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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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