R S R S 3 7 03
ENLIIA Lagoon ML S §$ S R R S R R S S 4 6 04
ENL19 Lagoon ML S S S 'R S S R S R R 4 o6 04
E.feacium ARS2  CattleRS OA S S R R R - S R - R 5 3 06
ARS3  CattleRS OA R R S R R - R S - S 5 3 06
S aureus URS9  Urine Lasuth S S S R R R R R R R 7 3 07
URS6 Urine Lasuth R S R R R R R R R R 9 1 09
Entero 1;psg Utine Lassh S S S R R R R R R S 3 7 03

bacter spp

KEY: GM = Gentamicin 30 pg, PTZ = Piperacillin tazobactam 110 pg, CIP = Ciprofloxacin 5 pug, VA = Vancomycin 5 pg, AUG
= Augmetin 30 pug, CAZ = Ceftazidine 10 pg, CPM = Cefpiramide 30ug, MEM = Meropenem 10 ug, FOX = Cefxitin 30 pg, IMI
= Imipenem 10 pg; BLS: Blood sample; URS= Urine sample; WOS = Wound swab; ANS = Animal nasal swab; ARS = Animal
rectal swab; ENE= Environmental effluents; ENL= Environmental lagoon water
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Table 5. Antimicrobial susceptibility and resistance test on isolates

32 o :§ g § S 2 %
SR 3 2 < o 3
; Z ~ R A = &
O R(%) S(%) R(%) S(%) R(%) S(%) R(%) S(%) R(%) S(%) R(%)S (%)
=R
s 3 11 13
> E
éﬂ E 0 (0) (100) 0 (0) (100) 0(0) 9(100) 1(50) 1(50) 1(50) 1(50) 0(0)1(100)
ERRS
<
£ £
= 53 10
2 §‘§ 1(9.1) (909) 0 (0) (100) 0(0) 9(100) 1(50) 1(50) 0(0) 2(100) 0(0)1(100)
£ 8
'_o‘ <
£ 5 2 9 7
% S (82 Gl (38) 6(46.2) 2(22.2) 7(77.8) 1(50) 1(50) 1(50) 1(50) 0(0)1(100)
= o
£ O
o .8
= 5§ 4 7 9
: §0 (364) (634) (692) 4(30.8) 5(55.6) 4(44.6) 1(50) 1(50) 2(100) 0(0) 0(0)1(100)
= <
£
25 9 2 13
’a%é BLE) (182 (100 0(0) 6(66.7) 3(33.3) 1(50) 1(50) 2(100) 0(0) 100(0)0(0)
(£ 8
22355 2 10
O NE
Eg;o%@ 818 (182) (76.9) 3(23.1) 3(33.3) 6(66.7) 2(100) 0(0) 2(100) 0(0)  100(0)0(0)
5T ©
U—g o
SR
S Ez 10 13
§$ 90.9) 1(9.1) (100) 0(0) 9(100) 0(0) 1(50) 1(50) 2(100) 0(0) 100(0)0(0)
§ g
5 2 5 6 3 10
g § 455) (545 (3.1 (769) 3(33.3) 6(66.7) 1(50) 1(50) 2(100) 0(0)  100(0)0(0)
8 [
g
5 6 5 7
§ (545) (455) (538) 6 (46.2) 4(44.6) 5(55.6) 1(50) 1(50) 2(100) 0(0)  100(0)0(0)
p=
8 =
2 =
8 z 9 2 12(92
§ S sy (82 9 1(7.7) 6(66.7) 3(33.3) 2(100) 0(0) 2(100) 0(0) 0(0)1(100)
S
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Table 6. Antibiotic resistance pattern and resistance profile of ESKAPE pathogens

solated Strain Sample source Location Resistance Pattern Resistance
Pathogens code profile
BLS47  Blood Badagry VA-CAZ-CPM-MEM-FOX-IMI F
BLS12  Blood BGH VA--CPM-MEM-FOX-IMI M
BLS31 Blood BGH VA-AUG-CAZ-CPM-MEM N
'3 BLS15  Blood BGH VA-AUG-CPM-MEM-FOX 0]
S BLS9 Blood BGH CIP-VA-AUG-CAZ-CPM-FOX-IMI C
S BLS38  Blood BGH VA-AUG-CAZ-CPM-FOX-IMI G
S URS6 Urine Lasuth PTZ-CIP-VA-CAZ-CPM-MEM-FOX B
~ ANS4 Cattle N S OAA VA-CAZ-CPM-MEM-FOX P
ENE3 CeleAE CA CAZ ZB
ENES CeleAE CA CAZ-CPM ZA
ENL4 Lagoon water ML VA-CAZ-FOX A%
BLS4 Blood BGH CIP-VA-AUG-CAZ-CPM-MEM-FOX D
BSL1 Blood BGH CIP-VA-AUG-CAZ-CPM-MEM-FOX D
BLS25  Blood BGH CIP-VA-CAZ-CPM-MEM-FOX H
BLS6 Blood BGH CIP-VA-AUG-CAZ-CPM-MEM-FOX D
3 BLS5 Blood BGH CIP-VA-AUG-CAZ-CPM-FOX-IMI C
.§ BLS38  Blood BGH VA-CPM-FOX-IMI T
%" BLS12  Blood BGH VA-AUG-CAZ-CPM-FOX Q
S WOS7 Wound Lasuth CIP-VA-AUG-CAZ-CPM-MEM-FOX D
A ANS3 Cattle N S OO0A VA-AUG-CPM-FOX-IMI R
ARS3 Cattle N S OO0OA VA-CAZ-CPM-MEM-FOX P
ENL2 Lagoon water ML VA-AUG-CPM-MEM-FOX 0)
ENL7 Lagoon water ML CAZ-CPM-FOX AW
ENLI Lagoon water ML CIP-VA-AUG-CAZ-CPM-FOX I
BLSS Blood BGH VA-AUG-CAZ-CPM-IMI S
ENES Effluent OO0OA CIP-CPM-MM X
§ ENES Effluent OO0OA VA-AUG-CAZ-CPM-MEM-FOX J
8 ENL22 Lagoon water ML VA-CPM-FOX-IMI T
§ ENL2 Lagoon water ML CIP-VA-AUG-CAZ-CPM-FOX I
s, ENLSB  Lagoon water ML CPM-MEM-FOX Y
N ENL13 Lagoon water ML AUG-CPM-FOX Z
ENL11A Lagoon water ML VA-AUG-CPM-MEM U
ENL19  Lagoon water ML VA-CPM-FOX-IMI T
E. feacium ARS 2 Cattle R S OA CIP-VA-AUG-MEM-FOX-IMI K
ARS3 Cattle R S OA GM-PTZ-VA-AUG=CAZ-CPM L
S aureus URS9 Urine Lasuth VA-AUG-CAZ-CPM-MEM-FOX-IMI E
URS6 Urine Lasuth ~ GM-CIP-VA-AUG-CAZ-CPM-MEM-FOX-IMI A
Enterobacter spp URSS Urine Lasuth VA-AUG-CAZ-CPM-MEM-FOX J

Key: BLS: Blood sample; URS= Urine sample; WOS = Wound swab; ANS = Animal nasal swab; ARS = Animal rectal swab;
ENE= Environmental effluents; ENL= Environmental lagoon water

ance patterns (Table 6). Of the 38 ESKAPE isolates,
4 isolates comprising 2 strains each of A. baumannii
and P. aeruginosa from clinical samples were found
to produce AmpC phenotypically. The plate for the
AmpC-positive isolate is shown in Fig. 2.

Seven ESKAPE isolates, mainly 4 strains
of A. baumannii, were CAB positive, of which 2
strains (BLS12 and BLS4) were from a clinical
source and one strain each from animal (ARS3) and
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lagoon water (ENL4), respectively. The remaining
3 isolates were P. aeruginosa BLS14, BLS38 and
BLSS strains from blood samples. Similarly, seven
isolates were ESBL producers; these included main-
ly S. aureus URS6, A. baumannii BLS12, BLS6, E.
faccium ARS 2, ARS 3, and K. prneumoniae ENL2
and ENL3. It is interesting to note that a strain from
A. baumannii (BLS6) was found to be an AmpC
and ESBL producer. 4. baumannii BLS12



Fig. 2. The image depicts a positive Modified Hodge Test
result, indicated by the characteristic cloverleaf-like en-
hanced growth of the E. coli indicator strain along the test
organism’s streak toward the carbapenem disk, suggesting
positive AmpC production

produces both CAB+ and ESBL (Table 7). Notably,
among the ESKAPE pathogens in clinical isolates,
only one A. baumannii strain carried multiple re-
sistance genes (blag,, bla,,  bla,,. bla,,, . and
bla, ). Additionally, a single 4. baumannii strain

from animals contained the bla,, gene, while a K.

pneumoniae strain from environmental isolates had
the bla,,, . gene. The ompA virulence gene was
present in all 4. baumannii strains, the foxA gene
was found in clinical P. aeruginosa isolates, and the
magA gene was detected in two environmental K.
pneumoniae strains (Table 7).

Discussion

The ESKAPE bacteria, as identified by the
CDC and WHO, pose a significant global health
challenge due to their potential impact on morbidi-
ty and mortality (CDC, 2019; WHO, 2017). These
bacterial pathogens can lead to prolonged hospi-
tal stays and escalate healthcare costs for both the
health system and patients due to their ability to
resist or “ESKAPE” multiple antibiotics (WHO,
2017). In this study, the overall prevalence of ES-
KAPE pathogens isolated from different sample
sources is 7.6% (38/500), made up of five genera,
namely: E. faecium (2), S. aureus (2), K. pneumo-
niae (9), A. baumannii (11), P. aeruginosa (13) and
Enterobacter spp (1) isolated from clinical, animal,
and environmental sources. However, the source
prevalence of pathogens in this study showed that
5.4% (19/350), 10% (5/50), and 14% (14/100)
were clinical, animal, and environmental sources,

Table 7. Phenotypic detection of MDR, ESBL, CAB and AmpC producing ESKAPE and genotypic detection of specific

virulence and resistance genes

Resistance gene Virulence gene

$ . ‘
Parameters Isolates e 2 8 = = = 5 I g < <
=) < 2] = = > ¥ < 80 E
3 i O & §F 5 8 < = §* £ § %
%) Q
S. aureus URS6 - - - - . - - - - - , _
A. baumannii BLS12 - + - + + o+ + o+ o+ - - -
BLS4 S -
BLS6 + - + - - - - - - _ - ,
Clinical
) BLS1 - + - - - - - - - _ - R
P aeruginosa
BLS38 +  + - - - - - - - + , B,
BLS5 - + - - - - - - - B - -
WOS7 ar - - - - - - - - 4 _ _
Enterobacter spp  URSS8 - oo
. ARS2 - - - - . - - - . i } B
. E. feacium
Animal ARS3 - - . - - - R R _ _ . _
A. baumannii ANS4 -+ -+ - - - - . , i
) ENL2 - - + + + - - - - - + _
. K. pneumoniae
Environmental ENL3 - -+ 4+ o+ - - - - -
A. baumannii ENL4 -+ - - - - - - . i, -

Key: ESBL: Extended Spectrum Beta Lactamase, CAB: Carbapenemase, AmpC: Ampicillin beta lactamase; BLS: Blood sample;
URS= Urine sample; WOS = Wound swab; ANS = Animal nasal swab; ARS = Animal rectal swab; ENE= Environmental efflu-

ents; ENL= Environmental lagoon water.
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respectively. These results indicated that ESKAPE
pathogens are more commonly found in the en-
vironment than in other sources. Zaheer et al. re-
ported more ESKAPE pathogens in environmental
sources, such as effluent and wastewater, than clin-
ical or animal sources; their result is consistent with
the present study (Zaheer et al., 2020). A similar
study conducted by Savin et al. (2020) document-
ed K. pneumoniae, A. baumannii and S. aureus as
the most frequently isolated ESKAPE pathogens
in wastewater and processed water from German
slaughterhouses (Savin et al., 2020).

The distribution of 19 ESKAPE pathogens
from clinical samples reveals that P aeruginosa
was the most prevalent, with 8 (42%) isolates iden-
tified in blood, urine and wound samples, followed
by 7(36.8%) A. baumannii, 2(10.5%) S. aureus,
1(5.3%) K. pneumonia and 1(5.3%) Enterobac-
ter spp. Similarly, Zhong and He (2021) recorded
16% K. pneumoniae, 14% A. baumannii, and 9.8%
P aeruginosa from hospitalized patients attending
general hospitals in Guilin, China (Zhong and He,
2021). However, this contrasts with the findings
of Benko et al. (2020), who reported only two ES-
KAPE pathogens - K. pneumoniae (13.4%) and S.
aureus (11.3%) from hospitalized patients in Hun-
gary (Benko et al., 2020) and with 14.5% Entero-
bacter spp reported in a study on multidrug-resist-
ant rates in clinical isolates in Iran (Mirzaei et al.,
2021). This variation in the distribution of these
pathogens might be associated with disparity in ge-
ographical location, sample sources and other en-
vironmental factors. Of the 19 ESKAPE from clin-
ical samples, 11(57.8%) were isolated from males
and 7(42.1%) from female subjects. P. aeruginosa
was the most frequently isolated pathogen, with 5
strains from males and 3 from females’ gender. ES-
KAPE pathogen was mostly implicated in the age
group 50 years and above, 63% (12/19), with P,
aeruginosa and A. baumannii most prevalent.

This study corroborated EL-Kady et al., who
recorded more strains of ESKAPE pathogens in
male patients attending a tertiary hospital in Jed-
dah, Saudi-Arabia, than female counterparts, with
P aeruginosa, S. aureus and A. baumannii being
the most predominant ESKAPE pathogens (EI-
Kady et al, 2022). Furthermore, among patients
aged 60 years or older, the occurrence of MDR ES-
KAPE strains was 71.1%, while non-MDR strains
accounted for 58.0%. (El-Kady et al., 2022). This
might be connected to the activities of male pa-
tients, and the immune status is more likely to be
hospitalized, where exposure to multidrug-resist-
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ant pathogens is higher. However, Alsharedeh et al.
found contrasting results in their study on urinary
tract infections among Jordanian patients. They re-
ported that 92% of ESKAPE pathogens were de-
tected in female subjects, while only 8% were found
in males. Most were prevalent in the age -group
of 21-30 years old. (Alsharedeh et al., 2023). The
observed findings can be attributed to anatomical
factors, which include the relatively short length of
the urethra, the proximity of the urethral meatus to
the anus, sexual activity, the absence of prostatic
secretions, pregnancy, and susceptibility to contam-
ination from gastrointestinal and faecal flora as pre-
viously reported (Pardeshi, 2018; Kaur and Kaur,
2021). It may also be associated with behaviour-
al practices such as incontinence, and suboptimal
toilet habits or the combination of both anatomical
and behavioural factors (Pardeshi, 2018; Kaur and
Kaur, 2021).

In this study, 5 (10.0%) of the ESKAPE
isolates, notably 2(4%) each of E. faecium and P.
aeruginosa, and 1(2%) A. baumannii, were recov-
ered from the rectal swab of cattle. The occurrence
of these pathogens in cattle has been frequently
reported by different authors. For example, Sin-
gh (2018) reported the six ESKAPE pathogens
in animals associated with various disease condi-
tions, particularly in cattle (Singh, 2018). These
ESKAPE isolates recorded high percentage of En-
terobacter species (44.4%), followed by K. pneu-
moniae (22.1%), P. aeruginosa (16.6%), S. aureus
(12.98%), E. faecium (3.6%), and A. baumannii
(0.23%). Although, no Enterobacter species was
isolated in the present study, the varying prevalence
and vast occurrence of ESKAPE pathogens in his
study compared to the current work might be con-
nected to the sample size, the clinical prognosis of
the animals investigated, and other factors capable
of influencing pathogenesis and immune response
in animals (De Oliveira et al., 2020). Furthermore,
of'the 14% (14/100) ESKAPE pathogens recovered
from environmental samples in this study, 8(8.0%)
K. pneumoniae, 3(3.0%) P. aeruginosa and 3(3.0%)
A. baumannii were obtained. This finding shared
some similarity with the report of Savin et al., who
documented that the majority of the recovered ES-
KAPE bacterial isolates (94.9%, n = 448/472) from
German poultry slaughterhouse wastewater and
process water consisted primarily of the 4. calco-
aceticus - A. baumannii (ACB) complex (32.4%),
followed by (12.3%) S. aureus and (10.8%) K.
pneumoniae. However, Enterobacter spp., En-
terococcus spp., and P. aeruginosa constituted a



smaller proportion (5.1%) of the isolates (Savin et
al., 2020). Similarly, Phoon et al. reported varying
occurrences of ESKAPE pathogens in the environ-
ment of a tertiary hospital in Malaysia (Phoon et
al., 2018). The slight disparity in the frequency of
ESKAPE pathogens observed in this study with
other studies might be connected to environmental
conditions, and the specific context of sample col-
lection (e.g., wastewater vs. hospital environments)
can significantly influence the diversity and abun-
dance of ESKAPE pathogens. Nevertheless, the en-
vironment remains the reservoir of these bacterial
pathogens, serving as a vehicle of transmission to
humans and animals (Iwu and Okoh, 2019).

The in vitro antimicrobial susceptibility test-
ing results indicated that all five members of the
ESKAPE pathogens identified in this study exhibit-
ed multidrug resistance, with over 70% demonstrat-
ing a significant MAR index of greater than 0.5. For
instance, 4. baumannii 10(90.9%) were resistant to
cefepime, 9(81.8%) to cefoxitin and ceftazidime,
while 6(54.5%) to meropenem. Specifically, two
strains of A. baumannii, BLS9 and URS6 from
blood and urine samples, respectively, exhibited a
MAR index of 0.7 to CIP, VA, AUG, CAZ, CPM,
FOX, IMP and PTZ, CIP, VA, CAZ, CPM, MEM
and FOX antibiotics, respectively. Raheem and Al-
Hasnawy (2020) highlighted significant resistance
(100%) of A. baumannii to cephalosporins, specifi-
cally, ceftazidime, cefepime, and cefotaxime. Simi-
larly, investigations carried out in Iraq by Alsehlawi
et al. (2014) and AL-kadhmi (2015) revealed that
A. baumannii exhibited complete resistance to the
same cephalosporins.

Additionally, Lowings et al. (2020) found that
all MDR-Acinetobacter baumannii isolates were
100% resistant to cefotaxime, 89% to ceftazidime,
and 90% to cefepime (Lowings ef al., 2015). In a
similar vein, Anane and colleagues observed a sig-
nificant proportion of A. baumannii strains resistant
to both imipenem (81%) and meropenem (83%).
Furthermore, Yadav et al. (2015) and Shrestha et
al. (2020) reported elevated levels of 4. baumannii
resistance against meropenem, with rates of 89.4%
and 50%, respectively. Additionally, a study con-
ducted by He et al. (2011) in China revealed that
85% of isolates exhibited carbapenem resistance, a
finding that agreed with the results of this study.
These findings underscore the critical importance
of vigilant surveillance and effective management
strategies in combating antimicrobial resistance.
Similarly, of the 13 P. aeruginosa strains isolated
from different sources, all (100%) were resistant to
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cefepime and cefoxitin, 12 (92.30%) to vancomy-
cin, 10 (76.9%) to ceftazidime, 9(69.2%) to aug-
mentin, 7(53.8%) to ciprofloxacin, and 7(53.8%) to
meropenem. Specifically, five strains of P. aerugi-
nosa - BLS4, BLS1, BLS6, BLS5 and WOS?7 iso-
lated from clinical samples were observed to have a
MAR index of 0.7. This finding is similar to that of
Japoni et al. (2006) who reported 84.3% P. aerugi-
nosa strains resistant to ceftazidime, 72.9% to cip-
rofloxacin and 30% to meropenem.

The high occurrence of ceftazidime resist-
ance could potentially be attributed to several fac-
tors, such as widespread utilization of drugs, the ex-
tensive administration of a specific antibiotic lead-
ing to selective pressure on susceptible isolates,
and transferable genetic elements, such as plasmids
or transposons. This assertion has been well doc-
umented in the literature (Carmeli et al, 1999).
Also, all the 9 strains of K. pneumoniae identified
in this study were resistant to cefepime, 6 (66.7%)
to cefoxitin and vancomycin, 5 (55.6%) to augmen-
tin, 4 (44.6%) to meropenem, 3 (33.3%) to ceftazi-
dime and imipenem. Specifically, three strains of
K. pneumoniae (ENL1, ENE8 and ENL2) from en-
vironmental samples revealed a high MAR index
of 0.6, while strain BLS10 from a clinical sample
exhibited a MAR index of 0.5. This study shared
some similarities with the report of those who ob-
served K. pneumoniae with reduced sensitivity to
SXT, CIP, GM, and MEM (Arbune et al., 2021).
Interestingly, the two strains of E. faecium, ARS2
and ARS3, demonstrated a multidrug resistance in-
dex of 0.6. All the E. faecium strains were resistant
to vancomycin, with 50% (1/2) resistant to all oth-
er antibiotics investigated in this study. This cor-
responds with the result of Roy et al. (2022), who
reported all the E. faecium isolates in their study to
be resistant to ampicillin, and frequently (93.33%—
55.56%) resistant to ceftriaxone, cefotaxime, strep-
tomycin, erythromycin, and imipenem; moderate to
lower (26.67%—4.44%) resistance to tetracycline,
ciprofloxacin, norfloxacin, chloramphenicol, gen-
tamicin, and vancomycin.

Interestingly, 80% of E. faecium strains iso-
lated from healthy broiler chickens in Bangladesh
were MDR (95% CI: 66.18%—-89.10%) (Roy et al.,
2022). The presence of resistance genes from E.
faecium in animals is of significant public health
concern (Urmi ef al., 2021). These genes can be
transmitted to humans through contaminated food
supply chains or close contact with the animals,
potentially leading to the emergence of MDR and
multiple antibiotic-resistant (MAR) bacteria in



both human and animal populations (Urmi et al.,
2021; Roy et al., 2022). The finding from this study
was further corroborated by Salami et al., where E.
faecium showed 100% resistance to ciprofloxacin,
erythromycin, imipenem, vancomycin, meropen-
em, and ampicillin in cattle rectal swabs in Lagos,
Nigeria (Salami et al., 2025). All S. aureus strains
isolated in this study were 100% resistant to aug-
mentin, cefoxitin, ceftazidin, cefepime, imipen-
em, meropenem and vancomycin. The two strains,
URSY and URSS, isolated from patients with uri-
nary tract infections, displayed MAR indices of 0.7
and 0.9, respectively. This is consistent with the
finding of Gashe ef al., who reported that isolated
strains of S. aureus (ESKAPE pathogens) showed
23.4% (11/47) and 34% (16/47) resistance to ceftri-
axone and ceftazidime, respectively (Gashe et al.,
2018).

Furthermore, the Enterobacter strain in this
study was completely susceptible to gentamicin and
imipenem, while exhibiting complete resistance to
augmentin, cefoxitin, ceftazidime, cefepime, mer-
openem, and vancomycin. This complete suscepti-
bility is consistent with findings in multiple stud-
ies. For example, a study by Kowalski et al. (2024)
reported high susceptibility rates for gentamicin in
Enterobacter spp. isolates, often around 90-95% in
clinical settings. This was also corroborated by the
growing trend of ESBL production in Enterobacter
spp. reported by El-Ruz et al. (2025) highlighting
that many Enterobacter isolates exhibit resistance
to these antibiotics, particularly in urinary tract
infections (UTIs). Generally, gentamicin and pip-
eracillin-tazobactam were the most effective anti-
biotics against all the ESKAPE pathogens isolated
in this study, as most of the ESKAPE pathogens
were susceptible to both. This is against the report
of Slavcovici et al. (2015) who documented high
resistance of ESKAPE isolates against gentamicin
and moderate resistance to piperacillin-tazobactam.
Nevertheless, the most effective antibiotics global-
ly are piperacillin-tazobactam and aminoglycosides
(Zohar et al., 2020). However, the basis for these
differences might be connected to pressure of an-
tibiotics, sample sources, types, geographical loca-
tions and other environmental factors. A study con-
ducted by McManus (1997) highlighted that many
bacteria have become resistant to multiple classes
of antibacterial agents through genetic exchange
mechanisms, and these MDR bacteria have become
a cause of serious concern, especially in hospitals
and other healthcare units where they tend to devel-
op resistance to the most commonly used first-line
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antibiotics.

It is noteworthy that of the 38 ESKAPE
isolates recovered from this study, 3 (8.1%) were
ESBL and 5 (13.5%) carbapenemase producers,
while 4 (10.8%) were AmpC-producing isolates. Of
the ESBL producers, 1 (2.7%) was A. baumannii,
and 2 (7.4%) K. pneumoniae were isolated from
different sources. Furthermore, this study reported
that 2(5.4%) each of A. baumannii, and P. aerugi-
nosa were carbapenemase-producing strains. This
is slightly consistent with Founou et al. (2018),
who reported MDR K. pneumoniae and Enterobac-
ter spp. as emerging pathogens in hospital settings.
This observation aligns with findings from a South
African study, where K. pneumoniae was identified
as the primary pathogen in stool samples from chil-
dren residing in the community of KwaZulu-Na-
tal, South Africa (Mahomed and Coovadia, 2015).
Similarly, an elevated prevalence of ESBL-produc-
ing Enterobacteriaceae was demonstrated among
Egyptian patients with community-acquired gastro-
intestinal complaints. This was further corroborated
by Singh (2018), who reported varying occurrenc-
es of ESBL and carbapenemase-producing strains
of ESKAPE pathogens among sick animals (Sin-
gh, 2018). Intriguingly, resistance to beta-lactams,
particularly cephalosporins and carbapenems,
exhibited via ESBL, AmpC and carbapenemase
production in bacterial pathogens is closely linked
to elevated mortality rates and cross-resistance to
other antibiotic classes, including cephalosporins
and quinolones (Yadav et al., 2020). The circula-
tion of ESKAPE pathogens in clinical and veteri-
nary settings in Lagos, Nigeria, necessitates further
research on the genetic basis of ESBL, AmpC and
carbapenemase-producing ESKAPE pathogens,
and a nuanced approach to combating this formida-
ble threat in our ecosystem.

Furthermore, this study revealed that 4. bau-
mannii is of significant concern among ESKAPE
pathogens, particularly due to its harbouring of
multiple resistance genes, including blag,,, bla,,, ,
bla,,. bla,,, . and bla, , This is consistent with
studies that have highlighted A. baumannii as a
major nosocomial multidrug-resistant pathogen in
clinical settings (Vazquez-Lopez et al., 2020; Ibra-
him et al., 2021). Furthermore, it could be a result
of healthcare-associated infections capable of ac-
quiring resistance mechanisms through horizontal
gene transfer (Nguyen and Joshi, 2021). The detec-
tion of the blag,,, resistance gene in a strain of A.
baumannii from animal isolates raises interesting
questions about the transmission dynamics of re-



sistant strains between humans and animals. Prior
studies have suggested that while 4. baumannii
is prevalent in clinical environments; its presence
in animal isolates is less common, which may re-
flect differences in exposure or selective pressures
in various environments (Pailhori¢s et al., 2015;
Nocera et al., 2021). Interestingly, ESBL genes
(blag,, and bla_,, ) were found in two strains of K.
pneumoniae in the environmental isolates. This is
similar to the report by Mondal et al., where en-
vironmental strains of K. pneumoniae frequently
carry blag, , and bla,,, , highlighting their role in
antibiotic resistance (Mondal et al, 2019). How-
ever, this finding does not align with the report by
Akinyemi et al., that clinical isolates of K. pneumo-
niae contained both bla ., . and bla, genes, in-
dicating ESBL production, but none had the bla_,,
gene (Akinyemi et al., 2021).

The absence of resistant genes in other ES-
KAPE strains in environmental isolates aligns with
findings from other research, indicating that envi-
ronmental reservoirs may not be significant sources
of resistance genes for these pathogens (Denissen
et al., 2022). This further highlights the need for
careful monitoring of clinical and animal isolates to
prevent the spread of resistance. Furthermore, the
presence of the virulence gene ompA in all strains
of A. baumannii across all sources supports pre-
vious findings that ompA is critical for the patho-
genicity of this organism (Marazzato et al., 2022).
Conversely, the detection of the toxA virulence
gene in P. aeruginosa from clinical isolates in this
study confirms its role in virulence, as established
in numerous studies linking foxA to the severity of
infections caused by this bacterium (Nikbin et al.,
2012; Chand et al., 2021). Furthermore, the viru-
lence gene magA was also detected in two strains of
K. pneumoniae isolated from environmental sourc-
es. This finding aligns with a study that the magA4
gene associated with the K1 capsule serotype was
found in 19.2% of isolates, with no significant var-
iation among clinical specimens (Kot et al., 2023).
The presence of virulent K. pneumoniae strains in
this study poses a transmission risk to humans via
contaminated water, soil, or food, especially in are-
as with poor sanitation.

Conclusions

In conclusion, this study reveals a concerning
prevalence of ESKAPE pathogens in Lagos, Ni-
geria, with a notable 7.6% positive samples across
the clinical, environmental, and animal sources.
The high rates of multidrug resistance among these
pathogens highlight a significant public health chal-
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lenge, particularly with P. aeruginosa and S. aureus
exhibiting complete resistance to multiple antibi-
otics. It is worth noting that 4. baumannii and K.
pneumoniae were significant contributors to ESBL
production, and P. aeruginosa in carbapenemase
production. The presence of virulence genes, such
as ompA in A. baumannii, toxA in P. aeruginosa and
magA in K. pneumoniae, alongside the detection of
resistance genes in clinical and environmental iso-
lates, highlights the pathogenic potential of these
organisms and the risk of transmission through
contaminated environments. The data underscore
the urgent need for improved surveillance and tar-
geted strategies to combat these resistant bacteria.
Enhanced infection control measures and antibiotic
stewardship to mitigate the impact of these path-
ogens on public health and ensure effective treat-
ment options.
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Abstract

Green synthesis technology is a novel biological strategy for producing nanomaterials that are wide-
ly used in biomedical applications. This study investigated the antifungal potential of green-synthesised
silver nanoparticles (AgNPs), using activated carbon with mucus from the garden snail Cornu aspersum
(AgNPs-AC) or tea tree essential oil (AgNPs-TT) as reducing agents. The agar well diffusion method and
resazurin-based micro-dilution viability assays were employed to determine the inhibitory effect on the
growth of novel nanocomposites against amphotericin-B-resistant strains belonging to the Aspergillus ni-
ger and Penicillium griseofulvum species. Formulations containing tea tree oil (AgNPs-TT) were found to
have a considerably higher antifungal effect against the test strains than those containing activated carbon
(AgNPs-AC). Replacing activated charcoal with tea tree oil was shown to enhance the effectiveness of the
nanoparticles and extend the duration of their action. The findings reveal a synergistic interaction between
snail mucus and essential oil, as well as the critical role of a higher Agl| concentration. The growth inhi-
bition rate after treatment with these new nanoformulations is comparable to or exceeds that obtained with
Nys. Consequently, AgNPs produced using mucus and plant essential oils are a promising source for novel
therapeutic formulations.
Keywords: Ag-nanoparticles, green synthesis technology, Cornu aspersum mucus, tea tree essential oil,
antifungal effect

Pe3rome

TexHonorusita ,,3eJ€H CUHTE3" € HOBAa OMOJIOTMYHA CTPATErus 3a MPOU3BOJICTBO HA HAHOMATEPHAIIH,
KOWTO C€ M3I0JI3BAT MIUPOKO B OnomeauuuHara. L{enra Hactosiara pabota e 1a mpoy4u MpOTUBOI'bOMUHUS
MoTeHIMan Ha cpedbpHU HaHodacTui (AgNPs), momyueHn d4pes ,;3€JeH CHHTE3™, upe3 H3IMOJI3BaHE
Ha aKTUBEH BBIVICH W CiIy3 OT rpaauHckus oxitoB Cornu aspersum (AgNPs-AC) win eTepuyHo Macio
oT yaeHo 1bpBo (AgNPs-TT) karo pegyuupamu areHTd. Upe3 MeTona Ha 1udy3us B arapoBU SIMKH U
MUKpOpa3pekIalld TeCTOBe Ha 0a3ara Ha pe3asypHH, € ONpeAeNicH MHXMOUpAIUAT e(pEeKT Ha HOBUTE
HAaHOKOMIIO3UTH BbPXY pacTexka Ha yCTOWYMBH Ha aM(oTepulinH-B 1maMoBe, npruHajiexkaiiu KbM BUJIOBETE
Aspergillus niger n Penicillium griseofulvum. YcTaHOBEHO €, ue (POpMYIUPOBKUTE, ChABPIKAIINA MAcllo OT
gaeHo 1b6pBO (AgNPs-TT) umar 3Ha4MTETHO TO-BUCOK €(hEKT Cpelly TECTOBHUTE IIaMOBE, OTKOJIKOTO TE3H,
chabpxkaniy akTuBeH BbITieH (AgNPs-AC). 3aMmsiHaTa Ha aKTUBHUS BBITICH C MACJIO OT Ya€HO TbPBO MOBUIIIA-
Ba €()EKTUBHOCTTA HA HAHOYACTHIIUTE U YIBJIKAaBa MPOIBIDKUTETHOCTTA Ha TAXHOTO JeiicTBue. Jloka3zaHO
€ CMHEPru4YHOTO B3aUMOEHCTBHE MEXIY CIIy3Ta OT OXJIIOB M €TEPUYHOTO MACJO0, KAKTO U KpUTHYHATa
poJIs Ha TO-BUCOKaTa KoHIeHTpanus Ha Ag’. CKkopocTTa Ha MHXHOWpaHEe Ha PacTeka CJea TPEeTUpaHE C
U3I0JI3BaHUTE HOBU HAaHO(OPMYJIMPOBKU € CpaBHMMA MJIM HAJBUIIAaBa Ta3H, MOJy4YeHa cie]l TPETUpaHe ¢
HUCTATHUH. Pe3ynraTuTe 1eMOHCTpUpAT NEPCIEKTUBHOCTTA HA CPEOBPHN HAHOUACTHUIIH, ChIBPIKAIIM CIIy3 U
PacCTUTENTHU €TepUYHU MacJia KaTo o0eriaBall U3TOYHUK 32 HOBH TE€PareBTUYHHU (POPMYIUPOBKH.
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Introduction

In recent decades, the medical and ecological
importance of fungal diseases has attracted greater
attention. Published data indicate that these diseases
affect more than 1 billion people worldwide. Fun-
gal infections account for around 6.5 million inva-
sive cases and approximately 3.8 million fatalities
globally each year (Chaudhary and Thakur, 2025).
The reasons for this situation are very complex.
However, the increasing resistance of fungal strains
to existing antifungal drugs is one of the main rea-
sons (Denning, 2022; Tan et al., 2022; Gurajala and
Challapilla, 2026).

Invasive mycoses are a serious problem due
to resistance to antifungal treatments. Furthermore,
the spread of pathogens through global trade, in-
creased travel, and climate change has made fun-
gal infections uncontrollable (Vitiello et al., 2023).
Critical fungal infections are predominantly found
in immunocompromised individuals, including
those infected with Human Immunodeficiency Vi-
rus (HIV) or suffering from Severe Combined Im-
munodeficiency (SCID). These problems also arise
in patients with endocrine and metabolic disorders,
as well as in those receiving antineoplastic chemo-
therapy or immunosuppressive treatment following
organ transplants (Casadevall, 2018). Numerous
fungal infections among COVID-19 patients have
been documented globally (Chandley ef al., 2022).

Among the fungal pathogens most respon-
sible for severe systemic mycoses are species of
several genera, mainly Aspergillus, Cryptococ-
cus, Histoplasma, Candida, Blastomyces, Spo-
rothrix, Trichoderma, Penicillium, Trichophyton,
etc. (Denning, 2022; Vitiello ef al., 2023). Among
them, Aspergillus spp. and Penicillium spp. have
been recognized as the causative agents of serious
mycological diseases.

Aspergillosis is among the most widespread
invasive mold infections, demonstrating a range of
clinical forms. Aspergillus fumigatus is responsible
for most of these infections; however, there have
also been cases of infections caused by non-fumi-
gatus Aspergillus species (Tan et al., 2022; Mian-
rood et al., 2025). Additionally, 4. niger is of par-
ticular significance in human pathogenesis, espe-
cially in relation to respiratory infections (Calvo et
al., 2026). Despite being less virulent overall, A4.
niger causes 5-22.3% of Aspergillus infections,
with a greater incidence of non-invasive diseases
including otomycosis and colonization in pre-exist-
ing cavities (Franconi et al., 2024; Rafique et al.,
2026). It is frequently found in indoor air and envi-
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ronmental sources, and its frequency in respiratory
samples is rising, especially in people with immu-
nocompromised conditions.

Penicillium is one of the largest genera within
the fungal kingdom, encompassing several widely
recognized species. This genus has been observed
to inhabit a wide variety of substrates and habi-
tats([Guevara-Suarez et al., 2016). Cases of Peni-
cillium spp. infections have been identified in hu-
mans, mainly immunocompetent and immunosup-
pressed individuals (Geltner et al., 2013; Sharma
and Nonzom, 2021). The clinical presentation var-
ies based on the source of the infection. Respiratory
infections are common and may include pneumoni-
tis, pneumonia, pulmonary fibrosis, localized fun-
gal aggregates, and pulmonary abscesses. Reported
cases of invasive infections include endocarditis,
peritonitis associated with peritoneal dialysis, brain
abscesses, endophthalmitis, and cutaneous infec-
tions (Oro6s et al., 1996; Mehta et al., 2021).

In addition, the strains belonging to the gen-
era Aspergillus and Penicillium also manifested
a high tolerance to the existing antifungal agents
(Guevara-Suarez et al., 2016; Bottery et al., 2024;
Mianrood et al., 2025). Recently, reports have indi-
cated the emergence of drug-resistant species of 4s-
pergillus and Penicillium due to extended exposure
to antifungal agents (Hashem et a/., 2022; Sharma
et al., 2024; Oso et al., 2025). In response to the
growing importance of this problem, nanotechnol-
ogy has emerged as a promising alternative (Yas-
sin et al., 2023; Singh et al., 2024). Metal oxide
nanoparticles are attracting increasing interest due
to their energy efficiency and cost-effectiveness.
They offer solutions to a variety of challenges in
sectors such as healthcare, agriculture, cosmetics,
food production, and optics. Silver nanoparticles
(AgNPs) have been recognised as effective anti-
fungal agents (Hashem et al., 2022; Matras et al.,
2022). They can inhibit fungal cell development
using a wide range of mechanisms. These include
damaging phosphate groups in DNA, disrupting
plasma membrane permeability, interacting with
sulthydryl groups in proteins and enzymes, and
producing reactive oxygen species (ROS) (Li et al.,
2022; Liu et al., 2024).

Green synthesis technology is a new bio-
logical approach to creating nanomaterials. The
producing NPs have been found to be more effec-
tive, environmentally friendly, cost-effective, and
non-hazardous (Pourakbar ef al., 2026; Singh et
al., 2026). This technology involves the use of bi-
omolecules from various organisms such as bacte-



ria, yeast, mold, microalgae, and plants (Ali et al.,
2020; Guo et al., 2022; Anjum et al., 2026; Raj et
al., 2026). Plant extracts are the most commonly
used in green synthesis. However, using bodily se-
cretions from living organisms is far more benefi-
cial, as the organisms are not destroyed and can be
safely returned to their natural environment, help-
ing to preserve biodiversity (Mane et al., 2021).

In this context, mollusc body fluids are highly
suitable for incorporation into nanoparticles. Data
on the effective use of garden snail mucus-based na-
noparticles have been published (Mane et al., 2021;
El-Zawawy and Mona, 2021; Consoli et al., 2024).
Snail mucus contains proteins, peptides, amino ac-
ids, hyaluronic acid, glycolic acid, vitamins, and
antioxidants. It also contains metal ions (e.g. Cu,
Zn, and Fe), as well as lactic acid, metalloprotein-
ases, and their inhibitors (Aouji ef al., 2023).

Our previous publications demonstrate the
significant antibacterial and antifungal activity
of mucus from the garden snail Cornu aspersum,
distributed in Bulgaria (Velkova et al., 2024). Fur-
thermore, incorporating C. aspersum mucus into
the composition of nanoparticles as a reducing
and stabilising agent increases the degree of inhi-
bition of the growth of pathogenic Gram-positive
and Gram-negative bacteria (Dolashka et al., 2024;
Todorova et al., 2025).

The present study was designed to compare
the antifungal activity of two types green synthe-
sized silver nanoparticles (AgNPs) using as reduc-
ing agents: 1) activated carbon with mucus of the
garden snail Cornu aspersum; 2) mucus from C.
aspersum and essential oil from tea tree (Melaleuca
alternifolia) against amphotericin B (AmB)-resist-
ant strains belonging to the species 4. niger and P.
griseofulvum.

Table 1. NPs used in experiments

Materials and Methods

Sample preparation and characterization

The carbon adsorbent (AC) was produced via
the pyrolysis of peach pit shells, following the meth-
odology described by Dolashka et al. (2024). The
mucus was collected using a patented technology
from garden snails C. aspersum, grown in Bulgar-
ian organic farms (Dolashka and Atanasov, 2015).
The purified mucus, as described in Dolashki et al.
(2020) and Velkova et al. (2024), was separated by
ultrafiltration through membrane filters with a pore
size of 20 kDa (Dolashki et al., 2020; Velkova et
al.,2024). The obtained fraction with MW >20 kDa
was used for the green synthesis of MeNPs in the
presence of activated carbon from peach shells or in
a mixture with tea tree M. alternifolia oil. The syn-
thesized nanoparticles and adsorbents used in this
study are presented in Table 1.

Synthesis of silver nanoparticles on activated
carbon (AgNPs-AC)

Silver nanoparticles (AgNPs) were synthe-
sized using a “green” biological route. A mixture
of 45 mL pure snail mucus and 10 mL of 50 mM
AgNO, was stirred mechanically at room temper-
ature. The formation of AgNPs was visually con-
firmed by a distinct color change in the solution.
Two variations of silver-carbon composites were
obtained. AgNPs-AC1A: 25 mL of the synthesized
AgNPs was centrifuged at 6 000 rpm for 15 min
at 4°C. The resulting precipitate was washed three
times and subsequently mixed with 0.1 g of AC in
10 mL of distilled water (dH,O). AgNPs-AC2: The
sample was prepared by directly mixing 25 mL of
the crude AgNPs solution with 0.1 g of AC without
prior centrifugation or washing.

AgNPs -AC AgNPs-muc (C. aspersum mucus and AgNO,)

AC Activated carbon

AgNPs-ACl1 AgNPs-muc centrifuged + AC

AgNPs-AC2 AgNPs-muc + AC

AgNPs-TT Mixture (C. aspersum mucus + essential oil from M. alternifolia)
AgNPs-TT1A AgNPs (45 ml mixture + 5 ml 50 mM AgNO,) + TT
AgNPs-TT1B AgNPs (45 ml mixture + 5 ml 50 mM AgNO,) + TT
AgNPs-TT2A AgNPs (40 ml mixture + 10 ml 50 mM AgNO,) + TT
AgNPs-TT2B AgNPs (40 ml mixture + 10 ml 50 mM AgNO,) + TT
AgNPs-TT3B AgNPs (30 ml mixture + 20 ml 50 mM AgNO,) + TT




Synthesis of modified silver nanoparticles from tea
tree (AgNPs-TT)

To investigate the influence of essential oils,
a biomatrix consisting of 100 mL of C. aspersum
mucus and 20 mL of M. alternifolia (tea tree) oil
was prepared. Different volumes of 50 mM AgNO,
were added to this biomatrix under continuous stir-
ring at room temperature. The resulting products
were separated into supernatant (A) and pellet (B)
fractions by centrifugation. AgNPs-TT1 sample
was synthesized with 45 mL of biomatrix and 5
mL of 50 mM AgNO,, yielding two fractions: Ag-
NPs-TT1A (supernatant) and AgNPs-TT1B (pel-
let). A mixture of 40 mL biomatrix and 10 mL 50
mM AgNO3 was used to synthesize the AgNPs-TT2
sample, separated into AgNPs-TT2A (supernatant)
and AgNPs-TT2B (precipitate). The main fraction
collected after mixing 30 mL biomatrix and 20 mL
50 mM AgNO3 was AgNPs-TT3B (precipitate).
After separation, all samples were dried before fur-
ther experimental use.

Strains and growth conditions

The fungal strains A. niger and P. griseoful-
vum, belonging to the Mycological collection of the
Stephan Angeloff Institute of Microbiology, Sofia,
were used in the experiments. They were select-
ed as AmB-resistant strains in our previous study
(unpublished data). Long-term preservation of
these fungi was carried out in the Microbank sys-
tem (Prolab Diagnostics, Richmond Hill, Canada),
consisting of sterile vials that contain 25 porous,
colored beads and a cryopreservative fluid at -80°C.
Before use, the conidiospores were grown on pota-
to-dextrose agar (PDA) medium at 28°C for 7 days.
Preparation of standardized spore suspension

Inoculum suspensions were prepared from
fresh, mature (5- to 7-day-old) cultures grown on
PDA. The resulting spores were added to a sterile
solution of Triton X-100 and adjusted to a concen-
tration of 2-6x10* spores/mL. Ten mL of this sus-
pension was incubated with or without AgNP in
a shaking thermomixer (Eppendorf Thermomixer
comfort) at 28°C for 24 h (Yang et al., 2016).

Antifungal activity assessment

Agar diffusion assay (ADM)

Antifungal activity was assessed using a dif-
fusion technique on a potato-dextrose agar (PDA)
growth medium. Treated spore suspensions (50 pL)
of each fungal strain were inoculated in the centre
of a PDA plate in a 90 mm Petri dish and cultivated
at 28°C for 144 hours. Fungal growth was assessed
by measuring the colony diameter every 24 hours
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and taking photographs of each Petri dish for image
analysis. The percentage of mycelial growth inhibi-
tion (MGI) was calculated according to the follow-
ing formula:

CT 100

MGI(%) =

where MGI (%) is the percentage of mycelial
growth inhibition by the tested compounds, C is the
diameter of fungal growth on control, and T is the
diameter of fungal growth on treated PDA.

Broth microdilution method (BDM)

In general, 96-well plates were prepared by
adding 50 pL of potato dextrose broth (PDB) sup-
plemented with 50 pL of the treated spore suspen-
sion and 30 pL of 0.02% resazurin. Then plates
were incubated for 72 hours at 28°C. The inhibi-
tory effect was determined by direct observation of
growth and change of the dye color from blue to
pink to purple. As control samples for each variants
were used as follows: 1) medium + untreated spore
suspension; 2) medium + untreated spore suspen-
sion + NYS.

Statistical analysis

The results obtained in this investigation were
evaluated from at least three repeated experiments
to represent the mean. The error bars indicate the
standard deviation (SD) of the mean of triplicate
experiments. The data were analyzed using one-
way analysis of variance (ANOVA), followed by
Tukey’s test. For the statistical processing of the
data, the version of the ANOVA software built into
the Origin program (OriginPro 2019b, 64-bit) was
used.

Results

To study the inhibitory effect against the
fungal strains 4. niger and P. griseofulvum, acti-
vated carbon and two types of AgNPs synthesized
by “green synthesis” of a mixture of mucus from
the garden snail C. aspersum with MT>30 kDa
and 50 mM AgNO,, to which a carbon adsorbent
(AgNPs-AC) or essential oil from tea tree M. al-
ternifolia (AgNPs-TT) was added, were used. Two
types of carbon composites were obtained after
mixing AB from peach shells (Dolashka et al.,
2024) with AgNPs (a mixture of mucus from the
snail C. aspersum and 50 mM AgNO3), formed af-
ter centrifugation (AgNPs-AC1) and without cen-
trifugation (AgNPs-AC2). The second type of Ag-
NPs, tested as growth inhibitors of fungal strains
A. niger and P. gryseofulvum, were obtained after
synthesis of nanoparticles from snail mucus and es-



sential oil with different concentrations of 50 mM
AgNO3: 5 ml (AgNPs-TT1A; AgNPs-TT1B); 10
ml (AgNPs-TT2A; AgNPs-TT2B) and 20 ml (Ag-
NPs-TT3B), respectively, the supernatant and pre-
cipitate.
Antifungal activity measurement by ADM
Antifungal activity of AgNPs-AC

The in vitro antifungal activity of AgNP us-
ing C. aspersum mucus (mol mass >30 kDa) and
activated carbon (AgNP-AC) towards A. niger was
evaluated using ADM methods. A time-dependent
reduction of A. niger colony size and percentage of
inhibition rate after 144 hours of treatment is no-
ticeable in Fig. 1. All treatments illustrated differ-
ent degrees of inhibition of mycelial growth. Mac-
rophotographs of the plates showed that the neg-
ative control variant exhibited the typical charac-
teristics of A. niger development, including thick,
fluffy mycelial growth and sporulation (Fig. 1A).
In the case of treatment with formulation AC alone,
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72
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144
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Growth inhibition [%]

AgNPs-AC1

AgNPs-ACz
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negligible differences in growth reduction were ob-
served compared to the control group. The greatest
limitation of fungal colony growth was observed
after the spores were treated with formulation Ag-
NPs-AC2 after 24 hours of cultivation. The growth
inhibitory tendency was confirmed by the calculat-
ed percentage of inhibition rate (Fig. 1B).

Figure 2A shows the growth changes of P,
griseofulvum when exposed to various formulas
containing active carbon, compared to the control
group. Growth inhibition of 100% was recorded
after 24 hours for treatments with formulations Ag-
NPs-AC1 and AgNPs-AC2.

However, the antifungal effect decreased
substantially during the subsequent hour of culti-
vation. While the AgNPs-AC1 treatment achieved
an inhibition rate of approximately 35%, the Ag-
NPs-AC2 treatment attained an inhibition rate of
approximately 55% (Fig. 2B). Meanwhile, the AC
variant exhibited a rapid decrease in inhibition rate,

Aspergillus niger

24
48
72
144

1l

0000

c"\u

» »
¥ N
O

Fig. 1. Time-dependent 1nh1b1t0ry effect of AgNPs—AC (AgNPs-AC1 and AgNPs-AC2) against A. niger. A — colony growth
reduction; B - inhibitory rate (%); C ng - negative control (PDA + fungal strain); C ps - positive control (PDA + AgNP); AC—

activated carbon.
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Fig. 2. Time-dependent inhibitory effect of AgNPs-AC (AgNPs-AC1 and AgNPs-AC2) against P. griseofulvum. A —colo-
ny growth reduction; B - inhibitory rate (%); C ng - negative control (PDA + fungal strain); C ps - positive control (PDA +

AgNP); AC — active carbon.
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dropping from 70% to 8.5% during the treatment
period.
Antifungal activity of AgNPs-TT

The combination of AgNPs and tea tree ex-
tract demonstrated an enhanced antifungal effect
against 4. niger in comparison to variants incorpo-
rating organic carbon-based nanoparticles (Fig. 3).

The measurements of the mycelial growth
zone of the fungus in Petri plates (Fig. 3A) were
used to obtain the readings illustrated in Fig. 3B.
In the initial 24-hour period, variants AgNPs-TT1B
and AgNPs-TT2B exhibited the most pronounced
antifungal activity, achieving 100% growth in-
hibition. These were followed by variants Ag-

NPs-TT1A, AgNPs-TT2A, and AgNPs-TT3B,
which demonstrated 70-80% inhibition rates during
this time (Fig. 3B). After 48 hours of cultivation,
the efficacy of the treatment was found to be re-
duced by approximately 40—50%. An exception to
this pattern is variant AgNPs-TT3B, which exhibits
a higher level of inhibitory activity (approximately
60%). Furthermore, AgNPs-TT1B, AgNPs-TT2B,
and AgNPs-TT3B exhibited a delay in sporulation.
An extended cultivation period of 144 hours led to
a diminished effect on growth and spore formation.

In vitro antifungal activity was assessed by
measuring the zone of inhibition and calculating
the percentage inhibition over a period of several
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Fig. 3. Antifungal activity of AgNPs-TT (AgNPs-TT1A, AgNPs-TT1B, AgNPs-TT2A, AgNPs-TT2B, and AgNPs-TT3B
- AgNPs-TT) against A. niger dependent on the NPs content and duration of cultivation. A —colony growth reduction; B -
inhibitory rate (%) C-ng - negative control (PDA + fungal strain); C-ps - positive control (PDA + AgNP).
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Fig. 4. Growth inhibition of P. griseofulvum by treatment with different variants of AgNPs-TT (AgNPs-TT1A, Ag-
NPs-TT1B, AgNPs-TT2A, AgNPs-TT2B, and AgNPs-T3B). A — colony growth reduction; B - inhibitory rate (%) C-ng -
negative control (PDA + fungal strain); C-ps - positive control (PDA + AgNP);
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days (Fig. 4). The data show that the P. griseoful-
vum test strain was more sensitive to AgNPs-TT
than the A. niger strain. Variant AgNPs-TT2A ex-
hibited complete growth inhibition over the entire
144-hour period. The same 100% inhibition rate
was observed for variant AgNPs-TT1A after 24
and 48 hours of cultivation, and for variants Ag-
NPs-TT1B, AgNPs-TT2B, and AgNPs-TT3B after
24 hours. Moreover, a notable delay in the sporu-
lation process was observed for a duration of 48
hours in all the variants used.

Antifungal activity measurement by BDM

In subsequent experiments, AgNPs-AC and
AgNPs-TT were evaluated as antifungal agents
using a resazurin-mediated microtiter plate assay
towards A. niger and P. gryseofulvum. The color
shift of the resazurin indicator, as measured by the
ELIZA reader, was utilized for the purpose of eval-
uating the fungal growth after treatment with the
corresponding NPs. Nystatin was used as a positive
control.
Antifungal activity of AgNPs-AC

The potential antifungal activity of synthe-
sized AgNPs-AC was illustrated in Fig. 5. Formu-
lations AgNPs-AC1 and AgNPs-AC2 demonstrated
the capacity to impede the proliferation of 4. niger
only for a duration of 24 hours, with inhibition rates
of 37.69 and 34.44%, respectively. In contrast, the
Nys variant demonstrated a more pronounced anti-
fungal effect.

The same formulations, AgNPs-AC1 and Ag-
NPs-AC2, exhibited a more pronounced inhibitory
effect on P. griseofulvum in comparison to the 4.

Aspergillus niger
48 h

A
Oh

AgNPs-AC
AgNPs-AC

Pros N

niger strain (Fig. 6). The data obtained following a
72-hour cultivation period were found to be compa-
rable to those exhibited by the Nys treatment. The
highest antifungal effect was achieved at 24 hours,
at which point the suppression of strain develop-
ment reached 72%, 81%, and 82% for AgNPs-ACl,
AgNPs-AC2, and Nys, respectively.

Antifungal activity of AgNPs-TT

The ability of AgNPs-TT to inhibit the growth
of the A. niger strain is demonstrated in Fig. 7. It re-
vealed the various sensitivity of the fungal strain to
the tested nanoparticles, as well as the effectiveness
of different formulations according to their content.

The formulations AgNPs-TT2A and Ag-
NPs-TT2B exhibited an inhibitory effect (aprox-
imately 70%) that was comparable to that of the
control agent Nys over a period of 48 hours. Subse-
quent to these results, AgNPs-TT1A, AgNPs-TT1B,
and AgNPs-TT3B were observed to cause an inhi-
bition rate of between 33 and 36% over the initial
24 hours of cultivation.

Green-synthesised AgNPs-TT exhibited bet-
ter antifungal activity against P. griseofulvum than
A. niger (see Fig. 8). All formulations resulted in a
high degree of inhibition rate over the entire culti-
vation period (144 h). The data confirmed that the
effect was comparable to that of the control agent
Nys. In addition, formulations AgNPs-TT1A, Ag-
NPs-TT1B, AgNPs-TT2A, and AgNPs-TT2B ex-
hibited higher growth inhibition in comparison to the
Nys for the initial 24 hours. It is also noteworthy that
AgNPs-TT2B demonstrated more pronounced anti-
fungal potential than that evaluated for the Nys.

B
~ Variant Inhibition rate [%]
24h 48 h 72 h
AgNPs-AC1 37.69 0 0
AgNPs-AC2 34.55 0 0
NYS 83.45 5539 48.09

Fig. 5. Resazurin microdilution assay for the antifungal activity of AgNPs-AC (AgNPs-AC1 u AgNPs-AC2) towards A.

niger. A—
+ fungal strain + Nys).
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resazurin plates; B - inhibitory rate (%) C ng - negative control (PDA + fungal strain); C-ps - positive control (PDA

B
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Inhibition rate [%]
24h 48h 72h 144h
AgNPs-AC1 72.19 61.13 43.03 18.02
AgNPs-AC2 81.13 63.27 44.17 21.51
NYS 82.12 67.51 51.44 58.85

Fig. 6. Antifungal effect of AgNPs-AC (AgNPs-AC1 and AgNPs-AC2) in terms of color intensity of resazurin towards
P. griseofulvum. A —resazurin plates; B - inhibitory rate (%); C ng - negative control (PDA + fungal strain); C-ps - positive

control (PDA + fungal strain + Nys).
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Fig. 8. Antifungal activity of AgNPs-TT (AgNPs-TT1A, AgNPs-TT1B, AgNPs-TT2A, AgNPs-TT2B, and AgNPs-TT3B)
assessed based on the microdilution method against P. griseofulvum. A — resazurin plates; B - inhibitory rate (%); A — col-
ony growth reduction; B - inhibitory rate (%) C-ng - negative control (PDA + fungal strain); C-ps - positive control (PDA +

fungal strain + Nys)

Discussion

A considerable number of potentially path-
ogenic fungal strains are regarded as hazardous
due to their resistance to antifungal agents that are
frequently utilized for the treatment of such infec-
tions. In recent years, this novel health problem has
attracted increased attention, coinciding with the
emergence of drug resistance in bacterial and viral
pathogens. Factors contributing to the development
of antifungal resistance may include intricate inter-
actions among environmental conditions, virulence
factors, and gene expression alterations (Vitiello et
al., 2023). The widespread use of fungicides has
also been cited as a significant cause of resistance.
Consequently, there exists an immediate necessi-
ty for the development of new and effective drugs
to address resistant fungal strains (De Francesco,
2023; Gurajala and Challapilla, 2026; Singh et al.,
2026). Nanomaterials offer a promising alternative
to conventional antifungal drugs [Hashem et al.,
2022; Bottery et al., 2024; Anjum et al., 2026].

The present study provides new information
on the effects of two distinct types of AgNPs, syn-
thesized via a green methodology, on AMB-resist-
ant strains belonging to the species 4. niger and P.
griseofulvum. As potential inhibitors of the growth
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of fungal strains A. niger and P. griseofulvum,
AgNPs synthesized by “green synthesis” with ac-
tive components, a mixture of mucus from garden
snail C. aspersum with MT>30 kDa and activat-
ed carbon (AgNPs-AC) or tea tree M. alternifolia
(AgNPs-TT) were tested. The conducted analyses
proved a weak inhibitory effect of two types of
carbon composites obtained after mixing AC from
peach shells (Dolashka et al., 2024) with AgNPs
(a mixture of mucus from snail C. aspersum and
50 mM AgNO,) after centrifugation (AgNPs-AC1)
and without centrifugation (AgNPs-AC2).

The influence of Ag-ion concentration on the
growth inhibition of fungal strains was established
by testing the second type of AgNPs, as inhibitors
of the growth of fungal strains 4. niger and P. gri-
seofulvum. The results of the tests synthesized Ag-
NPs-TT (supernatant and precipitate) with differ-
ent concentrations of Ag": 5 mM (AgNPs-TT1A;
AgNPs-TT1B); 10 mM (AgNPs-TT2A; Ag-
NPs-TT2B), and 20 mM (AgNPs-TT3B) AgNO,
show the synergistic effect of snail mucus and es-
sential oil, as well as the importance of higher con-
centrations of Ag™.

A comparison of two types of Ag-nanoparti-
cles was conducted. Formulations containing mu-



cus from C. aspersum and tea tree oil (AgNPs-TT)
were found to have a substantially higher antifungal
effect against the test strains than those comprising
activated carbon (AgNPs-AC). The replacement of
activated charcoal with tea tree oil has been demon-
strated to enhance the efficacy of the nanoparticles,
as well as prolong the duration of their action. Fur-
thermore, P. griseofulvum demonstrated greater
sensitivity to both NPs than 4. niger. Based on the
results obtained by ADM, it can be concluded that
the order of efficacy for A. niger was as follows:
AgNPs-TT2B, AgNPs-TTI1B, AgNPs-TT2A, Ag-
NPs-TT1A, and AgNPs-TT3B for AgNPs-TT and
AgNPs-AC2, AgNPs-AC1 for AgNPs-AC. Con-
currently, the efficacy ranking for P. griseofulvum
was AgNPs-TT2A, AgNPs-TT1A, AgNPs-TT1B,
AgNPs-TT2B, AgNPs-TT3B, and AgNPs-AC2,
AgNPs-AC1 for AgNPs-TT and AgNPs-AC, respec-
tively. It is important to note the extended period
of 100% growth inhibition, which was observed at
144 and 48 hours after the treatment of P. griseoful-
vum with AgNPs-TT2A and AgNPs-TT1A, respec-
tively.

A comparison of the aforementioned data
(ADM) with the results obtained by the BMD
method revealed that both methods correctly eval-
uated the antifungal properties of the AgNPs used.
The higher sensitivity of the P. griseofulvum strain
to the nanoparticles used compared to the A. niger
strain was confirmed.

The main finding of this study is that the eval-
uated antifungal activity is comparable to, or even
higher than, that of Nys. Because of its toxicity,
the application of Nys is limited, highlighting the
necessity for alternative antifungal medications.
Thus, synthesized AgNPs containing mucus and
plant essential oil could be estimated as a potential
source of novel therapeutic formulations

The effect of silver ions was examined in com-
bination with the potential of C. aspersum mucus
and activated carbon (AgNPs-AC). As can be seen
in Figures 1 and 2, the silver nanoparticles synthe-
sised in the mucus matrix demonstrated higher an-
tifungal activity towards both test strains compared
to the control particles (AC). The green synthesis of
metal nanoparticles using mollusc-secreted mucus
has been the subject of a limited number of stud-
ies (D1 Filippo et al., 2022; Ganesan et al., 2024).
Our previous studies have revealed the potent anti-
bacterial properties of nanoparticles using a reduc-
ing agent from C. aspersum mucus (Daskalova et
al., 2023; Dolashka et al., 2024; Todorova et al.,
2025a,b). Mane et al. (2021) reported the synthesis
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of silver nanoparticles from the mucus of the ter-
ritorial snail Achatina fulica, which exhibited an-
tifungal activity against A. fumigatus. Green-syn-
thesised AgNPs from fish mucus (Cyprinus carpio)
significantly inhibited the mycelial growth of A.
niger and S. cerevisiae (Tasleem et al., 2024). Sim-
ilar results were demonstrated by Fe,O, NPs using
Lissachatina fulica snail mucus as an antimicrobial
agent (Ganesan et al., 2024). The authors noted the
bio-reduction and bio-stabilization effects of the
mucus during the synthesis of the NPs.

In recent years, there has been growing in-
terest in using plant extracts to reduce silver ions
during green nanoparticle synthesis (Munir et al.,
2016; Huo et al., 2019; Fatimah et al., 2022; Eker et
al., 2025). Essential oils, which are secondary plant
metabolites, contribute to enhanced pharmacolog-
ical activities of nano-formulations. Our results
confirmed this suggestion. Using a combination of
C. aspersum mucus and M. alternifolia oil in the
green synthesis of AgNPs enhanced the antifungal
activity against 4. niger and P. griseofulvum and
had an extended inhibitory effect. Moosavy et al.
(2023) reported that green-synthesized gold and sil-
ver nanoparticles using Mentha spicata essential oil
demonstrated higher antimicrobial activity in com-
parison with chemically synthesized NPs. Lavender
oil significantly reinforces the antifungal activity of
AgNPs, displaying remarkable broad-spectrum ef-
ficacy against the agricultural pathogens Colletotri-
chum musae and Alternaria alternate (Abri et al.,
2026). Green synthesis of AgNPs from Origanum
vulgare essential oil demonstrated enhanced an-
tifungal activity compared to sole oil application,
improving its stability, water solubility, and dis-
persion (Pourakbar et al., 2026). The utilization of
citron juice (Citrus medica) for the production of
copper nanoparticles also demonstrated significant
inhibitory effects against the pathogens F. gramin-
earum, F. culmorum, and F. oxysporum (Shende et
al.,2021).

While the exact molecular antifungal mecha-
nisms of nanoparticles remain unclear, the antifun-
gal potential of AgNPs can be attributed to their ca-
pacity to bind to hyphae, thereby inflicting damage
to the fungal cells (Hashem et al., 2022). It is prob-
able that Ag* primarily impacts the functionality of
membrane-associated enzymes, particularly those
found within the respiratory chain (Singh et al.,
2026). Furthermore, AgNPs have been shown to in-
activate intracellular enzymes via the mechanism of
competitive inhibition (Hashem et al., 2022). It has
also been documented that there is an effect on the



expression of genes responsible for many proteins,
as well as the disruption of DNA replication. In ad-
dition, NPs have the capability to generate reactive
oxygen species (ROS), consequently causing DNA
damage, lipid peroxidation, and protein denatura-
tion (Mansoor et al., 2021; Wang et al., 2022; Li et
al., 2024). This action, which involves various fac-
tors, is further strengthened by phytochemical cap-
ping agents, particularly phenolic compounds and
tannins discovered in plant extracts that synergisti-
cally affect fungal growth and metabolism (Moret-
ti et al., 1998). According to Irshad et al. (2024),
green-synthesized NPs can generate ROS, causing
oxidative stress damage, including disruption to
cellular integrity and osmotic balance, and a de-
crease in pathogenicity. In addition, NPs can induce
cell death via a caspase-dependent route, implying
their potential to trigger apoptosis. The application
of mucus as a reducing agent in green synthesis of
metal-containing NPs provides additional antimi-
crobial and anti-inflammatory properties (Mane et
al., 2021). The accelerated leakage through fungal
membranes of proteins, reducing sugars, DNA, and
RNA has been evaluated after treatment.

The antifungal activity of AgNPs-TT is like-
ly enhanced by the complex mixture of compounds
in tea tree essential oil, such as primarily terpene
hydrocarbons, including monoterpenes and sesqui-
terpenes, with key components like terpinen-4-ol,
gamma-terpinene, and alpha-terpinene (Carson et
al., 2006). These hydrophobic substances have the
potential to compromise the integrity and permea-
bility of fungal plasma membranes, resulting in the
leakage of essential cellular components and ulti-
mately leading to cell death (Zhang et al., 2015).

In this context, variations in efficacy against
A. niger and P. griseofulvum may be species-spe-
cific. Similar differences in the antifungal effect of
AgNPs with Lavandula angustifolia essential oil
on Botritis cinerea compared to Fusarium prolifer-
atum have been reported by Abri et al. (2026). The
authors proposed that this variance may result from
intrinsic differences in fungal membrane composi-
tion, the existence of efflux pumps, or variations in
cell wall structure that influence the penetration of
the oil’s bioactive components.

Conclusion

The increasing prevalence of drug-resistant
fungal infections makes the development of nov-
el therapeutic strategies crucially necessary. This
study demonstrates a rapid, cost-effective approach
to synthesising AgNPs using C. aspersum mucus
and M. alternifolia oil as efficient reducing agents.
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Investigations show the significant potential of
green-synthesised AgNPs-AC and AgNPs-TT as
antifungal agents against AmB-resistant 4. niger
and P. griseofulvum strains. The growth inhibition
rate following treatment with these novel nano-for-
mulations is equal to or higher than that achieved
with Nys. Consequently, AgNPs synthesised using
mucus and plant’s essential oils could be consid-
ered a promising source for innovative therapeutic
formulations.
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Abstract

New strains of probiotic Bacillus species are required to meet the growing consumer demand for pro-
biotics. This study aimed to assess the probiotic ability of the Bacillus strain Shouchella clausii (formerly
Alkalihlobacillus clausii or Bacillus clausii) ELBC004 was isolated from soil in the Ghat region of the
Krishna River, Andhra Pradesh, India. The results indicate that Shouchella clausii (S. clausii) ELBC004
exhibited a noteworthy tolerance at pH 2.0, 3.0, and 4.0 (9.75, 9.30, and 9.20 CFU/mL), 1% bile salts (9.20
CFU/mL), and 8% sodium chloride (12.18 CFU/mL) after 6 hours of incubation. Compared with the ref-
erence strain Bacillus subtilis LifeinU® BSCUI, it also displayed greater tolerance to pepsin (8.93 CFU/
mL at pH 2.0) and pancreatin (8.78 CFU/mL at pH 8.0). The isolate ELBC004 exhibited negative results
for haemolysis, DNase, lecithinase, gelatinase, and biofilm formation, confirming the safety of the strain.
Additionally, it demonstrated significant proteolytic, amylolytic, autolytic, compatibility, and exopolysac-
charide-producing abilities. In addition, the isolate ELBC004 showed antibiotic resistance to chloramphen-
icol (C), rifampicin (RIF), streptomycin (S), tetracycline (T), penicillin (P), sulfadiazine (SZ), amoxacillin
(OX), cefepime (CPM), sulfamethizole (SM), and metronidazole (MTZ), and showed strong antimicrobial
activity against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Candida albicans.
The strain ELBC004 reduced pathogenic biofilm production, exhibited 56 to 81% 2,2-diphenylpicrylhy-
drazyl (DPPH) scavenging activity, and demonstrated potent in vitro antidiabetic activity by inhibiting
a-amylase (73.26%) and a-glucosidase (68.34%). Gamma-aminobutyric acid (GABA) production was also
confirmed. In conclusion, this study identified S. clausii ELBC004 as a potential probiotic strain.
Keywords: Bacillus species, probiotic, antibiotic resistance, antioxidant potential, antidiabetic activity,
gamma-aminobutyric acid

Pesrome

HeobOxomumu ca HOBH II[aMOBe POOHOTHUYHU BUAOBE Bacillus, 3a 1a ce OTTOBOpPHM Ha HapacTBAIllO-
TO MOTPEOUTENICKO ThpCeHE Ha MpoOuoTuiy. ToBa Mpoy4yBaHe MMAIle 3a IEJ Ja OIeHH MPOOHOTHYHATA
criocobHoct Ha Shouchella clausiip mam ot poa Bacillus (npenm Alkalihlobacillus clausii wnu Bacillus
clausii) ELBC004, u3onupan oT noysara B paifoHa Ha ['xat Ha peka Kpumna, Auaxpa Ilpagem, Uuaus.
Pesynrarure nokassar, ue S. clausii ELBC004 nposiBsiBa 3abenexutenta tonepantHoct mpu pH 2.0, 3.0 u
4.0(9.75,9.30 1 9.20 CFU/mL), 1% »xbunu conu (9.20 CFU/mL) u 8% natpues xiopua (12.18 CFU/mL)
cien 6 yaca unkyOamus. B cpaBHenue ¢ pedepentnus mam Bacillus subtilis LifeinU® BSCU1, Toii cbio
TakKa MoKa3Ba Mmo-rojsimMa TojepantHocT KbM rercut (8.93 CFU/mL npu pH 2,0) u mankpearus (8.78 CFU/
mL mpu pH 8.0). M3onarsT ELBC004 nmoka3Ba orpuiiareanu pe3ynraru 3a xemonusa, [J[HKaza, nenuruna-
3a, J)kelaTuHa3a 1 o0pa3yBaHe Ha OMOoUIM, KOETO MOTBbPXkKAaBa Oe30macHoCTTa Ha ifama. OCBeH TOBa, TOM
JIEMOHCTPHUPA 3HAYUTEITHU MTPOTCOIIMTHYHHU, AaMUJIOTUTUYHU, aBTOJIUTUYHU CITIOCOOHOCTH, CbBMECTHMOCT U
MIPOM3BOJICTBO Ha ek3omoiu3axapuan. B nonwiaaenue, nzonarsT ELBC004 noka3za aHTHOMOTHYHA PE3HC-
TeHTHOCT KbM xnopamdennkon (C), pudammunun (RIF), crpenromunus (S), rerpanuknud (T), nenuiu-
muH (P), cyndamuazun (SZ), amokcanunus (0OX), nedernmm (CPM), cyndamernson (SM) u MmeTpoHUAa3071
(MTZ), n nokasa cuIHa aHTUMHUKPOOHA aKTUBHOCT cpenty Escherichia coli, Pseudomonas aeruginosa,
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Staphylococcus aureus n Candida albicans. lllampr ELBC004 Hamanu mpou3BOICTBOTO HAa MATOTCHEH
ounodum, nposiu 56 10 81% akTuBHOCT 3a oTcTpaHsBaHe Ha 2,2-audenmmmukpuixunpasmwi (DPPH) u ne-
MOHCTpHUpa MOIIHA in Vitro aHTUIMabeTHAa aKTUBHOCT Upe3 HHXHOUpaHe Ha o-amuiasa (73.26%) u a-mito-
ko3umasa (68.34%). [ToTBbpaeHo Oelie U MPOU3BOACTBOTO HA ramMa-aMuHoMacieHa kucennna (GABA). B
3aKJIFOYeHHe, ToBa npoyuBane uaeHtudunupa S. clausii ELBC004 xato moTeHIHaIeH TPOOMOTHYCH TIIaM.

Introduction

Probiotics are “live microorganisms that,
when administered in adequate amounts, confer
a health benefit on the host” (Fuller, 1989; FAO/
WHO, 2002), and they benefit the host by improv-
ing the nutritional and microbial balance in the
gastrointestinal tract by regulating mucosal and
systemic immunity (Naidu ef al., 1999). Microbial
strains, such as members of the genera Lactobacil-
lus, Bifidobacterium, Enterococcus, Bacillus, and
Leuconostoc, are the most regularly used probiotics
(Lee et al., 2019; Ahire et al., 2021a). For many
years, probiotics have been prominent for their
benefits to human health and to improve the per-
formance of livestock (Royan et al., 2021). The se-
lection of a microbial strain as a potential probiotic
needed to be examined to assess its virtuous abili-
ties like, tolerance to low pH, high bile salts, and
high sodium chloride (NaCl), pepsin-pancreatin
tolerance, ability to adhere to the intestinal epithe-
lium, antimicrobial activity (production of antimi-
crobial metabolites), safety (hemolytic and DNase
activity), and host-linked functional characteristics
such as antioxidant, anti-cholesterol, antidiabetic
and production of functional molecules (Pereira et
al., 2018). To date, many probiotic microorganisms
have been identified as potential probiotics. The
finding for standard probiotics is always needed to
meet the minimum principles of the industrial and
scientific societies (Ahire ef al., 2021a).

Bacillus species comprises phenotypically
diverse, heterogeneous, gram-positive, spore-form-
ing, facultative anaerobic or aerobic bacteria. Var-
ious strains of Bacillus species, such as Bacillus
subtilis, Bacillus indicus, Bacillus coagulans, Ba-
cillus clausii, and Bacillus licheniformis, which are
found in soil, water, food, air, milk, and the human
gut, have been identified as potential strains for
human use (Khokhlova et al., 2023). Although Ba-
cillus species are considered soil microorganisms,
they have also been identified among the commen-
sal microorganisms of the human gastrointestinal
tract, and certain strains of Bacillus species are
being used in animal feed and as human dietary
supplements (Karagiota et al., 2020). Most Bacil-
lus species can produce nutraceuticals such as co-
balamin, riboflavin, inositol (B - group vitamins),
carotenoids, metabolites, antibiotics, and enzymes
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that have been used for the production of various
health supplements for human utilization (Celan-
droni et al., 2019). Since 1958, Italy has had a long
story about the utilization of probiotics, which are
spore-based strains for human consumption, with
a B. clausii spore suspension (Royan et al., 2021).

The safety and efficiency of various strains of
B. clausii have been revealed in many clinical stud-
ies conducted around the world (Jo et al., 2019). For
example, B. clausii (O/C, N/R, SIN, and T) can di-
minish the occurrence of nausea, diarrhea, and epi-
gastric pain associated with antibiotic treatment for
Helicobacter pylori in adults (Manuel et al., 2020).
Similarly, 4. clausii 088AE (B. clausii) eftectively
managed diarrhea caused by broad-spectrum anti-
biotics in both adults and children (Khokhlova et
al., 2023). Treatment with B. clausii was also ef-
fective in lowering the main symptoms of acute
diarrhea, including rotavirus-associated diarrhea in
children (Carlos et al., 2022). In a recent study, B.
clausii (O/C, N/R, SIN, and T) helped to control
symptoms of inflammatory bowel syndrome (IBS)
in children (Carlos et al., 2022). Furthermore, Ba-
cillus species were used for different diseases such
as antibiotic-associated diarrhea, IBS, inflammato-
ry bowel disease (IBD), colitis, dysbiosis, and H.
pylori infections (Marie et al., 2015; Anil and Chi-
ranjit, 2021). The bacterial probiotics may lower
the possibility of oxidative damage through radical
scavenging activity, due to the production of poly-
saccharides, such as fructooligosaccharides and
glucans, which exhibit antioxidant characteristics
(Oh and Jung, 2015), and produce the bile salt hy-
drolase (BSH) enzyme, which catalyse the break-
down of glyco and tauro-conjugated bile acids by
the degradation of amide groups and releases free
amino acids (taurine and glycine) and bile acids
(chenodeoxycholic acid and cholic acid) (Bhukya
and Bhukya, 2021). Therefore, the BSH activity of
probiotics may improve the bile salt de novo path-
way in the liver, which lowers blood cholesterol
(Foley et al., 2019).

Diabetes mellitus (DM) refers to a group of
endocrine and metabolic disorders characterized by
high sugar (glucose) in the blood. It is caused by
the impaired ability of insulin production, lack of
physical activity, obesity, habitats, and aging in the



public (Son et al., 2017; Won et al., 2021). DM is
commonly treated with synthetic drugs, but adapta-
tion of intestinal flora using probiotic strains could
be of great significance in controlling metabolic
diseases, such as obesity and diabetes (Won et al.,
2021). a-Amylase and a-glucosidase exist at the
microvilli of the intestine and break down carbohy-
drates into glucose. Therefore, the slowing down of
a-amylase and a-glucosidase enzymes is an import-
ant method for reducing postprandial hyperglyce-
mia in DM patients (Gérard and Vidal, 2019). Pro-
biotic strains have been shown to mitigate DM by
normalizing glucose levels and enhancing insulin
activity by the secretion of short-chain fatty acids
(SCFAs) and secondary metabolites (Gérard and
Vidal, 2019). SCFAs, such as acetic, butyric, propi-
onic, and valeric acids, as well as amino acids, are
produced by Bacillus spp. (Khokhlova et al., 2023;
Marco et al., 2023) during the microbial fermenta-
tion of carbohydrates. Recent studies have shown
that L. plantarum, L. brevis, Bacillus spp., L. pa-
racasei, and Pediococcus species have a-amylase
and a-glucosidase inhibitory activities, which
makes them potential probiotics for antidiabetic
therapy (Lee and Kim, 2019; Won et al., 2021). In
addition, Bacillus spp. also produce y-amino butyr-
ic acid (GABA) (Wan et al., 2020; Arlene et al.,
2022), which is a nonprotein amino acid, that acts
as an inhibitory neurotransmitter in the mammalian
central nervous system, and alleviates neurological
disorders such as anxiety, depression and sleeping
disorders, and hypotensive, tranquilizing, diuretic
and antidiabetic effects (Svetlana et al., 2019).

Therefore, in the present study, we report the
in vitro assessment of Bacillus strains isolated from
soil, to tolerate adverse conditions of the gastroin-
testinal tract for probiotic potential, and evaluate
other properties, such as safety, antimicrobial, an-
tibiotic resistance, antidiabetic, and GABA produc-
tion abilities.

Materials and Methods

Samples collection and isolation

Ten soil samples (Samples 1 to 10) were col-
lected from the Ghat region of the Krishna River,
Andhra Pradesh, India. Immediately upon arrival at
the laboratory, the samples were dried under sun-
light by disseminating them on filter paper for 6 to
12 h, after which the plant debris or rocks were re-
moved via a sieve (Galal et al., 2021). After drying,
one gram of each soil sample was weighed and then
homogenized using a vortex shaker (DAN-Log-
itech, India) in 9 mL of physiological sterile saline
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(0.85% w/v NaCl, Hi-Media). The samples were
subsequently serially diluted, and the appropriate
dilution was then poured on a soya bean casein
digest agar (SCDA, Hi-media) and incubated at
37°C for 24 h in an aerobic incubator (Dwaraka
Scientifics, India). The isolated bacterial strains
were preserved in the bacterial culture bank at the
Research and Development Department, ELMED
Life Sciences Pvt. Ltd., Hyderabad. The commer-
cial probiotic B. subtilis (LifeinU® BSCU1) served
as a reference strain.

Biochemical characterization

The capability of the Bacilli isolates to fer-
ment various sugars was evaluated using a Hi-Car-
bohydrate Identification Kit (Hi-Media, India). For
the test, 50 uL of actively growing overnight Ba-
cilli cultures (OD,,, = 1.0) were inoculated into
each well of a strip containing 35 different sugars.
After 24 h of incubation, the sugar utilization was
observed and interpreted as a positive reaction for

sugar fermentation.

Tolerance to low pH, bile salts, and sodium
chloride salt

The tolerance to acid, bile, and sodium chlo-
ride of the Bacillus isolates was assessed accord-
ing to previously described methods (Ragul et al.,
2017; Shivangi et al., 2020). In brief, the resistance
to the acid of the bacterial isolates was evaluated in
saline (0.85% w/v) at pH values 2.0, 3.0, 4.0, and
7.3 adjusted with 1 M HCI, and the strains were in-
cubated for 0, 2, 4, and 6 hours. The bile salt (SRL,
India) resistance of the microbial isolates was eval-
uated at 0, 0.5, and 1% (w/v), and the strains were
incubated for 0 and 6 hours. All the isolates were
examined for their tolerance ability at various con-
centrations of sodium chloride (NaCl) — 2.0, 4.0,
and 8% (w/v), and incubated at 37 for 6 hours.
The results are expressed as the cell viable count
(log CFU/mL) observed on SCD agar. The positive
control for all the experiments was B. subtilis (Li-
feinU® BSCU1).

Tolerance to pepsin and pancreatin

To test the tolerance ability of Bacillus iso-
lates in the presence of pepsin, pancreatic digestion
was evaluated according to Sornsenee ef al. (2021).
In brief, the pepsin mixture was prepared by adding
pepsin (3 g/L) to sterile saline and then adjusting to
pH 2.0 with 1 N HCI. Similarly, a pancreatin solu-
tion was prepared by adding pancreatin (1 g/L) to
sterile saline and then adjusting the pH to 8.0 with
0.1 M NaOH. A 1 mL suspension of actively grown
bacterial isolates was prepared in sterile saline con-



taining pepsin (pH 2.0), and incubated at 37°C for 0,
2, and 4 hours. After an incubation period, 1 mL of
the pepsin solution was mixed with pancreatin solu-
tion (9 mL, pH 8.0) and incubated at 37°C for 0, 2,
and 4 hours. The survival ability was observed on
SCD agar plates and expressed in colony-forming
units (log CFU/mL). B. subtilis (LifeinU® BSCUTI)
was used as a reference strain for both experiments.

Molecular characterization

The selected isolate was subjected to geno-
typic characterization through 16S rRNA gene se-
quencing conducted by Eurofins (I) Ltd. in Bengalu-
ru. The acquired sequence data were analysed using
the Basic Local Alignment Search Tool (BLAST)
on the National Center for Biotechnology Informa-
tion (NCBI) website to confirm homology with Ba-
cillus species in the NCBI database. The partial 16S
rRNA gene sequence of the selected isolate was de-
posited in the NCBI GenBank database.

Safety characteristics assessment
Haemolytic and DNase activity

The haemolysis activity was observed by
streaking the overnight-grown isolate on a sheep
blood agar plate (Chromogenic, India). The plates
were incubated at 37°C for 24 hours, and the zone
of haemolysis (non-haemolytic - y, haemolytic - a
and P) around the colonies was observed (Somashe-
karaiah et al., 2019). DNase activity was examined
by streaking the active culture on DNase test agar
medium (Hi-medium), with a clear zone of hydrol-
ysis around bacterial colonies indicating positive
DNase activity (Somashekaraiah et al., 2019).
Lecithinase activity

Lecithinase activity was determined as per
the method described by Haryung et al. (2021).
An overnight (18 h) grown bacterial isolate was
streaked on mannitol yolk polymyxin (MYP) agar
(SRL Chemicals, India). After incubation at 37°C
for 24 hours, plates were observed for egg yolk pre-
cipitation, indicating lecithinase production.
Gelatinase activity

Gelatinase activity was examined according
to the method of Noadia et al. (2021). An over-
night-grown (18 h) bacterial isolate was streaked
on petri dishes containing nutrient gelatin (SRL
chemicals, India). After incubation at 37°C for 4 to
6 days, flooding the petri dishes with saturated am-
monium sulfate (SRL chemicals, India) revealed a
clear zone around the colonies, indicating positive
gelatinase activity.
Detection of biofilm formation

Biofilm formation was evaluated as described
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by Felix et al. (2019), and detection was carried out
on Mueller-Hinton agar (Hi-media, India) supple-
mented with 0.8 g/L of Congo red dye (Hi-media,
India). After incubation for 48 hours at 37°C, black
colonies were indicative of biofilm production,
while red colonies indicated non-biofilm produc-
tion. The strain S. aureus NCTC 10788 served as a
positive control.

Evaluation of technological properties
Proteolytic activity

The proteolytic ability of the bacterial iso-
late was determined as per the protocol described
by Shivangi et al. (2020). An actively grown over-
night (16 h) test culture was streaked on SCD agar
containing skim milk powder (10% w/v) and then
incubated for 2 to 4 days at 37°C to observe a zone
of hydrolysis around the colonies.
Amylolytic activity

The amylolytic activity of the bacterial iso-
late was performed by the method as described by
Haryung et al. (2021). The bacterial isolate was cul-
tured at 37°C in SCD broth for 16 hours, streaked
onto SCD agar containing soluble starch (20 g/L),
and then incubated at 37°C for 72 hours. After in-
cubation, the agar plates were flooded with a 1%
1odine solution, and the halo zone around the bacte-
rial colonies was observed to determine amylolytic
activity or starch hydrolysis.
Autolytic activity

The autolytic ability of the bacterial isolate
was determined as per the method described by
Shivangi et al. (2020). An actively grown over-
night bacterial isolate was harvested by centrifuga-
tion at 3000 x g for 5 minutes. After centrifugation,
the obtained cell pellets were purified twice with
potassium phosphate buffer (50 mM, pH 6.5) and
then adjusted to an optical density (O.D.) of 1.0 at
630 nm. Autolysis was observed at 37°C for 6, 12,
and 24 hours. Autolysis percentage was calculated
as follows:

% autolytic activity = OD, - OD,/OD, X 100
OD, (initial) and OD, (final) absorbance of the
OD,,,. Autolysis of the isolate was classified as fol-
lows: 35 to 66: good; 24 to 34: fair, and 0 to 22:
poor.

Compatibility test

A compatibility test was carried out as per
the protocol of Felix et al. (2019). In summary, the
bacterial isolate was streaked vertically on an SCD
agar plate, with the horizontal streaks of the probi-
otic strain placed 2 to 5 mm separately with respect
to one another, and the plates were then incubated



at 37°C for 24 hours. Compatibility was evaluat-
ed by noticing the zone of inhibition between the
strains.

Exopolysaccharide production

Exopolysaccharide (EPS) production was
conducted using the method outlined by Ahire et
al. (2021b). In summary, the bacterial isolate was
grown overnight and cultured in LB broth, which
includes sucrose 2% (w/v) for 3 days at 37°C. The
cells were harvested by centrifugation (6000 x g,
20 min). After centrifugation, the cells were mixed
with 95% (v/v) cold ethanol at a ratio of 1:2 and held
at 4°C for 48 hours to allow EPS precipitation. Pre-
cipitated EPS was then collected by centrifugation
(2000%g, 20 min) at 4°C, and the obtained EPS was
washed with sterile distilled water. Next, the crude
EPS was dried at 45 to 50°C until a constant weight
was achieved. The dry weight of EPS (mg/L) was
measured to determine the amount produced.

Adhesion potential

The aggregation capability of the bacterial
isolate was investigated according to the previously
described method (Slizewska et al., 2021). The bac-
terial isolate was cultured in SCD broth and allowed
to grow at 37°C. for 18 hours. After incubation, the
culture was harvested by centrifugation at 3000 x g
for 10 minutes, washed twice with phosphate-buft-
ered saline (PBS, pH 7.2), and resuspended in 4 mL
of PBS. The bacterial suspensions were vortexed
for 10 seconds and incubated at room temperature
(RT) for 0, 6, 12, and 24 hours. The absorbance of
the upper bacterial suspension (0.1 mL) was sub-
sequently measured at 600 nm. The percentage of
autoaggregation was expressed as follows:

% =1-(At/A ) X 100
Where, A is the absorbance at 6, 12, and 24 hours,
and A is the absorbance at 0 hours.

For the coaggregation assay, the bacterial iso-
late and pathogenic strains were allowed to grow
separately in SCD broth at 37°C for 18 hours. After
the incubation period, the isolated bacterial suspen-
sion (2 mL) was mixed with 2 mL of each pathogen
(E. coli NCTC 12923, P. aeruginosa NCTC 12924,
S. aureus NCTC 10788, and C. albicans NCPF
3179). The whole mixture (4 mL, 1:1 ratio) was in-
cubated at 37°C. for 12 and 24 hours. The degree
of coaggregation (%) was calculated as follows:
[(Apro + Apat) — Amix]/(Apro + Apat) X 100],
where Apro + Apat represents the absorbance of the
mixture of the isolate and the pathogen at time 0 h,
and Amix represents the absorbance of the isolate
and the pathogen mixture at different time intervals
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(Miao et al., 2020).

For the detection of cell surface hydropho-
bicity, the bacterial isolate was allowed to grow in
SCD broth for 16 to 18 hours and then was centri-
fuged at 3000 x g for 10 minutes. After centrifuga-
tion, the pellets were washed twice with PBS and
suspended in 3 mL of 0.1IM KNO,, and the O.D.
was taken at 600 nm; this mixture was used as a
negative control (A ). One millilitre each of xylene
and chloroform was added to the cell suspension,
which was subsequently incubated for 10 minutes
at room temperature for phase separation. After in-
cubation, the separated phases were mixed by vor-
texing for 2 minutes and incubated for 1 hour at
room temperature for the separation of organic and
aqueous phases. The phases were collected careful-
ly, and the O.D. of the aqueous phase was taken at
600 nm, which was treated as a test (A ). Cell sur-
face hydrophobicity (H%) was measured using the
following formula (Slizewska ef al., 2021).

H % = (1-A /A, X 100.
Where A is the absorbance of the water phase, and
A, is the initial absorbance of the cell suspension.

Antibiotic susceptibility test

The antibiotic susceptibility pattern of the
bacterial isolate was determined on Muller—Hinton
agar (MHA, Hi-Media, India) plates using the Hi—
Comb MIC strip method (Hi-media, India), which
encompasses a range of 0.01 — 240 mcg (Algburi
et al., 2020). Actively growing overnight bacteri-
al isolates (~10°) were inoculated onto MHA agar
plates. Hi—-Comb strips were placed on the dry sur-
face of MHA agar, and the plates were incubated at
37°C for 24 hours to facilitate the diffusion of an-
tibiotics. After incubation, the minimum inhibitory
concentration (MICs) of the bacterial isolates was
determined.

Antimicrobial activity

For antimicrobial activity determination, mi-
croorganisms (~10° cells), such as E. coli NCTC
12923, P aeruginosa NCTC 12924, S. aureus
NCTC 10788, and C. albicans NCPF 3179, were
incubated in SCD agar media (Bhukya and Bhuk-
ya, 2021). The CFS of the selected bacterial isolate
was prepared by centrifugation at 10,000 x g for 10
minutes at 4°C. Subsequently, 50 pL of the bacteri-
al CFS was added to each agar well and incubated
at 37°C for 24 hours. The zone of clearance sur-
rounding the bacterial isolate growth was measured
in millimetres (mm).
Biofilm inhibition

Biofilm inhibition by the bacterial isolate



was assessed using the crystal violet assay, as out-
lined by Shivangi et al. (2020). Five microliters of
E. coli, S. aureus, P. aeruginosa, and C. albicans
were inoculated into a 12-well tissue culture plate
containing Brain Heart Infusion medium (BHI,
pH 7.4). Subsequently, 5 uL of bacterial CFS was
added, and the mixture was incubated at 37 °C for
18 hours. Following incubation, biofilm inhibition
was observed according to the method described by
Mahendrarajan et al. (2020).

DPPH scavenging activity

The antioxidant activity of the bacterial CFS
was investigated according to the method outlined
by Xing et al. (2015). A sample (CFS, 1 mL) and
SCD broth, 1 mL, were mixed with a freshly pre-
pared 0.2 mM DPPH solution (I mL; SRL chem-
icals, India). The mixture was vigorously shaken
and allowed to react for 30 minutes in the dark. The
control sample consisted of ultrapure water instead
of the sample mixture. The scavenged DPPH was
then observed by measuring the absorbance at 517
nm using a Spectrophotometer (Molecular Devic-
es, Sunnyvale, CA). The antioxidant activity was
quantified by the following formula:
DPPH scavenging activity (%) = (ABS.— ABS,)/S

X 100

Here, ABSC and ABSS represent the optical densi-
ty of the test samples and control, respectively, and
S represents the volume (mL) of the sample.

Hydroxyl radical scavenging (HRS) activity

The hydroxyl radical scavenging (HRS) ac-
tivity of the bacterial CFS was assessed according
to the procedure outlined by Xing et al. (2015). A
sample (CFS, 1 mL) was mixed with 1,10-phenan-
throline (2.5 mM, 1 mL; SRL chemicals, India),
PBS (pH 7.4, 1 mL), and FeSO4 (2.5 mM, 1 mL;
Hi-Media, India) in SCD broth. The reaction was
initiated by adding H,O, (20 mM, 1 mL) and in-
cubated at 37°C for 90 minutes. The HRS activity
was observed by measuring the sample absorbance
at 536 nm using a spectrophotometer. HRS activity
was calculated using the following formula:

HRS activity (%) = (As — Ac)/(Ab — Ac) X 100
Here, As is the absorbance of the test samples, Ac is
the absorbance of deionized water (control), and Ab
is the absorbance of the chemical mixture without
test samples and H,O,.

Bile salt hydrolase (BSH) activity

The bile salt hydrolase (BSH) activity of the
bacterial isolate was assessed by analyzing the re-
lease of free amino acids from conjugated bile salt
(Bhukya and Bhukya, 2021) on an SCD agar plate
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supplemented with sodium taurocholate (0.5%
w/v). Positive BSH activity was indicated by pre-
cipitation on and around the growth of the isolate.
An SCD agar plate without sodium taurocholate
served as a negative control.

Preparation of cell-free supernatant

The cell-free supernatant (CFS) of the bac-
terial isolate (3 x 10° CFU/mL) was prepared ac-
cording to the previously described method (Son et
al., 2017; Won et al., 2021). Briefly, an overnight
culture of the bacterial isolate was centrifuged at
10,000 x g for 20 minutes, and the collected CFS
was purified through a 0.22 pum filter (MF-Mill-
ipore, USA) to remove microbial cell debris. The
pH of the CFS was maintained at 7.0 with 0.1 M
NaOH, and the CFS was stored under cold condi-
tions for further use.

Chemical profile of the CF'S by gas
chromatographic and mass spectrometric analysis

The chemical profile of the CFS was deter-
mined according to the previously described pro-
tocol (Wang et al., 2017; Pammi et al., 2021). The
CFS was formed by mixing it with chloroform at a
1:1 ratio (v/v). The mixture was vortexed for 3 to 5
minutes and permitted to settle for layer separation.
After layer separation, the chloroform layer was
pooled and subjected to amino acid and short-chain
fatty acids (SCFAs) analysis. Amino acids and SC-
FAs were identified using gas chromatography and
mass spectrometry (GC-MS-QP2020 NX, Shimad-
zu, Japan) furnished with an SH-Rxi-5Sil MS col-
umn (30 X 0.25 X 0.25). The detection involved
helium gas at a flow rate of 1 mL/min, an injection
volume of 1 pL, an injector temperature of 260°C,
and an anion source temperature of 220°C. The
temperature profile included an isothermal period
at 50°C for 4 minutes, followed by a 10°C/min in-
crease to 300°C, and a subsequent increase of 4°C/
min until reaching 330°C, which was maintained
for 23 minutes. The mass spectra of the metabolite
(CFS) were recorded at a 50 — 600 m/z scanning
interval. Amino acids and SCFAs were identified
based on the GC retention time and analyzed with
the help of standard mass spectral data using the
Wiley and NIST (National Institute of Standards
and Technology) Libraries 11.m.
a-Amylase inhibitory activity

The a- amylase inhibitory activity of the bac-
terial isolate was assessed according to a previously
described method (Won et al., 2021). A stock solu-
tion of acarbose (Bayer Pharmaceuticals Private
Limited, India) was prepared by dissolving 0.05 g/



mL (w/v) in 50 mL of water in a volumetric flask.
A working solution was prepared from the stock to
obtain aliquots of 1 mg/mL. Briefly, 250 uL of CFS
and an aliquot of acarbose were mixed with 250 pL
of the a-amylase (0.5 mg/mL) and then incubated
for 10 minutes at room temperature. After the incu-
bation, the reaction substance was added to the 250
pL of a starch solution (1% w/v in 0.02 M sodium
phosphate buffer) and incubated for an additional
10 minute incubation at 27°C. After completion of
the reaction, the reaction mixture was stopped by
the addition of 500 uL of 3,5-dinitrosalicylic acid
(DNS) reagent, and the mixture was subsequently
heated in a water bath for 5 minutes before being
diluted five times with sterile distilled water. The
absorbance was measured at a wavelength of 540
nm, and the percent of inhibition was determined
using the following formula:
Inhibition (%) =A — B/A X 100

Where A is the optical density of the control, and B
is the optical density of the reaction mixture.

a-Glucosidase inhibitory activity

The a- glucosidase inhibitory activity was de-
termined according to a previously described meth-
od (Won et al., 2021). The a- glucosidase (1 unit/
mL, Hi-Media) was dissolved in 100 pL of PBS
(0.1 M, w/v, pH 6.8) and added individually to the
50 puL of CFS and acarbose. After 10 min incuba-
tion at 37°C, 50 pL of p-nitrophenyl-D-glucopyra-
noside (pNPG, 5 mM) was added to each reaction
mixture as a substrate, and the reaction proceeded
at 37°C for 30 min. The reaction was terminated
by the addition of 1 mL 0.1 M Na,CO,. The a-glu-
cosidase inhibitory ability was determined by the
release of p-nitrophenol from pNPG at 400 nm. A
reaction substance without CFS and acarbose was
treated as a control, and a reaction mixture without
a substrate was used as a blank. The percentage of
inhibition was calculated using the following for-
mula:

1 — Abs sample — Abs blank/Abs control X 100

Where A is the optical density of the control, and B
is the optical density of the reaction mixture.

Detection of GABA production
Gamma-aminobutyric acid (GABA) produc-
tion from the bacterial isolate was assessed accord-
ing to Svetlana et al. (2019). In brief, the active-
ly grown bacterial isolate was inoculated in SCD
broth supplemented with monosodium glutamate
(MSG, 4% w/v; SRL chemicals, India) and incubat-
ed for 72 hours at 37°C. After incubation, the bacte-
rial cells were collected by centrifugation (4500 x g
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for 15 min at 4°C). After the centrifugation process,
1 mL of the cell-free supernatant was evaporated
up to 100 — 200 pL and then diluted 2-fold with
7% acetic acid. The obtained transparent superna-
tant was used for thin-layer chromatography (TLC)
analysis. Briefly, 1 uL of the concentrated superna-
tant was spotted on a silica gel 60F254 TLC plate
(Merck, USA) and developed with a solvent sys-
tem (n-butanol, acetic acid, water; 3:2:1 v/v/v). The
chromatographic bands were developed and visual-
ized at 80 — 100°C for 2 minutes after the TLC plate
was sprayed with a 2% ninhydrin reagent (SRL
chemicals, India).

Statistical analysis

Each experimental analysis was carried out in
triplicate, and the data are expressed as the mean
value =+ standard deviation (SD). Significant differ-
ences in the results of each test were determined
by comparing relative control values by ANOVA
(Analysis of Variance) using Sigma Plot 12.5 soft-
ware, with a value of p < 0.05 considered signifi-
cant.

Results

Isolation and identification

This study identified ten Bacillus isolates
(Isolates 1 to 10) from soil samples, characterized
by their morphological features, including fuzzy-
white, opaque, round, desiccated, and flat appear-
ances with jagged edges. These isolates were de-
termined to be gram-positive, rod-shaped, and cat-
alase-positive strains. Among them, isolates 4, 6,
and 9 demonstrated the ability to utilize (utilize 35
carbohydrates) a variety of carbohydrates, such as
maltose, lactose, dextrose, trehalose, sucrose, fruc-
tose, galactose, arabinose, mannose, mannitol, and
cellobiose, and showed positive P-galactosidase
activity (using ortho-nitrophenyl-B-galactoside —
ONPG) as a marker. The carbohydrate utilization
patterns of probiotic isolates are influenced by fac-
tors such as environmental conditions, natural mu-
tations, and physiological states (Bhukya and Bhu-
kya, 2021). Consequently, on the basis of the elev-
en-carbohydrate utilization patterns and positive
B-galactosidase activity, isolates 4, 6, and 9 were
used for further investigation.

Acid, bile, and sodium chloride tolerance

The pivotal step in selecting probiotic mi-
croorganisms is their ability to endure the harsh
conditions of the intestine, such as low pH (gastric
conditions), high bile concentrations (in the small
intestine), and osmotolerance, which are crucial for



their successful passage through the gastrointesti-
nal tract to the large intestine (Bhukya and Bhukya,
2021). The selected isolates 4, 6, and 9 presented
maximum survival rates with varying counts at low
pH values — 2.0 (9.75 + 0.07, 8.52 = 0.08, 7.13 +
0.06 CFU/mL), 3.0 (9.30 + 0.04, 8.81 + 0.06, 6.95
+0.08 CFU/mL), and 4.0 (9.20 + 0.05, 8.83 £ 0.09,
7.05 £ 0.08 CFU/mL) after 6 hours of incubation at
37°C (Fig. 1a). A significant (p < 0.05) gradual de-
crease in viable counts for isolates 4, 6, and 9 was

pH 2.0
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observed when the isolates were incubated at pH
2.0, 3.0, and 4.0 over different time intervals com-
pared with the control (pH 7.3) (Fig. 1a). Moreo-
ver, the viable count of isolate 9 significantly (p <
0.05) decreased at pH 2.0, 3.0, and 4.0 after 6 hours
of incubation compared with those of isolate 4 and
isolate 6. No significant (p < 0.05) changes in the
viable count were observed when the isolates were

incubated at pH 7.3 (control) for 6 hours, as shown
in Fig. la.
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Fig. 1. Tolerance of isolates under simulated gastrointestinal conditions. (a) Acid tolerance, (b) bile tolerance and (c)
sodium chloride tolerance of isolates 4, 6 and 9 at different time intervals. The experiment was performed in triplicate
(n =3), and the data with error bars, indicate a significant difference at p < 0.05 within each row when the acid, bile and

sodium chloride tolerance activities were compared
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However, B. subtilis (LifeinU® BSCU1), the
reference strain, maintained a viability of 9.05 +
0.09, 9.17 £ 0.08, and 9.50 + 0.07 CFU/mL, indi-
cating similar viability at the respective pH levels
after 6 hours of incubation (Fig. 1a).

Bile salt tolerance is essential for evaluating
the potential of isolates to colonize gastrointesti-
nal environments. The viability of all three isolates
significantly decreased (p < 0.05) when they were
incubated with 0.5% (10.27 + 0.09, 9.05 + 0.07,
and 9.15 + 0.08 CFU/mL) and 1% bile salts (9.20
+ 0.08, 7.05 + 0.09, and 7.50 + 0.08 CFU/mL), in
comparison with the control conditions (without
bile salts; 12.43 + 0.08, 10.40 = 0.07, and 10.75 +
0.08 CFU/mL) over 6 hours of incubation at 37°C
(Fig. 1b). Additionally, no significant difference (p
< 0.05) was detected in the viability of the isolates
incubated with either 0.5% or 1% bile salts (12.50
+0.09,11.95+0.07, 11.85+0.08 and 12.43 = 0.09,
11.97 + 0.06, 11.78 + 0.08 CFU/mL, respectively)
at the start of the incubation period (0 hours) at
37°C (Fig. 1b). Conversely, the reference strain, B.
subtilis (LifeinU® BSCU1), showed viabilities of
12.01 £ 0.09, 10.35 + 0.08, and 9.45 £+ 0.07 CFU/
mL (p < 0.05) in the presence of 0, 0.5, and 1%
bile salts, respectively, after 6 hours of incubation
at 37°C (Fig. 1b).

The ability to tolerate NaCl is a critical pa-
rameter for assessing bacterial resilience to tox-
ic and osmotic stress (Ragul et al., 2017). In this
study, isolates 4, 6, and 9 were subjected to NaCl
concentrations of 2%, 4%, and 8%, respectively, for
a duration of 6 hours at 37°C. The results indicated
a slight, but statistically significant (p < 0.05), re-
duction in the viable counts of these isolates when
exposed to 8% NaCl (12.18 + 0.07, 10.50 + 0.07,
and 10.51 + 0.09 CFU/mL, respectively) compared
with their growth at 4% (13.93 £ 0.08, 11.50 = 0.09,
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and 11.52 + 0.08 CFU/mL) and 2% (13.98 + 0.08,
11.854+0.07,and 11.90 = 0.08 CFU/mL) NaCl con-
centrations after 6 hours of incubation at 37°C (Fig.
lc). Specifically, in contrast with the other isolates,
isolate 4 demonstrated a significant difference in
viable count (12.18 + 0.07 CFU/mL) at 8% NaCl
(Fig. 1c). However, no significant differences (p
< 0.05) were detected in the viable counts of the
isolates at 2% and 4% NaCl concentrations (Fig.
lc). In comparison, Bacillus subtilis (LifeinU®
BSCU1) exhibited survival rates of 12.02 + 0.08,
12.23 + 0.06, and 12.70 £+ 0.08 CFU/mL under the
same conditions of a 6-hour incubation at 37°C, as
depicted in Fig. lc.

Pepsin and pancreatin tolerance

The tolerance of probiotic strains to gastroin-
testinal tract hostile conditions, including exposure
to pancreatin and pepsin, is a critical parameter for
predicting their survival in the gastrointestinal envi-
ronment (Shivangi ef al., 2020). During the pepsin
tolerance test, the survival rates of isolates 4, 6 and
9 significantly decreased (p < 0.05) after 4 hours of
treatment at pH 2.0, with the values of 8.93 + 0.71,
7.75 £ 0.84, and 7.45 £ 0.072 CFU/mL, respective-
ly, compared with the initial counts at 0 hours of
incubation (11.27 £0.17, 11.05 £ 0.85, and 11.20 +
0.078 CFU/mL) (Fig. 2a).

Notably, isolate 4 demonstrated significantly
higher survival rates (p < 0.05) than the other iso-
lates and the reference strain (Fig. 2a). Furthermore,
in the pancreatin tolerance test at pH 8.0, isolates 4,
6 and 9 showed no significant reduction in viability
(p < 0.05) after 4 hours of incubation, with counts
of 8.78 £ 0.85, 7.50 + 0.75, and 7.35 = 0.78 CFU/
mL, respectively, compared with the initial counts
at 0 hours (9.05 +0.78, 8.75 + 0.69, and 7.60 + 0.84
CFU/mL) (Fig. 2b). There was no significant dif-
ference in viability between 0 and 2 h of treatment
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Fig. 2. Pepsin (a) and, Pancreatin (b) tolerance of isolate 4, 6 and 9. The experiment was carried out in triplicate (n = 3),
and the data with error bars indicate a significant difference at p < 0.05 within each row when pepsin and pancreatin ac-

tivities were compared
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(Fig. 2b). Moreover, the reference strain, B. subti-
lis (LifeinU® BSCUI), exhibited viability counts
of 8.01 £ 0.79 and 7.45 + 0.73 CFU/mL after 4 h
of pepsin and pancreatin treatments, respectively,
with no significant loss in viability noted at 0 and 2
hours of incubation for pancreatin (pH 8.0). These
results indicate that, compared with the other iso-
lates tested, isolate 4 is the most promising strain
in terms of tolerance to low pH, bile salt, NaCl,
pepsin (which simulates gastric conditions), and
pancreatin (which simulates intestinal conditions).
Consequently, isolate 4 was selected for further in-
vestigation.

Molecular identification

The 16S rRNA gene sequence of the select-
ed isolate was characterized. Analysis against the
NCBI database revealed that the 16S rRNA gene
sequence of isolate 4, namely, ELBC004 (GenBank
accession number OK310796; 1513 bp), exhibited
100% identity with Shouchella clausii (OC Enter-
ogermina) and less than 100% identity with other
Bacillus species. Consequently, isolate ELBC004
was identified as Shouchella clausii ELBC004. A

phylogenetic tree, constructed using the UPGMA
method with MEGA7.0 software, was used to delin-
eate the evolutionary relationship of the ELBC004
isolate with S. clausii (OC Enterogermina) and oth-
er related species (Fig. 3).

On the basis of its probiotic properties, S.
clausii ELBC004 has been deposited in the Mi-
crobial Type Culture Collection and Gene Bank
(MTCC) under the accession number Alkalihalo-
bacillus clausii MTCC 13325.

Safety assessment

The evaluation of safety characteristics is
paramount for the selection of probiotics. Strain S.
clausii ELBC004 was assessed for potential harm-
ful activities, and the results were negative across
several tests: it was non-haemolytic (y-hemolysis),
and negative for DNAase, lecithinase, biofilm for-
mation, and gelatinase activity (Fig. 4a —e).
Technological properties

The probiotic strain ELBC004 was evaluat-
ed for its technological attributes, revealing distinct
enzymatic activities and compatibility with other
bacterial strains, which are critical for its applica-

| ELBC004

! OC ENTEROGERMINA
| CP20

' FSL M8-0080

KSM K-16

DSM 8716

0.1

PB-92

0

Fig. 3. Phylogenetic tree depicting the relationships of ELBC004 with other members of Shouchella clausii. Analysis
of the 16S rRNA gene sequence of the isolate S. clausii ELBC004 (NCBI accession no. OK310796: 1513 bp) using the

neighbor-joining method.
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ative hemolysis with ELBC004, right side — positive hemolysis with Staphylococcus aureus (S. aureus) on blood agar,
(b) DNase activity: left side — no zone of hydrolysis with ELBC004, right side — a clear zone of hydrolysis with S. aureus
on DNase agar, (¢) Lecithinase: left side — negative zone of hydrolysis with ELBC004 on MYP agar, right side — a clear
zone of hydrolysis/precipitation around S. aureus, (d) Gelatinase: left side — no gelatin hydrolysis around ELBC004,
right side — partial gelatin hydrolysis around S. aureus, and (e) Biofilm formation: left side — ELBC004 have red colonies
that are negative for biofilms, right side — black colonies that are positive for biofilm formation; S. aureus was used as a
positive control. Arrows indicate the effect of the S. aureus strain in the form of a zone of hydrolysis



tion in fermented foods. The strain demonstrated
partial proteolytic activity, as evidenced by its ina-
bility to degrade casein (Fig. 5a).
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Fig. 5. A pictorial overview of the technological proper-
ties of Shouchella clausii ELBCO004. (a) Proteolytic activ-
ity: Partial degradation of the casein (halo zone surround-
ing the colony) by the protease produced by the strain, (b)
Amylolytic activity: The bacterial strain shows amylase
production by the formation of a clear zone around the
colony, (¢) Compatibility: No positive signs of suppres-
sion of the bacterial strains (ELBC004 + B. subtilis and
ELBCO004 + B. coagulans) are observed on the other
strains, suggesting that they are compatible, (d) Exopol-
ysaccharide: Mucoid/mucus phenotype of ELBC004 on
LB agar supplemented with 2% sucrose and (e) Autolytic
activity at 6, 12 and 24 h. Experiments were carried out

in triplicate, and data with error bars represent the mean +
S.D. values of the independent experiment (p < 0.05). The
arrows indicate the effect of the ELBC004 strain in the
form of a zone of hydrolysis
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Conversely, ELBC004 exhibited amylolyt-
ic activity, as indicated by the production of the
amylase enzyme on starch agar medium, which
resulted in starch degradation (Fig. 5b). In com-
patibility tests designed to assess the interaction
between ELBCO004, B. subtilis and B. coagulans,
no suppression of ELBC004 was observed, indi-
cating compatibility between the strains (Fig. 5c¢).
This property is essential for co-cultivation in fer-
mented products. Additionally, the ELBC004 strain
exhibited a mucoid phenotype on LB agar medium
containing sucrose, which is indicative of exopoly-
saccharide (EPS) production (Fig. 5d). The strain
achieved an EPS yield of 1220 mg/L after 72 hours
of incubation at 37°C, highlighting its ability to
produce valuable polysaccharides for food applica-
tions. Furthermore, ELBC004 showed considerable
autolytic activity, reaching 23% after 24 hours of
incubation (Fig. 5e), which underscores its poten-
tial utility in the fermentation process.

Adhesion potential

The aggregation ability, which facilitates au-
toaggregation among strains of the same bacterial
cells, is pivotal in numerous ecological settings,
especially within human and animal gastrointesti-
nal tracts, as it enhances the potential for achieving
microbial equilibrium. The aggregation capability
of ELBC004 was evaluated at intervals of 0, 6, 12,
and 24 h of incubation. Notably, ELBC004 exhibit-
ed the greatest aggregation ability (84.75 &+ 0.14%)
after 24 h, in contrast to its performance at 6 and 12
h (15.25 = 0.24% and 50.75 + 0.45%, respective-
ly). These values significantly varied over the incu-
bation period and were highly strain-specific (p <
0.05). Remarkably, ELBC004 rapidly aggregated,
achieving 50% within the initial 12 hours, and this
ability increased to 84% after 24 hours of incuba-
tion (Fig. 6a). This rate was significantly greater (p
< 0.05) than that of the reference strain B. subtilis
(LifeinU® BSCU1), which showed an 82% aggre-
gation ability (Fig. 6a).
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Fig. 6. Adhesion ability of Shouchella clausii ELBCO004. (a) autoaggregation, (b) coaggregation and (c¢) cell surface
hydrophobicity. The experiment was carried out in triplicate and the data with error bars represent the mean =+ standard

deviation values of independent observations (p < 0.05)



Coaggregation between probiotic strains and
gut pathogens is regarded as a strategy for elimi-
nating pathogenic microbes from hosts, thereby
preventing colonization by pathogens (Slizewska
et al., 2021). ELBC004 significantly coaggregated
with S. aureus and E. coli (65.5 £ 0.9% and 52 +
0.7%, respectively) after 12 hours of incubation.
After 24 h, ELBC004 showed even greater activ-
ity against S. aureus and E. coli (73.2 + 0.8% and
58.5 + 0.8%, respectively), and displayed moderate
coaggregation abilities with P. aeruginosa and C.
albicans (Fig. 6b).

Cell surface hydrophobicity is a crucial char-
acteristic of probiotic bacteria, influencing theira-
bility to adhere to the intestinal mucosa. Shouchella
clausii ELBC004 exhibited significant adhesion to
xylene and chloroform (78.92 + 1.54% and 79.89
+ 1.46%, respectively) (Fig. 6¢). In comparison,
the reference strain B. subtilis (LifeinU® BSCUI)
showed adhesion rates of 79% for xylene and 80%
for chloroform (Fig. 6¢), indicating that ELBC004
possesses strong hydrophobic properties and a ro-
bust electron donor profile.

Antibiotic resistance pattern

The antibiotic susceptibility of the S. clausii
strain ELBC004 was assessed to ensure its safety,
particularly to prevent the potential transfer of un-
desirable antibiotic resistance genes to the intestinal
microbiota (Miao et al., 2020). The susceptibility
profile of S. clausii ELBC004 to 38 different antibi-
otics was determined, with the minimum inhibitory
concentrations (MICs) spanning various ranges, as
detailed in Table 1.

Conversely, strain ELBC004 was resistant to
chloramphenicol (C), rifampicin (RIF), streptomy-
cin (S), tetracycline (T), penicillin (P), sulfadiazine
(8Z), amoxacilin (OX), cefepime (CPM), sulfame-
thizole (SM), and metronidazole (MTZ) with MIC
values ranging from 0.01 pg to 240 pg for each an-
tibiotic.

Antimicrobial ability

The ability of probiotic strains to prevent gut
infections is considered to be a result of their ability
to generate substances with antimicrobial activities,
such as organic acids and low molecular weight
compounds (Bhukya and Bhukya, 2021). S. clau-
sii ELBCO004 inhibited the growth of E. coli NCTC
12923 (6.7 £0.07 mm), P. aeruginosa NCTC 12924
(6.5 = 0.08 mm), S. aureus NCTC 10788 (5.4 +
0.06 mm), and C. albicans NCPF 3179 (6.2 = 0.07
mm) (Fig. 7).
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Fig. 7. Antimicrobial activity of Shouchella clausii
ELBCO004 against pathogenic organisms. The data with
error bars represent the average of three independent ex-
periment

Biofilm inhibition

The inhibition of biofilm formation by pro-
biotic interventions likely contributes to the de-
velopment of good therapeutic approaches against
recalcitrant infections (Algburi et al., 2020). When
the effect of the CFS of S. clausii ELBC004 on bi-
ofilm formation was analysed using light micros-
copy, we observed the bacterial matrix (biofilm) on
the surface of the coverslip in the control (without
treatment). We also observed a drastic reduction in
biofilm formation in response to treatment with the
CFS of S. clausii ELBC004 against pathogens such
as E. coli NCTC 12923, S. aureus NCTC 10788,
and P. aeruginosa NCTC 12924, compared with
the control (Fig. 8).
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Fig. 8. Antibiofilm activity of Shouchella clausii
ELBCO004 CFS against pathogens on a microtiter plate.
(a) Control of Escherichia coli, (b) Staphylococcus au-
reus and, (¢) Pseudomonas aeruginosa results in biofilm
formation after 24 h of incubation. The CFS of ELBC004
reduced the biofilm matrix of Escherichia coli (d), Staph-
ylococcus aureus (e) and Pseudomonas aeruginosa (f) at
a concentration of 5 uLL



Table 1. Antibiotic susceptibility (MIC) of Shouchella clausii ELBC004 determined using the Hi-Comb strip (MIC test)

Antimicrobial agents Concentration ranges (pg) MIC (ug)
Amikacin 0.1 4 8 16 32 64 128 256 0.1
Amoxicilin 0.01 0.1 5 10 30 60 120 240 R
Chloramphenicol 0.01 0.1 5 10 30 60 120 240 R
Cefotaxime 2 4 8 16 32 64 128 256 16
Ciprofloxacin 0.01 0.1 5 10 30 60 120 240 0.5
Cefepime 2 4 8 16 32 64 128 256

Cefalexin 0.01 0.1 5 10 30 60 120 240 5
Erythromycin 0.01 0.1 5 10 30 60 120 240 64
Gemifloxacin 0.01 0.1 5 10 30 60 120 240 0.01
Gentamicin 8 16 32 64 128 256 512 1024 8
Kanamycin 0.01 0.1 5 10 30 60 120 240 0.1
Levofloxacin 0.01 0.1 5 10 30 60 120 240 1
Moxifloxacin 0.01 0.1 5 10 30 60 120 240 0.01
Methicillin 0.01 0.1 5 10 30 60 120 240 120
Norfloxacin 0.01 0.1 5 10 30 60 120 240 0.01
Neomycin 0.01 0.1 5 10 30 60 120 240 5
Ofloxacin 0.01 0.1 2 4 8 16 32 64 2
Pefloxacin 0.01 0.1 5 10 30 60 120 240 5
Polymyxin-B 0.01 0.1 5 10 30 60 120 240 5
Penicillin 2 4 8 16 32 64 128 256 R
Rifampicin 0.01 0.1 5 10 30 60 120 240 R
Roxithromycin 0.01 0.1 5 10 30 60 120 240 120
Streptomycin 0.01 0.1 5 10 30 60 120 240 R
Sulfadiazine 0.01 0.1 5 10 30 60 120 240 R
Sulfamethizole 0.01 0.1 5 10 30 60 120 240 R
Sparfloxacin 0.01 1 2 4 8 16 32 64 1
Tetracycline 0.01 0.1 5 10 30 60 120 240 R
Teicoplanin 0.01 0.1 5 10 30 60 120 240 0.1
Vancomycin 0.01 0.1 5 10 30 60 120 240 0.1
Oxacillin 2 4 8 16 32 64 128 256 R
Ceftriaxone 2 4 8 16 32 64 128 256 4
Azithromycin 0.01 0.1 4 8 16 32 64 128 0.01
Clarithromycin 0.01 0.1 5 10 30 60 120 240 0.01
Clindamycin 0.01 0.1 5 10 30 60 120 240 0.01
Lincomycin 0.01 0.1 5 10 30 60 120 240 0.01
Metronidazole 0.16 4 8 16 32 64 128 256 R
Spiramycin 30 pg/disc S
Meropenem 10 pg/disc S

‘R’ — Resistance, ‘S’ — Sensitive

Antioxidant activity

The antioxidant capacity of the probiotic S.
clausii ELBC004 strain was evaluated through its
ability to scavenge DPPH (2,2-diphenyl-1-pic-
rylhydrazyl) and hydroxyl radicals (HRS). The
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ELBCO004 strain demonstrated a DPPH scavenging
ability of >55.25% at a lower concentration (1:1 ra-
tio) of cell-free supernatant (CFS). A significant in-
crease in antioxidant activity, ranging from 56.65%
to 81.75%, was observed as the concentration of



CFS increased from a 1:2 to a 1:5 ratio (p < 0.05)
(Fig. 9).

120

Antioxidant activity %

HRS

Ascorbic acid DPPH L B broth

Fig. 9. Antioxidant activity of Shouchella clausii
ELBCO004. DPPH and HRS scavenging activities (%)
using different concentrations of CFS. The values are
expressed as the mean = S.D, (n = 3). SCD broth was
used as a negative control, and ascorbic acid was used as
a positive control. The error bars, indicate a significant
difference at p < 0.05 within each row when comparing
the DPPH and HRS radical scavenging activities

The hydroxyl radical scavenging (HRS) ac-
tivity was found to be 20.54% at lower concentra-
tions of CFS, which increased to 40.3% with higher
concentrations of CFS (1:5 ratio). The CFS pre-
sented lower HRS activity than DPPH scavenging
activity (p < 0.05). Nonetheless, the antioxidant ca-
pability of the CFS surpassed that of Luria-Bertani
(LB) broth, which served as the negative control, in
scavenging both DPPH and HRS radicals. Howev-
er, compared with ascorbic acid (vitamin C), which
was used as the positive control and showed 50 to
96.54% activity, the CFS presented lower DPPH
and HRS activities (p < 0.05) (Fig. 9).

Bile salt hydrolase ability

The bile salt hydrolase (BSH) enzyme, pro-
duced by probiotic strains, catalyzes the liberation
of bile and free amino acids from conjugated bile
salts, serving as a marker for cholesterol assim-
ilation. The probiotic strain S. clausii ELBC004
deconjugates sodium taurocholate via hydrolysis,
releasing the free amino acid taurine and the bile
salt cholic acid, as evidenced by precipitation in
medium containing ELBC004 (Fig. 10).

Fig. 10. Bile salt hydrolase ability of the Shouchella
clausii ELBC004. ELBC004 supplemented with sodium
taurocholate (0.5% w/v) on SCD agar that developed
precipitation around the well, indicating BSH activity,
and the negative control (-Ve) indicates uncultured SCD
broth. The experiments were performed in triplicate, and
the data with error bars represent the mean + S.D. values
of the independent experiments (p < 0.05)

Metabolic profile of the CFS

To elucidate the metabolic profile of the cell-
free supernatant (CFS), gas chromatography-mass
spectrometry (GC-MS) analysis was performed.
GC-MS analysis of the crude CFS, extracted with
chloroform, identified a total of ten significant me-

Table 2. Metabolic profile of the CFS of Shouchella clausii ELBC004 identified by gas chromatography and mass spec-

trometry (GC-MS)

S. clausii ELBC004

Name of the compounds RT Area M/Z
Acetic acid 5.378 22758 60
Butyric acid hydrazide 10.850 5290 102
DL-Asparagine 11.275 2625 132
Aminoguanidine 11.090 2397 74
D-Gluconic acid, delta-lactone 9.710 7006 178
L-Asparagine 9.375 5574 132
Guanidine carbonate 5.278 7082 180
DL-Methionine, methyl ester 3.780 3315 163
Resorcinol, bis(tert-butyldimethylsilyl) ether 1.138 34386 338
Cystine 0.665 3211 240

RT: Retention time; M/Z: Mass to charge ratio
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tabolites, including amino acids. Notably, substan-
tial peaks for short-chain fatty acids (SCFAs), such
as acetic acid at a retention time (RT) of 5.378 (M/Z
60) and butyric acid hydrazide at RT 10.850 (M/Z
102), alongside amino acids such as L-asparagine
at RT 9.375 (M/Z 132) and cystine at RT 0.665
(M/Z 240), were detected, as summarized in Table
2. Acetic acid, butyric acid hydrazide, L-asparag-
ine, and cystine are key SCFAs and amino acids
produced by various gastrointestinal microbes in
the human gut. These data indicate that the intake
of S. clausii ELBC004 increases the levels of bu-
tyric acid and acetic acid, which may contribute to
the inhibition of hyperglycemia, as well as L-aspar-
agine and cystine, which support protein synthesis.

Inhibition of hydrolysing enzymes

The inhibition of a-amylase and a-gluco-
sidase enzymes plays a critical role in managing
glucose absorption and postprandial hyperglyce-
mia, serving as a strategic approach in diabetes
management by regulating serum glucose levels.
The inhibitory activities of the cell-free supernatant
(CFS) from the S. clausii ELBC004 strain on a-am-
ylase and a-glucosidase were evaluated to assess
their potential hypoglycemic effects. The CFS from
the S. clausii ELBCO004 strain inhibited a-amylase
activity by 73.26 + 0.7%, whereas the activity of
acarbose was 84 + 0.5% inhibitory activity (p <
0.05) (Fig. 11a).

Similarly, the a-glucosidase inhibitory ac-
tivity of the CFS was 68.34 + 0.6%, compared to
acarbose with an 85 + 0.8% inhibition (p < 0.05)
(Fig. 11b). The CFS had significant inhibitory ac-
tivity against both hydrolysing enzymes (o-amyl-
ase and a-glucosidase), and was lower than that of
acarbose, which was used as a positive control (Fig.
11a and 11b).

GABA production

The production of y-aminobutyric acid
(GABA) is highly important for the food industry
because of its role as a bioactive agent that influ-
ences health-related traits. The S. clausii ELBC004
strain was capable of producing extracellular
GABA in the presence of 4% monosodium glu-
tamate (MSG). As illustrated in Fig. 12, the pres-
ence of extracellular GABA produced by S. clausii
ELBCO004 was evidenced by the development of a
pink/light red spot, analogous to the reference spot
of 4-aminobutyric acid (GABA) used as a standard.
The retention factor (R f) value for ELBC004 was
determined to be 0.52, which is consistent with the
R, value of the GABA standard (R = 0.52).
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Fig. 11. Inhibition of (a) a-amylase and, (b) a-glucosidase
by Shouchella clausii ELBC004 in the control (uncultured
SCD broth), acarbose (positive control) and CFS. The
experiments were carried out in triplicate. Data with error
bars are expressed as the mean + S.D. values of independ-
ent experiments (p < 0.05)

Fig. 12. TLC chromatogram showing the GABA spot pro-
duced by Shouchella clausii ELBC004. Lane 1: The MSG
standard (4 mg/ml). Lane 2: GABA standard (1 mg/mL).
Lane 3: Cell-free supernatant of the probiotic ELBC004
cultured in SCD broth supplemented with 4% MSG at 37
°C for 72 h. The arrow indicates the GABA spot of the
probiotic ELBC004.



Discussion

Bacillus isolates were obtained from the soil
samples and distinguished by their morphologi-
cal features, such as fuzzy-white, opaque, round,
desiccating, and flat appearance with jagged edg-
es. Isolates displaying gram-positive, rod-shaped
morphology and catalase-positive reactions were
selected for further study. Among the 10 isolates,
isolate 4 (ELBC004) was uniquely identified for its
ability to ferment eleven different carbohydrates
and exhibited positive P-galactosidase (lactase)
activity, which is crucial for the hydrolysis of lac-
tose into glucose and galactose, thereby potentially
alleviating symptoms such as diarrhea, flatulence,
and abdominal pain. Compared with other isolates,
this isolate demonstrated superior probiotic proper-
ties, including tolerance to acid, bile, NaCl, pepsin,
and pancreatin. It was subsequently characterized
through molecular identification techniques and
deposited in the Microbial Type Culture Collection
and Gene Bank (MTCC), Chandigarh, India.

In this study, S. clausii ELBC004 exhibited
comparable tolerance levels at pH 2, 3, and a con-
trol pH of 7.3 for up to 6 hours, beyond which its
viability was significantly reduced to zero, similar
to Bacillus species isolated from traditional brine
pickles (Ragul et al., 2017). Furthermore, S. clausii
ELBCO004 maintained stable survival for up to 6
hours across a range of acidic conditions (pH 2, 3,
4, and 7.3), surpassing that of Bacillus coagulans
RK-02 (which showed 4, 5.4, and 7.8 CFU/mL at
pH 2, 3, and 4, respectively), which were isolated
from a soil sample containing dried animal excreta
(Sen et al., 2010). These findings align with previ-
ous research indicating that the viability of probiot-
ic strains under low pH conditions varies depending
on the origin of the microorganism and the dura-
tion of exposure to such adverse conditions (Ahire
et al., 2021a). The increased survival of probiotic
strains in acidic environments can be attributed
to mechanisms such as the production of alkaline
compounds in the cytoplasm, modifications to the
cell membrane, and alterations in the activity of the
FOF1 ATP proton pump (Ahire et al., 2021a).

Bile salt tolerance is a critical factor for the
viability of probiotic bacteria in the small intestine,
where bile acts as a digestive juice that emulsifies
and solubilizes lipid-soluble vitamins and lipids
for digestion and absorption (Guan and Liu, 2020;
Nwagu et al., 2020). High concentrations of bile
salts can adversely affect bacterial cell viability
(Guan and Liu, 2020; Bhukya and Bhukya, 2021).
In humans, a concentration of 0.3% (w/v) bile salt is
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considered a crucial condition for screening probi-
otic bacteria (Ahire et al., 2021a). In this study, the
viability of S. clausii ELBC004 decreased with in-
creasing concentrations of bile salts (0.5% and 1%)
in saline, compared with the control (0%). Notably,
ELBCO004 exhibited greater survival at a 0.5% bile
salt concentration but showed reduced viability at a
1% bile salt concentration for up to 6 h, likely due
to its inhibitory effects or reduced growth rate in the
presence of bile salts. These findings are consistent
with previous research, which demonstrated the
bile salt survival of Bacillus strains BC1 (85% sur-
vival at 0.4% bile salts for 6 hours) and BC2 (83%
survival at 0.4% bile salts for 6 hours) isolated from
the traditional fermented product “daddawa” (Guan
and Liu, 2020). Furthermore, our results align with
those of Kavitha et al. (2018), Prete et al. (2020),
who reported the viability of the probiotic strains
under similar conditions.

With respect to salinity tolerance, the select-
ed Bacillus isolates grew at high NaCl concentra-
tions (Fig. Ic). Specifically, S. clausii ELBC004
maintained viability at an 8% NaCl concentration,
unlike isolates 6 and 9, which showed reduced vi-
ability after 6 hours of incubation. These observa-
tions confirm earlier findings regarding the salini-
ty tolerance of Bacillus species isolated from soil
samples (Kavitha et al., 2018). Salinity stress can
cause bacterial cells to lose turgor pressure and un-
dergo water efflux (Guan and Liu, 2020), leading to
adverse effects on cell physiology, including altera-
tions in amino acid metabolism, carbohydrate, and
fatty acid biosynthesis (Guan and Liu, 2020).

Tolerance to pepsin and pancreatin is consid-
ered a crucial factor for probiotic efficacy. Pepsin,
which is activated by the production of hydrochloric
acid in the gastrointestinal tract, facilitates protein
digestion. Conversely, pancreatin, which is secret-
ed by the pancreas, plays a key role in lipid metab-
olism (Villarreal et al., 2021). Moreover, S. clausii
ELBCO004 demonstrated significant survival, ex-
ceeding 9 log CFU/mL after 4 h in pepsin-pancrea-
tin tolerance tests. No notable loss in viability was
observed for up to 2 hours under pepsin-pancreatin
tolerance conditions (Fig. 2). These findings are
consistent with results obtained from Bacillus spp.
isolated from fermented idli batter and Korean tra-
ditional sauce (Mantzourani et al., 2019; Shivangi
et al., 2020).

The absence of hemolytic activity is a critical
criterion for selecting potential probiotic strains,
ensuring their nonvirulent nature. In this study,
the haemolytic activity of the S. clausii ELBC004



strain was examined, and the results were negative
when the strain was cultured on Columbia blood
agar. This finding aligns with the observations of
Haryung ef al. (2021), who reported the hemolyt-
ic activity of Bacillus strains isolated from Korean
traditional fermented foods, and Felix et al. (2019),
who evaluated the probiotic potential of Bacillus
species from the gut of Nile tilapia, indicating a
consistent absence of hemolysis. Additionally, as-
says for DNase, lecithinase, biofilm formation, and
gelatinase activities were conducted to assess their
pathogenic potential, with a focus on the enzymes
DNase and lecithinase, which hydrolyse DNA and
egg yolk, respectively, and gelatinase, which di-
gests fibrinogen. The absence of DNase, lecithi-
nase, biofilm production, and gelatinase activity in
the tested isolate confirms its potential safety for
use, mirroring results previously reported for Ba-
cillus spp. (Felix et al., 2019; Haryung et al., 2021).

The protease enzyme, which is essential for
the degradation of casein into peptides and ami-
no acids, was exhibited by S. clausii ELBC004;
however, it was demonstrated to have amylolytic
activity by catalyzing the hydrolysis of starch into
sugars through the amylase enzyme. This finding
aligns with previous studies on Bacillus strains
from traditional Korean fermented foods (Haryung
et al., 2021). Autolytic activity, which is indicative
of the release of intracellular enzymes affecting the
aroma and flavour of fermented foods, is a desir-
able characteristic of food matrices. In our study,
autolysis in ELBC004 increased from 5% to 23%
over time from 6 to 24 h, mirroring findings in Ba-
cillus isolates from fermented food idli (Shivangi
et al., 2020). ELBC004 also showed compatibility
with Bacillus subtilis and B. coagulans strains, sup-
porting observations by Felix ef al. (2019) of com-
patibility among Bacillus spp. Exopolysaccharides
(EPS) from Bacillus are known for their health ben-
efits, including anticancer, antioxidant, anti-yeast,
antiviral, and immunomodulatory activities (Ahire
et al., 2021b). Basel et al. (2022) reported that the
EPS of B. subtilis AG4, which is isolated from the
marine environment, inhibited the proliferation of
T-24 (bladder carcinoma), A-549 (lung cancer), and
HepG-2 (hepatocellular carcinoma) cancer cells,
and acetylcholinesterase (anti-Alzheimer’s). The
strain evaluated in this study demonstrated the abil-
ity to produce EPS, a trait that could be beneficial
for maintaining human health and normal micro-
flora.

Autoaggregation (aggregation among the
same strains) and adhesion to solvents are param-
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eters used to evaluate a microbe’s ability to colo-
nize the intestine. Furthermore, the colonization of
the intestinal wall by probiotic bacteria enhances
host defence mechanisms and prevents the entry
of external human pathogens (Bhukya and Bhuk-
ya, 2021). S. clausii ELBC004 exhibited significant
autoaggregation and adhesion to xylene and chlo-
roform, which are indicators of microbial adhesion
to hydrocarbons. The autoaggregation percent-
age observed for S. clausii ELBC004 was 84.75
+ 0.14% at 24 hours, similar to that of B. clausii
ATCC 700160 (93.42 + 0.86%), B. subtilis TPS4
(84.83%), and B. coagulans (68.83 + 5.25%) (Jeon
etal.,2017; Felix et al., 2019; Altun and Erginkaya,
2021). The adhesion of S. clausii ELBC004 to xy-
lene and chloroform at 1 hour was relatively greater
than that of Bacillus strains (53.64%, 60.82%, and
61.04%) isolated from stingless bees for xylene and
chloroform adhesion at 1 hour (Amin et al., 2020).
Additionally, the adhesion of isolated Bacillus
strains to solvents indicates electron-donating and
electron-accepting properties of biological surfaces
(Bhukya and Bhukya, 2021). Overall, the greater
hydrophobicity and adhesion ability of S. clausii
ELBCO004 may facilitate its colonization in the in-
testine.

In the present study, we observed that S.
clausii ELBC004 exhibited resistance to chloram-
phenicol (C), rifampicin (RIF), streptomycin (S),
tetracycline (T), penicillin (P), sulfadiazine (SZ),
amoxacilin (OX), cefepime (CPM), sulfamethizole
(SM), and metronidazole (MTZ). These results
align well with studies showing that Bacillus spp.
isolated from traditional African bread are intrin-
sically resistant to aminoglycosides, B-lactams,
polyketides, aminocyclitol glycosides, and ni-
trobenzenes (Adimpong et al., 2012). Hammuel et
al. (2022) demonstrated that Bacillus spp. isolated
from hawked ‘suya’ meat exhibit intrinsic resistance
to macrolides, B-lactams, nitrobenzenes, polyket-
ides, and aminocyclitol glycosides. Furthermore,
resistance to cell wall synthesis inhibitors, such as
cephalosporins (e.g., cefepime), is common among
all Bacillus strains ( Alanber ef al., 2020; Hammu-
el et al., 2022). The intrinsic resistance of Bacillus
spp. to antibiotics may facilitate their stable coloni-
zation of the gastrointestinal tract during antibiotic
treatment (Ahire et al., 2021a). The susceptibili-
ty profile of S. clausii ELBC004 to aminocyclitol
glycosides, lincomycins, B-lactams, phenylpipera-
zines, macrolides, nitrobenzenes, and polyketides
was similar to the recent findings of Ahire et al.
(2021a). Overall, on the basis of the in vitro anti-



biotic susceptibility profile of S. clausii ELBC004,
it can be considered a safe strain for probiotic use.

The antimicrobial activity of probiotic strains
includes the production of antibacterial compounds
such as organic acids, free fatty acids (FFAs), hy-
drogen peroxide, and low molecular weight com-
pounds known as bacteriocins, which inhibit the
growth of pathogens (Bhukya and Bhukya, 2021;
Tenea et al., 2022). In this study, we demonstrat-
ed that the strain S. clausii ELBC004 inhibited the
growth of B. subtilis NCTC 10400, E. coli NCTC
12923, P. aeruginosa NCTC 12924, S. aureus
NCTC 10788, and C. albicans NCPF 3179, high-
lighting the ability of the strain to inhibit intestinal
pathogens. These findings are consistent with those
of Bacillus spp., which have been shown to control
the growth of pathogens (Tenea et al., 2022).

The intervention of probiotic strains to inhibit
biofilm formation by pathogens represents an inno-
vative area of research. The cell-free supernatant
(CFS) of ELBC004 significantly reduced biofilm
formation by E. coli, S. aureus, and P. aeruginosa.
These data align with the findings of Shivangi et
al. (2020), who reported that Bacillus strains from
fermented food significantly reduced biofilm de-
velopment in P. aeruginosa KT266804 (Shivangi
et al.,2020).

The antioxidant capacity of probiotic strains
can protect the host from chronic diseases, includ-
ing gastric ulcers, diabetes, cardiovascular diseases,
and obesity. The mechanism underlying the antiox-
idant activity of probiotics is not fully understood,
but it has been suggested that bacterial probiotics
act as antioxidants by scavenging free radicals, re-
ducing iron, chelating metals, and increasing anti-
oxidant enzyme levels (Hoffmann et al., 2019). In
this study, we assessed the antioxidant capacity of
S. clausii ELBC004 through DPPH and hydroxyl
radical scavenging (HRS) activities. The DPPH and
HRS activities of S. clausii ELBC004 — cell-free
supernatant (CFS) was 81.75% and 40.3%, respec-
tively, which were significantly greater than those
of the LB broth (negative control). However, the
activities were lower than those of ascorbic acid
(vitamin C), the positive control, which presented
DPPH and HRS activities of 96.54% and 82.73%,
respectively. Additionally, the CFS displayed weak-
er HRS activity than DPPH activity (p < 0.05).
These results suggest that S. clausii ELBC004 can
serve as a probiotic strain with potent antioxidant
capabilities to reduce free radicals in foods. These
findings align well with those reported for B. clausii
CSI08 by Khokhlova et al. (2023) and for Lact.
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plantarum UBLP 40 (66.2%) B. subtilis strains
CM1 (33.85%) and CM2 (42.39%), which were
isolated from traditional fermented foods and cam-
el milk (Ahire et al., 2021a; Roya et al., 2023), as
well as Pediococcus pentosaceus OBKOS5 (77.83%)
from buttermilk (Bhukya and Bhukya, 2021). The
scavenging ability may be attributed to the release
of metabolites, peptides, and phenolic compounds.
Shouchella clausii ELBC004 exhibited bile salt hy-
drolase (BSH) activity, which aligns with previous
findings that Bacillus strains were isolated from
various food sources (Nithya and Halami, 2013).
This activity is recognized as a crucial factor in reg-
ulating cholesterol metabolism and facilitating cho-
lesterol removal, with effects comparable to those
reported in prior research. These findings lay a sig-
nificant foundation for future studies to evaluate the
cholesterol assimilation capabilities of probiotic
strains in in vivo settings.

Moreover, the a-amylase and a-glucosidase
inhibitory abilities of the cell-free supernatant
(CFS) were notably high. Therefore, the inhibi-
tion of these hydrolysing enzymes by bacterial
CFS could be an essential method for evaluating
the potential of probiotic strains with antidiabet-
ic properties (Wang et al., 2020). Consequently,
it is of interest to determine whether the probiot-
ic strains (Bacillus sp.) present in the intestine can
reduce blood sugar levels by inhibiting these hy-
drolysing enzymes. In this study, the a-amylase
and a-glucosidase inhibitory abilities of S. clausii
ELBCO004 CFS significantly inhibited a-glucosi-
dase and a-amylase activities (68.34% and 73.26%,
respectively), which were considerably greater than
the inhibition rates of Bacillus strains SKGB and
SEGB (12.36% to 14.64%) as reported by Jang and
Kim (2021). The present results are in accordance
with previous studies where P. pentosaceus strain
OBKOS5 showed a- amylase (72 = 0.9%) and a- glu-
cosidase (61 = 0.8%) inhibitory activity (Bhukya
and Bhukya, 2022). Short-chain fatty acids (SC-
FAs) from S. clausii ELBC004 act as competitive
inhibitors, blocking the active sites of these specific
hydrolysing enzymes, and thereby slowing carbo-
hydrate absorption in the intestine. The enhanced
inhibitory abilities of a-amylase and a-glucosidase,
which catalyze carbohydrate digestion, can lower
postprandial glucose levels by delaying the release
and uptake of glucose.

Gamma-aminobutyric acid (GABA) is widely
found in nature and serves as a significant bioactive
metabolite with crucial physiological functions,
including acting as an antidepressant and antihy-



pertensive agent, and playing a vital role in stress
management, behaviour modulation, improving
sleep quality, enhancing immunity, regulating
blood pressure, managing obesity, and alleviating
anxiety (Yanhua et al., 2020). The presumptive
detection of GABA production by probiotic spe-
cies, followed by its confirmatory identification
via thin-layer chromatography (TLC), was previ-
ously identified as a successful approach by Jong
et al. (2016). The strain under study, ELBC004,
demonstrated GABA production, as evidenced by
TLC, achieving an R fvalue of 0.52, comparable to
that of the standard. This result aligns with find-
ings from Sam et al. (2022), who investigated the
probiotic potential of Bacillus species for GABA
production.

Conclusion

The present study revealed that S. clausii
ELBCO004 possesses key in vitro probiotic traits.
Compared with the reference strain B. subtilis
LifeinU® BSCUI, the isolated probiotic strain
ELBCO004 was better able to tolerate hostile condi-
tions such as low pH, high levels of bile salts, high
sodium chloride, pepsin, and pancreatin. In addi-
tion to gastrointestinal resilience, strain ELBC004
exhibited negative results for hemolytic, DNase,
lecithinase, and gelatinase activity. Furthermore,
the absence of biofilm formation and resistance to
ten different antibiotics underscores the safety of
the probiotic for use. The antimicrobial activity of
ELBCO004 spans a wider range of bacterial patho-
gens, including P. aeruginosa, S. aureus, E. coli,
and C. albicans. Additionally, the selected strain
exhibited relatively high levels of antioxidant, ex-
opolysaccharide, and GABA production. In addi-
tion to these attributes, ELBC004 demonstrated a
significant a-amylase and a-glucosidase inhibitory
activity in vitro, indicating its potential for reduc-
ing postprandial hyperglycemia. These findings
suggest that the strain S. c/ausii ELBC004 shows
strong evidence of potential therapeutic efficacy
as a promising probiotic candidate.
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Abstract

Bryophytes are known to accumulate heavy metals on their surfaces by biosorption; hence, it is prob-
able that microorganisms inhabiting their surfaces may be metal-tolerant. Bacteria and fungi were therefore
isolated from the surface and substratum of two mosses, Polytrichum commune and Tortula muralis, used
as test bryophytes, using nutrient agar (NA) and malt extract agar (MEA). The isolates were initially identi-
fied by standard morphological and biochemical methods and subsequently screened for metal-resistance in
NA and MEA containing 100 mg/L Cr and Cd, and Cu 600 mg/L. Metal-tolerance index (MTI) was deter-
mined in nutrient broth containing 300 mg/L Cr and Cd, and MEA containing 800mg/L for Cu. Isolates with
MTI >0.50 for the three metals were selected, identified by molecular methods, and tested for minimum
inhibitory concentration (MIC) and removal of Cr, Cd, and Cu from aqueous media. The selected isolates
were tested for MTI using combined concentrations of Cr, Cd, and Cu. The isolates’ identities were con-
firmed as Pseudomonas aeruginosa, Bacillus cereus, Proteus mirabilis, and Aspergillus oryzae, and their
MICs (mg/L) were: Cr, 350-550; Cd, 300-350; and Cu, 650-750. Metal removal from the aqueous media
by the four organisms was 14.06-77.28% with significant differences by metal (F=4.40-631.40; P=0.037-
0.000) and by organism (F=122.90-541.80; P=0.000). The MTI of the combined metals was low (<0.50),
and it declined with increasing concentrations. Pseudomonas aeruginosa tolerated the highest combined
concentrations, albeit with 0.10 MTI. Thus, the MIC levels and metal-removal capabilities indicate these
organisms as potentially useful for bioremediation of metal-polluted sites.
Keywords: Polytrichum commune; Tortula muralis, microbial metal-tolerance; chromium; cadmium; copper.

Pesrome

W3BecTHO €, ue OproduTHTE HATPYIBAT TEKKU METAIIU 110 TIOBBPXHOCTHUTE CH Upe3 OHOocopOIs, clie-
JIOBAaTEJIHO € BEPOSITHO MUKPOOPTraHU3MHTE, OOMTABAIM TEXHUTE MOBBPXHOCTH, Ja Ca METAJIOyCTONYUBH.
[Topagu ToBa M30oMMpaxme OakTepUUTe M T'bOUTE OT MOBHPXHOCTTA M CyOCTpara Ha JBa BHIA MBXOBE,
Polytrichum commune n Tortula muralis, n3m0N3BaHN KaToO TeCTOBU OprnoduTH BpXy XpaHutesneH arap (NA)
u arap ¢ mamioB exctpakt (MEA). M3onarute mbpBOHA4amHO Osixa MIESHTH(UIIUPAHUA Ype3 CTaHIAPTHH
MOP(hOJIOTHYHU ¥ OMOXUMHYHHN METO/IM M BIIOCIIEACTBUE CKPUHUPAHH 32 MeTanoycTondnBOCT B NA 1 MEA,
ceappxkany 100 mg/L Cr u Cd, u 600 mg/L Cu. Uanexcht Ha MetanoycroitunBoct (MTI) Gemie onpenencH
B XpanuteneH 0yiboH, chabpikant 300 mg/L Cr u Cd, u MEA, csabprkamt 800 mg/L 3a Cu. U3omatu ¢ MTI >
0.50 3a Tpute MeTana Osixa U30paHu, MACHTUPHUIIMPAHU YPE3 MOJIEKYIIIPHA METO/IM U TECTBaHU 32 MUHUMATHA
naxubupama xorueHrpanus (MIC) u 3a orcrpansBane Ha Cr, Cd u Cu ot BonHa cpena. M30panurte nzonaru
Osixa TectBanu 3a MTI, uznon3paiiku komOuaMpanu KoHieHTpanuu Ha Cr, Cd u Cu. UneHTHuHOCTTA HA U3-
onatute Oelle NOTBbpJCHA Karto Pseudomonas aeruginosa, Bacillus cereus, Proteus mirabilis w Aspergillus
oryzae, a texaute MIC (mg/L) 6sixa cwotBeTHO: Cr, 350-550; Cd, 300-350; 1 Cu, 650-750. OrcTpansiBaHeTo
Ha MeTaJl OT BOJHATa cpena oT yeTupure opranusma oemre 14.06-77.28% cbc 3HAYUTENHU PA3IMKU 110 Me-
tan (F=4.40-631.40; P=0.037-0.000) u o opranuzsm (F=122.90-541.80; P=0.000). MTI Ha koMOUHUpaHUTE
Metaim Oeme HUCHK (<0.50) 1 HamansBalle ¢ yBeIUYaBaHe Ha KOHIIGHTparuuTe. Pseudomonas aeruginosa
TOHACSIIIIe Hali-BUCOKUTE KOMOMHHMpaHU KoHIeHTparuu, Makap u ¢ 0.10 MTI. B 3akimrouenue, HuBara Ha
MUHUMaTHa naxubupamma kounentpamnus (MUK) u cmocoGHOCTTa 32 OTCTpaHsBaHE Ha METAllM TIOKA3BaT, 4e
TE3W OPraHU3MHU Ca TIOTEHIHAIHO MOJIE3HU 32 OMOpeMeHaIisi Ha 3aMbPCEHU C METAJIA MECTa.
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Introduction

Naturally, heavy metals are present in the envi-
ronment, but anthropogenic activities have increased
their concentrations above acceptable limits, thereby
causing harm to man and his environment (Muham-
mad et al., 2011; Ali et al., 2019). The anthropogenic
activities that increase heavy metal concentrations
include mining, untreated industrial waste waters,
the paint industry, agricultural pesticides, fertilizers,
and municipal wastes (Liu et al., 2018). Municipal
dumpsite wastes such as textiles, automobile brake
pads, batteries, electronic waste, and metal scrapings
are also sources of metal pollution in the environ-
ment (Mokogwu and Ejechi, 2022).

Conventional methods such as chemical
precipitation, flocculation, coagulation, solvent ex-
traction, adsorption, complexation, electro-kinetics,
membrane filtration, reverse osmosis, electrochem-
ical treatment, activated carbon, ion exchange, and
electrodyalysis have been employed at an indus-
trial scale for heavy metal removal from effluents
(Srivastava et al., 2008; Mohammed et al., 2011;
Razzak et al., 2022). However, these conventional
methods have setbacks like high cost, high energy
consumption rate, and inability to completely re-
move the heavy metals, thereby generating toxic
by-products (Yan and Viraraghavan, 2000; Zafor et
al., 2007; Li et al., 2008; Srivastava et al., 2008).
This has led to the investigation of the use of ag-
ricultural wastes, plants, and microorganisms as al-
ternative eco-friendly approaches for the removal of
metals from wastes and the environment (Srivastava
et al., 2008; Akpomie and Ejechi, 2016; Crini et al.,
2019).

Microorganisms have been extensively in-
vestigated for their capacity to remove metals from
the environment (e.g. Oyewole et al., 2019; Vacar et
al., 2021; Wrobel et al., 2023; Firinca et al., 2024,
Tang et al., 2024). Microbes have various mecha-
nisms by which they remove these metals, such
as biosorption, extracellular precipitation, uptake,
mineralization, enzymatic oxidation, sequestration,
production of chelating agents, chemotrophic and
autotrophic leaching, methylation, and redox trans-
formations (Njoku et al., 2020; Nnaji et al., 2024).
Metal-tolerant microorganisms have often been iso-
lated from various polluted sites as listed earlier for
bioremediation and biotechnological applications
(Chellaiah et al., 2009; Dahnoun et al., 2024). How-
ever, there may be other sources of metal-resistant
bacteria that are yet to be explored.

Plant microbiome, especially in the rhizos-
phere, is known to promote plant growth under a
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symbiotic association, and this may be extended to
detoxification of heavy metal pollutants according
to the reviews by Gonzédlez and Ghneim-Herrera
(2021). Thus, it will be worthwhile investigating mi-
croorganisms in the plant microbiome for metal-tol-
erance potential and ultimate use in bioremediation
strategies. Bryophytes are a group of plants that are
early colonizers of soil and are associated with di-
versity of bacteria and fungi (Cao et al., 2020). They
lack roots but are anchored to the soil by rhizoids,
where the rhizosphere-inhabiting microorganisms
assist in nutrient cycling and protection of the bry-
ophyte, like the rhizosphere of higher plants (Chen
and Nelson, 2022). The organisms involved in nu-
trient cycling may be metal-tolerant, especially as
bryophytes are known for absorption and accumu-
lation of metals from the environment (Tremper et
al., 2004; Fasani et al., 2022). Thus, bryophytes are
taken to be useful bio-indicators of a metal-pollut-
ed environment (Printarakul and Meeinkuirt, 2022).
It is therefore not unlikely that microorganisms in
the substratum and surfaces of bryophyte gameto-
phytes, where biosorption of metals occurs, may ex-
hibit metal tolerance. Such microorganisms can be
potentially useful in biotechnological applications if
found to be metal-resistant. Thus, the objectives of
this study are to: 1. assess the metal resistance po-
tential of microorganisms present in the substratum
and surfaces of bryophytes using two widespread
mosses, Polytrichum commune and Tortula muralis,
with Cu, Cd, and Cr as test metals; and 2. ascertain
the extent to which the isolates can remove these
metals from aqueous medium.

Materials and Methods

Collection of bryophytes samples

Gametophytes and substratum materials of
P. commune Hedw and T. muralis Hedw were col-
lected from six locations in three towns (Abraka,
Obiaruku and Warri) located in the Niger Delta re-
gion of Nigeria. The sources were: abandoned dete-
riorating building blocks on the soil, stone surfaces
and roadside soil for P commune (Fig. 1); and dete-
riorating painted and unpainted walls for 7 muralis
(Fig. 2.). The gametophytes were gently removed
manually using sterile hand gloves and scalpel and
kept in paper bags made of newspaper in accordance
with the procedure of Buck and Thiers (1996). Their
identities were confirmed in the Botany Department
of Delta State University, Abraka, Nigeria.

Isolation and identification of microorganisms
The gametophytes and the adhering sub-
stratum materials were placed in deionised water
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Fig. 1. Images of P. commune on roadside soil

Fig. 2. Images of 7. muralis on painted wall

and shaken vigorously to dislodge microorganisms.
Thereafter, Malt extract (MEA) and Nutrient agar
(NA) plates were inoculated with 1 ml of the wa-
ter extract after appropriate serial dilution and in-
cubated at room temperature (30+2°C) for 24-48h.
Distinct colonies were sub-cultured on fresh agar
plates for purification and stored on agar slants till
needed. The bacterial isolates were subsequently
identified by morphology and biochemical charac-
teristics (Gram staining, motility, oxidase, catalase,
citrate, indole, glucose, lactose and triple sugar
iron test) according to standard methods follow-
ing Bergey’s Manual of Determining Bacteriology
(Holt et al., 1994; Cheesbrough, 2006). The fungal
isolates were identified by visual and microscop-
ic methods after staining with lactophenol cotton
blue. The fungal identification protocol was based
on septate and non-septate hyphae, shape and col-
our of spores, and arrangement of spores on the
hyphae and visual macroscopic appearance on agar
plates using the keys of Dugan (2017).

Selection of metal-resistant isolates

Analytical grades of three salts: Chromi-
um Chloride hexahydrate [Crcl,.6H O], Cadmium
Chloride monohydrate [CdCl.H,0], and Cop-
per (II) sulphate [CuSO,] were obtained from the
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Chemistry department of Delta State University,
Abraka, and used in all the experiments. They were
filter-sterilised using a 0.22 um pore size Millipore
membrane filter before use. NA and MEA plates
were incorporated with the test metals using 100
mg/L for Cr", and Cd*', and 600 mg/L for Cu*". The
choice of these concentrations was based on the re-
ports of Allen et al. (1997), Wei and Wee (2011),
and Mokogwu and Ejechi (2022). Any isolate that
grew at these concentrations is considered resist-
ant. The concentrations were cross-checked with
an Atomic Absorption Spectrometer (Perkin Elmer,
Model 3100). An inoculum of 10* bacterial cells/
fungal spores per ml in normal saline was devel-
oped based on plate counts, and the metal-incorpo-
rated NA and MEA plates were subsequently inoc-
ulated with the standardized inoculum. The plates
were incubated at room temperature (30+£2°C) for
24-48h (bacteria) and 48-72h (fungi). The isolates
that grew were sub-cultured and set aside for fur-
ther tests.

Determination of the metal tolerance index (MTI)
of selected metal-resistant microorganisms

The metal-resistant isolates were tested for
metal tolerance with 300 mg/L of Cr and Cd and
800 mg/L for Cu in Nutrient Broth (NB). The broth



was inoculated with 10? bacteria cells/ml, and the
absorbance was taken at 600 nm at the beginning
and repeated after 48 h incubation at ambient tem-
perature (30£2°C). While the inoculated NB with-
out metals served as the control. MTI was calculat-
ed by dividing the absorbance of the medium with
test metals by the control absorbance after incuba-
tion (Oladipo et al., 2018). With respect to fun-
gal isolates, MEA was incorporated with the same
concentration of metals and centrally inoculated
with 5 mm diameter mycelium cut from the edge
of a 5-day-old culture. The mycelia diameter was
measured after incubation for 5 days at room tem-
perature. Control plates without metals were also
prepared. The MTI was calculated as before based
on the mycelia extension dimensions. All experi-
ments were conducted in five replicates.

Molecular identification of isolates with the MTI
>(0.5

The procedure of Sendolo et al. (2022) and
Mishra et al. (2023) was adopted for the DNA ex-
traction from isolates with MTI > 0.5. The bacterial
and fungal cells with 50 mg wet weight were sus-
pended in 200 pL of nuclease-free water and trans-
ferred to ZR Bashing Bead™ lysis tubes contain-
ing 750 pL of lysis solution that was supplemented
with 0.5% (v/v) B-mercaptoethanol to enhance cell
disruption. Homogenization in a bead beater at
maximum speed for 5 minutes, followed by effi-
cient lysis of the bacterial and fungal isolates. The
lysates were centrifuged at 10,000 x g for 1 minute,
supernatants were then transferred to Zymo-Spin™
IV spin filters to remove debris. Thereafter, fungal/
bacterial DNA binding buffer measuring 1,200 uL
was transferred to the filtrate, and 800 pL aliquots
of this mixture were loaded onto Zymo-Spin™ IIC
columns and centrifuged at 10,000 x g for 1 min-
ute. DNA pre-wash buffer and DNA wash buffer
were then used to wash the columns. DNA elution
buffer measuring 100 uL was used to elute DNA
and checked for quality by electrophoresis using
1% agarose gel stained with ethidium bromide.
PCR amplification of the 16S rRNA using primers
1F (5’-GTGCCAGCAGCCGCGGTAA-3’) and 2R
(5’-AGACCCGGGAACGTATTCAC-3") for bac-
teria; and[ITS-1F(5’-TCCGTAGGTGAACCTG-
CGG-3’); and ITS-4R (5’-TCCTCCGCTTATTGA-
TATGC-3")] for fungi, was performed in 25 pL of
2x PCR master mix (0.05 U/uL Taq DNA polymer-
ase, 4 mM MgCl,, 0.4 mM dNTPs), 10 pL genom-
ic DNA template, 2.5 puL each of forward/reverse
primers, and 10 pL nuclease-free water. Thermal
cycling in a C1000 cycler (BioRad), initial dena-
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turation at 94°C for 3 min, 37 cycles at 94°C (30
s), 50°C (30 s), and 72°C (1 min), and final exten-
sion at 72°C (7 mins). Amplicons were confirmed
by electrophoresis on 1% agarose gel with ethidium
bromide (10 pg/mL), visualized by a gel doc 2000
system (BioRad), and purified with a Zymoclean™
gel DNA recovery Kkit.

Sequencing was undertaken with the genet-
ic analyzer 3130 x1 (Applied Biosystems) using the
procedure outlined in the manufacturer’s manual.
The chromatograms resulting from the sequencing
reaction and the resulting nucleotide sequence were
edited using Ridom Trace Edit. The 16S rRNA for
bacteria and that of ITS for fungi sequences gener-
ated were compared with other referenced sequenc-
es available in the National Center for Biotech-
nology Information (NCBI) (www.ncbi.nlm.nih.
gov) database using the basic alignment search tool
(BLASTn). Alignment of the nucleotide sequences,
phylogenetic, and molecular evolution was ascer-
tained with MEGA 11 version 6.0.

Assessment of minimum inhibitory concentrations
(MIC)

The MIC with respect to the three test metals
was determined for the organisms that were identi-
fied by molecular methods. For this purpose, MEA
and NA plates containing various metal concentra-
tions of 100-1000 mg/L were prepared, inoculated
as before, and thereafter set aside at ambient tem-
perature for 48h with respect to bacteria and 72 h
for the fungus. The lowest concentration that inhib-
ited growth was the MIC.

Metal removal assay

Isolates with the highest MIC for each of the
metals were tested for the capacity to remove met-
als in aqueous solutions using 1000 mg/L in 100 ml
of nutrient or potato dextrose broths. Flasks (250
ml) containing nutrient and potato dextrose broths
were inoculated with 10° /ml bacterial or fungal
spores, incubated at ambient temperature (30£2°C),
and agitated at 150 rpm for 24-48h. Thereafter, the
flasks were centrifuged, and AAS was used to de-
termine the residual metals’ concentrations in the
supernatant. Control sets were not inoculated with
the test bacteria or fungus. The residual metal con-
centration was subtracted from the control and ex-
pressed as % removal. The experiments were con-
ducted in five replicates.

Assessment of the tolerance of combined Cr, Cd,
and Cu by the selected bacteria and fungus

The MTI determination procedure was re-
peated, but with NB and MEA incorporated with



combinations of Cr, Cd, and Cu. The tests were
conducted in 6 steps, beginning with 50% of the
concentrations (Cr, 50mg/L; Cd, 50 mg/L; Cu,
300 mg/L) used for the initial screening of isolates
for metal resistance. These concentrations were
increased at each step by 50 mg/L, as shown in
Table 1.

Table 1. Combined concentration of Cr, Cd, and Cu series
used for the tolerance index

Combination  Concentration (mg/L) comboination
order Cr Cd Cu
1 50 50 300
2 100 100 350
3 150 150 400
4 200 200 450
5 250 250 500
6 300 300 550

Determination of Cr, Cd, and Cu concentrations
on gametophyte surface deposits and substratum
The procedure of Jiang et al. (2020) was
adopted for determining the three metals’ concen-
trations on the bryophyte surface and the underly-
ing substratum materials. The gametophytes were
dried to constant weight in an oven at 50°C and
milled, while pestle and mortar were used to grind
the underlying materials after similarly drying to
constant weight. Thereafter, 0.5 g samples were
digested with a mixture of 37% hydrochloric and
65% nitric acid and set aside to stand overnight.
This was followed by dissolution in deionized wa-
ter and filtration with Whatman no. 1 filter paper
to remove impurities. The filtrate was subsequently
made up to 25 ml for gametophytes and 50ml for

the soil/materials with de-ionized water. Thereafter,
the three metals’ concentrations were determined
with AAS.

Statistical Analysis

ANOVA was used to compare the differenc-
es between the levels of removal of the 3 test met-
als from aqueous media. The abilities of the fungus
and bacteria to remove the metals from the media
were also compared by ANOVA.

Result
The identities of the bacteria and fungi iso-
lated from the bryophytes and the adhering substra-
tum soil/materials are presented in Table 2. It was
not considered necessary to separate the isolates
based on the two bryophytes because P. commune
and 7. muralis were merely used as test grounds.
The table also presents the findings of the
metal-resistant screening tests, where 5 bacteria
(Pseudomonas sp. P. aeruginosa, Bacillus sp, B.
subtilis, Proteus mirabilis, and a fungus (Asper-
gillus sp) were the isolates resistant to the three
metals. The non-resistant isolates were subsequent-
ly dropped from further tests. Although there are
a few exceptions, the results in Table 3 show that
these metal-resistant isolates were generally mod-
erately tolerant (>0.4). P. aeruginosa, Bacillus sp
and P. mirabilis were the bacterial isolates that had
MTI greater than 0.50 concerning the three metals
(Table 3). The MTI of the only fungal isolate (4s-
pergillus sp.) was <0.50 as it concerns Cr and Cd,
but >0.50 with respect to Cu (Table 3). While the
MTI of B. subtilis was <0.50 for the three metals,
that of Pseudomonas sp. was >0.5 with Cr and Cd
(Table 3). The identities of the lone fungus and the

Table 2. Selection of Cr, Cd and Cu-resistant bacteria and fungi amongst isolates from the two moss bryophytes gameto-

phyte surfaces and substratum (P. commune and T. muralis)

Isolates Metals
Cr Cd Cu
Bacteria Pseudomonas sp. + + +
P. aeruginosa + + +
Bacillus sp. + + +
Bacillus sp. + + +
Proteus sp. + - -
Proteus mirabilis + + +
Enterobacter sp. - + .
E. coli + + -
Klebsiella sp. - - +
Fungi Aspergillus niger + + -
Aspergillus sp. + + +
Rhizopus sp. + - -
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Table 3. Metal tolerance index (MTI) of metal-resistant isolates

MTI
Metal/concentration Isolates
Mean SD
Cr (300 mg/L) Pseudomonas sp. 0.48 0.02
P. aeruginosa 0.72 0/02
B. subtilis 0.52 0.03
Bacillus sp. 0.64 0.02
P. mirabilis 0.51 0.02
Aspergillus sp. 0.42 0.03
Cd (300 mg/L) Pseudomonas sp. 0.36 0.01
P. aeruginosa 0.65 0.01
B. subtilis 0.36 0.02
Bacillus sp. 0.50 0.02
Proteus mirabilis 0.50 0.03
Aspergillus sp. 0.43 0.02
Cu (800 mg/L) Pseudomonas sp. 0.54 0.03
P. aeruginosa 0.65 0.02
Bacillus subtilis 0.29 0.01
Bacillus sp. 0.55 0.01
P. mirabilis 0.55 0.02
Aspergillus sp. 0.53 0.02

three bacteria with MTI>0.50 were subsequently
confirmed by molecular characterization as indicat-
ed in Figures 3-4 and shown in Table 4.

The MICs of the three metals were generally
high (=350 mg/L, with that of Cu being the high-
est (Table 5). There was marked variation in the
reduction of the concentrations of the three metals
in the aqueous media by the four organisms (Table
6). While P. aeruginosa removed more of Cr and
Cd than Cu, B. cereus removed Cr and Cu better
than Cd. Reduction of the levels of Cd and Cu by P.
mirabilis was more than that of Cr. Reductions of
metal concentrations by the bacterial species were
generally greater than 50%, while it was lower with

ITS
gene

(300bp)

Fig. 3. The agarose gel electrophoresis of the amplified
ITS region from the selected fungal isolates. The electro-
phoresis profile indicates that isolates 4 and 5 corresponds
to the ITS bands at 500 bp, whereas lane L correspond to
1kb plus molecular ladder (100bp-10,000Kbp) while NC
denotes no DNA templates
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the fungus A. oryzae. Cu was the least removed by
A. oryzae (Table 6). The capacity of the organisms
to reduce the metal concentrations in the aqueous
medium can be seen in Figure 5. ANOVA showed
that the bacteria and fungi differed significantly in
their ability to remove the three metals (Fig. 5).
While the reduction of Cr and Cd concentrations in
the medium was best achieved with P. aeruginosa,
the highest Cu removal was by P. mirabilis (Fig.
5). The fungus A. oryzae had the least ability to re-
move any of the three metals.

Fig. 4. Polymerase chain reaction results for bacteria
isolates. L is 1kb plus ladder (100bp-10,000Kbp) DNA
ladder (Molecular marker). Isolate 1, Isolate 2, and Isolate
3 corresponds to the 16S rRNA gene with bands at 900bp.
NC: no DNA template.



Table 4. Molecular identification: NCBI Blast showing the sequence identity of the isolates

Sample ID of isolates Query length (Bp)  Closest relative % Identity E-value Accession Number
sequence
1 842 P. aeruginosa 99.17 0.0 PX112461
2 720 P. mirabilis 97.29 0.0 PX112463
3 813 B. cereus 99.75 0.0 PX112464
4 553 A. oryzae 99.46 0.0 PX116176
5 567 A. oryzae 99.64 0.0 PX116730
Table 5. Minimum inhibitory concentration (MIC) of e ] - P mirabil 4
molecular identified isolates with high MTI o - derigtosa - cereis TS - orvae
MIC (mg/L '
Isolates (mg/L) B4
Cr Cd Cu 04
P aeruginosa 550 450 950 0.35
]
P. mirabilis 400 400 900 é 03 -
B. cereus 450 450 900 % 025
A. oryzae 350 350 850 g 027
g 0.15
. $ w
a1l [l 0.05 -
%70 T 2 o
§’60 . B 0
2 50 | -0.05 -
£
E 40 7 Increasing order of combined Cr/Cd/Cu concentrations*
g 30 - (mg/L)
Té 20 | Fig. 6. Trends in the tolerance of combined Cr, Cd and Cu
£10 rl by bacteria and fungus isolates.
= o U o uoud — *See Table 1 in Materials and Methods for combination
R o o > R © R > R ® A > -
Q a 3 ° Q a 3 ° Q o 3 ° concentrations
Ss|S|s &3 /83|88 |5§8 3%
S8R |5 |5 |8|° |5 |5 8" Although the MTI was low, P. aeruginosa
° ° N was the only organism that tolerated greater levels
Cr (F=398.8, P=0.000) ‘ Cd (F=541.8, P=0.000) | Cu (F=122.9, P=0.000)

Fig. 5. Comparison of the ability of bacteria and fungus
isolates to remove Cr, Cd and Cu from aqueous media

The tolerance of combined Cr, Cd, and Cu
by the four organisms was investigated, and the
results, as indicated by the MTI, are presented in
Fig. 6. The tolerance trends, which varied with the
bacterial species and fungi, were generally low
(<0.45), and they decreased with increasing levels
of the metals (Fig. 6).

of the combined metals when compared to other
isolates (Fig. 6). The concentrations of the three
metals in the bryophytes’ substratum materials
were below the WHO (1996) recommended lim-
its except for Cd in the deteriorating painted wall
and roadside soil, where it was higher (Table 7).
However, the concentrations of the three metals on
the bodies of the two mosses were markedly higher
than the levels in the substratum materials and the
WHO permissible limits (Table 7).

Table 6. Removal of metals from aqueous solution by metal-resistant bacteria and fungus

Mean reduction (%) + SD F(P)
Isolates
Cr Cd CuU
P aeruginosa 277.28+1.80 v77.088+1.32 $22.20+2.28 148.19(0.000)
B. cereus €75.54%0.8 €53.20+1.40 €63.20+2.16 248.40 (0.000)
P. mirabilis 64.54+2.79 470.38+1.62 466.90+1.06 4.40 (0.037)
A. oryzae €39.34+1.92 €45.10+1.28 €14.06x+1.05 631.40 (0.000)

Post hoc: values with similar superscripts across rows are significantly different (*£=0.000; *P=0.000; <P=0.000; *P=0.037;

¢P=0.000)
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Table 7. Concentration of chromium, cadmium and copper on bryophyte surfaces and substratum materials

Mean conc. (mg/kg) + SD

Source
Chromium Cadmium Copper

Deteriorating building block 1.37+0.30 0.07+0.004 18.43+3.06
Deteriorating painted wall 21.98+3.08 0.83+0.015 19.03+3.27
Deteriorating unpainted wall 1.77+0.10 0.71+0.02 17.03+3.60
Roadside soil 51.30+5.40 1.72+0.08 27.42+3.23
P. commune gametophyte 122.24+8.26 2.03+0.37 38.54+4.60
T. muralis gametophyte 105.65+7.48 1,86+0.29 29.42+3.42
WHO (1996) permissible limits 100 0.8 36

Discussion

The microorganisms found on the bryo-
phyte gametophytes and substratum were diverse
and not unexpected because such a diversity is
known to be associated with bryophytes (Gonzalez
and Ghneim-Herrera, 2021). Reports have shown
that P commune and T. muralis can accumulate nu-
trients and heavy metals from the atmosphere and
soil (Naszradi et al., 2007; Zawadzki et al., 2016;
Ojiodu and Olumayede, 2018), and this can influ-
ence the occurrence of diverse microorganisms, in-
cluding non-metal resistant species, as the results
showed. The high concentrations of the three test
metals on the moss gametophyte suggest that a sub-
stantial number of the metal-resistant isolates may
have originated from there. The soil or substratum
materials with lower concentrations of metals may
not present a sufficient “hot spot” for the emergence
of metal-resistant organisms of high MIC magni-
tudes, like the gametophytes. Jiang et al. (2020)
found lower concentrations of metals, including Cr
and Cd, in the substratum of moss bryophytes, as
was observed in this study. This can be attributed
to a reduced entry of atmospheric pollutants to the
bryophyte substratum because the gametophyte
acts like a shield.

The high concentration of metals on the moss
gametophytes may be associated with traffic vehicle
exhaust fumes and emissions from industries and
household activities in the towns. These emissions
contain heavy metals, which include Cr, Cd, and
Cu (Al et al., 2017; Nwaedozie and Nyan, 2018).
Rainfall, wind, and gravity may bring about the
settlement of these heavy metals emanating from
dust, emissions, and bioaerosols on the bryophytes.
Some of the microorganisms on the bryophyte
surfaces and substrata may subsequently develop
metal resistance. Indeed, some members of the bry-
ophyte microbiome may have come from bioaero-
sols. Bryophytes lack a conducting system; hence,
the light cuticle and epidermis of the gametophyte
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are used to accumulate metals and absorb nutrients
with a capacity greater than their root-like rhizoids
(Stankovi¢ et al., 2018). However, some bryo-
phyte substrates may contain high concentrations
of metals, which makes the rhizosphere remain a
source of metal-resistant organisms. For example,
T. muralis was extracted from painted walls in this
Nigerian-based study, whereas some paints used in
Nigeria contain heavy metals. Heavy metals, which
include Cr and Cd that are above permissible lev-
els are present in some paints often used in Nigeria
(Apanpa-Qasim et al., 2016; Akindele and Joseph,
2024). Thus, bryophytes growing on a painted wall
as substratum may enable the development of met-
al-resistant microorganisms in their rhizosphere.
High levels of metals can be absorbed and accumu-
lated via the rhizoids in the substratum (Printarakul
and Meeinkuirt, 2022) in a symbiotic relationship
with rhizosphere bacteria and fungi. For example,
Das et al. (2017) and Simén-Solé et al. (2019) re-
ported that plants with high heavy metal accumula-
tion capacity do so with the support of microorgan-
isms, which use their exudates as electron donors
to enhance metal mobilization and detoxification.
It can, therefore, be deduced that this process pro-
motes metal-resistance amongst the rhizosphere
microorganisms.

Pseudomonas aeruginosa, Bacillus cereus,
Proteus mirabilis, and Aspergillus oryzae were the
most Cr-, Cd-, and Cu-resistant isolates from the
mosses, as shown by the MTI and MIC results. The
MIC levels are substantial to make them potential
“candidates” for bioremediation applications. As
indicated by the results of the MIC and removal
of metals from aqueous medium, P. aeruginosa
stood out as an outstanding metal-resistant organ-
ism. This was not unexpected because several re-
ports show that it is a versatile multi-metal resist-
ance organism (Chellaiah, 2018; Abdelbary et al.,
2019; Feruke-Bello et al., 2023). Generally, species
of Bacillus, Proteus, and Aspergillus isolated from



metal-polluted sites are known to resist metals, al-
though the level of resistance may vary (Girdhar et
al., 2022). A recent report (Mokrani et al., 2026)
also showed that strains of Bacillus and Pseu-
domonas demonstrated marked variability in their
resistance to Cr, Cd, and Cu. A similar variation
in resistance to Cr, Cd, and Cu by metal type and
species was also encountered in this investigation.
These variations suggest the absence or moderate
operation of some specific metal-resistance mecha-
nisms among the bacteria.

The mechanisms used by microorganisms to
resist or adapt to metal toxicity vary, and they have
been well documented by Mathivanan et al. (2021).
They include: changes in the morphology of the mi-
croorganisms (e.g. reduced cell size) in response to
toxic stressors; efflux pump mechanisms based on
active transport; production of siderophores which
chelate metals from the environment; production
of metallothioneins, a cysteine-rich protein that se-
quester metals intracellularly in the process of de-
toxification; biotransformation to non-toxic forms;
and biosorption or binding of metals with exopoly-
saccharides produced by some bacteria. Possession
of some or all six mechanisms outlined above po-
tentially qualifies any organism for application in a
bioremediation strategy. The high MIC and level of
removal of the three metals from aqueous solution
by the strains of P. aeruginosa, B. cereus, P. mira-
bilis, and A. oryzae isolated from the bryophytes
in this study suggest that they possess some of
these resistance mechanisms, which are useful for
bioremediation. P. aeruginosa uses almost all the
mechanisms stated above for the removal of heavy
metals, depending on concentrations and bioavail-
ability (Abdelbary et al., 2019; Hassen and Abbas-
si, 2025). Bacillus species have been reported to
remove Cr, Cu, and Cd by transformation, efflux
system, and efflux/chelation, respectively (Alotaibi
et al., 2021), while changes in morphology and bi-
osorption with exopolysaccharides have been asso-
ciated with heavy metal removal, especially Cd by
Proteus mirabilis (Niu et al., 2024). With respect
to Aspergillus species, adsorption, chelation, and
sequestration are known to be some of the metal
removal mechanisms it uses (Badr, 2025).

Various concentrations of Cr, Cd, and Cu
were encountered on bryophyte surfaces and sub-
strata, thereby indicating that the bacterial isolates
were already exposed to the three metals. It was
therefore expected that they would tolerate the
combined metals, which was not the case. The MTI
of the combined metals was generally low and var-
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ied. The variation was not unexpected because it
was also encountered in the MTI and MIC values
in the single metal tests. The low MTI of the com-
bined metals can be attributed to the non-availabil-
ity of some metal-specific tolerance mechanisms
or the level of operation. It therefore follows that
while an organism may tolerate some of the metals,
it becomes vulnerable to others and growth ceases.
Tolerance of multiple heavy metals is important for
bioremediation because of the likely presence of
more than one metal in polluted environments.

The paramount study objective was to
demonstrate the likely presence of metal-resistant
microorganisms on bryophyte surfaces and rhizos-
phere. This was achieved, and the capacity of the
metal-resistant isolates to remove high concentra-
tions of Cr, Cd, and Cu from aqueous media makes
them potential “candidates” for bioremediation
strategies, especially as they demonstrated multiple
resistances to the three test metals. Although this
multiple resistance failed to operate when the met-
als were combined, it indicated that a consortium
of the isolates would be most useful in bioremedi-
ation. With a consortium, one species can make up
for the limited resistance mechanism of the other,
as indicated by the differences in the levels of re-
sistance to each of the three metals among the or-
ganisms.

Conclusion

A diversity of microorganisms was isolated
from the gametophyte and substratum of the test
moss bryophytes, P commune and T. muralis, but
only Pseudomonas sp. P. aeruginosa, Bacillus sp,
B. subtilis, P. mirabilis, and Aspergillus sp. resisted
Cr, Cd, and Cu. However, only the species identi-
fied as P. aeruginosa, B. cereus, P. mirabilis, and A.
oryzae by molecular methods had the highest MICs
with regard to the three metals. The high concen-
trations of the three metals found on the moss ga-
metophytes provided an environment for the emer-
gence of metal-resistant microbial species on the
gametophytes. The support for this inference comes
from the knowledge that gametophyte surfaces are
areas where emissions from industrial and house-
hold activities and dust containing heavy metals are
adsorbed. The high MICs of the isolates were sub-
stantiated by the finding that over 50% of Cr, Cd,
and Cu were removed from the aqueous medium.
The results from this study, therefore, substantiate
the widely held view that metal-resistant microor-
ganisms are usually present where high concen-
trations of metals occur. Thus, it can be concluded



that metal-resistant bacteria and fungi can be found
on bryophyte surfaces and substratum/rhizosphere,
like in other waste-polluted environments. The
study outcome also draws attention to bryophytes
as potential sources of microorganisms for the re-
mediation of metal-polluted environments, singu-
larly or in consortia.
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Abstract

The emergence of antibiotic-resistant pathogenic bacteria poses a major threat to public health, em-
phasizing the importance of discovering new antibiotic compounds. Endophytic microorganisms are known
for producing a variety of antibiotics and other bioactive substances. They can generate a broad spectrum
of secondary metabolites with potent antibacterial activity. Endophytes are microorganisms that form sym-
biotic relationships within plant tissues without causing obvious disease to the host plant. Microbes that
live in extreme environments develop unique adaptive mechanisms and can produce novel bioactive com-
pounds. Bacteria in such harsh conditions often develop specialized metabolic pathways, resulting in the
production of distinctive secondary metabolites. This study aimed to isolate endophytic actinomycetes
from the roots of the silver fern (Pityrogramma calomelanos (L.) Link), which grows in soil exposed to the
eruption of Mount Sinabung in Karo Regency, North Sumatra Province, Indonesia. Antimicrobial screening
of these isolates was performed using a dual culture assay to assess their ability to inhibit pathogenic bac-
teria. The endophytic actinomycete isolate AE9 showed activity against Staphylococcus aureus, Bacillus
cereus, and Citrobacter freundii. Morphological, physiological, biochemical, and 16S rRNA gene sequence
analyses confirmed that isolate AE9 is related to Streptomyces sp. VEL 17. These results suggest that endo-
phytic actinomycetes from silver ferns growing in volcanically affected environments contain antibacterial
bioactive compounds.
Keywords: endophytic microbes, actinomycetes, antibacterial, Pityrogramma calomelanos

Pe3rome

[losiBaTa Ha matoreHHW OaKTEepUU, YCTOWYMBHU HAa aHTUOMOTHIIM, IIPE/ICTABIISIBA CEPUO3HA 3ariaxa
3a OOIIECTBEHOTO 3[paBe, KOETO MOJYepTaBa BaXKHOCTTA HAa OTKPUBAHETO HA HOBH AHTHUOMOTHYHHU
chenuHCHUS. EHAOQUTHUTE MUKPOOPraHW3MH Ca H3BECTHH C MPOU3BOJICTBOTO HAa pPa3zHOOOpazHH
AHTUOMOTHULIM U APYyTrH OMOAaKTHBHU BellecTBa. Te moraT ja reHepupar MIHPOK CHEKThP OT BTOPUYHHU
MeTaboJUTH C MOIIHA aHTUOaKTepuaiHa aKTHUBHOCT. EHIopuUTHUTE ca MHUKPOOPTraHU3MH, KOUTO
oOpa3zyBaT CHMOMOTHYHU B3aMMOOTHOIIEHUS B PACTHTEIHUTE THhKaHU, 0€3 /la NMPUYUHSIBAT BHIUMH
3a001s1BaHUS HA PACTEHUETO TOCTONPUEMHHUK. MUKpPOOUTE, KOUTO KUBEST B €EKCTPEMHH CPEH, pa3BUBAT
YHUKAIIHU aIalTUBHU MEXaHU3MH U MOTaT Jla IPOU3BEkKAaT HOBU OMOAKTUBHU CheuHEeHUs. bakTepunre
B TaKWBa CYpPOBH YCIIOBHS YECTO PAa3BHUBAT CICHHAIM3UPAHU META0OIUTHU MBTHUINA, KOETO BOIU [0
MIPOU3BO/ICTBOTO HA OTJIMYUTEIHU BTOPUYHHU MeTabonuTu. ToBa mpoyuBaHe MMallle 3a LeJ Ja U30JIupa
eH/10(pUTHU aKTUHOMUIIETH OT KOPEHUTE Ha cpedbpHara nanpart (Pityrogramma calomelanos (L.) Link),
KOSITO pacTe B [10YBA, U3JI0KEHA HA U3pUrBaHeTo Ha BynkaHa CuHaOyHr B Kapo Perencu, nposunnus Ce-
BepHa Cymarpa, MagoHe3us. 3a 1a ce oleHu CrocoOHOCTTa Ha TE3W U30J1aTH J1a HHXHUOUPAT Pa3BUTHETO
Ha MaTOTeHHUTE OaKkTepuu Oellle U3BbPIICH aHTUMUKPOOESH CKPUHUHT C IIOMOIITA Ha JIBOCH KYJITypaJleH
ananu3. EHnopuTHUAT akTuHOMHIIETeH M30yaT AE9 mokas3Ba akTUBHOCT cpenty Staphylococcus aureus,
Bacillus cereus n Citrobacter freundii. Mopdonoruuau, Gu3nOIOTUUHH, OMOXUMHUYHHU TMPOYUYBAHUS,
KakTo U 16S rRNA reHHu CEeKBEHIIMOHHM aHaJM3U NOTBBbpkJAaBaT, ye n3onarbT AE9Q e cBbp3aH cbe
Streptomyces sp. VEL 17. Te3u pe3ynraru mokas3sart, 4¢ eHI0UTHUTE aKTHHOMHIICTH OT CpeObpHH Ta-
[IpaTH, pacTAUIN BbB BYJIKAHUYHO 3aCE€THATH CPEH, ChIAbPKAT aHTUOAKTepHUalIHU OMOAKTUBHU ChEIUHE-
HUSL.
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Introduction

Bacterial resistance to antibiotics poses a
major threat to public health (Abbas et al., 2024).
The paucity in discovery and supply of new novel
antimicrobials to treat life-threatening infections
by resistant pathogens stands in sharp contrast to
demand (Salam et al., 2023). Despite ongoing ef-
forts, the rate at which resistant strains emerge has
outpaced the development of new antibiotics, ne-
cessitating the exploration of alternative and under-
exploited natural sources to uncover novel antimi-
crobial compounds (Sivalingam et al., 2019).

Natural products continue to represent the pri-
mary source for the discovery of novel antibiotics
due to their chemical diversity and broad spectrum
of biological activity (Bernal et al., 2022). Among
these, endophytic actinomycetes are recognized
as prolific producers of bioactive metabolites and
have been identified as a valuable resource in drug
discovery research (Mondal and Thomas, 2022).
Endophytic Actinobacteria, particularly from the
genus Streptomyces, are notable for producing a
wide array of bioactive compounds that could serve
as alternatives in combating multidrug-resistant
pathogens (Anavadiya ef al., 2024).

Actinomycetes are classified as Gram-posi-
tive bacteria with a high genomic G+C content and
are therefore recognized for their ability to produce
a wide range of secondary metabolites (Matsumoto
and Takahashi, 2017). However, the frequent redis-
covery of known compounds has posed a significant
challenge, necessitating the search for novel strains
from unexplored habitats (Subramani and Sipkema,
2019). Exploration of unique and extreme environ-
ments, such as underexplored soils, is critical to
discovering new secondary metabolites with potent
antibacterial activity (Charousova et al., 2019).

Plants growing in harsh environments, such as
under abiotic stress conditions, are promising hosts
for novel endophytic actinomycetes (Meklat et al.,
2011). Environmental factors such as soil type, cli-
mate, and abiotic pressures greatly influence the
diversity and biosynthetic potential of microbi-
al endophytes (Przybylska-Balcerek et al., 2020).
Particularly, volcanic soils represent a distinctive
ecological niche rich in microbial biodiversity and
bioactive compound production (Maglangit et al.,
2023). Members of the genus Streptomyces are
well adapted to survive in such environments due
to their specialized enzymatic and metabolic adap-
tations (Lorkova et al., 2025).

The silver fern, Pityrogramma calomelanos
(L.) Link serves as an important host for endophytic
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actinomycetes. This pioneer plant species thrives in
extreme conditions such as volcanic areas, mining
regions, and lead (Pb)-contaminated soils (Anche-
ta et al., 2020; Yongpisanphop and Babel, 2021).
Its remarkable adaptability is attributed to its high
flavonoid content, which confers resistance to abi-
otic stresses like drought and elevated temperatures
(Shomali et al., 2022). The study of endophytic ac-
tinomycetes from P. calomelanos occurring in chal-
lenging environments is expected to facilitate the
discovery of novel bioactive compounds that could
significantly contribute to drug development.

Materials and Methods

Sample collection

Root samples of the silver fern (P. calomela-
nos (L.) Link) were obtained from post-eruption
zones of Mount Sinabung, located in Karo District,
North Sumatra, Indonesia. Sampling was carried
out purposively to target sites most affected by vol-
canic activity, which are considered extreme habi-
tats with unique ecological pressures. Three repre-
sentative localities, Gamber Village, Guru Kinayan
Village, and Suka Tendel Village, were selected
based on their proximity to the eruption sites and
their history of ash deposition and soil disturbance.
For accurate taxonomic identification and authenti-
cation, plant specimens were examined at the Her-
barium Bogoriense, Directorate for Scientific Col-
lections Management, National Research and Inno-
vation Agency (BRIN). To safeguard the quality of
the samples, freshly collected roots were placed in
sterile plastic containers, maintained at low temper-
atures using ice gel packs, and transported directly
to the laboratory for further microbiological exam-
ination.

Surface sterilization of plant material

Root samples were cleaned under running tap
water to remove adhering soil and debris. Samples
were then cut into approximately 2 cm segments
and subjected to a surface sterilization protocol:
immersion in 1% sodium hypochlorite (NaOCI)
solution for 15 seconds, followed by immersion
in 70% ethanol for 15 seconds. The samples were
then rinsed three times with sterile distilled water
to remove residual sterilizing agents. The final rinse
water was plated onto sterile media to confirm the
efficacy of surface sterilization (Afzal et al., 2019).

Isolation of endophytic actinomycetes

Actotal of 10 g of surface-sterilized root tissues
was aseptically macerated with a sterile mortar and
pestle, after which the homogenate was suspended



in 90 mL of sterile distilled water in an Erlenmey-
er flask. The suspension was homogenized using a
vortex mixer and serially diluted from 10! to 10*
Aliquots of 0.1 mL from each dilution were plated
onto Starch Casein Agar (SCA) supplemented with
nystatin (50 pg/mL) to inhibit fungal contamina-
tion. The culture plates were incubated at 28°C for
a period of up to two weeks. Colonies that devel-
oped with morphological characteristics indicative
of actinomycetes - such as dry, powdery textures
and filamentous structures - were then transferred
onto fresh SCA medium to establish pure isolates.

Screening of potential antibacterial activity of
endophytic actinomycetes

The antibacterial activity of endophytic ac-
tinomycete isolates was evaluated using the dual
culture assay method. Three test bacteria were
employed: Gram-positive Staphylococcus aureus
(ATCC 25923), Gram-positive Bacillus cereus
(ATCC 11778), and Gram-negative Citrobacter fre-
undii (ATCC 8090). Tryptic Soy Agar (TSA) medi-
um was used for antibacterial screening. TSA plates
were prepared by pouring molten media into ster-
ile Petri dishes and allowing them to solidify. The
surface of the solidified TSA was then uniformly
swabbed with the test bacterial suspension adjusted
to 0.5 McFarland standard turbidity using a sterile
cotton swab.

Endophytic actinomycete isolates, previous-
ly cultivated on Starch Casein Agar (SCA) for 7
days at 28°C (Alhialy and Thanoon, 2022), were
prepared for the assay. Agar plugs (6 mm diameter)
containing actively growing actinomycete colonies
were aseptically cut using a sterile cork borer (Xu
et al., 2024). These plugs were carefully placed
onto the TSA plates that had been pre-inoculated
with the test bacteria.

The plates were incubated at 28°C for 24
hours. The antibacterial potential of each isolate
was indicated by the formation of a clear inhibition
zone surrounding the agar plug. The diameter of the
inhibition zones was measured in millimeters with
a digital caliper (Santos-Beneit et al., 2022). A con-
trol plate containing only the test bacteria without
actinomycete inoculation was included to verify
baseline growth conditions.

Morphological and cultural characterization
Macroscopic characteristics of endophyt-
ic actinomycetes, including colony shape, surface
texture, margin, pigmentation, and diffusible pig-
ment production, were observed after 7 days of
incubation on (SCA) at 28°C (Holt et al., 2000).
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Microscopic features were examined using Gram
staining (Cappuccino and Sherman, 2014) and the
slide culture technique to assess hyphal structure
and spore chain morphology (Ali et al., 2022).

Fenetic characterization

Temperature tolerance was evaluated by
growing isolates at 28°C, 37°C, and 40°C on SCA
for 7 days (Mondal and Thomas, 2022). pH toler-
ance was assessed on SCA adjusted to pH 5, 7, 9,
and 11, while salinity tolerance was determined on
SCA supplemented with 0%, 4%, 10%, and 13%
NaCl concentrations (Siddharth ef al., 2020).

Biochemical tests included Triple Sugar Iron
Agar (TSIA) fermentation, citrate utilization, cat-
alase production, urease activity, and motility in
SIM medium, all performed according to standard
protocols (Cappuccino and Sherman, 2014). Pos-
itive reactions were indicated by color changes or
diffusion patterns characteristic of each test.

Genomic characterization

Genomic DNA was extracted from bacte-
rial isolates using the Quick-DNA Magbead Plus
Kit (Zymo Research, D4081) according to the
manufacturer’s instructions (PT. Genetika Science
Indonesia). The extraction process involved cell
lysis, DNA binding to magnetic beads, washing,
and elution to obtain high-purity genomic DNA
suitable for PCR amplification. The 16S rRNA
gene was amplified by polymerase chain reaction
(PCR) using universal primers: 27F: 5'-AGAGT-
TTGATCMTGGCTCAG-3', 1492R: 5-TACG-
GYTACCTTGTTACGACTT-3'(Tedsree et al.,
2022). PCR amplification was carried out in a 25
uL reaction mixture containing a PCR master mix,
10 pmol of each primer, DNA template, and nucle-
ase-free water. The thermocycling conditions were
as follows: initial denaturation at 95°C for 5 min;
30 cycles of denaturation at 95°C for 30 min, an-
nealing at 55°C for 30 min, and extension at 72°C
for 90 min; and a final extension at 72°C for 7 min.

PCR products were checked by electrophore-
sis on a 1% agarose gel. PCR products were purified
using a standard PCR purification kit according to
the manufacturer’s protocol. The purified products
were sequenced bidirectionally using an Applied
Biosystems 3730XL DNA Analyzer. The nearly
full-length 16S rRNA gene sequences obtained were
analyzed using the Basic Local Alignment Search
Tool (BLAST) at the National Center for Biotech-
nology Information (NCBI) website (https://www.
ncbi.nlm.nih.gov) to determine sequence similarity
against the GenBank database. Phylogenetic trees



were reconstructed using the Neighbour-Joining
(NJ) method (Saitou and Nei, n.d.) in MEGA ver-
sion 11.0 software (Tamura et al., 2021). The stabil-
ity of the tree topology was evaluated by bootstrap
analysis on 1000 replications. Sequence similarity
percentages between strains were calculated based
on pairwise alignments using the EzTaxon-e server
(Kim et al., 2012).

Results

A total of nine strains of endophytic actino-
mycetes were successfully isolated from the roots
of P. calomelanos collected from post-eruption vol-
canic soils of Mount Sinabung. The exploration of
microbial diversity in extreme environments, such
as volcanic ecosystems, is crucial for uncovering
novel bioactive compounds (Huang et al., 2024).
All isolated strains exhibited antibacterial activity
against at least one of the tested pathogenic bacte-
ria. Specifically, all nine strains inhibited B. cereus
ATCC 11778, seven strains inhibited C. freundii
ATCC 8090, and seven strains inhibited S. aureus
ATCC 25923. Notably, six strains demonstrated
broad-spectrum antibacterial activity by inhibit-
ing all three pathogenic bacteria simultaneously.
Among the isolates, strain AE9 exhibited the most
prominent antibacterial activity compared to oth-
er isolates and was thus selected for further study
(Fig. 1).

Strain AE9 exhibited strong antimicrobial ac-
tivities against B. cereus ATCC 11778 (38.6 mm),
S. aureus ATCC 25923 (32.8 mm), and C. freun-
dii ATCC 8090 (26.9 mm). These results indicate
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Fig. 1. Inhibition zone shown by actinomycete isolates
from volcanic soil after the eruption of Mount Sinabung
on pathogenic test bacteria.

that AE9 possesses strong and broad-spectrum an-
tibacterial properties (Fig. 2). These findings are
consistent with previous studies demonstrating that
endophytic actinomycetes, particularly those from
unexplored or extreme habitats, are prolific sources
of antimicrobial agents (Hui ef al., 2021).

Identification of endophytic actinomycete strain
AE9

Figure 2 illustrates the morphological charac-
teristics of the endophytic actinomycete strain AE9.
After 2 weeks of incubation at 28 °C on tryptic soy
agar (TSA), the colonies exhibited a red pigmen-
tation with a round, convex, and smooth surface.
Early stage filamentous structures observed under
light microscopy, indicating hyphal-like growth.

Fig. 2. Clear zone formation by AE9 against (a) S. aureus ATCC 25923, (b) B. cereus ATCC 11778, and (c) C. freundii

ATCC 8090

Fig. 3. Morphology and micrograph of the bacterial isolate; (a) Morphology of the isolate; (b) Gram staining; (c) Hyphal

structure; (d) Spore chains at 100x magnification.



Extensive branching filamentous network resem-
bling actinomycete morphology, suggesting affilia-
tion with filamentous bacteria such as Streptomyces
spp. (Fig. 3).

Isolate AE9 was characterized taxonomically
based on morphological and physiological charac-
ters (Table 1). Microscopic observation of Gram
staining and spore chain morphology of strain AE9
revealed that the cells are Gram-positive and fila-
mentous, with spore chains forming an open spiral
structure (Fig. 3¢ and d).

Morphological characterization on various
ISP (International Streptomyces Project) media
showed significant variations in growth and pig-
ment production. Isolate AE9 showed good growth
on most media. The color variations of the air and
substrate mycelium are typical, such as whitish
gray in ISP2 and dark gray in ISP3. Diffuse pig-
ment production was only observed in ISP3 me-
dia, while melanin formation occurred in ISP6 and
ISP7. These variations reflect complex and specific

metabolic capabilities to different nutritional condi-
tions. The absence of melanin production on most
media, except on certain media, is also an important
feature in the differentiation of Streptomyces spe-
cies (Table 2).

The amplification product of the 16S rRNA
gene from strain AE9 was visualized using 1% aga-
rose gel electrophoresis (Fig. 4). A single distinct
DNA band was observed at approximately 1427
base pairs (bp), corresponding to the expected size
of the partial 16S rRNA gene commonly used in
bacterial taxonomic and phylogenetic analyses
(Trujillo and Dedysh, 2022).

The phylogenetic tree indicates that the bac-
terial isolate AE9 is most closely related to Strep-
tomyces spp., as evidenced by its clustering within
the same clade as Streptomyces sp. VEL17 from
the GenBank database. This close relationship
supports the hypothesis that the isolate belongs to
the genus Streptomyces, a group of Gram-positive
bacteria widely known for their ability to produce

Table 1. The phenotypic characterization of isolate AE9 revealed several macroscopic, microscopic, and physiological

traits consistent with members of the genus Streptomyces

Characterization Isolate AE9
Microscopic Features
Cell morphology rod-shaped
Gram’s positive (+)
Hyphal structure flexsible
Pigments in hyphae blue

Spore chain
Aerial mycelium
Growth Conditions

Temperature tolerance
Excellent growth at 28°C
Moderate growth at 37°C and 40°C
pH range

Optimal growth at pH 7.0

Tolerant at pH 5.0, 9.0, and 11.0
Salt tolerance (NaCl concentration)

Optimal growth in 0% NaCl

Tolerant in 4%, 10%, and 13% NaCl
Biochemical Tests

Triple sugar iron agar (TSIA) test:
Glucose fermentation
Lactose and sucrose fermentation
Gas and H,S production

Citrate utilization

Catalase activity

Urease activity

Motility

open spiral
white aerial mycelium

++

++

++
indicating halotolerance, (all+)

positive (+)
negative (-)
negative (-)
negative (-)
positive (+)
negative (-)
negative (-)
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Table 2. Morphological characteristics of AE9 strains on ISP media; positive (+) growth, negative (-) growth, moderate

(+) growth
Media ISP (International Growth Aerial Substrate Reverse Diffusible Melanin
Streptomyces Project) mycelium mycelium color pigment formation
ISP2 (Yeast-malt agar) (+) whitish-gray cream yellowish no no
ISP3 (Oatmeal agar) (+) dark gray light brown brown yes no
15P4 . ((+) white greenish yellowish-green no no
(Inorganic salts—starch agar) cream
15P> . (+) light gray yellowish- brownish-yellow no no
(Glycerol-asparagine agar) brown
ISP6 (Peptone-yeast extract (+) ale ora cream ra o os
iron agar) pate gtay sray Y
ISP7 (Tyrosine agar) ((+) white brown dark brown no yes
1 L produk amplifikasi di ::a?o%%o
visualisasi pada gel agarose 0.8% — 6,000
dalam buffer TBE i
— 3,000
M, 1 kb DNA ladder (dalam 2,5 — 2.500
pL); e
— 1,500
NTC : Kontrol Negatif Amplifikasi —1.000
— 750
Kode sampel sesuai dengan
nomor urut pada tabel Hasil — 500
Kuantifikasi DNA,
-_—2%0

Fig. 4. Gel electrophoresis image of the PCR product of the 16S rRNA gene from isolate AE9. A single DNA band ap-
peared at approximately 1427 bp, indicating specific amplification of the target gene.

Streptomyces sp. strain UrEPI15 MH553633.1

Streptomyces sp. strain HmMuEPI22 MH353624.1

Streptomyces sp. strain HOEPH9 MH553626.1

AE9

Streptomyces sp. VEL17 AB914463.2

B L Streptomyces sp. strain MS21 KX962228.1
Streptomyces sp. strain R-11 KY631542.1
55
|: Streptomyces brasiliensis strain NBRC 12596 AB 184106.1

ptomyces sp. strain N8-4 KT443838.1

Mycobacterium sp. strain 89-446 X93995.1

Fig. 5. Phylogenetic tree based on 16S rRNA gene se-
quences showing the evolutionary relationship between
the bacterial isolate AE9 and reference strains retrieved
from GenBank. The tree was constructed using the Neigh-
bor-Joining method with 1000 bootstrap replications
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various secondary metabolites, including antibiot-
ics, enzymes, and anticancer compounds (Nguyen
et al., 2020). The isolate exhibited a more distant
relationship with bacterial groups such as Micro-
bacterium, which appeared as an outgroup with
lower bootstrap values and a distinct branching pat-
tern, indicating a significant phylogenetic distance.
Therefore, the isolate can be confidently classified
within the phylum Actinobacteria, specifically in
the genus Streptomyces (Fig. 5).

Discussion

The isolation of endophytic actinomycetes
from plant roots represents a promising avenue in
the discovery of novel antibacterial agents. Pre-
vious studies have demonstrated that endophytic
actinomycetes are abundant in root tissues, likely
due to the intimate interaction between roots and
rhizospheric microbial communities (Delbari et al.,
2023). The root environment, rich in nutrients and
water, serves as an ideal gateway for microbial col-
onization. Several reports confirm that root tissues
harbor higher endophytic actinomycetes popula-
tions compared to stems, leaves, or petioles (Alz-
ahrani et al., 2022). Entry of these microbes into



plant tissues is facilitated through natural openings
such as root hairs, lateral root emergence sites, and
wounds (Bennett et al., 2018)

Environmental conditions surrounding the
host plant significantly influence the diversity and
composition of endophytic actinomycetes (Xu et
al., 2024). Factors such as plant age, soil type, sea-
sonal variation, geographical location, and environ-
mental stressors have all been shown to affect en-
dophytic communities (Thenappan et al., 2024). In
this study, Streptomyces sp. AE9 was isolated from
the roots of P. calomelanos growing in a volcanic
eruption-affected area, an extreme environment
known to harbor highly diverse and unique micro-
bial populations (Djuidje et al., 2022).

The endophytic actinomycete isolate AE9
demonstrated notable antibacterial activity against
three pathogenic bacteria: S. aureus, B. cereus, and
C. freundii. Variations in inhibition zones among
these pathogens suggest differential production or
diffusion of secondary metabolites by AE9 (Najm
et al., 2023). The observed antibacterial potency is
consistent with earlier findings, highlighting that
actinomycetes isolated from extreme or stress-
prone environments tend to produce potent and
structurally novel bioactive metabolites (Quinn and
Dyson, 2024). The selection of promising actino-
mycete isolates for further metabolite extraction
is often guided by the diameter of their inhibition
zones (Abdelaziz et al., 2023). Consistently, AE9’s
strong antibacterial activity positions it as a candi-
date for further chemical characterization and me-
tabolite profiling.

Molecularidentification using 16S rRNA gene
sequencing confirmed that isolate AE9 is closely
related to Streptomyces sp. VEL 17. Morphologi-
cally, AE9 exhibited a distinctive brown pigment
diffused into the culture medium, a common char-
acteristic among Streptomyces strains producing
secondary metabolites (Rammali et al., 2024). Pig-
ment production in actinomycetes is often associat-
ed with colony maturation or specific nutritional or
stress conditions (Bennett et al., 2018).

Interestingly, microscopic examination re-
vealed that AE9 produces a blue pigment in its
vegetative hyphae, indicative of actinorhodin pro-
duction, a well-known secondary metabolite with
wide-ranging pharmaceutical applications (Hoskis-
son et al., 2024). The absence of aerial mycelia in
AED9, a rare trait in Streptomyces spp., aligns with
previous reports where mutations in regulatory
genes such as bldA inhibit aerial hyphae formation
(Stone et al., 2025).
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Previous studies have extensively docu-
mented the antibacterial potential of Streptomyces
species. Approximately 80% of known actinomy-
cete-derived natural products originate from Strep-
tomyces (Alam et al., 2022). Recent analyses also
reveal that from 2015 to 2022, a substantial number
of newly discovered secondary metabolites were
attributed to Streptomyces strains isolated from di-
verse environments (Donald ez al., 2022).

Streptomyces are widely found in terrestrial
and marine environments, with the greatest diversi-
ty seen in soil habitats (Donald et al., 2022). How-
ever, the microbial diversity in volcanic environ-
ments remains largely unexplored. Recent studies
show that extremophilic actinomycetes from ma-
rine, desert, volcanic, and mangrove ecosystems
are promising new sources of antimicrobial agents
(Subramani and Sipkema, 2019). Importantly,
Streptomyces strains from these unique niches of-
ten contain novel biosynthetic gene clusters, high-
lighting their biotechnological potential (Sivakala
etal., 2021).

Overall, the findings of this study add to the
growing evidence that endophytic Streptomyces
isolated from extreme or underexplored environ-
ments are valuable sources of new antibacterial
compounds. Future research should focus on puri-
fying and structurally identifying the active metab-
olites produced by AE9, as well as investigating its
biosynthetic pathways.

Conclusion

The present study showed that endophytic ac-
tinomycetes isolated from the roots of the silver
fern (P. calomelanos (L.) Link), which grows in
post-eruption soils of Mount Sinabung, have signif-
icant antibacterial activity against S. aureus (ATCC
25923), B. cereus (ATCC 11778), and C. freundii
(ATCC 8090). Among the isolates, Streptomyces
sp. AE9 displayed the strongest inhibitory effect,
with inhibition zone diameters categorized as high-
ly active. Phenetic and phylogenetic analyses con-
firmed that isolate AE9 shares a 99.30% sequence
similarity with Streptomyces sp. VEL 17 based on
the 16S rRNA gene sequence. These findings indi-
cate that endophytic Streptomyces from ferns living
in extreme environments are promising candidates
for discovering new antibacterial compounds.
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Abstract

Antibiotic discovery from novel or unconventional natural sources started gaining research interest in
recent years. Halophilic bacteria synthesize various antimicrobial compounds and bacteriocins are of par-
ticular interest. Bacteriocins are recognized as alternative antimicrobial compounds. Here, we described the
antibacterial activity of a bacteriocin from the halophilic bacterium Virgibacillus salarius POTR191. The
antibacterial activity of the bacteriocin was evaluated against a panel of 15 strains via agar well diffusion
assay and MIC determination. The studied bacteriocin was able to inhibit the growth of eleven Gram-pos-
itive or Gram-negative test strains with MICs in the range of 16-512 pg/mL. The bacteriocin retained its
activity (80-100%) under a wide pH range (pH 2—10) and showed heat stability up to 100°C with 69-94%
residual activity. The bacteriocin showed bacteriostatic effect against two human pathogens and inhibited
their biofilm formation over 80%. Its properties suggest possible use as antibiotic or food preservative.
Keywords: antimicrobial compounds; bacteriocin; halophilic bacteria; hypersaline habitats; saltern;
Virgibacillus

Pesrome

[Tpe3 mocneaHUTE TOAMHN OTKPUBAHETO HA AaHTHOMOTHIIM OT HOBH WJIM HETPAJUIIMOHHU MTPUPOIHH
M3TOYHULM 3all0YHA Ja MPUBJIMYA BCE MO-TOJSM HM3CIIEA0BAaTEICKH MHTEepec. XalopuIHUTEe OaKkTepuu
CHHTE3MpPAT Pa3InYHA aHTUMHUKPOOHU BEIIECTBA, KATO OAKTEPUOLIMHHUTE MPEICTABISBAT OCOOCH MHTEPEC.
bakTepronuHuTe ca pa3no3HaTH KaTo aITepPHATHBHN aHTUMUKPOOHH BeliecTBa. B HacTosImoTo n3ciensane
HHUE ONMcBaMe aHTHOAKTepualHaTa aKTUBHOCT Ha OakTepuolMH OT xanoduiHara Oakrtepus Virgibacil-
lus salarius POTR191. AnTnOakTepuannara akTHBHOCT Ha OaKkTepuoOLMHA Oele OlleHeHa CIpsSMO MaHel
ot 15 mama upe3 IMKOBO-TU(Y3HOHEH TECT U ONpeieIsIHe Ha MUHUMAJIHN MHXHOMPAIIN KOHIICHTPALUH
(MIC). UzcnenBanusaT 6akTepHOIMH MHXUOMpa pacTexa Ha equHajeceT ['paM-nonoxutenHu uian [pam-
orpunarentu rectou mama ¢ MIC B quanazona 16—512 pg/mL. bakreproHBT 3ana3u CBOsITa aKTUBHOCT
(80-100%) B mmpoxk auamnaszon Ha pH (pH 2—10) u noka3za remneparypna cradbuntoct a0 100°C ¢ 69-94%
OCTaTbyHa aKTUBHOCT. bakTeprolMHbT noka3za OakTepuocTaTHueH e(eKT cpelly JBa YOBEUIKH MaToreHa
1 MHXUOMpa obpa3yBaHeTo Ha OnopuiM npu Tsax ¢ Hax 80%. HeroBute cBoiicTBa mpeanonaraT Bb3MOXHO
HPUJIOKEHUE KaTO aHTHOMOTHK WJIM KOHCEPBAHT 33 XPaHHU.

Introduction

Antimicrobial resistance (AMR) is identi-  21% century (Murray et al., 2022). According to the
fied by the World Health Organization (WHO) as  most recent reports (Kariuki, 2024), deaths caused
one of the top ten global public health issues of the =~ by AMR are forecasted to reach 11.1 million by

*Corresponding author: kberberov@microbio.bas.b;
Acta Microbiol. Bulg. 2026; 42(02) https://doi.org/10.59393/amb26420216

338



2050, with 4.71 million deaths estimated as asso-
ciated with and 1.14 million more attributable to
AMR already registered in 2021 (Naghavi et al.,
2024). AMR has been documented for nearly all
of the antibiotics approved to date (Ventola, 2015).
Moreover, analyses showed that resistance to some
of the newly developed antibiotics was reported
within one year after their approval (Garlasco et al.,
2025). This necessitates the rapid development of
vast libraries of new antibacterial compounds to be
further tested as possible novel antibiotics. Besides
the economic barrier for antibiotic development,
the old platforms for antibiotic discovery, mostly
from soil actinobacteria, are thought to be exhaust-
ed (Briissow, 2024).

The current trends for novel antimicrobial
compounds discovery are focused on prospecting
untraditional or under-investigated natural sourc-
es (Hegemann et al., 2023). Unculturable bacteria,
endosymbionts, marine ecosystems, caves, and ex-
treme environments are now intensively screened
for bacterial strains with antibacterial activity
(Mullis et al., 2019). In recent years, hypersaline
environments (solar salterns, salt mines, saline
lakes, and salt marshes) with salinity above 35 g/L
have attracted attention as a novel source of a pleth-
ora of secondary metabolites, with particular inter-
est in antimicrobial compounds (Dutta and Bando-
padhyay, 2022; Thompson and Gilmore, 2024). The
halophilic bacteria that inhabit these ecosystems are
subjected to inhospitable and harsh physicochemi-
cal conditions, which they counteract by develop-
ing diverse adaptations. One of the mechanisms to
cope with these limitations is the production and se-
cretion of antimicrobial compounds (AMC) in the
nearby environment, which helps their producers
to occupy the ecological niches available, therefore
utilizing their resources.

A range of halophilic bacteria has been
screened for antibacterial activity. Among them,
representatives of some genera, such as Strepto-
myces, Bacillus, and Halomonas, are more prolific
in the array of AMC synthesized (Schinke et al.,
2017). Recently, the Virgibacillus genus started to
gain attention as various strains showing antibac-
terial activity have been isolated from different hy-
persaline environments (Santhaseelan et al., 2022).
It was found that the representatives of the genus
were able to produce carotenoid pigments (Fayez et
al.,2023; Kusmita et al., 2024), lipopeptides (Elaz-
zazy et al., 2015; Essghaier et al., 2024), lantipep-
tides (Gupta et al., 2019), bacteriocins (Kobayashi
et al., 2016; Omachi et al., 2021; Sermkaew et al.,
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2025), and other low molecular weight compounds
(Huang et al., 2018; Kristiana et al., 2020; Nandha-
gopal et al., 2023) with antibacterial activity against
human pathogens (Staphylococcus aureus, Escher-
ichia coli, Listeria monocytogenes, Pseudomonas
aeruginosa, etc.).

On the other hand, fewer reports regarding
the antimicrobial potential of Virgibacillus sala-
rius can be found. Even though V. salarius MML
1918 demonstrated promising antagonistic activi-
ty against critical drug-resistant pathogens such as
Methicillin-resistant S. aureus (MRSA) and Van-
comycin-resistant Enterococcus faecium (VREF),
profound research is still limited (Nandhagopal
et al., 2023). Most studies discuss only the qual-
itative activity of culture supernatants from the
species (Ayuningrum et al., 2017; Sabdono et al.,
2023) or the quantitative activity of crude extracts
without further characterization of the nature and
characteristics of the produced AMC (Ayuningrum
et al., 2020). Up to now, in-depth research has
been focused primarily on low molecular weight
AMC synthesized by V. salarius (Kristiana et al.,
2020; Nandhagopal ef al., 2023). To the best of our
knowledge, there is no data on the characteristics
and antibacterial spectrum of bacteriocins from V.
salarius.

Bacteriocins are recognized as promising
new-generation antimicrobial agents (Soltani et
al., 2021) that can be applied in both human and
veterinary medicine, as well as the food industry
as food preservatives (Meskhi et al., 2026). The
scarce knowledge on bacteriocins produced from
halophilic bacteria and the fact that these bacteria
often synthesize secondary metabolites with supe-
rior properties, make halophilic bacteria a promis-
ing new natural source of bacteriocins.

In our previous studies (Boyadzhieva et al.,
2018; Berberov et al., 2025a), we have isolated sev-
eral strains of V. salarius, which are able to inhib-
it the growth of human pathogens. More recently,
with the aid of a newly developed 3D-printed Petri
plate replicator, we isolated V. salarius POTR191
from the Pomorie solar salterns in Bulgaria (Ber-
berov et al., 2025b). The total AMC extract from
this strain demonstrated antagonistic activity
against safe relatives of the ESKAPE group patho-
gens. In the present study, we aimed to confirm that
the produced AMC is a bacteriocin. Furthermore,
the physicochemical stability of the produced bac-
teriocin was investigated. Finally, its antibacterial
spectrum, its ability to inhibit pathogen growth, as
well as its anti-biofilm activity were evaluated.



Materials and Methods

Chemicals, reagents, and strains

Muller-Hinton broth, Muller-Hinton agar,
nutrient broth, bacteriological agar powder, pep-
tone, and yeast extract were purchased from HiMe-
dia (HiMedia Laboratories GmbH, Odenwald str.
18 A, 64,397 Modautal, Germany). All other rea-
gents were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany) and Thermo Fisher
Scientific Inc. (Waltham, MA, USA), unless other-
wise stated.

V. salarius POTR191 was isolated from a
sample of saline mud collected from the Pomorie
salterns in Bulgaria. A newly developed 3D-printed
Petri plate replicator was used for the isolation pro-
cess (Berberov et al., 2025b).

Safe relatives of the ESKAPE group path-
ogens (Acinetobacter calcoaceticus ATCC 23055,
Enterobacter cloacae ATCC 13047, Enterococcus
faecalis ATCC 29212, E. coli ATCC 25922, Pseu-
domonas putida ATCC 12633, and Staphylococcus
epidermidis ATCC 12228) were purchased from
the National Bank for Industrial Microorganisms
and Cell Cultures (NBIMCC, Sofia, Bulgaria). P,
aeruginosa ATCC 9027, Vibrio cholerae Non-O1
NBIMCC 8716, Streptococcus mutans ATCC
35668, Bacillus subtilis ATCC 6633, and Aero-
monas caviae NBIMCC 8715 were also purchased
from NBIMCC. Bacillus cereus, Salmonella enteri-
ca, and Klebsiella pneumoniae were retrieved from
the culture collection of “Laboratory of Microbial
Biochemistry”, Institute of Microbiology — Bulgar-
ian Academy of Sciences, Sofia, Bulgaria.

Antibiotic susceptibility testing of V. salarius
POTRI191

The antibiotic susceptibility profile of V.
salarius POTR191 was determined by the Kirby—
Bauer disk diffusion method (Bauer ez al., 1959) on
Muller-Hinton agar amended with 2% NaCl. The
agar medium was inoculated with a cell suspension
adjusted to approximately 10° CFU/mL of V. sal-
arius POTR191 and pour plated. Antibiotic disks
(BulBio — NCIPD EAD, Sofia, Bulgaria) were then
deposited on the agar surface, and the plates were
incubated at room temperature (20-25°C) for 2 h
to allow antibiotic diffusion. Subsequently, the
plates were incubated for 24 h at 35°C. The follow-
ing antibiotics were tested (content per disk in pg):
chloramphenicol (C) 30 pg, amikacin (Am) 30 pg,
tobramycin (Tb) 30 pg, gentamycin (G) 10 pg, ci-
profloxacin (Cp) 5 ng, perfloxacin (PF) 5 pg, tetra-
cycline (T) 30 pg, doxycyclin (D) 30 pg, meropen-

340

em (Mer) 10 pg, ampicillin (A) 10 pg, amoxicillin
(AMX) 25 pg, amoxicillin/clavulanic acid (AMC)
20 ng/10 pg, cefotaxime (CTX) 30ug, ceftazidime
(CAZ) 10 pg, cefazolin (Cfz) 30 pg, ticarcillin/
clavulanic acid (TCC) 75 pg/10 pg, piperacillin/
tazobactam (PIT) 30 ug/6 pg, clarithromycin (Clr)
15 pg, erythromycin (E) 10 pg, vancomycin (V) 30
ug, teicoplanin (TEC) 30 ug, cotrimoxazole (COT)
25 ug, novobiocin (Nb) 5 pg, lincomycin (L) 15
pg, clindamycin (DA) 2 pg, rifampin (R) 5 pg. The
antibiotic abbreviations are given in brackets. The
developed zones of inhibition (ZOI) were measured
in mm. As no standardized interpretive criteria are
currently available for antibiotic sensitivity testing
of V. salarius, its susceptibility profile was inter-
preted as susceptible (S) or resistant (R) based on
the ZOI diameter according to the guidelines of
the French Society of Microbiology (Carret et al.,
2003) as applied for halophilic bacteria by other
authors (Ismail et al., 2016). The interpretation of
the antibiotic susceptibility of V. salarius POTR191
as susceptible (S) or resistant (R) was evaluated by
comparing the resulting ZOI with the zone diame-
ter breakpoints (mm) values for each of the tested
antibiotics as defined in (Carret et al., 2003).

Fermentation conditions for bacteriocin
production by V. salarius POTR191 and extraction
V. salarius POTR191 was cultured in 250
mL of HM medium with 5% NaCl in 500 mL
flasks. The composition of HM medium (Ventosa et
al., 1982) was (g/L): NaCl - 100; MgSO, x 7TH,O—
10; CaCl, x 2H,0 - 0.36; KC1 - 2; NaHCO, - 0.06;
NaBr — 0.23; FeCl, x 6H,0 — 0.001; peptone — 5,
yeast extract — 10; glucose — 1; pH of the medium
was adjusted to 7.2 with 1 M NaOH. The HM medi-
um was inoculated with 5% inoculum with an OD,
of 1. The culture was incubated for 36 h at 150 rpm
and 35°C. After that, CFS was obtained by centrif-
ugation at 3200%g for 30 min. The produced bacte-
riocin was precipitated with ammonium sulfate at
80% saturation and incubated overnight at 4°C for
full precipitation. After the incubation, the bacteri-
ocin was pelleted by centrifugation at 10,000xg for
30 min at 4°C. The pellet was dissolved in a mini-
mal volume of 0.1 M phosphate buffer with pH 7.4.
This solution was heat-treated for 30 min at 60°C to
discard the heat-labile proteins and then centrifuged
for 5 min at 10,000xg. Finally, the heat-treated bac-
teriocin solution was mixed with an equal volume
of ethyl acetate and incubated for 2 h at 200 rpm
and room temperature (20-25°C). The aqueous and
organic layers were separated by centrifugation at
3200xg for 15 min. The aqueous layer was discard-



ed. The organic layer was dried with Na, SO, and
evaporated under reduced pressure and temperature
of 40°C. The ethyl acetate extraction was conduct-
ed three times on the same bacteriocin solution in
order to achieve a maximal yield. The remaining
solid compound was dissolved again in 0.1 M phos-
phate buffer with pH 7.4 to a final concentration of
0.8 mg/mL.

Effect of enzymes, heat treatment, and pH on the
antibacterial activity of the extracted bacteriocin

In order to examine the stability of the pro-
duced bacteriocin under various physicochemical
conditions, we treated the bacteriocin extract with
different temperatures, pH values, and hydrolytic
enzymes. To prospect the chemical nature of the
extracted antibacterial compound, samples were
treated with different hydrolytic enzymes: trypsin
0.5 AU/g (50 mM Tris—HCI buffer, pH 8); neutral
bacterial protease 1.68 AU/g (50 mM Tris—HCI
buffer, pH 7 with 2 mM CaCl,); pronase E 70 000
PUK/g (50 mM Tris—HCI buffer, pH 7.4); protein-
ase K (in dH,O); a-amylase 200 000 EU/g (100
mM phosphate buffer, pH 6.9); amyloglucosidase
100 U/mg (50 mM phosphate buffer, pH 7); lipase
100 FIP-U/mg (50 mM Tris—HCI buffer, pH 8 with
10 mM CaCl,). Enzyme stock solutions were pre-
pared at twice the final concentration in the respec-
tive buffer. Equal volumes of 500 pL bacteriocin
solution and 500 pL enzyme stock solution were
mixed to achieve a final enzyme concentration of 2
mg/mL and incubated for 2 h at 37°C in Thermo-
mixer Comfort (Eppendorf, Hamburg, Germany).
Only the mixtures with proteinase K were incubat-
ed at 55°C for 2 h. The reactions were terminated
by heat inactivation of the enzymes at 100°C for 5
min, followed by immediate cooling on ice. Neg-
ative controls included only heat-inactivated en-
zyme solutions. Double-diluted bacteriocin extract
solution served as a positive control.

Thermal stability of the extracted bacterioc-
in was evaluated by heat treatment at 60°C, 80°C,
and 100°C for 30 min, followed by immediate cool-
ing on ice.

Finally, the pH stability was assessed by
adjusting the pH of the bacteriocin solution to pH
2, pH 5, pH 8, and pH 10 by the addition of 1 M
HCl or 1 M NaOH. The samples were incubated at
35°C for 2 h, after which the pH was readjusted to
the original value of pH 7.4. Phosphate buffer (0.1
M, pH 7.4) served as a negative control. The re-
sidual antibacterial activity after all treatments was
assessed by agar well diffusion assay and expressed
as a percentage of the activity of the untreated bac-
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teriocin solution.

Antibacterial activity assay

The antibacterial activity spectrum of the
bacteriocin from V. salarius POTR191 was evalu-
ated by the agar well diffusion assay (Bennett et al.,
1966). The test pathogens were grown overnight
on Nutrient agar plates at their respective optimal
incubation temperatures. An inoculum correspond-
ing to 0.5 McFarland standard was prepared by
suspending several colonies in sterile 0.85% NaCl
to an OD, of ~ 0.1. This suspension was subse-
quently diluted 102 by mixing 1 mL cell suspension
with 100 mL molten Muller-Hinton agar tempered
to 45°C, resulting in a final cell concentration of
approximately 1 x 10° CFU/mL. Wells with a di-
ameter of 6 mm were aseptically punched into the
agar using a sterile cork borer, and 100 pL of bac-
teriocin (0.8 mg/mL) was dispensed into each well.
The plates were incubated at room temperature
(20-25°C) for 4 h to allow diffusion, followed by
incubation for 18-24 h at the optimal temperature
for each test pathogen. Antibacterial activity was
evaluated by the presence of zones of inhibition
(ZOI), which were measured in mm. E. coli ATCC
25922, P. putida ATCC 12633, P. aeruginosa ATCC
9027, E. cloacae ATCC13047, A. calcoaceticus
ATCC 23055, V. cholerae Non-O1, S. epidermidis
ATCC 12228, E. faecalis ATCC 29212, P. aerugi-
nosa ATCC 9027, V. cholerae Non-O1 NBIMCC
8716, Streptococcus mutans ATCC 35668, Bacillus
subtilis ATCC 6633, A. caviae NBIMCC 8715, Ba-
cillus cereus, Salmonella enterica, and K. pneumo-
niae were used as test pathogens to determine the
spectrum of inhibition of the bacteriocin.

Minimal inhibitory concentrations of V. salarius
POTR191 bacteriocin

The minimal inhibitory concentrations
(MIC) of the extracted bacteriocin from V. salari-
us POTR191 were determined by resazurine-based
broth microdilution assay (Elshikh et al., 2016).
The initial bacteriocin concentration of the stock
solution was 1024 ug/mL. The stock solution was
made in 0.1 M sodium-phosphate buffer (pH 7.4).
From this stock solution, a 2-fold dilution series
was made in Muller-Hinton broth. The entire bac-
teriocin concentration range spanned from 2 pg/mL
to 512 pg/mL. Each solution was made in a 2x con-
centration from the final concentration to be tested.
In a 96-well plate, 50 pL of each 2x solution was
pipetted into each well, followed by the addition
of 50 pL pathogen cell suspension with 10° CFU/
mL made in Muller-Hinton broth. In that manner,



the final concentration of the pathogen was 5 x 10°
CFU/mL. As positive growth control, only 100 puL
preinoculated Muller-Hinton broth was used. As a
negative sterility control, only 100 puL uninoculat-
ed Muller-Hinton broth was used. Sterile dH,O was
pipetted in the final two rows of the 96-well plate
to prevent evaporation from the wells with samples.
The 96-well plate was sealed with ParafilmM® and
was incubated at 37°C for 24 h under static con-
ditions. After incubation, 30 pL 0.015% resazurine
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germa-
ny) was added to each well, and the plate was fur-
ther incubated for 2 h at 37°C for the development
of color change of the resazurine indicator dye. A
color change from blue to pink indicated bacterial
growth, while an unchanged blue color of the initial
resazurine solution indicated growth inhibition and
lack of vital cells. The MIC values were determined
as the wells with the lowest bacteriocin concentra-
tion in which no color change was observed.

Time kill curve assay

Killing kinetics of V. salarius POTR191
bacteriocin were studied against A. calcoaceticus
ATCC 23055 and S. epidermidis ATCC 12228. The
pathogens were grown overnight on Nutrient agar
plates at 37°C. Several colonies were suspended in
sterile 0.85% NaCl solution, and the OD, of the
cell suspension was adjusted to OD,, = 0.1, cor-
responding to 0.5 McFarland standard or 10 CFU/
mL. Using Muller-Hinton broth, this suspension
was 1072 diluted to an approximate cell concentra-
tion of 10° CFU/mL. In glass test tubes, the path-
ogen cell suspension was double-diluted to a final
cell concentration of 5 x 10° CFU/mL. Then, the
cells were treated with bacteriocin concentrations
corresponding to 4xMIC and 8xMIC (final vol-
ume of the liquid culture was 2 mL). These con-
centrations were achieved by diluting the stock
bacteriocin solution (3.1 mg/mL) directly in the
pathogen cell suspension made in Muller-Hinton
broth. The positive growth control included only
pathogen inoculum of 5 x 10> CFU/mL. The liquid
cultures were incubated for 24 h, and aliquots of
100 pL were sampled at defined time points (0 h,
4 h, 6 h, 12 h, and 24 h) to estimate the viable cell
count. Ten-fold dilutions of this aliquot were made,
and 10 pL of each dilution were spot plated (n =
5) on Nutrient agar plates by the single plate serial
dilution spotting assay (Thomas et al., 2015). The
grown colonies were counted and used for CFU/mL
calculation. Bactericidal effect was defined as that
bacteriocin concentration which led to a 3 log,  unit
reduction of viable cell count (CFU/mL) or 99.9%
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killing of the initial inoculum.

Screening for biofilm inhibition

We evaluated the anti-biofilm activity of the
bacteriocin. For this purpose, two model strains,
one Gram-negative and one Gram-positive (4.
calcoaceticus and S. epidermidis, respectively),
which were observed to have the highest antibac-
terial activity, were selected to assess whether the
biofilms formed by them could be inhibited by the
test sample. The strains were cultured according to
standard requirements as described in the materials
and methods section. To evaluate the anti-biofilm
capacity of the partly purified bacteriocin, cultiva-
tion was performed in minimal salt medium M63
with the following composition (g/L): KH,PO, —
2.7, K, HPO, -7, (NH,),SO, - 2.6, MgSO, - 0.012,
glucose — 7.6; (pH 7.5). The M63 medium was in-
oculated with pathogen cell suspension to a final
concentration of 10° CFU/mL, while the final con-
centration of the partly purified bacteriocin was 0.8
mg/mL. The subsequent steps were described in
detail in a previous study (Paunova-Krasteva ef al.,
2025). Initially, 150 pL of inoculated M63 medi-
um amended with bacteriocin was pipetted into 96-
well, round-bottomed microtiter plates (Corning®
Costar®, Corning, NY, USA). In order to prevent
drying, sterile dH,O was pipetted in the last two
rows of the well plate. Then, the plates were incu-
bated at 37°C for 24 h under static conditions. After
incubation, the plates were washed three times with
150 pL of phosphate-buffered saline (PBS) to re-
move the non-adhered cells, followed by staining
with 150 puL 0.1% aqueous solution of crystal violet
for 15 min at room temperature. After that, the wells
were washed again with 150 pL of PBS to discard
the remaining dye. The stained biofilms were solu-
bilized with 150 puLL 70% ethanol for 5 min. Finally,
the absorbance of each well was measured at 570
nm using an ELISA reader (INNO, Incheon, Re-
public of Korea).

Statistical analysis

Each experiment was performed at least in
triplicate, and the results were presented as their
mean value + standard deviation. The statistical
analysis was conducted in LibreOffice Calc (The
Document Foundation, libreoffice.org).

Results

Antibiotic susceptibility profile of V. salarius
POTRI191

Muller-Hinton agar supplemented with 2%
NaCl sustained the growth of V. salarius POTR191.



Table 1. Antibiotic susceptibility profile of V. salarius POTR191, evaluated by disk diffussion assay
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The antibiotic susceptibility was assessed based on the diameter of the zones of inhibition (ZOI) measured in millimeters as:
sensitive (S) or resistant (R). The following antibiotics were used: chloramphenicol (C), amikacin (Am), tobramycin (Tb), genta-
mycin (G), ciprofloxacin (Cp), perfloxacin (PF), tetracycline (T), doxycyclin (D), meropenem (Mer), ampicillin (A), amoxicillin
(AMX), amoxicillin/clavulanic acid (AMCA), cefotaxime (CTX), ceftazidime (CAZ), cefazolin (Cfz), ticarcillin/clavulanic acid
(TCCQ), piperacillin/tazobactam (PIT), clarithromycin (Clr), erythromycin (E), vancomycin (V), teicoplanin (TEC), cotrimoxaz-
ole (COT), novobiocin (Nb), lyncomycin (L), clindamycin (DA), and rifampin (R). Each experiment was performed in triplicate.

The antibiotic susceptibility profile revealed that V.
salarius POTR191 was susceptible to the majority
of tested antibiotics across diverse classes (Table
1). However, among the beta-lactam antibiotics, the
strain was resistant to meropenem and cefotaxime,
and showed intermediate resistance to ampicillin
and amoxicillin. The other beta-lactams strong-
ly inhibited the growth of V. salarius POTR191.
Another class-specific resistance was observed to
lincomycin and clindamycin, belonging to the lin-
cosamides. V. salarius POTR191 was also found to
be resistant to chloramphenicol.

Stability of the bacteriocin to heat, pH, and
enzyme treatment

The stability of the extracted bacteriocin un-
der different physicochemical conditions was eval-
uated by assessing the residual antibacterial activity
after treatment, as shown in Table 2. The extract
showed high temperature stability and retained its
antibacterial activity up to 100°C. The antibacte-
rial activity of the bacteriocin after heat treatment
at 60°C for 30 min was comparable to that of the
control. At a higher temperature of 80°C, the activ-
ity was partly reduced to 85.11 &+ 2.52%. When the
bacteriocin was heat-treated at 100°C, the activity
decreased to 69.06 £ 9.63%.

The antagonistic activity of the bacteriocin
withstood 2 h exposure to pH values in the range
from pH 2 to pH 10. At acidic conditions (pH 2-5),
the bacteriocin retained its activity intact. On the
other hand, the alkaline pH values had a slight in-
hibitory effect and lowered the activity to 91.58 +
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1.99% at pH 8 and 84.30 + 4.33% at pH 10.

Table 2. Effect of the different treatments on the anti-
bacterial activity of the extract obtained from V. salarius
POTR191 CFS by ammonium sulfate precipitation

Treatment Residual activity (%)
Temperature

60°C, 30 min 94.61 +2.26
80°C, 30 min 85.11 £2.52
100°C, 30 min 69.06 + 9.63
pH

pH2 104.85 + 4.20
pHS5 103.62 + 3.57
pH7 100.00
pH38 91.58 £1.99
pH 10 84.30 +4.33
Enzymes

lipase 103.17 + 5.50
amylase 100.00 + 5.25
amyloglucosidase 95.45 +0.21
trypsin 98.10 = 1.65
pronase E 100.95 + 1.65
neutral proteinase 100.00 + 0.00
proteinase K 86.67 £ 1.65

* These strains are part of the laboratory collection of
Laboratory of Microbial Biochemistry, Institute of Micro-
biology-BAS, Sofia, Bulgaria. The activity after treatment

was defined as residual activity, expressed as percent from
the activity of the untreated control (measured based on the
developed ZOI). Each experiment was conducted in triplicate
and the data were presented as their mean value + standard
deviation



The extracted bacteriocin was resistant
to lipase and amylase. A slight decrease (95.45 +
0.21%) in the antibacterial activity was observed
when the extract was treated with amyloglucosi-
dase. The bacteriocin was insensitive to most of the
proteases used and retained its antibacterial activity
intact. However, the antibacterial activity was part-
ly inhibited to 86.67 = 1.65% when the extracted
bacteriocin was treated with proteinase K.

Based on the resistance of the extracted
bacteriocin to lipase, amylase, and amyloglucosi-
dase, as well as the partial inhibition by proteinase
K, it can be deduced that this antimicrobial com-
pound produced by V. salarius POTR191 is indeed
of proteinaceous nature. The high temperature and
pH stability of this proteinaceous compound gave
additional clues that it could be a peptide, e.g., a
bacteriocin.

Antibacterial spectrum and MIC values of V.
salarius POTR191 bacteriocin

The antibacterial activity of the bacte-
riocin from V. salarius POTR191 was tested at a
concentration of 0.8 mg/mL against a panel of 15
test strains, as shown in Table 3. The bacteriocin
demonstrated a broad inhibitory spectrum, effec-
tively suppressing the growth of 11 out of 15 tested
strains. The tested strains were either antimicrobial
susceptibility test control strains or safe relatives of

the ESKAPE group pathogens. Moreover, the anti-
bacterial activity spanned both Gram-negative and
Gram-positive species. The ZOI ranged from 9.0 +
1.0 mm to 40.0 = 1.0 mm. The bacteriocin showed
profound potency against most of the Gram-nega-
tive species, except for K. pneumoniae and S. en-
terica. The widest ZOI were measured against A.
calcoaceticus (40.0 £ 1.0 mm), V. cholerae (35.3
+ 0.6 mm), and P. putida (32.7 £ 0.6 mm), while
moderate activity was observed against the remain-
ing Gram-negative species with ZOI in the range
11-27 mm. Regarding Gram-positive species, the
bacteriocin was highly effective against S. mutans
(30.3 £0.6 mm), E. faecalis (22.0 = 1.0 mm), and S.
epidermidis (19.7 = 0.6 mm). On the other hand, no
inhibitory activity was detected against B. subtilis
and MRSA.

The quantitative antibacterial activity of
bacteriocin was further assessed by MIC determi-
nation, as shown in Table 3. The extract was tested
in concentrations ranging from 2 pg/mL to 512 pg/
mL. The lowest MIC value of 16 ng/mL was found
against A. calcoaceticus, confirming the highest
susceptibility among the tested pathogens. A mod-
erate inhibitory effect was recorded against 4. cavie
and E. faecalis, both yielding MICs of 128 pg/mL.

Despite the observed relatively large ZOI
against P. putida, V. cholerae, and S. mutans, the

Table 3. Antibacterial spectrum of V. salarius POTR191 partly purified bacteriocin (0.8 mg/mL) and MIC values against
the panel of Gram-positive and Gram-negative test strains and safe relatives of the ESKAPE group pathogens

Test pathogen Z0I (mm) MIC (ug/mL)
A. calcoaceticus ATCC 23055 40.0£ 1.0 16
A. caviae* 27.0+0.0 128
E. cloacae ATCC 13047 16.7 £ 0.6 512
E. coli ATCC 25922 11.0+ 1.0 512
Kl.pneumoniae* - -
P aeruginosa ATCC 9027 11.7£0.6 >512
P. putida ATCC 12633 32.7x+0.6 512
S. enterica* - -
V. cholerae Non-O1 35.3+0.6 256
B. cereus* 9.0+1.0 >512
B. subtilis* - -
E. faecalis ATCC 29212 220+1.0 128
Methicillin-resistant S. aureus (MRSA) ATCC 43300 - -
S. epidermidis ATCC 12228 19.7 £ 0.6 32
S. mutans ATCC 35668 30.3+0.6 256

The antibacterial activity was assayed by agar well diffusion method. The MIC values were determined via resazurin based
96-well plate microdilution assay. The resulting zones of inhibition (ZOI) were measured in millimeters. Each experiment was
performed in triplicate and the data were presented as mean value + standard deviation



bacteriocin demonstrated comparably higher MIC
values of 512 ug/mL, 256 pg/mL, and 256 pg/mL,
respectively. The highest MIC values were found
against E. cloacae and E. coli, where the MIC
was 512 ug/mL, indicating reduced susceptibili-
ty. Furthermore, no growth inhibition was record-
ed against P. aeruginosa and B. cereus within the
tested bacteriocin concentration range, resulting in
MIC exceeding 512 pg/mL.

Killing kinetics of V. salarius POTR191
bacteriocin

The effect of the bacteriocin (in concen-
trations of 4xMIC and 8xMIC) on the viable cell
count of A. calcoaceticus and S. epidermidis in liq-
uid culture was monitored for a period of 24 h, as
shown in Fig 1.

The initial inoculum cell concentration was
5x10° CFU/mL for both of the pathogens. The two
pathogens demonstrated normal growth kinetics in
the untreated control cultures and after 24 h reached
4x10% CFU/mL for A. calcoaceticus and 1.5x10"
for S. epidermidis. The addition of bacteriocin to
the liquid cultures had a bacteriostatic effect against
both of the pathogens, and the final viable cell count
(after 24 h) remained similar compared to the ini-
tial cell concentration of 5x10° CFU/mL. No con-
centration-dependent effect was observed since the
treatment with 4xMIC and 8xMIC showed com-
parable growth kinetics curves against both of the
pathogens.

Anti-biofilm activity of V. salarius POTR191 partly
purified bacteriocin

To evaluate the ability of the tested bacteri-
ocin to inhibit biofilm formation, two model strains
were selected — A. calcoaceticus and S. epidermid-
is (Fig. 2). Both strains were cultured in minimal
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salt medium M63 supplemented with the tested
bacteriocin at a final concentration of 0.8 mg/mL.
The bacteriocin exhibited a high inhibitory effect
(>80%) against biofilm formation in both strains,
with a more pronounced effect observed in the
Gram-negative strain — 89.42 + 0.52% (Fig. 2). To
the best of our knowledge, this is the first report
of a bacteriocin produced by Virgibacillus salarius
demonstrating not only antibacterial (Table 3), but
also anti-biofilm activity.
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Fig. 2. Anti-biofilm activity of V. salarius POTR191 part-
ly purified bacteriocin. Each bar represents the mean of
five replicates. The error bars indicate the standard devi-
ation.

Discussion

The exponential worldwide spread of anti-
biotic-resistant and multidrug-resistant pathogenic
bacterial strains requires an urgent need for novel
antibiotic discovery (Kariuki, 2024). Those new an-
timicrobials should preferentially be of a new class
to which there is no resistance currently. Only 12
peptide-based antimicrobial drugs were approved
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Fig. 1. Time kill curves of the partly purified bacteriocin produced from V. salarius against: (a) A. calceaceticus ATCC

23055 and (b) S. epidermidis ATCC 12228
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by the Food and Drug Administration (FDA) for
medical use. Furthermore, antimicrobial peptides
target the pathogen’s cell membrane predominant-
ly, thus circumventing the most common known re-
sistance pathways (Coates et al., 2011). These two
facts make these peptides (including bacteriocins)
promising new antibiotics for use in human and
veterinary medicine that are an alternative to the
conventional ones.

In the present study, we studied a bacterioc-
in from V. salarius POTR191, which demonstrat-
ed broad-spectrum antibacterial activity against
I1 test strains spanning both Gram-positive and
Gram-negative species. The observed MIC values
ranged from 16 pg/mL to more than 512 pg/mL.
At concentrations corresponding to 4xMIC and
8xMIC, the bacteriocin demonstrated bacteriostat-
ic effect against A. calcoaceticus and S. epidermidis
when grown in liquid cultures. Bacteriocin demon-
strated more than 80% anti-biofilm activity against
two human pathogens.

The antibiotic susceptibility profile of V.
salarius POTR191 revealed that the strain was
susceptible to the majority of the tested antibiot-
ics. Resistance was observed to a limited number
of antibiotics — chloramphenicol, clindamycin,
lincomycin, meropenem, and cefotaxime. Similar
resistance traits were found for one of the closest
relatives of V. salarius, where Virgibacillus oli-
vae E, 8" was resistant to clindamycin (Quesada
et al., 2007), while Virgibacillus halodenitrificans
ASHIS possesses a gene for lincomycin-resistant
protein LmrB (Sharma et al., 2023). Some strains
of Virgibacillus marismortui have also been docu-
mented to be resistant to chloramphenicol (Arahal
et al., 1999). Cundliffe and Demain (2010) stated
that antibiotic-producing bacteria often possess
self-defense mechanisms for resistance to their own
produced antibacterial compounds. In that manner,
the antibiotic resistance profile of a given AMC
producer could be used for deducing the antibiotic
class of the synthesized compound (Thaker et al.,
2013). However, we did not screen the V. salarius
POTR191 genome for biosynthetic gene clusters
responsible for the production of phenicols, be-
ta-lactams or lincosamides and therefore could not
conclude that the observed resistance of V. salarius
POTR191 to those antibiotics is indeed not a result
of self-defense mechanism.

The bacteriocin demonstrated high temper-
ature stability up to 100°C, withstood acidic pH
and most of the tested proteases. Bacteriocin re-
sistance to most of the proteases (except protein-
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ase K) used could be linked to post-translational
modifications and/or ring structures (Willey and
Van Der Donk, 2007). The slight decline in the an-
tibacterial activity at alkaline pH (pH 8-10) could
be due to the possible cationic nature of the studied
bacteriocin or alkaline-mediated degradation (Hal-
ami et al., 2005; Dey et al., 2019). Small and ther-
mostable bacteriocins are also produced by other
Virgibacillus species, such as V. chiguensis FN33
(2.4 kDa, class II lanthipeptide) (Sermkaew et al.,
2025), V. salexigens P2 (5.3 kDa, class IId bacte-
riocin) (Kobayashi et al., 2016), Virgibacillus sp.
AKO90 (2.4 kDa, lanthipeptide) (Gupta et al., 2019),
V. salexigens NTN-A (5.32 kDa class IId bacteri-
ocin) and V. salexigens NTN-B (5.35 kDa, class
IId bacteriocin) (Meskhi et al., 2026). The main
difference is that the bacteriocin from V. salarius
POTR191 was slightly affected only by proteinase
K, whereas the above-mentioned bacteriocins were
susceptible to all of the proteases used. An excep-
tion was the anti-MRSA peptide from V. chiguensis
FN33, which was resistant to trypsin (Sermkaew et
al., 2025). Previously, V. salarius was known to be
able to synthesize only non-ribosomal antibacterial
peptides (bacillibactin and lolicillomycin) as found
by a genomic analysis of V. salarius 19.PP.SC1.6
(Radjasa et al., 2023).

In our study, V. salarius POTR191 produced
a bacteriocin with broad-spectrum antibacterial ac-
tivity against both Gram-negative and Gram-posi-
tive test strains. Most bacteriocins demonstrate nar-
row-spectrum activity against closely related spe-
cies (Behrens et al., 2017; Palmer and Foster, 2022).
Bacteriocins are more potent against Gram-positive
and less effective against Gram-negative species,
attributed to the presence of the outer membrane
in the latter (Gradisteanu Pircalabioru et al., 2021).
Indeed, most of the up to now characterized bacteri-
ocins from Virgibacillus species displayed antibac-
terial activity only against Gram-positive pathogens
(Kobayashi et al., 2016; Gupta et al.; 2019, Omachi
et al., 2021; Sermkaew et al., 2025). In contrast,
the bacteriocin from V. salarius POTR191 was able
to inhibit Gram-negative species, manifesting MIC
values in the range 16512 pg/mL (Table 3). More-
over, the partially purified bacteriocin was able to
inhibit the growth of all tested safe relatives of the
ESKAPE group pathogens. The pathogens from the
ESKAPE group are recognized as a major concern
for antibiotic discovery due to their multidrug re-
sistance and responsibility for most of the nosoco-
mial infections (Tommasi et al., 2015). Similarly,
the bacteriocin from V. salexigens P2 showed inhi-



bition of E. faecalis (ZOI = 14.18 + 0.28 and MIC
of 57 pg/mL) (Sermkaew et al., 2025). However, in
our study, we do not observe inhibition of MRSA
as demonstrated in other studies of Virgibacillus sp.
species. V. chiguensis FN33 had antibacterial activ-
ity against three MRSA strains with low MICs of 8
pg/mL (Sermkaew et al., 2025).

Beyond their promising application as nov-
el antibiotics, bacteriocins can also be used as food
preservatives (Negash and Tsehai, 2020; Meskhi
et al., 2026). In this study, the bacteriocin from V.
salarius POTR191 showed weak inhibitory activity
against the only one tested food-borne pathogen, B.
cereus — ZOI of 9.0 = 1.0 mm and MIC of more
than 512 ug/mL. Growth inhibition of three strains
of the important food-borne pathogen L. monocy-
togenes was manifested by class IId bacteriocin
produced from V. salexigens P2 with an MIC of 29
pg/mL against each strain (Kobayashi et al., 2016).

The bacteriocin from V. salarius POTR191
had a bacteriostatic effect on A. calcoaceticus and
S. epidermidis grown in liquid cultures (Fig. 1).
The time-kill curves do not show a reduction in the
viable cell count within 24 h, and the pathogen cell
concentration remained almost unchanged (~10°
CFU/mL) from the initial inoculum. No dose-de-
pendent effect was observed even though bacteri-
ocin was added in the culture medium at 4xMIC
and 8xMIC. Possibly, the minimal bactericidal
concentration of the bacteriocin against these two
pathogens exceeds 8xMIC. The lanthibiotic Nuk-
acin ISK-1 expressed only a bacteriostatic effect
on Lactobacillus sakei, which was linked to pos-
sible inhibition of cell wall synthesis and septum
formation (Asaduzzaman et al., 2009). A similar
effect was found for V. salexigens P2 bacteriocin,
which suppressed the time course of growth of L.
monocytogenes during long periods of incubation
(Kobayashi et al., 2016). The bacteriostatic mode
of action is important for the application of bacteri-
ocins as food preservatives (Zangeneh et al., 2020).

Currently, there are reports describing a
bacteriocin isolated from marine Bacillus sp. Sh10
and its anti-biofilm activity against Proteus mirabi-
lis strains UCa4 and UCel (Shayesteh et al., 2020).
Furthermore, recent studies have demonstrated a
synergistic effect of two bacteriocins, garvicin KS
and micrococcin P1, against S. aureus (MRSA) bi-
ofilms, where the addition of an antibiotic further
reduced cell viability (Kranjec et al., 2020). In
general, the broad-spectrum antibacterial activity
of bacteriocins is well documented (Bindiya et al.,
2019; Li et al., 2023), whereas data regarding their
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anti-biofilm properties remain limited. The accu-
mulation of comprehensive data on both antibacte-
rial and anti-biofilm activities of bacteriocins pro-
vides a promising alternative to conventional anti-
biotics, potentially contributing to the mitigation of
the growing problem of antimicrobial resistance.

Conclusion

In conclusion, the present study provides
the first data about the antibacterial spectrum
and characteristics of a bacteriocin produced by
V. salarius POTR191 isolated from the Pomorie
salterns in Bulgaria. The bacteriocin demonstrat-
ed broad-spectrum antibacterial activity against
Gram-positive and Gram-negative test strains. It
demonstrated bacteriostatic effects and excellent
anti-biofilm activity against A. calcoaceticus and
S. epidermidis. The bacteriocin remained stable
under a wide pH range and temperature up to 100
°C. Moreover, it retained its antibacterial activity
after treatment with proteolytic enzymes. Further
investigations are needed to prospect the chemical
structure of the isolated bacteriocin as well as to
find the biosynthetic gene clusters responsible for
its expression.
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Abstract

The urgent need for novel antibiotics requires discovery and characterization of novel antibacterial
compounds. Halophilic bacteria produce various secondary metabolites with superior properties and anti-
bacterial compounds are of particular interest. Here, we described the production of a bacteriocin from the
halophilic bacterium Virgibacillus salarius POTR191. The fermentation conditions were varied to achieve
maximal yield. Then, the bacteriocin was partially purified by ammonium sulfate precipitation and ethyl
acetate extraction. The purity was checked by Tricine-SDS-PAGE. The optimized fermentation conditions
and extraction method led to 36% yield increase. The bacteriocin with an approximate molecular mass of
2.2 kDa was maximally produced after 36 h of batch cultivation. The proposed three-step partial purifica-
tion scheme led to a 73.77-fold purification fold and a yield of 6.4% with a specific activity of the bacteri-
ocin extract of 1951.22 AU/mg.
Keywords: bacteriocin, halophilic bacteria, optimization, purification, saltern, Virgibacillus

Pesrome

Croemraara HYX/1a OT HOBU aHTI/I6I/IOTI/II_II/I HaJiara OTKpUBAaHCTO U XapAKTCPU3UPAHCTO HA HOBU AHTHU-
OakTepHaHH BEIIECTBA. XaJOPMIHUTE OAKTEPUH MPOU3BEKIAT PA3TUYHU BTOPUYHUA METAOOIUTH C HEO-
OnuaifHu CBOMCTBA, KaTO aHTUOAKTEpUATHUTE CheAMHEHUS TPEACTaBIsABaT 0coOeH nHTepec. Tyk onrcBame
MIPOM3BOACTBOTO Ha OakTepronnH oT xanodunHara 6akrepus Virgibacillus salarius POTR191. Yenosusita
Ha QepMeHTaIrus O0sxa MPOMEHSHU, 3a Ja C€ MOCTUTHE MakcuMasieH J100uB. Cien ToBa OaKTEpUOIIMHBT
Oellle YaCTHYHO MPEYHCTEH Ype3 yTasBaHE C aMOHMEB Cyndar M eKCTpakius ¢ erunanerar. Yucrorara
6eme nposepena upe3 Tricine-SDS-PAGE. Ontumusupanute ycioBusl Ha (epMEHTALUsI U METOABT Ha
eKCTpaKIus JoBenoxa 10 36% yBenuueHue Ha J100MBa. bakTepHOUMHBT ¢ MpUOIM3UTENHA MOJIEKYIIHA
Mmaca ot 2.2 kDa Getie cuHTe3upaH B MAaKCUMATHO KOJIMYECTBO ciief] 36 yaca Ha MepUOUYHA KyATHBAIIHS.
[Ipensioxkenara TpUCTENEHHA CXeMa 332 YaCTUYHO MPEYUCTBAHE J0BeAe 10 73.77-KpaTHO MPEYUCTBAHE U
n00uB ot 6.4% npu crienupuYHa aKTUBHOCT Ha €KCTpakTa oT OakTepuonud ot 1951.22 E/mr.

Introduction

In recent years, the rapid emergence and  new mechanisms of action and lower resistance to
global spread of antibiotic-resistant pathogens have ~ them (Hegemann et al., 2023). Among the prom-
represented one of the most important public health  ising alternatives are the bacteriocins, which are
issues of the 21* century (Murray ef al., 2022). The  ribosomally synthesized antibacterial peptides
declining effect of antibiotics used today requires  produced by various bacterial groups. They have
the search for novel antibacterial compounds with ~ gained promising attention due to their potent an-

*Corresponding author: kberberov@microbio.bas.b;
Acta Microbiol. Bulg. 2026; 42(02) https://doi.org/10.59393/amb26420217
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tibacterial activity, target specificity, and stability
under diverse environmental conditions (Soltani et
al., 2021).

Bacteriocins produced by extremophilic
bacteria, and in particular halophilic bacteria, start-
ed to gain research interest (Amina and Lotfi, 2024).
Halophiles thrive in high salinity environments such
as salterns, salt lakes, salt marshes, and salt mines.
They often synthesize secondary metabolites with
a protective role, which help them compete for the
scarce nutrient resources in extreme conditions
(Dutta and Bandopadhyay, 2022; Thompson and
Gilmore, 2024). The Virgibacillus genus compris-
es Gram-positive, endospore-forming halophilic
and halotolerant species that are frequently isolated
from saline or hypersaline habitats (Santhaseelan et
al., 2022). While several Virgibacillus species have
been studied for their production of low molecular
weight antimicrobial compounds or bacteriocins,
to the best of our knowledge, there are no reports
regarding the production of bacteriocins from Virg-
ibacillus salarius (Gupta et al., 2019; Fayez et al.,
2023; Nandhagopal et al., 2023; Kusmita et al.,
2024; Sermkaew et al., 2025).

In our previous study, V. salarius POTR191,
isolated from the Pomorie salterns in Bulgaria, had
shown a promising antibacterial activity against
ESKAPE group pathogens safe relatives during
the primary screening (Berberov et al., 2025). The
present study aimed to optimize the fermentation
conditions in order to achieve a maximal bacterio-
cin yield, as well as to find the optimal extraction
method for its recovery. The bacteriocin production
kinetics were also studied.

Materials and Methods

Strains

Acinetobacter calcoaceticus ATCC 23055
was purchased from the National Bank for Indus-
trial Microorganisms and Cell Cultures (NBIMCC,
Sofia, Bulgaria). V. salarius POTR191 was isolated
from a sample of saline mud collected at the Po-
morie salterns in Bulgaria with the aid of a newly
developed 3D-printed Petri plate replicator (Ber-
berov et al., 2025).

Culture medium and culture conditions

The bacteriocin production by V. salarius
POTRI191 was carried out under basal conditions
using HM medium (Ventosa et al., 1982) with the
following composition (g/L): NaCl - 100; MgSO, x
7H,0-10; CaCl, x 2H,0 - 0.36; KC1 - 2; NaHCO,
— 0.06; NaBr — 0.23; FeCl, x 6H,0 — 0.001; pep-
tone — 5; yeast extract — 10; glucose — 1; pH of the
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medium was adjusted to 7.2 with 1 M NaOH. Lig-
uid cultures of V. salarius POTR191 were prepared
in the following manner, unless otherwise stated. A
single colony was suspended in 500 pL 10% NacCl,
and this suspension was used to inoculate 5 mL of
HM medium. The culture was incubated overnight
at 35°C with agitation of 150 rpm in a BioSan ES
20/60 orbital shaker (Riga, Latvia). This pre-cul-
ture served as inoculum for 50 mL of HM medium
in 100 mL flasks. Briefly, a 10% inoculum (5 mL),
adjusted to an OD_ of 1.0, was used to obtain an
initial OD,, of 0.1. The flasks were cultured for
48 h at 35°C and 150 rpm. Following incubation,
the liquid cultures were centrifuged at 3200xg for
30 min. The obtained cell-free supernatants (CFS)
were sterilized by filtration through a 0.2 um sy-
ringe filter and used on the same day for the anti-
bacterial assays.

Optimization of bacteriocin production

Fermentation conditions were optimized in
order to achieve a maximal bacteriocin production
from V. salarius POTR191. Each factor varied one
at a time while the others were kept constant. Ba-
sal conditions for bacteriocin production involved
cultivation in HM medium (pH 7.2) containing
10% NaCl, inoculation with 10% inoculum with an
OD,,, of 1, and incubation at 35°C and 150 rpm for
48 h.

The effects of fermentation time (24 h, 48
h, 72 h, 96 h, and 120 h); NaCl concentration (1%,
5%, 10%, 15%, and 20%; w/v); pH of HM medi-
um (pH 6.2, pH 7.2, pH 8.2, and pH 9.2); inoculum
concentration (2%, 5%, and 10%; v/v); temperature
(30°C, 35°C, and 40°C); agitation speed (100 rpm,
150 rpm, and 200 rpm), and the carbon-to-nitrogen
ratio (C/N ratio) of HM medium (4.2:1, 6:1, 8:1,
10:1, 20:1, and 30:1) were evaluated to identify the
optimal culture conditions for maximal bacteriocin
production. The different pH values of the HM me-
dium were adjusted by drop-wise addition of 1M
NaOH. Different C/N ratios were achieved by var-
ying the glucose concentration (1 g/L, 1.1 g/L, 2.6
g/L, 4.1 g/L, 11.5 g/L, 19 g/L) while the concen-
trations of the peptone and yeast extract were kept
constant at 1 g/L and 2 g/L, respectively. Culture
turbidity (OD,) and antibacterial activity (against
A. calcoaceticus ATCC 23055) of the obtained CFS
were used to assess the effects of the different fer-
mentation conditions on cell growth and bacterioc-
in production, respectively.

Optimal bacteriocin extraction method
Various extraction methodologies were



used to investigate the optimal procedure for bac-
teriocin recovery from CFS obtained after a batch
fermentation process under optimized conditions.
All extractions were performed using 20 mL ali-
quots of CFS.

First, organic solvent extraction with ethyl
acetate or n-hexane was used. Briefly, 20 mL CFS
were admixed with 20 mL ethyl acetate and vig-
orously shaken for 2 h at room temperature (20—
25°C) and 200 rpm in an orbital shaker. The two
phases were separated by centrifugation at 3200xg
for 15 min. The aqueous layer was discarded while
the organic layer was dried with Na,SO, to elimi-
nate the residual water, and then evaporated under
reduced pressure and temperature of 40°C with a
Rotavapor® R3 rotary vacuum evaporator (BUCHI
Labortechnik AG, Meierseggstrasse 40, Flawil,
Switzerland). The same procedure was conducted
with n-hexadecane.

Ethanol (96-98%) or acetone (100%) was
also applied (Venema et al., 1997; Chung et al.,
2011). A total of 20 mL CFS was mixed with three
volumes (60 mL) of 96-98% ethanol (pre-chilled
for 6 h at -20°C) and stirred for 10 min with a mag-
netic stirrer in an ice bath. Then, the mixture was
incubated at —20°C for 2 h to allow complete pre-
cipitation. The precipitated peptides were collect-
ed by centrifugation at 3200xg for 30 min at 4°C,
washed once with 75% ethanol to eliminate the
remaining salts, and again centrifuged. The same
procedure was conducted using acetone.

Differential precipitation was performed by
ammonium sulfate salting-out at 40% and 80% satu-
ration levels, applied sequentially. Solid (NH,),SO,
was added gradually to 20 mL CFS with constant
stirring in an ice bath until the desired saturation
was reached. After each addition, the mixture was
stirred for 15 min with a magnetic stirrer, followed
by incubation at 4°C for 2 h. After that, the precip-
itate was separated by centrifugation at 3200xg for
30 min at 4°C.

Time course of growth and bacteriocin production
Cell growth and bacteriocin production
kinetics were investigated under optimal culture
conditions. V. salarius POTR191 was pre-cultured
in 50 mL of HM medium in 100 mL flasks at 35°C
and 150 rpm until an OD, of 1 was reached. Then,
200 mL of HM medium (with a C: N ratio of 4.2:1)
amended with 5% NaCl were inoculated with 5%
(v/v) inoculum, resulting in an initial OD,, of 0.05.
Cultures were incubated at 35°C and 150 rpm. The
time course of cell growth and AMC production
was monitored over a 96 h period. During the
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batch fermentation process, samples of 2 mL were
withdrawn at defined time intervals (4 h, 6 h, 12 h,
24 h,30h, 36 h, 48 h, 72 h, 96 h). Cell growth was
monitored by measuring the optical density (OD)
of the samples, while bacteriocin production was
assessed by determining the antibacterial activity
(against A. calcoaceticus ATCC 23055) using an
agar well diffusion assay.

Mass production and partial purification of the
bacteriocin

V. salarius POTR191 was cultured in 250
mL of HM medium under optimized fermentation
conditions described above. After that, CFS was ob-
tained by the optimal extraction method via peptide
precipitation with ammonium sulfate at 80%. The
whole procedure was also described above. The
peptide pellet was resuspended in 0.1 M phosphate
buffer with a pH of 7.4. Heat-labile proteins were
discarded by heat treatment for 30 min at 60°C with
subsequent centrifugation for 5 min at 10,000xg.
Finally, the resulting solution was admixed with
an equal volume of ethyl acetate. This mixture was
rigorously shaken for 2 h at 200 rpm and room
temperature (20-25°C). The resulting aqueous and
organic layers were separated by centrifugation at
3200xg for 15 min. The aqueous layer was discard-
ed. The organic layer was dried with Na SO, and
evaporated under reduced pressure and temperature
of 40°C. The ethyl acetate extraction was conduct-
ed three times on the same bacteriocin solution in
order to achieve a maximal yield. The remaining
solid compound was dissolved in 0.1 M phosphate
buffer with pH 7.4 to a final concentration of 0.8
mg/mL and designated as partly purified bacterioc-
in. The protein concentration (in mg/mL) at each
purification step was measured by the Lowry assay
(Lowry et al., 1951).

Tricine-SDS-PAGE

The purity and molecular weight of the
partly purified bacteriocin produced by V. salari-
us POTR191 were determined by tricine sodium
dodecyl sulfate polyacrylamide gel electrophore-
sis (Tricine-SDS-PAGE). Tricine-SDS-PAGE was
performed according to the protocol described by
Schéagger (2006) without any modifications. The
electrophoretical analysis was conducted on sam-
ples from each purification step — ammonium sul-
fate precipitation, heat treatment, and ethyl acetate
extraction. Tricine SDS-PAGE was performed us-
ing 4% stacking gel and 16% separating gel. The
samples (in sample Buffer B according to Schig-
ger, 2006) and molecular weight markers (Bench-



Mark™ Pre-Stained Protein Ladder, Invitrogen,
Waltham, MA, USA) were run initially at 30 V for
30 min and then at 120 V for 60 min. The electro-
phoresis chamber was held at 4°C in a cooler bag
(VEVOR® Car Refrigerator 20L, Indespale Tech-
nology Limited, Dublin, Ireland). After that, the
gel was cut into two vertical parts — one contain-
ing the lanes with molecular markers and samples
from each purification step, and the other contain-
ing only the sample from the partly purified bac-
teriocin extract. The first part of the gel was fixed
for 1 h in fixing solution (ethanol/acetic acid/H,0 =
50:10:40), washed three times with dH,O, and then
stained overnight with PageBlue™ Protein Staining
Solution (Thermo Scientific, Waltham, MA, USA).
The other part of the gel was washed three times for
1 hin sterile dH,0O and used for in-gel antibacterial
activity assay (Daba et al., 1991). The gel lane con-
taining the partly purified bacteriocin was overlaid
with soft 0.7% Muller-Hinton agar containing 10°
CFU/mL of 4. calcoaceticus and incubated for 18 h
at 32°C.

Quantitative assessment of the antibacterial
activity of bacteriocin crude extracts

The antibacterial activity of the crude ex-
tracts obtained with the different extraction meth-
ods was quantitatively evaluated by the critical di-
lution method (Mayr-Harting et al., 1972) against
A. calcoaceticus ATCC 23055. Each extract was
dissolved in 1 mL of 0.1 M sodium phosphate bufter
(pH 7.4) to obtain a stock solution. Serial two-fold
dilutions of the stock solutions were prepared: 1/2,
1/4, 1/8, 1/16, 1/32, 1/64. Aliquots of 10 puL drops
from each dilution were spotted on the surface of
Muller-Hinton agar plates preinoculated with 10°
CFU/mL of the test pathogen. The plates were incu-
bated for 2 h at room temperature, followed by in-
cubation for 16—18 h at 32°C. Antibacterial activity
was expressed as arbitrary units per milliliter (AU/
mL), defined as the reciprocal value of the highest
dilution showing activity, multiplied by 100. The
antibacterial activity during the subsequent steps
of bacteriocin purification was investigated by the
same method.

Antibacterial activity assay

The antibacterial activity of the CFS or the
extracts during the fermentation conditions and ex-
traction conditions experiments, respectively, was
evaluated by the agar well diffusion assay (Bennett
et al., 1966) against A. calcoaceticus ATCC 23055.

Statistical analysis
Each experiment was performed at least in
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triplicate, and the results were presented as their
mean value + standard deviation. Student’s t-test
and one-way ANOVA followed by post-hoc Tuk-
ey’s test were performed to evaluate statistically
significant differences between all tested samples
and between the samples and the control. Statis-
tically significant differences were indicated with
asterisks: *p < 0.05; **p < 0.01; ***p < 0.001; ns
— not significant. The statistical analysis was con-
ducted in LibreOffice Calc (The Document Foun-
dation, libreoffice.org).

Results

Optimal fermentation conditions for bacteriocin
production

The effect of each fermentation parameter
on the bacteriocin production was investigated by
measuring the antibacterial activity of the respec-
tive cell-free supernatant (CFS). The antibacterial
activity was assessed based on the diameter of the
70l against A. calcoaceticus. The bacteriocin pro-
duction gradually decreased from the 24™ h to the
72" h and then was lost, as shown in Fig. 1. Max-
imal activity was manifested after 24 h of cultiva-
tion, where the ZOI were 14 + 2 mm. The NaCl
concentration of the HM medium had a significant
impact on the antibacterial activity, which was ob-
served only at 5% and 10% NaCl and was totally
lost with increasing NaCl concentration up to 20%.
The optimal temperature for bacteriocin production
was 35°C with a ZOI of 15 £ 1 mm. The results
from the cultivation at 30°C were comparable (12
+ 1 mm), while increasing the temperature to 40°C
resulted in no activity. An inoculum volume of 5%
(v/v) and agitation of the culture at 150 rpm were
found to be optimal with ZOI of 17 £ 1 mm and 18
+ 1 mm, respectively.

The bacteriocin was produced at pH in the
range of 6.2-8.2, while at 9.2, there was a lack of
antibacterial activity. The best results were accom-
plished at neutral pH 7.2 (16 = 1 mm). Finally, the
different C/N ratios (carbon-to-nitrogen ratios) of
HM medium had a similar effect on the antibacte-
rial activity of the CFS, where ZOI in the range of
7-11 mm were registered. Only at a C/N ratio of
6:1 was there no activity, while maximal bacterioc-
in production was found at C/N = 4.2:1 with a ZOI
of I1 =1 mm.

The observed maximal antibacterial activi-
ty was not correlated with maximal cell growth (as
measured by OD ) for the majority of the fermen-
tation factors. Such a correlation was found only
when we investigated the temperature of cultiva-
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Fig. 1. Optimized fermentation conditions for AMC production by V. salarius POTR191: (a) fermentation time, (b) NaCl
concentration, (c¢) temperature of cultivation, (d) inoculum volume (v/v), (e) agitation speed, (f) pH of HM medium, and

(g) carbon-to-nitrogen ratio of HM medium.

Each bar represent the mean of three replicates. Error bars indicate the standard deviation. Statistical analysis was per-
formed using one-way ANOVA followed by post-hoc Tukey’s test. Statistically significant differences were indicated
with asterisks: *p <0.05; **p <0.01; ***p <0.001; ns — not significant.

tion. At 35°C, there was both maximal activity of
15 + 1 mm and the highest cell growth of OD, =
1.8+0.1.

The optimal fermentation conditions yield-
ing maximal antibacterial activity of the CFS were
cultivation of V. salarius POTR191 in HM medium
with 5% NaCl, pH 7.2, and C/N ratio of 4.2:1, in-
oculation with 5% inoculum (v/v), and incubation
for 24 h at 35°C and 150 rpm. The optimized con-
ditions led to a wider ZOI of 22.5 £ 0.8 mm in com-
parison with 16.5 = 0.8 mm achieved under basal
conditions (Fig. 2).

Optimal bacteriocin extraction method

Extraction with n-hexane did not lead to any
solid extract after the organic solvent had evaporat-
ed. On the other hand, ethyl acetate extraction was
successful, and the resulting solution made from
the extracted solid compounds manifested a ZOI
0f 29.7 +£ 0.6 mm and 400 AU/mL activity (Table
1). When ethanol and acetone were used, a white
precipitate was obtained from the CFS, but the ex-
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Fig. 2. (a) Comparison of the antibacterial activity of
V. salarius POTR191 CFS before and after the optimi
zation of the fermentation conditions. OP — optimized
conditions; NO — basal conditions; (b) agar well diffu-
sion assay showing zones of inhibition against 4. calco-
aceticus ATCC 23055. Left well — optimized conditions;
right well — basal conditions.
Each bar represent the mean of three replicates. Error bars
indicate the standard deviation. Statistical analysis was
done by paired two-tail Student’s t-test and statistically
significant differences were indicated with asterisks (***p
<0.001).



tracts showed no activity. The extract made from
the ammonium sulfate precipitation demonstrated
the highest antibacterial activity, but only when
80% saturation was used. At that saturation level,
the antibacterial activity resulted in a ZOI of 32.7
+ 0.6 and 800 AU/mL, while the extract from 40%
saturation resulted in two-fold and four-fold lower
activity, respectively. The bacteriocin was extracted
using the ammonium sulfate precipitation method
for all of the subsequent experiments.

Bacteriocin production kinetics of V. salarius
POTRI191
The OD,, started increasing after the 4™ h

and continued up to the 24™ h, which correspond-
ed to the exponential phase of growth, as shown in
Fig. 3a.

After this period, a stationary phase was es-
tablished from 24™ h to 36™ h, followed by a slight

decrease in the OD, , up to the 96™ h. Antibacterial

activity in the CFS was first detected at the 6™ h.
Bacteriocin production increased up to the 36™ h,
at which was a peak of antibacterial activity (ZOI
=20 + 2 mm). After the peak, the activity declined
and was fully lost at the 96" h. There was no direct
correlation between the increase in the antibacterial
activity and the increase in cell concentration (as
measured by OD_ ). Based on the measured ZOI,
it was observed that the bacteriocin was predom-
inantly produced during the stationary phase of
growth (Fig. 3b).

Mass production and partial purification of V.
salarius POTR191 bacteriocin

V. salarius POTR19 bacteriocin was partly
purified in three steps. The CFS of the strain was
initially subjected to protein precipitation with am-
monium sulfate at 80% saturation. The precipitat-
ed proteins from the CFS were dissolved in 0.1 M
phosphate buffer, pH 7.4, and the specific activity

Table 1. Comparison of the antibacterial activity of the AMC solutions obtained by the different extraction methods

used
Extraction method Physical appearance ZOI (mm) AU/mL
Ethanol opalescent solution - -
n-hexane - - -
Acetone beige opalescent solution - -
Ethyl acetate brown solution 29.7+0.6 400
(NH,),SO, at 40% opalescent solution 153+ 1.5 200
(NH,),SO, at 80% beige opalescent solution 32.7+0.6 800

The antibacterial activity was measured by ZOI in mm and arbitrary units per milliliter (AU/mL). Each value is the mean from

three replicates.
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Fig. 3. (a) Growth curve and bacteriocin production kinetics of V. salarius POTR191. Each point is the mean of three
independent replicates. Error bars represent the standard deviation. (b) Antibacterial activity of V. salarius POTR191
CFS at the different sampling points during the whole batch fermentation process. The antibacterial activity was assayed
by agar well diffusion method against 4. calcoaceticus ATCC 23055 and the resulting ZOI were measured in mm.
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was 201.61 AU/mg. This solution was heat-treated
at 60°C for 30 min in order to discard larger and/
or heat-labile proteins, which led to an increase in
the specific activity to 220.99 AU/mg. Finally, the
bacteriocin was extracted from the aqueous solu-
tion by three times ethyl acetate extraction. This
final purification step resulted in a specific activity
of 1951.22 AU/mg, 73.77 purification fold, and a
yield of 6.4%. The specific antibacterial activity,
purification fold, and yield at each purification step
were summarized in Table 2.

The Tricine-SDS-PAGE analysis (Fig. 4)
showed numerous protein fractions in the ammoni-
um sulfate precipitate. The bands from the sample
of the heat treatment step (for 30 min at 60°C) were
identical but with lower intensity, which suggests
a lower concentration of these proteins. The ethyl
acetate extract yielded a single band with an ap-
proximate molecular weight of 2.2 kDa. The in-gel
activity experiment resulted in a matching inhibito-
ry zone corresponding to the same location of the
approximate 2.2 kDa band in the stained part of the
gel, which confirmed that the bacteriocin was suc-
cessfully extracted with ethyl acetate during the last
step of the partial purification.

Discussion

In the present study, we optimized the fer-
mentation process for bacteriocin production by V.
salarius POTR191, which led to 36% increase in
the antibacterial activity of the obtained CFS. By
the proposed three-step extraction scheme, we were
able to effectively obtain a partly purified bacteri-
ocin extract that was relatively pure from other ac-
companying proteins and peptides of no interest.
The studied partly purified bacteriocin was found
to be a small peptide with a molecular mass of ap-
proximately 2.2 kDa.

Under optimized conditions, the antibacte-
rial activity of V. salarius POTR191 CFS increased

<— 2.2kDa

Fig. 4. Tricine-SDS-PAGE of samples from each puri-
fication step of the bacteriocin produced by V. salarius
POTRI191. Lanes: M — molecular markers 6180 kDa;
AS — ammonium sulfate precipitation step; HT — heat
treatment step; EA — ethyl acetate extraction step. Lane A
depicts the in-gel antibacterial activity of the partly puri-
fied bacteriocin against 4. calcoaceticus ATCC 23055.

by 36% (screened against A. calcoaceticus). NaCl
concentration, fermentation time, and C/N ratio had
the most prolific effect on the antibacterial activity.
The highest antibacterial activity was observed at
5% NaCl. This is in line with the findings of Jey-
anthi and Velusami (2016) (Jeyanthi and Velusamy,
2016), and Kumar and Jadeja (2018) (Kumar and
Jadeja, 2018), where halophilic Bacillus amilolig-
uefaciens MHB1 showed maximal activity at 8%
NaCl, and Koccuria sp. rsk4 — at 5% NaCl, respec-
tively. At high salinity, the halophilic metabolism
shifts to production of secondary metabolites with
adaptive functions (osmoprotectants and antioxi-
dants) (Pastor ef al., 2013). On the other hand, at
low salinity, there is no environmental stress to in-
duce the production of AMC (Sanchooli and Rah-
dari, 2024). This could be a possible explanation

Table 2. Partial purification steps of V. salarius POTR191 bacteriocin and purification balance of its antibacterial activity

against A. calcoaceticus ATCC 23055

Total Total

Arbitrary  Total Specific  Purifica-

. . . Protein .. .. . . Yield
Purification method volume  protein (mg/mL) activity  activity  activity  tion factor (%)
(mL)  (mg) & (AU/mL)  (AU)  (AU/mg) (folds) °

CFS 1000 3780.00 3.78 100 100000  26.45 1.00 100
(NH,),SO, precipitation  ; 178.56 3.97 800 36000  201.61 7.62 36
at 80%
Heat treatment at 60° for 14480  3.62 800 32000  220.99 8.36 32
30 min

Ethyl acetate extraction 4 3.28 0.82 1600 6400 1951.22 73.77 6.4
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why at 1% NaCl and 15-20% NaCl, there was no
antibacterial activity of the CFS. A C/N ratio of
4.2:1 led to the highest antibacterial activity of ZOI
= 11£1 mm. Generally, a high C/N ratio (30:1 or
40:1), where nitrogen limitation is present, favors
the production of AMC (Casas Lopez et al., 2003),
which contradicts our finding. Jeyanthi and Velu-
samy (2016) (Jeyanthi and Velusamy, 2016) report-
ed that the C/N ratio of 30.76:1 stimulated maxi-
mal AMC yield from B. amyloliquefaciens MHBI,
which is again in contrast with our data.

The fermentation time had the most evident
influence on the antibacterial activity during the op-
timization experiments. Highest activity was mani-
fested on the 24™ h. The same results were observed
for the bacteriocin production kinetics. It was evi-
dent that bacteriocin production was occurring pre-
dominantly during the stationary phase of growth
between the 24™ and 36™ h, with a peak at the 36
h. This is not a surprise because bacteriocins, as
secondary metabolites, begin to be synthesized in
the middle or late exponential growth phase and
reach maximum production in the stationary phase
(Xue et al., 2024). The halophilic strain of Bacil-
lus firmus VE2 also showed a peak of subtilisin A
production after 36 h of batch cultivation (Mani-
kandan et al., 2021). Similar bacteriocin production
kinetics with a maximum at the 24" h or 48" h were
observed in other studies regarding V. salexigens
(Omachi et al., 2021) and V. chiguensis FN33 (Ser-
mkaew et al., 2025), respectively. After the peak
of antibacterial activity at the 36" h, it ceased and
was completely lost at the 96™ h. This decline and
loss of antibacterial activity is common and was re-
ported by many authors (Omachi et al., 2021; Ser-
mkaew et al., 2025; Sun et al., 2025). It is thought
to be a result of bacteriocin digestion by nonspecif-
ic endogenous proteases (De Vuyst and Vandamme,
1992) as well as bacteriocin inactivation and/or ad-
sorption as a self-defense mechanism (De Vuyst et
al., 1996). The inhibitory activity of some bacteri-
ocins can be inactivated by the binding self-defense
immunity proteins to the bacteriocin. For instance,
bleomycin-binding resistance protein (BRP) pro-
duced by Streptoalloteichus hindustanus binds to
bleomycin, and as a result, it cannot exert its anti-
bacterial activity by cleaving DNA (Cundliffe and
Demain, 2010). On the other hand, the adsorption
of the synthesized bacteriocin molecules to the cell
surface of the producer bacterial cells via ionic or
hydrophobic interactions at near neutral pH (pH of
6—6.5) was also found to be a major reason for the
loss of antibacterial activity during batch fermenta-
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tion experiments (De Vuyst et al., 1996).

After we found the optimal conditions for
bacteriocin production by V. salarius POTR191,
we optimized the extraction and partial purification
scheme. Precipitation by ethanol or acetone did not
yield antibacterial activity in the resulting pellet af-
ter centrifugation, as described in previous studies
(Venema et al., 1997; Fujita et al., 2007). Although
other authors reported that the antibacterial activ-
ity and, respectively, the bacteriocin were present
in the supernatant, not in the precipitate (Chung
et al., 2011; Jeong and Moon, 2015). However,
we successfully precipitated the bacteriocin with
ammonium sulfate at 80% saturation, followed
by extraction with ethyl acetate. Because of their
low molecular weight, bacteriocins typically pre-
cipitate at very high ammonium sulfate saturation
levels (60-80%). In line with our data, bacterioc-
ins were optimally precipitated at 80% saturation
(Kobayashi et al., 2016; Lei et al., 2020). Though
we managed to precipitate the bacteriocin, the ex-
tract contained various proteins of interest even
after heat treatment at 60°C for 30 min, evident
from the Tricine-SDS-PAGE analysis (Fig. 4). In
order to obtain a partly purified bacteriocin extract,
we subjected the redissolved precipitate to ethyl
acetate extraction. This is a widely used and easy
method for the extraction of bacteriocins (Isaac et
al., 2025). A similar approach was used by Zamfir
et al. (1999), where the authors first precipitated the
total proteins produced by Lactobacillus acidophi-
lus IBB 801 and subsequently extracted the bacte-
riocin of interest with chloroform/methanol (2:1,
v/v). The resulting partly purified extract from V.
salarius POTR191 CFS contained the bacteriocin
of interest (Fig. 4). However, we should note that
even though the extract was observed to be free
from other proteins and peptides, the ethyl acetate
can also extract other compounds such as pigments,
flavonoids, phenolic compounds, lipids, etc. due to
its moderate polarity. So in order to discard these
possible impurities, further steps of purification by
gel-filtration and/or ion-exchange chromatography
are still needed. But the used scheme allowed easy
and rapid partial purification and desalting of the
precipitated bacteriocin.

Conclusion

In conclusion, the present study provides
the first data about bacteriocin synthesis by V. sal-
arius POTR191 isolated from the Pomorie salterns
in Bulgaria. The bacteriocin production and extrac-
tion were successfully optimized, which increased
the yield by 36%. The bacteriocin produced was



partially purified by the proposed simple and rapid
three-step purification scheme involving ammoni-
um sulfate precipitation and ethyl acetate extraction.
The partial purification led to a specific activity of
1951.22 AU/mg and 73.77 purification of the bacte-
riocin extract with 6.4% yield. Tricine-SDS-PAGE
analysis coupled with in-gel activity confirmed that
the antibacterial compound produced by V. salarius
POTRI191 was a bacteriocin with an approximate
molecular mass of 2.2 kDa.
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Abstract

Microbial lipases are efficient and eco-friendly biocatalysts widely exploited in industrial applica-
tions. In this study, a lipase from Streptomyces caelestis AS12 (GenBank accession no. PP837824), isolated
from arid Algerian soil, was investigated for its suitability as a detergent additive. Screening of 94 actino-
mycete isolates identified strain AS12 as exhibiting high lipase activity (70 £ 2.6 U/mL). Lipase production
was optimized using a classical one-variable-at-a-time approach, and maximum activity was achieved un-
der fermentation conditions of 40°C, pH 7.0, 48 h incubation, and agitation at 140 rpm, with Tween 80 and
yeast extract as supplements. Partial purification by ammonium sulfate precipitation (80%) increased the
specific activity to 118.43 U/mg, corresponding to a 1.36-fold purification. The enzyme displayed optimal
activity at pH 7 and 40°C and remained stable over a pH range of 6—8 and temperatures between 30 and
45°C. Kinetic parameters determined using olive oil as substrate were Km = 6.34 mM and Vmax = 0.21
mM/min. Catalytic activity was positively influenced by Ca?", Mg?*, and ethanol. The lipase remained sta-
ble in commercial detergents and efficiently removed chocolate stains, indicating its potential as a detergent
additive.
Keywords: Microbial lipases, biocatalysts, industrial applications, actinomycete, detergent

Pe3rome

MukpoOHuTe nunasu ca e(@UKACHU W EKOJIOTMYHM OHOKaTalau3aropu, IIMPOKO H3IOJI3BAHU B
IIPOMMIIUIEHU NpWIOXKeHUs. B ToBa mpoyuBaHe e u3cieiBaHa jiumnasa oT Streptomyces caelestis AS12
(GenBank accession no. PP837824), u3onupana ot cyxa anKHpCKa IMOYBa, 3a Jia Ce ONpe/eNu HeilHara
MIPUTOJHOCT KaTo 100aBKa B JeTepreHTd. CKpUHUHIBT Ha 94 M30jaTra HAa aKTUHOMMIIETH MACHTU(dULKpa
maMm AS12 kaTo mpoayleHT ¢ Bucoka nuna3Ha aktuBHOCT (70 £ 2.6 U/mL). [Ipogykuusita Ha numasa e
ONTHMHU3MpaHa C IOMOILITA HA KJIACUYECKH MOJXO/] C €1HA IPOMEHIINBA €JTHOBPEMEHHO, KATO MaKCHMasHaTa
aKTUBHOCT € MocTurHara npu ¢epmentannonnu yciaousi ot 40°C, pH 7.0, 48 vaca makybOanus u pas-
obpkBane npu 140 rpm, ¢ Tween 80 U eKCTpakT OT APOXKIU KaTo J0OaBKU. YaCTMYHOTO NMpeyrCcTBaHE
ype3 yTasiBaHe ¢ amonueB cyndar (80%) nmoBumasa crieruduunara aktuBHocT 10 118.43 U/mg, xoeto
choTBeTCTBa Ha 1.36-KparHO npeuncTBaHe. EH3UMBT noka3pa ontuMaiHa akTuBHOCT nipu pH 7 u 40°C u
ocTaBa cTaOuieH B auana3zoH Ha pH ot 6—8 u temneparypu mexay 30 u 45°C. Kunetnunure napamerpu,
OTIpe/IeTICHH ¢ M3MOJI3BaHe Ha 3eXTHH KaTo cyoctpar ca Km = 6.34 mM u Vmax = 0.21 mM/min. Kara-
JUTAYHATA aKTUBHOCT € MOBJHUsHA MoJIokuTeHO oT Ca*’, Mg?" u eranon. Jlunaszara octaBa ctaOuiHa B
THPIOBCKH JIETEPreHTH U €(EeKTHBHO IMpeMaxBa IIOKOJIAJOBU METHA, KOETO MOKa3Ba HEMHHUsS MOTEHIMAI
KaTto J00aBKa B JIETCPICHTHUTE.

Introduction
Enzyme-based biocatalysis is rapidly trans-  global enzyme market (Lima et al., 2019) and rec-
forming industrial biotechnology, providing sus-  ognized as key industrial biocatalysts (Sharma et

tainable and efficient alternatives to conventional  al., 2025). These versatile serine hydrolases cata-
chemical processes (Vivek et al., 2022). Among  lyze a wide array of reactions, including triacylg-
these biocatalysts, lipases (EC 3.1.1.3) are particu-  lycerol hydrolysis, esterification, and transesterifi-
larly prominent, representing nearly 10% of the  cation (Akram et al., 2023).

*Corresponding author: hayat.aguis@univ-saida.dz
Acta Microbiol. Bulg. 2026; 42(02) https://doi.org/10.59393/amb26420218

361



Microbial lipases are highly valued over plant
or animal-derived enzymes due to their diverse bi-
ochemical properties, high catalytic activity, stabil-
ity, and cost-effective production under controlled
fermentation conditions (Mokrani and Nabti,
2024). Their broad applications span multiple in-
dustries (Sharma et al., 2025), with a significant
impact on the detergent sector, which accounts for
nearly 60% of global enzyme consumption. In this
sector, lipases are widely adopted as eco-friendly
additives in laundry and dishwashing products to
enhance cleaning efficacy (Akram et al., 2023; Al-
Ghanayem, 2024; Mokrani and Nabti, 2024), cur-
rently representing approximately 32% of global
lipase sales (Akram et al., 2023).

While most industrial lipases are of microbial
origin (Mokrani and Nabti, 2024), actinomycetes,
Gram-positive members of the phylum Actinobac-
teria, are distinguished producers of high-value
extracellular hydrolytic enzymes (Gohain et al.,
2020), including lipases compatible with detergent
applications (Pizarro et al., 2022; Alzahrani et al.,
2025). Despite significant progress, the continuous
pursuit of biotechnologies and the rising demand
for sustainable solutions necessitate the ongoing
search for novel and more efficient enzymes.

It is within this context that the present study
reports the isolation and identification of a novel
lipase-producing strain, Streptomyces caelestis
AS12, from arid soil in Ain Sefra, Algeria. Our re-
search comprehensively details its enzyme produc-
tion, conventional optimization, biochemical char-
acterization, and provides a preliminary evaluation
of its promising potential as a bio-additive in laun-
dry detergent formulations.

Materials and Methods

Microorganism isolation

Soil sampling was conducted in the arid re-
gions of Naama (0°29'00" N, 33°31'30" E, eleva-
tion: 1229m), Ain Sefra (0°78'32" N, 33°23'53"
E, elevation: 1070 m), and Bechar (2°55'70" N,
29°85'80" E, elevation: 998m), as well as in the
semi-arid zone of Saida (0°29'34" N, 4°74'37"
E, elevation: 832 m) from the rhizosphere of two
tree species, F. excelsior and Casuarina equisetifo-
lia (Balagurunathan et al., 2020; Messaoudi et al.,
2020). Rhizospheric soils were pre-treated with 1%
CaCO; (Singh et al., 2019), while soils from arid
regions were heat-treated at 55°C for 10 minutes
(Daigham et al., 2020). For strain isolation, sam-
ples were serially diluted to 10* (Sapkota et al.,
2020; Trabelsi et al., 2022), and 100 uL of each
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dilution was spread onto Bennett agar (Singh et
al., 2020), Starch Casein Agar (SCA) (Sapkota et
al., 2020; Ayoib et al., 2024), and Glucose Yeast
Extract Malt Extract (GYM) agar (Hozzein, 2022).
Plates were incubated at 30°C for 14-21 days, and
colonies were selected and purified based on mor-
phological traits (Wink et al., 2017; Sapkota et al.,
2020; Das et al., 2021; Ayoib et al., 2024).

Taxonomic identification of strain AS12

The lipolytic actinomycete strain AS12 was
characterized using a polyphasic approach. Phys-
iological and biochemical assays included growth
at various temperatures (25°C-50°C) and pH lev-
els (3—10), NaCl tolerance (0-50% w/v), carbohy-
drate utilization (Wink et al., 2017; Balagurunathan
et al., 2020), xylanase and cellulase production
(Castaneda-Cisneros et al., 2020; Naligama et al.,
2022), Simmons citrate, catalase, and oxidase tests
(Sapkota et al., 2020; Das et al., 2021; Ayoib et al.,
2024). Morphological characterization was per-
formed on ISP media as described in the Interna-
tional Streptomyces Project (ISP) (Das et al., 2021,
Khosravi et al., 2021; David et al., 2022). Molecu-
lar identification was performed by 16S rRNA gene
sequencing. DNA was extracted using the GF-1
Nucleic Acid Extraction Kit (Vivantis Technolo-
gies Sdn. Bhd., Selangor, DE, Malaysia). The 16S
rRNA gene was amplified by PCR using primers
ACTF243 (5-GGATGAGCCCGCGGCCT-3") and
Act704R  (5’-TCTGCGCATTTCACCGCTA-3’).
PCR products were separated by agarose gel elec-
trophoresis, purified using the Clean-Up Kit (Vi-
vantis), and submitted for sequencing (Apical Sci-
entific Sdn. Bhd.). Sequences were analyzed using
NCBI BLASTn (http://blast.ncbi.nlm.nih.gov), and
a phylogenetic tree was reconstructed using the
Neighbor-Joining method (1000 bootstrap repli-
cates).

Lipase production and optimization
Primary screening of actinomycetes for lipase-pro-
ducing capability

The isolates were screened using a Tween
80-based assay (Angelin and Kavitha, 2022). Each
isolate was spot-inoculated onto agar plates supple-
mented with 1% (w/v) Tween 80 as the sole car-
bon source and incubated at 30°C for 7 days (Pan-
yachanakul et al., 2020; Chakraborty et al., 2022).
Lipase activity was indicated by the formation of a
white halo around the colonies, resulting from the
precipitation of calcium salts. The diameters of both
the hydrolysis zones and the corresponding colony
growth zones were measured in millimeters. Rela-



tive enzymatic activity (REA) was calculated using
the formula provided below (Eq. 1):

Diametre of the hydrolysis zone (mm)

REA

Eq.1
Diametre of the colony (mm) (Eq. 1)

Production by submerged fermentation (SmF)

The lipolytic isolate AS12 was selected for
extracellular lipase production under shaken sub-
merged fermentation conditions. A 250 mL Erlen-
meyer flask containing 50 mL of production medi-
um (LM1) composed of 10 g peptone, 2 g (MgSO,),
0.1 g (CaCl)), and 10% (v/v) Tween 80 as an induc-
er, pH adjusted to 6.7. The flasks were inoculated
and incubated at 30°C for 48 hours on an orbital
shaker at 140 rpm. The cultures were then centri-
fuged at 10,000 rpm for 15 minutes at 4°C, and the
supernatant was collected as the crude enzymatic
extract (Kumar et al., 2017).

Optimization of culture conditions

Lipase biosynthesis is significantly influ-
enced by the composition of the culture medium
and fermentation conditions (Adetunji and Olan-
iran, 2021). To determine the optimal parameters
for maximum lipase production by strain AS12,
key fermentation factors were examined using the
conventional “one variable at a time” approach
(Melani et al., 2020; Adetunji and Olaniran, 2021).

Influence of carbon and nitrogen sources on
lipase biosynthesis. Carbon and nitrogen sources
were each adjusted to a concentration of 1% (w/v)
in the basal lipase production medium (LMI).
Tween 80 was replaced with alternative carbon
sources, including Tween 20, almond oil, sesame
oil, peanut oil, and olive oil. Similarly, peptone was
substituted with various nitrogen sources, such as
yeast extract, tryptone, meat extract, malt extract,
NaNO,, and KNO,.

Influence of temperature, pH, agitation, and
incubation time on lipase biosynthesis. Under
standardized initial conditions, each parameter
was optimized individually, while the other varia-
bles were held constant. Temperature was tested at
25, 30, 35, 40, 45,50,55 and 60°C, and the culture
medium pH was adjusted from 5.5 to 9. Agitation
speed was set at 100, 120, 140, 160, 180, and 200
rpm, and incubation time was evaluated at 24, 48,
72, 96, and 120 hours.

Enzyme activity assay and protein quantification
Lipase activity assay

Lipase activity was determined using a titri-
metric assay with olive oil triglycerides as substrate.
The reaction mixture and blank were prepared
by combining 1 mL of Tris-HCI buffer (200 mM,
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pH 7.7 at 37°C), 2.5 mL of distilled water, and
3 mL of olive oil emulsion. After pre-equilibrating
the reaction mixture to 37°C, 1 mL of crude enzyme
extract was added, and the mixture was then vigor-
ously shaken and incubated at 37°C for 30 minutes.
while the blank solution, prepared without enzyme
addition, was maintained at 4°C. After incubation,
3 mL of 95% ethanol and 4 drops of phenolphtha-
lein indicator were added to each solution. Titration
was performed using 50 mM NaOH until a per-
sistent light pink color appeared. One unit of lipase
activity was defined as the amount of enzyme re-
quired to release 1 umol of fatty acid per hour un-
der the assay conditions (pH 7.7, 37°C) (Kumar et
al., 2017; Putri et al., 2020). Lipase activity was
calculated using the following formula (Eq. 2) :

(NaOH) (Molarity of NaOH)(1000)(2)(df)
1

U/mLenzyme = (Eq.2)
(NaOH) = Volume of NaOH used for Test minus
the volume of NaOH used for Blank; 1000 = Con-
version factor from milliequivalent to microequiv-
alent; 2 = Time conversion factor from 30 min to 1
h; Df = dilution factor; 1 = volume of enzyme used
Titrimetric analysis of free fatty acids (FFA)

The free fatty acid (FFA) content in olive,
peanut, almond, and sesame oils was determined by
titration with 0.1 N NaOH using phenolphthalein as
an indicator. Free fatty acids were expressed as the
acid value, defined as the milligrams of NaOH re-
quired to neutralize the FFAs in 1 g of oil (Kumar
etal., 2017). FFA content (% oleic acid) of the sam-
ples was calculated using the following formula
(Eq. 3) (Kumar et al., 2017; Boubakri et al., 2022):

'
% FFA = X100 (Eq.3)

V = Volume of NaOH; N = Normality of NaOH; W
= weight of oil sample; 28.2 = molecular weight of
oleic acid.
Protein quantification

The total protein concentration was deter-
mined using the Bradford assay with Coomassie
Brilliant Blue G-250 reagent and bovine serum
albumin (BSA) as the standard (Bradford, 1976;
Semache et al., 2021).

Lipase purification and biochemical
characterization

Partial purification of lipase by ammonium
sulfate precipitation (salting-out). Solid ammonium
sulfate was gradually added to the filtered superna-
tant until 80% (w/v) saturation at 4°C. After gentle
agitation for 2 hours, the precipitate was collected



by centrifugation at 13,000 rpm for 10 minutes at
4°C and resuspended in a minimal volume of 0.02
M Tris-HCI buffer (pH 7.4). The preparation was
subsequently dialyzed at 4°C for 24 hours with
three buffer changes to remove salts (Kumar et al.,
2017; Boran et al., 2019). The sample of partially
purified lipase was used to determine lipase activity
and protein concentration as previously described.

Biochemical characterization of partially purified
lipase AS12

Stability of lipase under different temperature and
pH conditions.

Thermal stability was tested by pre-incubat-
ing the enzyme at temperatures from 25 to 60°C for
1 hour. In contrast, pH stability was examined by
incubating the enzyme for 1 hour in 50 mM buft-
ers ranging from pH 5.0 to 9.0: sodium acetate (pH
5.0-5.5), phosphate (pH 6.0-7.0), Tris-HCI (pH
8.0-9.0) (Kumar et al., 2017; Semache et al., 2021).
Residual activity was measured and expressed as a
percentage using the enzymatic activity under opti-
mal conditions.

Stability of lipase in the presence of chemical agents

The effect of chemical agents on lipase sta-
bility was evaluated over 1 hour. Metal ions (Ca*",
Co*, Cu*, Fe*', Mg*, Mn*', Zn*") were used at a
concentration of 1 mM (Abol-Fotouh et al., 2021;
Gaonkar and Furtado, 2022). Other chemical
agents included inhibitors and surfactants (5 mM
EDTA, 5% SDS, 5% Triton X-100) (Abol-Fotouh
et al., 2021), as well as 10% organic solvents (eth-
anol, methanol, acetone, and DMSO) (Priyanka et
al., 2019). Residual enzyme activity (%) was deter-
mined relative to the activity measured under opti-
mal conditions without any additives.

Stability of lipase in the presence of commercial
laundry detergents

The compatibility and stability of partial-
ly purified lipase with locally available commer-
cial detergents were determined using solid (Bin-
go®, ISIS®, Test®) and liquid (Amir®, Brilex®,
Liedy®) formulations. Solid detergents (7 mg/mL)
and liquid detergents (10% v/v) were heat-treated at
70°C for 1 hour to inactivate endogenous enzymes
(Boran et al., 2019; Semache et al., 2021; Kherouf
et al., 2021). Lipase assays were performed in the
presence of 1% solutions of each detergent. Resid-
ual activity (%) was measured relative to a control
without detergent.

Enzyme kinetics

The partially purified lipase was incubated
with reaction mixtures prepared using olive oil at
concentrations of 0.1%, 0.2%, 0.5%, 1% 2% and
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5%. The reactions were stopped by the addition of
1 mL of 0.1 N sulfuric acid and 0.02 N potassium
permanganate. Absorbance was measured spec-
trophotometrically at 525 nm (Zhang et al., 2003;
Grudpan et al., 1999). The kinetic parameters Km
and Vmax were determined by plotting the results
according to the Michaelis—Menten and Lineweav-
er—Burk models.

Stain removal assay

The potential application of partially puri-
fied lipase AS12 as a detergent additive was eval-
uated based on stain-removal efficiency. Choc-
olate-stained cotton fabric pieces (4 x4 cm)
(Abol-Fotouh et al., 2021; Akram et al., 2024) were
incubated at 40°C and 200 rpm in the following
conditions: 100 mL tap water (control); 96 mL tap
water + 4 mL heat-inactivated detergent (10% v/v);
96 mL tap water + 2 mL heat-inactivated detergent
(10% v/v) + 2 mL lipase (100U/mL). After wash-
ing, the fabric pieces were rinsed with distilled wa-
ter, dried, and visually examined (Kherouf et al.,
2021).

Statistical Analysis

The results were processed using Microsoft
Excel (Office LTSC Professional 2024, Micro-
soft Corp., USA) and OriginPro 2022 (OriginLab
Corp., USA).

Results and Discussion

Isolation and identification of strain SA12

A total of 94 actinomycete isolates were ob-
tained from soil samples collected in Bechar, Naa-
ma, and Saida. Among them, the selected strain
AS12 was identified as S. caelestis AS12 (Gen-
Bank accession no. PP837824) based on 16S rDNA
sequence analysis. Phylogenetic analysis (Fig. 1)
revealed a close relationship to Streptomyces sp.
PSKA48 (MH299827.1), supported by a 100%
bootstrap value. The isolate was Gram-positive,
catalase-negative, oxidase-negative, and showed
negative activities for Simmons citrate, cellulase,
and xylanase. Regarding physiological and mor-
phological characteristics, AS12 grew within a
temperature range of 30—50°C and a pH range of
5-9, tolerating NaCl concentrations of 2.5-20%.
Optimal growth occurred at 40°C and pH 7. The
strain exhibited selective carbon source utilization,
showing strong growth on glucose, lactose, and
rhamnose (+++), moderate growth on maltose (++),
weak growth on galactose, mannose, sucrose, and
arabinose (+), and no growth on fructose (—). On
ISP media, AS12 showed abundant growth on ISP2
and ISP3, whereas reduced growth was observed



on ISP4 and ISP5. Aerial mycelial color changed
from white-green to green depending on the medi-
um, with no production of diffusible pigments.
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their natural ability to resist harsh conditions, such
as long periods of drought and limited nutrients,
underline their value as a source of stable enzymes

Streptomyces wellingtoniae DSM 40632 (NR 116224.1)
Streptomyces milbemycinicus NRRL 5739 (NR 116225.1)
Streptomyces aldersoniae NRRL 18513 (NR 116223.1)
Streptomyces ascomycinicus DSM 40822 (NR 116222.1)
Streptomyces himastatinicus ATCC 53653 (NR 044201.1)
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Streptomyces glebosus NRRL B-3248 (NR 116221.1)
Streptomyces angustmyceticus NRRL B-2347 (NR 116220.1)
Streptomyces alkaliterrae OF1 (NR 180104.1)
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@ Streptomycessp AS12 P616S
Streptomyces alfalfae XY25 (NR 147713.1)
Amycolatopsis mediterranei IMSNU 20056T (AJ293754.1)

Fig. 1. Neighbor-joining phylogenetic tree based on nearly complete 16S rRNA gene sequences showing the relationship
between strain AS12_P616S (PP837824) and species of the genus Streptomyces. Bootstrap values at branch points are
indicated as percentages based on 1000 replicates. The bar represents 1 nucleotide substitution per 100 nucleotides. Amy-
colatopsis mediterranei (AJ293754.1) was used as the outgroup. GenBank accession numbers are provided in parenthes

The initial phase of this study involved a
strategic approach to isolate actinomycetes from
diverse ecological niches. Specifically, microor-
ganisms were sourced from arid soils and the rhi-
zospheric soils associated with F. excelsior and C.
equisetifolia. This varied isolation strategy was
used to improve the chances of finding microbial
strains with unique enzymatic properties. The ra-
tionale behind this approach is that varied environ-
mental conditions impose distinct selective pres-
sures, which can drive the evolution of specialized
enzymes adapted to specific ecological challenges.

Actinomycetes represent a pivotal group of
microorganisms, widely acknowledged for their re-
markable capacity to biosynthesize a diverse array
of bioactive secondary metabolites and enzymes
of substantial economic value. This extensive bio-
synthetic capability positions them as invaluable
resources across numerous industrial sectors. With-
in the broad phylum of actinobacteria, the genus
Streptomyces stands out, particularly recognized for
its unique characteristics and its ability to produce
a wide spectrum of extracellular enzymes (Beroigui
and Errachidi, 2023). Comprising over 700 species,
Streptomyces are gram-positive, neutrophilic, and
facultative aerobic bacteria, distinguished by a high
G+C DNA content exceeding 70% (Procdpio et al.,
2012). Their presence in different environments and
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(Al-Enazi et al., 2022). Following isolation, strain
AS12 underwent initial identification through the
application of standard morphological, biochemi-
cal, and physiological characteristics, criteria com-
monly employed in the taxonomic study of actino-
mycetes (Gopalakrishnan et al., 2020; Meenakshi
et al., 2024).

Primary screening, production and optimisation of
lipase from strain AS12

Among 94 actinomycete isolates subjected
to Tween 80-based screening, 71 exhibited lipase
activity. Strain AS12 (Fig. 2), selected for further
quantitative assay, showed a lipase activity of (70
+ 2.6 U/mL).




Fig. 2. Hydrolysis zone on Tween 80 agar (1%) formed
by the AS12 strain

Among the various enzymes produced by
these microorganisms, lipases (EC 3.1.1.3) hold
a prominent position in industrial biotechnology.
These enzymes are considered a crucial class, rank-
ing third in industrial prominence after proteases
and amylases. Their widespread utility is a direct
consequence of their versatile biochemical char-
acteristics and exceptional catalytic efficiency. Li-
pases find extensive application across a multitude
of industries, including detergents, food processing,
agriculture, paper, cosmetics, and pharmaceuticals
(Sharma et al., 2025). The growing demand for
efficient and stable biocatalysts is reflected in the
substantial growth of the global microbial lipase
market, which was valued at USD 518.40 million
in 2021 and is projected to reach an estimated USD
898.40 million by 2030 (Rodriguez-Alonso et al.,
2023).

Streptomyces 1s a ubiquitous genus, repre-
senting the largest taxon among prokaryotes, and is
the most frequently isolated and extensively stud-
ied due to its prolific capacity to produce a wide
spectrum of bioactive compounds, including in-
dustrially relevant enzymes such as lipases (Gopal-
akrishnan et al., 2020; Nazari et al., 2022; Komaki,
2023). The focus on bioprospecting efforts within
Streptomyces is not just a common practice but a
strategic imperative. This genus is renowned for its
vast metabolic diversity and its remarkable abili-
ty to thrive in varied, often challenging, environ-
ments (Xu et al., 2022). These natural biological
advantages make Streptomyces a prime candidate
for discovering novel, robust, and industrially vi-
able lipases. This targeted approach significantly
increases the probability of isolating enzymes pos-
sessing desirable characteristics for commercial ap-
plication, therefore responding to important market
needs for sustainable and efficient biocatalysts.

For the preliminary screening of lipase-pro-
ducing microorganisms, Tween 80-based assays
were utilized. This method is recognized for its
simplicity and effectiveness in detecting lipase
activity, evidenced by the formation of hydroly-
sis zones around microbial colonies (Pham et al,
2021). Such methods are essential for efficiently
identifying promising candidates.

Strain AS12 was specifically selected for fur-
ther in-depth study, focusing on the optimization
of its extracellular lipase production, biochemical
characterization, and evaluation of its potential as
a bio-additive in detergents. The preference for
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extracellular enzymes in industrial applications is
well-founded, as the majority of microbial lipases
are secreted into the external medium. This char-
acteristic significantly simplifies their recovery and
purification processes, particularly when produced
via submerged fermentation (SmF), a liquid-based
method widely adopted in industrial settings due to
its scalability and control over critical parameters
(Szymczak et al., 2021).

A comparison of initial lipase activity among
the isolates revealed competitive potential for strain
AS12. Out of 25 initial isolates, five Streptomy-
ces species demonstrated notable lipase activity.
For instance, Streptomyces sp. LCJ16A exhibit-
ed an activity of (69.42 £ 1.8 U/mL) (Swarna and
Gnanadoss, 2020). A broader screening involving
63 actinomycetes identified 11 strains with activi-
ties ranging from 60—108 U/mL, including A3802
and A3803 (80 U/mL) and AS3105 (60 U/mL) (Pa-
nyachanakul et al., 2020). Furthermore, Streptomy-
ces spp. AM9-01 yielded (84.8 + 1.5 U/mL) under
solid-state fermentation (Junior et al., 2025). The
(70 £ 2.6 U/mL) recorded for strain AS12 in this
study is highly comparable to these reported val-
ues, underscoring its promising initial production
capability.

Microorganisms that have adapted to such
extreme environments often produce enzymes that
are naturally more stable and active across a wider
range of conditions, including variations in tem-
perature, pH, and salinity. These robust traits are
crucial for their survival and metabolic function in
their native habitats. Consequently, the isolation
source of AS12 suggests that the lipase it produces
could be used for industrial applications. This di-
rect connection between ecological origin and en-
zyme properties reinforces the strategic value of the
bioprospecting approach employed in this study.

Lipase production by the AS12 isolate was
optimized using a one-variable-at-a-time (OVAT)
approach. Among tested variables, Tween 80 was
the most effective carbon sources, yielding (80 + 1.7
U/mL) (Fig. 3a), and yeast extract was the best ni-
trogen source (120 + 3.4 U/mL) (Fig. 3b). Optimal
temperature and pH were 40°C and 7.0, producing
(110 £ 2.1 U/mL and 90 + 2.6 U/mL), respectively
(Figs. 3 ¢,d). Maximum activity was observed at 48
h incubation (70 £ 2,6 U/mL) and 140 rpm agitation
(80 = 2.2 U/mL), as shown in (Figs. 3f, e).

The production of microbial lipases is a com-
plex biological process that is profoundly influenced
by a multitude of physicochemical and nutritional
factors. These include the specific nature of carbon



a 90
80
70
3 @
ER
=) 0
z 40
E 30
H
2 5 I i
s 0
(=7
i :
Tween Olive o1l Almond Peanut Sesame Tween
80 oil oil oil 20
Carbon source
C 190
= 100
£
= 80
e
:E 60
S 40
£
= 20
0
20 25 30 385 40 45 50 55 60 65
T (°C)
€
100 +
T 80
=
z 60 -
z
S 40 -
i 20
3
80 100 120 140 160 180 200 220
Agitation speed (rpm)

b 140
120
=100
E
= 80
>
i
2 40
L
2 ) [ ]
2 X X ) )
& & F &F & OO
ROIE G G R S
K& & Q"Q & @
< 615} Zaé} ~
Nitrogen source
d
100
E 80
=
£ 60
=
s 40
g
5 20
0
5 55 6 65 7 75 8 85 9 95
pH
f
100 -
3
S 80
£ 60 -
2
S 40 -
g
5 20
0 T T T T T 1
0 24 48 72 9% 120 144

Incubation time (h)

Fig. 3. Effect of culture conditions on lipase production: (a) carbon sources; (b) nitrogen sources; (c) pH value; (d) tem-

perature; (e) agitation speed; (f) incubation time

and nitrogen sources, as well as environmental pa-
rameters such as temperature, pH, incubation time,
and agitation speed (Beroigui and Errachidi, 2023).
Optimizing these parameters is a crucial step for
maximizing enzyme yield and cost-effective indus-
trial production. In this study, the one-variable-at-a-
time (OVAT) approach was successfully employed
to significantly enhance lipase production by strain
AS12. This systematic method allowed for the
identification of optimal individual parameters that
contribute to increased enzyme yield.

Tween 80 was identified as the optimal car-
bon source for AS12 lipase production. This finding
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is particularly significant due to Tween 80’s dual
functionality: it serves as a readily available car-
bon source for microbial growth and metabolism,
and it simultaneously acts as a potent inducer of
lipase biosynthesis and secretion. Its inductive ef-
fect is primarily attributed to its ability to increase
cell membrane permeability, which in turn facil-
itates the extracellular excretion of the lipase en-
zyme (Sipiczki et al., 2024). The role of Tween 80
as an effective inducer has been widely document-
ed in various microbial strains, consistently lead-
ing to maximal lipase production. For instance, it
has shown efficacy in Actinomadura keratinilytica
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Cpt29 (yielding 45 U/mL) (Semache et al., 2021),
Bacillus FW2 (350 U/mL), Enterobacter L7 (310
U/mL), and Paenibacillus 1.2 (240 U/mL) (Pham
et al., 2021). In comparative studies, Streptomy-
ces gobitricini (Lips.g) demonstrated a significant
boost in lipase activity, reaching (126.5 = 3.53 U/
mL), when Tween 80 was present (Gupta et al,
2004). Similarly, for Streptomyces sp. TEM 33 and
Tween 80 were identified as the most effective car-
bon sources for lipase production (Cadirci et al.,
2016). Yeast extract was also found to be the op-
timal nitrogen source for AS12 lipase production.
Its superior efficacy is attributed to its rich and
complex composition, providing a readily assimi-
lable blend of amino acids, essential vitamins, and
various growth factors that are crucial for actively
promoting enzyme biosynthesis (Alzahrani et al.,
2025). This observation aligns with findings from
other studies where yeast extract proved optimal
for lipase production in diverse microorganisms,
including Kocuria flava Y4 (34.86 £ 0.38 U/mL),
Pseudomonas aeruginosa (490.72 U/L) (Ilesanmi
et al., 2020), and Bacillus amyloliquefaciens (40 U/
mL) (Mazhar et al., 2023).

The optimal temperature for achieving max-
imal lipase production by strain AS12 was identi-
fied as 40°C. This temperature is within the typical
range of 30—60°C commonly reported for bacterial
lipases (Sharma et al., 2025), indicating a meso-
philic nature. This result is consistent with previous
research on other strains, such as Streptomyces vio-
lascens OC125-8, Nocardiopsis alba (11.47 + 0.43
U/mL) (Patel et al., 2021), Paenibacillus PL2 (400
U/mL), and Bacillus FW2 (380 U/mL) (Pham et
al., 2021). Notably, Streptomyces cellulosae AU-10
lipase also demonstrated maximal activity at 40°C
(Boran, 2018), further supporting this temperature
as favorable for Streptomyces lipase production. In
contrast, S. gobitricini (Lips.g) exhibited maximal
activity at a slightly higher temperature of 50°C
(Alzahrani et al., 2025).

Lipase biosynthesis by AS12 was optimized
at a neutral pH of 7.0. This aligns with the gener-
al observation that most microbial lipases exhibit
optimal activity at neutral pH conditions. The spe-
cific pH optimum often correlates with the natu-
ral growth habitat of particular microorganisms,
reflecting their physiological adaptations (Yao et
al., 2021). This finding is consistent with previous
studies on Nocardiopsis alba (11.47 + 0.43 U/mL)
(Patel et al., 2021) and Bacillus cereus 113 (Kat-
tatheyil et al., 2024). However, other Streptomyces
lipases can exhibit different optimal pH values,
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such as S. cellulosae AU-10 lipase, which showed
optimal activity at a more alkaline pH of 9.0 (Bo-
ran, 2018), and S. gobitricini (Lips.g), also optimal
at pH 9.0 (Alzahrani et al., 2025).

The incubation time required for maximal
lipase production varied among different actino-
mycete strains. For Streptomyces sp. Al-Dhabi-49,
optimal production was achieved in 48 hours (Al-
Dhabaan, 2024), while Nocardiopsis alba required
72 hours (Patel et al., 2021). Shorter incubation
times were reported for Streptomyces halstedii
ST40 (4 hours), whereas Streptomyces griseus
needed 96 hours. S. gobitricini (Lips.g) reached its
maximal activity after 84 hours of incubation (Alz-
ahrani et al., 2025).

An optimal agitation speed of 140 rpm was
determined for maximal lipase production by strain
AS12. This parameter is crucial for providing suffi-
cient oxygen transfer and nutrient distribution with-
in the fermentation broth. This finding is consis-
tent with values reported for other high-producing
strains, such as Streptomyces sp. Loyola Lipase-1
(406.66 U/mL), which achieved optimal production
at a similar agitation speed (Kumar et al., 2017),
and Bacillus sp. TTs1 (594.55 £ 0.78 U/mL) (Shi-
ri et al., 2023). The optimal production parameters
identified in the present study in relation to those of
other strains as summarized in Table 1.

The considerable variability in optimal phys-
icochemical and nutritional conditions (e.g., tem-
perature, pH, carbon/nitrogen sources, incubation
time, and agitation speed) observed among differ-
ent Streptomyces strains and other microbial spe-
cies (Szymczak et al, 2021) carries significant
implications for industrial scale-up and bioprocess
design. This high degree of variability suggests that
a generic approach to bioprocess development for
lipase production is unlikely to be efficient or yield
optimal results. Therefore, detailed strain-specific
optimization studies, such as the one conducted for
AS12, are not just academic exercises but are criti-
cally important for developing economically viable
industrial bioprocesses. Defining the environmen-
tal and nutritional needs of novel strains supports
efficient scale-up and economically viable enzyme
production.

Free fatty acid (FFA) analysis

Among the tested vegetable oils, sesame
oil exhibited the highest FFA content at 22.50%,
followed by peanut oil (16.72%) and almond oil
(11.23%). Olive oil showed the lowest FFA level at
(5.63%). Free fatty acids (FFA) are formed through
the hydrolysis of triglycerides (TG) present in veg-



etable oils. Their concentration is affected by var-
ious factors, including the quality and type of raw
materials, collection conditions, processing meth-
ods, storage practices, oil age, and degree of deteri-
oration (Di Pietro et al., 2020).

Partial purification and kinetic constants of lipase
AS12

The extracellular lipase produced by the AS12
isolate was partially purified using ammonium sul-
fate precipitation at 80% saturation. A summary of
the purification steps is presented in Table 2. The
precipitated fraction showed a specific activity of
118 430.4 U/mg, representing a 34.28% yield and
a 1.36-fold purification. A comparable finding was
reported for lipase from 4. caviae LipT51, which
precipitated at approximately 35% ammonium sul-
fate saturation, yielding a lipase-active fraction with
48% recovery and a 1.95-fold purification (Gurkok
and Ozdal, 2021).

A comprehensive understanding of an en-
zyme’s intrinsic properties is crucial for assessing
its industrial potential. The kinetic parameters of
lipase AS12 were determined using olive oil as the
substrate, revealing a maximal reaction rate (Vmax)
of 0.21 mM/min and a Michaelis-Menten constant
(Km) of 6.34 mM. These values offer fundamental
insights into the enzyme’s catalytic efficiency and
its affinity for the substrate. The kinetic profile of
lipase AS12 can be contextualized by comparing
it with other reported lipases. A wide range of Km
values, spanning from 0.0064 to 16.58 mM, has

been documented for bacterial lipases (Gurkok and
Ozdal, 2021). For instance, the novel isolate B. sub-
tilis LP2 exhibited a Vmax of 680 mM/s and a Km
of 18.3 mM using Tween 80 (Yasar et al, 2020).
For Bacillus cereus, ATA179 showed a Vmax of
18.28 U/mL and a Km of 0,11 mM (Demirkan et al.,
2021). In contrast, S. gobitricini (Lips.g) demon-
strated a significantly higher Vmax of 2500 pmol
min' mg"' and a catalytic turnover rate (kcat) of
2228.16 5!, with Km values ranging from 6.45 mM
for TC18 to 26.70 mM for TC4 (Alzahrani et al.,
2025). The lipase from Streptomyces sp. CS326 had
a Km of 0.24 mM and a Vmax of 4.6 mM/min/mg
(Cho et al., 2012). These comparisons reveal subs-
tantial variability in lipase kinetics, reflecting the
unique catalytic properties of each enzyme, which
are influenced by substrate type and concentration,
enzyme concentration, and environmental factors
such as temperature and pH.

Biochemical characterization of partially purified
lipase AS12
Stability of lipase under different temperature and
pH conditions

The thermal stability of lipase AS12 was
evaluated between 25°C and 60°C (Fig. 4a). After
1 hour, the enzyme retained full activity at 40°C
and showed high stability from 30°C to 45°C. Mod-
erate stability was recorded at 25°C, while stability
decreased significantly at 50°C—-60°C. The pH sta-
bility of lipase AS12 was examined after 1 hour of
incubation across a pH range of 5 to 9 (Fig. 4b).

Table 2. Summary of the partial purification steps of the lipase produced by AS12 strain

Total Protein

Total Activity ~ Specific Activity

Purification steps (mg/mL) (U/mL) (U/mg) Yield (%)  Purification Fold
Crude enzyme 161.1 14000 86.90 100 1
Ammonium sulphate 40.53 4800 118.43 3428 1.36
fractionation
a
100 - 1089
s 80 - s 80 A
£ 60 - g 60 -
e 40 - £ 40 -
£ 2 & 20 -
0 T T T T T T T 1 0 ! ! ! ! y
20 25 30 35 40 45 50 55 60 65 4 3 6 7 8 9 10

T°C

Fig. 4. Effect of temperature (a) and pH (b) on the stability of lipase
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The enzyme retained the highest stability at neutral
to slightly alkaline conditions, with 90% residual
activity at pH 7 and 80-70% at pH 6-8. Activity
decreased significantly at more extreme pH values,
9 and 5. The AS12 enzyme demonstrated optimal
activity at a temperature of 40°C and a neutral
pH of 7.0. These conditions align precisely with
its optimal production parameters, suggesting a
well-adapted and efficient enzymatic system.
Lipase AS12 maintained stability across a
temperature range of 30-45°C, indicating moder-
ately thermostable properties. This thermal profile
is consistent with those observed for lipases from
Streptomyces violascens OC125-8, Streptomyces
sp. CS326 (Alzahrani et al., 2025), and P. aerugi-
nosa (Abo-Kamer et al.,, 2025). Similarly, Strep-
tomyces cellulosae AU-10 lipase exhibited high
stability between 30-50°C (Boran, 2018), while
Streptomyces gobitricini (Lips.g) demonstrated
stability between 40-55°C (Alzahrani ef al., 2025).
The variations in thermal stability among lipases
are primarily attributed to their diverse structural
compositions. It is important to note that beyond
the well-known thermophilic and alkaliphilic li-
pases, numerous mesophilic lipases possessing
thermostable properties have been identified. These
mesophilic enzymes are particularly valuable for
industrial and biotechnological applications due
to their remarkable adaptability under suboptimal
conditions and their broad catalytic and synthetic
versatility (Vivek et al., 2022). The moderate ther-
mostability of lipase AS12 is not a limitation but a
significant advantage. This characteristic suggests
the enzyme can perform effectively across a range
of industrially relevant temperatures that are not
excessively high, thereby contributing to reduced
energy costs in bioprocesses, while still maintain-
ing robust stability under typical operational ther-
mal fluctuations. This positions AS12 as a highly
adaptable and economically attractive biocatalyst.
The ASI12 enzyme-maintained stability
across a pH range of 6-8. This indicates its robust-
ness in near-neutral to slightly alkaline environ-
ments, which is beneficial for various applications.
For comparison, S. gobitricini (Lips.g) demonstrat-
ed an even broader pH stability, ranging from 5.0
to 10.0 (Alzahrani et al., 2025), while S. cellulosae
AU-10 lipase exhibited remarkable stability, retain-
ing 100% activity at pH 9.0, 10.0, and 11.0 (Boran,
2018).
Stability of lipase in the presence of chemical agents
The stability of lipase in the presence of dif-
ferent chemical agents is summarized in Table 3.
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The enzyme activity was notably enhanced by the
presence of Mg?" and Ca?*', reaching 115.9% and
110.1%, respectively. However, Co*", Cu*", Fe*",
Mn?", and Zn*" reduced the residual activity to ap-
proximately 40.5%-98.7%. The enzyme retained
considerable activity, over 80%, in the presence of
ethanol and methanol, and showed moderate toler-
ance to DMSO, acetone, and Triton X-100. In con-
trast, SDS and EDTA markedly reduced activity.

Table 3. Effects of metal ions, surfactants, inhibitors, and
organic solvents on lipase stability

Additive Residual activity (%)
a) Metal Ions (1 mM)

Ca* (CaSO,) 110.1
Co** (CoSO,) 59.3
Cu®* (CuSO,) 40.5
Fe?* (FeSO,) 98.7
Mg* (MgSO,) 115.9
Mn** (MnSO,) 81.0
Zn** (ZnSO,) 70.2
b) Surfactants (5%)

SDS 25.0
Triton X-100 66.6
¢) Inhibitors (5 mM)

EDTA 333
d) Organic solvents (10%)

Ethanol 91.6
Meéthanol 83.3
Acétone 58.3
DMSO 75.0

The AS12 enzyme retained considerable cat-
alytic activity in the presence of both Ca** and Mg**
ions. The stimulatory or positive effects of Ca** and
Mg ions on lipase activity are frequently report-
ed for various bacterial lipases (Gupta et al., 2004).
For example, S. gobitricini (Lips.g) was activated
by Ca?" at concentrations between 1.5-2 mM (Al-
zahrani et al., 2025). However, it is crucial to rec-
ognize that the effect of metal ions is not always
universally stimulatory and can be highly enzyme
specific. For instance, the activity of S. cellulosae
AU-10 lipase was, surprisingly, inhibited by more
than 25% in the presence of Ca*’, despite Ca*" gen-
erally being known to stabilize lipolytic enzymes
(Boran, 2018). This apparent contradiction under-
scores that the influence of metal ions on lipase ac-
tivity is highly specific to the enzyme’s structure
and active site conformation. Therefore, for any



novel lipase, it is imperative to conduct detailed
empirical studies on the precise impact of various
metal ions rather than relying on generalized as-
sumptions. This level of specific characterization is
vital for accurately predicting enzyme performance
in complex industrial media and for designing opti-
mal reaction conditions.

The AS12 enzyme demonstrated stability
in the presence of organic solvents such as etha-
nol and methanol. Comparable solvent stability
has been reported for recombinant Lip486 (Xiao
and Liu, 2021) and 4. caviae LipT51 (Gurkok and
Ozdal, 2021). It is important to acknowledge that
while many lipases exhibit solvent tolerance, they
can still be susceptible to deactivation in organic
solvents due to factors such as polarity differences
(Ishak et al., 2019), water stripping, altered hydro-
gen-bonding interactions, and increased structural
flexibility, which can lead to reduced activity or
complete inactivation (Chen et al., 2024).

A comprehensive presentation of the biochem-
ical and kinetic properties of lipases determined in
this study, in comparison with those reported for
comparable strains, is provided in Table 4.

Stability and compatibility of lipase with
commercial laundry detergents

AS12 lipase was pre-incubated for 1 hour
with 1% concentrations of various commercial de-
tergents to evaluate stability and potential for use
as a detergent additive. As shown in (Fig. 5), the
enzyme retained full initial activity with Liedy®
(100%) and high residual activity with Bingo®
(81.8%) and Brilex® (72.7%) but exhibited mod-
erate decreases in activity with Test® (63.6%) and

100

80

60
40
20

0

Bingo®ISIS® Test® Amir® Brilex® Liedy®
Laundry detergents

Amir® (54.5%), and showed the lowest activity

with ISIS® (45.4%).
Fig. 5. Stability and compatibility of lipase from AS12
with commercial laundry detergents

The suitability of a lipase for detergent ap-
plications depends on its stability in the presence

Residual activity%

of various chemical components. The multifaceted
nature of detergent compatibility and its industri-
al implications are paramount. Detergent formu-
lations are complex mixtures containing various
chemical components such as surfactants, oxidiz-
ing agents, boron compounds, and enzyme inhib-
itors. The data presented clearly demonstrates that
the stability of lipases (including AS12, Lips.g, and
others) varies significantly across these different
chemical classes. For example, a lipase might ex-
hibit robust performance against certain surfactants
but show sensitivity to specific oxidizing agents.
This implies that “detergent compatibility” is not a
singular, monolithic property but rather a compos-
ite characteristic. A lipase’s overall suitability for a
detergent formulation is determined by its specific
interaction profile with each chemical component.
Therefore, a comprehensive evaluation against a
wide range of detergent components, as performed
in this study, is critical for accurately assessing the
industrial viability of a novel lipase. This detailed
understanding enables the strategic selection of en-
zymes for specific detergent formulations, thereby
optimizing performance and stability under diverse
washing conditions (Boran, 2018; Alzahrani et al.,
2025). The detergent compatibility of the lipase in-
vestigated in the current study, as compared with
previously reported findings, is presented in Table 5.

The detergent industry is the largest consum-
er of industrial enzymes, making it a highly com-
petitive market. While established commercial li-
pases like Lipolase are widely used, they exhibit
specific vulnerabilities to certain detergent compo-
nents, such as Lipolase’s reduced stability in Triton
X-100 or H,O,. The Streptomyces sp. strain AS12
lipase, and its comparative counterpart S. gobitri-
cini (Lips.g), demonstrate superior or comparable
stability to these commercial alternatives in several
critical aspects. This suggests AS12 lipase could be
applied in detergent formulations. This competitive
advantage underscores the significant commercial
potential of such novel enzymes and justifies fur-
ther investment in their development and scale-up
(Boran, 2018; Alzahrani et al., 2025).

Evaluation of stain removal

Visual analysis (Fig. 6) reveals clear differ-
ences in stain removal efficiency between treat-
ments. Laundry detergents alone removed stains
partially, with visible residues remaining on all
samples. In contrast, the combination of detergent
with partially purified AS12 lipase markedly im-
proved cleaning performance, with most fabrics
appearing visibly clean. These results suggest that
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Fig. 6. Wash performance analysis of lipase AS12 using chocolate stains. (a) untreated fabric pieces (control), (b) treated
fabric pieces with detergent alone, (c) treated fabric pieces with detergent and lipase AS12

AS12 lipase enhances detergent efficacy by playing
a complementary role in the action of surfactants.

The application of lipases in detergent formu-
lations is especially valuable for their eco-friendly
nature, broad substrate specificity, remarkable sta-
bility under harsh washing conditions, and compat-
ibility with various chemical ingredients common-
ly found in detergents. Beyond simply enhancing
general cleaning efficiency, lipase-based detergents
offer superior stain removal performance, require
lower enzyme concentrations for effective clean-
ing, and, critically, retain their catalytic activity
even after application (Ali et al., 2023). The ability
of these enzymes to effectively remove oily stains
at lower temperatures also contributes significantly
to energy savings and reduces wear and tear on tex-
tile fibers (Feller and Gerday, 2003).

Conclusion

The Streptomyces sp. strain AS12 lipase char-
acterized in this study showed an initial production
yield of 70 U/mL, which was further enhanced un-
der optimized conditions using Tween 80 and yeast
extract as carbon and nitrogen sources, at 40°C, pH
7.0, and 140 rpm agitation. The enzyme exhibited
moderate thermostability (optimal activity at 40°C,
stable between 30—45°C) and pH tolerance (6-8),
while retaining catalytic activity in the presence
of Ca*" and Mg?>" ions and remaining stable in or-
ganic solvents such as ethanol and methanol. Ki-
netic analysis with olive oil as a substrate revealed
a Vmax of 0.21 mM/min and a Km of 6.34 mM.
Notably, the compatibility and stability of AS12
lipase in diverse detergent components, including
surfactants, oxidizing agents, boron compounds,
and enzyme inhibitors, underscore its strong po-
tential as a bioadditive for industrial applications,
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highlight its potential as a bioadditive for industrial
applications. The growing demand for sustainable
and eco-friendly industrial biocatalysts emphasizes
the relevance of this study. The Streptomyces sp.
strain AS12 lipase shows promise for applications
beyond detergents, including the food, cosmet-
ic, pharmaceutical, and oleochemical industries,
where enzymes with comparable properties are val-
ued. The successful isolation and comprehensive
characterization of this novel lipase provide a basis
for its further development and potential industrial
exploitation. Streptomyces lipase further confirms
the genus’s established reputation as a rich and di-
verse source of industrially relevant enzymes and
contributes to the expansion of the global microbial
lipase market.
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Letter to the Editor

Occurrence of Clinically Relevant Antibiotic Resistance Genes in Animals
in Livingston Island, Maritime Antarctica — A Preliminary Report

Svetoslav G. Dimov
Sofia University “St. Kliment Ohridski”, Faculty of Biology, Dept. of Genetics

Dear Editor,

During the 30" Bulgarian Antarctic Expedition (Antarctic Research Season 2021-2022), an alarming
result was obtained when fecal materials from a Gentoo penguin (Pygoscelis papua) and from Antarctic
fur seal (Arctocephalus gazella) were tested for the presence of antibiotic resistance genetic determinants
(ARGs) conferring resistance to some clinically relevant beta-lactams and aminoglycoside antibiotics, as
well as for the presence of methicillin-resistant Staphylococcus aureus (MRSA). At the time, for our great
surprise, both samples were positive for more than one ARG tested: the Antarctic fur seal was positive for
the presence of vanA/vanD and vanB ARGs, both conferring resistance to glycopeptide antibiotics, while
the Gentoo penguin was positive again for vand/vanD and vanB ARG but also for bla . (beta-lactam)
and for the presence of MRSA, meaning it was potentially resistant to three different classes of antibiotics
(Dimov and Strateva, 2022).

These very alarming findings motivated a more detailed study, including additional ARGs conferring
resistance to additional antibiotic classes and involving many more samples. During the next Bulgarian
Antarctic Expedition, fecal samples from 65 penguins (24 chinstrap penguins (Pygoscelis antarctica), and
41 Gentoo penguins), 25 seals (24 Southern elephant seals, Mirounga leonina, and one Leopard seal, Hy-
drurga leptonyx) were collected. In addition, three individuals of an undetermined krill species and one
notothenioid fish were also captured. All samples were collected in Livingston Island, Antarctica, at the
shore in front of the Bulgarian Antarctic Base “St. Kliment Ohridski” (62°38’ 28.9” S 60°22' 08.6"” W) and
at the Hannah Point location (62°38' 46.1” S 60°36’ 00.0"” W), known for the big penguin colonies and the
large number of Southern elephant seal herds. DNA from the samples was tested by PCR for the presence
of ARGs. The ARGs were selected to cover resistances to four classes of antibiotics: aminoglycoside antibi-
otics (aac(3)_1V, aac(6)/aph(2) and ant(4)_la), beta-lactams (bl .y 1, 5« 150 Dllcrxnar Placryyis, 2526 & 30410
bla bla bla, ., bla,. , bla bla

CTX-M-9 & 14> 7" GES 1-9 & 11° IMP? 7P KPC? PP OXA-1-4 & 300 T P OXA-48 like? b ZaOXA—Sl’ b laSHV’ b ZaTEM and b laVIM)’ pol-
ymyxin antibiotics (mcr-1, mcr-2 and mcr-3), tetracycline (genes, encoding ribosomal protection proteins,
RPPs), oxytetracycline (otr4) and glycopeptide antibiotics (vanAd, vanB and vanD) (Perichon et al., 1997,
Aminov et al., 2001; Nordmann and Poirel, 2002; Choi et al., 2003; Novicki Thomas et al., 2004; Poirel
et al., 2004; Yates et al., 2004; Turton et al., 2007; Zhang et al., 2009; Cuzon et al., 2010; Dallenne ef al.,
2010; Liu et al., 2016; Chan et al., 2018). Additional PCR tests for MRSA were also performed (Gergova
etal.,2019).

All results are summarized in Figure 1. Aminoglycoside ARGs were found in 9.57% of the samples
(8.51% for aac(3) 1V and 1.06% for ant(4) la), beta-lactam ARGs in 37.23% of the samples (4.26% for
blac g iy 5 g 150 5-32% for bla,y ., 3.19% for bla .y \ g ¢ 14 7-45% for blag.y, , o > 20.21% for bla,,
2.13% for bla,,., 7.45% for bla,,,,, and 1.06% for bla, ,....), polymyxin ARGs were found in 26.60% of
the samples (20.21% for mcr-1, 3.19% for mcr-2, and 5.32% for mcr-3) and glycopeptide ARGs were found
in 19.15% of the samples (13.83% for vanA and 5.32% for vanB).

Finally, one sample (1.06%) was positive for MRSA. No ARGs were detected in 38.30% of the

samples. The sum of the percentages exceeded 100% because the number of detected ARGs in the positive
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Fig. 1. Distribution of the positive test for the different ARGs grouped in different classes of antibiotics to which they

confer resistance

samples ranged from 1 to 5, conferring resistance to
1 to 4 antibiotic classes.

These new results are even more alarming
than the previous ones. Even though the spread
of some of the detected ARGs could be explained
by a pressure exerted by some practices in fisher-
ies, shrimp farms and animal husbandry in gener-
al worldwide, most of the detected ARGs are as-
sociated mainly with human medicine practices
and could be explained by pollution of the water
environments by clinical material, followed by
horizontal gene transfer, as many of the ARGs are
generally associated with mobile genetic elements.
Even the 38.30% negative samples could not be de-
clared ARG-free because, on the one hand, tests for
ARGs associated with antibiotics primarily used in
aquaculture and veterinary medicine were not per-
formed. On the other hand, they could be negative
due to partial DNA degradation, especially in pen-
guin guano.

To conclude, I would like to appeal to the sci-
entific community to recommend special measures
to be taken to eliminate or at least strongly reduce
the contamination of the water environments by
clinical wastewaters — the main suspects for the
ARGs’ burden within the microbiotas of the Glob-
al Ocean, which, unfortunately, has spread even to
Antarctica, considered pristine till recently.
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