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Abstract

PGPR-assisted phytoremediation is a biotechnology offering opportunities to improve the state of con-
taminated soil ecosystems. The present study has investigated the potential of six beneficial isolates tolerant 
to Cd, Pb, and Zn and identified through 16S rDNA sequential analysis as Bacillus cereus, Pseudomonas 
putida, and Pseudomonas fluorescens to stimulate spinach growth and soil microbial community develop-
ment in heavy metal-contaminated soil with or without the addition of compost. We found improved plant 
growth in all treatments with compost, but especially applying consortiums of isolates. Microbial enzyme 
activities and basal soil respiration were significantly higher in the rhizosphere and in amended treatments 
than in non-rhizosphere and control. The microbial community-level physiological profiles in the rhizos-
phere studied with the Ecoplates of BiologTM system showed increased metabolic potential in treatments 
with compost and beneficial bacteria. Principal component analysis revealed domination of amino acids 
and polymers utilizing communities in compost and bacterial consortium amended soils, carbohydrates and 
amino acids in compost and single strains application, and the lowest representation of amines and amides 
and phenolic compounds utilizers. Thus, may conclude that the use of quality organic amendments together 
with beneficial soil bacterial populations is a suitable and promising approach for the phytostabilization of 
soils contaminated with heavy metals.
Keywords: compost; spinach; PGPR; CLPP; soil enzymes; heavy metals
Резюме

PGPR – асистираната фиторемедиация е биотехнология, която предлага възможности за подо-
бряване на състоянието на замърсените почвени екосистеми. Настоящото проучване изследва потен-
циала на шест полезни изолата, толерантни към Cd, Pb и Zn и идентифицирани чрез 16S rDNA ана-
лиз като Bacillus cereus, Pseudomonas putida и Pseudomonas fluorescens, за стимулиране на растежа на 
спанак и развитието на почвените микробни съобщества в замърсена с тежки метали почва със или 
без добавяне на компост. Установихме подобрен растеж на растенията при всички варианти с вне-
сен компост, особено при прилагане на консорциуми от изолати. Микробните ензимни активности 
и базовото почвено дишане бяха значително по-високи в ризосферата и във вариантите с добавки 
в сравнение с неризосферата и контролния вариант. Физиологичните профили на ниво микробни 
съобщества в ризосферата, изследвани със системата Ecoplates на BiologTM, показаха повишен ме-
таболитен потенциал при третиране с компост и полезни бактерии. Анализът на основните компо-
ненти разкри доминиране на съобществата използващи аминокиселини и полимери във вариантите 
с компост и бактериални консорциуми. Съобществата, усвояващи въглехидрати и аминокиселини 
имаха преимущество при използване на компост и самостоятелни щамове, докато най-слабо беше 
наличието на съобщества, усвояващи амините, амидите и фенолните съединения. В тази връзка 
можем да заключим, че използването на качествени органични добавки заедно с полезни почвени 
бактериални популации е подходящ и обещаващ подход за фитостабилизиране на почви, замърсени 
с тежки метали.
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munities. Growing Trifolium repens L. could miti-
gate the toxic effect of pollution by changing mi-
crobial community structure. The secondary conse-
quences included increased availability of N, P, and 
K, but also stimulated enzyme activities. Like other 
authors, they concluded that root-associated com-
munities might regulate plant growth and elemental 
uptake (Shilev, 2013; Lin et al., 2021). 

The described above is very important be-
cause the adapted and well-developed microbial 
communities are at the heart of soil health, playing 
a crucial role in organic decomposition and humus 
formation, biochemical cycling, and nutrient avail-
ability (Shilev et al., 2019). Researchers have been 
informed about the controversial effects of organic 
amendments on enzyme activities. They found in-
creased activity by adding compost and inhibited 
enzymes with biochar. However, diverse effects 
were observed when combinations of both were 
applied. Thus, the bioavailability of zinc, arsenic, 
cadmium, and copper influenced the activity of 
dehydrogenase, catalase, and urease (Tang et al., 
2020). In other cases, increased soil Pb and differ-
ent toxic elements concentrations decreased urease 
activity and raised β-glucosidase, while dehydroge-
nase activity was unaffected. The incorporation of 
organic amendments was not unambiguous, show-
ing increased dehydrogenase activity with com-
post and β-glucosidase with biochar but a reduced 
abundance of microbial communities in both cases 
(Kaurin et al., 2018). As the development of micro-
bial communities is mainly related to the availabil-
ity of nutrients, the patterns of substrate utilization 
are characteristic of them and reflect changes in 
the soil. In this regard, in the study of biodegrada-
tion of organic contaminants, Koner et al. (2022) 
observed a positive correlation among L-arginine, 
phenylethylamine, and γ-hydroxybutyric acid utili-
zation patterns and chloroalkane and chloroalkene 
degradation pathways. In another study, compost 
and biochar had controversial effects regarding 
community-level physiological profiling (CLPP) 
in trace elements contaminated soils. Researchers 
found that biochar increased the metabolic po-
tential of microbial communities the most, with a 
higher impact on carboxylic acids and polymers. 
These amendments also strongly stimulated the soil 
dehydrogenase, β-glucosidase, and urease activities 
(Abou Jaoude et al., 2020). Plants play an essential 
role in modeling microbial communities. Thus, Cy-
nara cardunculus and Brassica juncea plants were 
found to increase significantly microbial function-
al diversity in metal-contaminated soils and sub-

Introduction
Soils contaminated with heavy metals are of-

ten found in contemporary landscapes due to natu-
rally occurring processes or human activities. Agri-
cultural lands also suffer heavy metal contamination 
that may cause food and feed safety uncertainties 
(Singh et al., 2011). Diverse bio/phytoremediation 
research strategies were applied to improve soil 
properties and alleviate the harmful heavy metals’ 
effects on plants and soil biota (Kidd et al., 2009). 
Besides, the problem is multi-component and needs 
complex tools to protect the environment and miti-
gate the toxic effects on living beings.

Composting is an environmentally friend-
ly solution to convert agricultural and garden bi-
owastes into valuable products desirable as a soil 
amendment in crop growing and landscaping 
(Shilev et al., 2007). Incorporating good quality 
compost in heavy metal contaminated soil has dif-
ferent positive effects on soil and plants, such as 
increment of organic content, regulation of phys-
icochemical properties, and improvement of plant 
nutrition, among others (Anwar et al., 2017; Za-
far‑ul‑Hye et al., 2020). Researchers also reported 
the influence of organic content on heavy metals’ 
availability in the soils as an essential condition 
to manage their toxicity (Lacalle et al., 2023). In 
this regard, authors found a significant decrease if 
the Zn and Cu bioavailability in soil amended with 
activated carbon compost or rhamnolipid compost. 
Thus, the shoot concentration of pakchoi decreased 
considerably (Sun et al., 2023). On the other hand, 
Tang and co-authors reported the ambiguous effect 
of organic amendments (compost, biochar, and a 
combination of them) expressed as a significant de-
crease of Cd and Zn availability in soils but a slight 
increase of As and Cu (Tang et al., 2020).

Plant-associated microbial communities are 
crucial for plant nutrition and health (Caldwell, 
2005; Kidd et al., 2009). Each population occupied 
a critical niche vital for the community’s survival 
(Falkowski et al., 2008). Heavy metals are known 
to affect soil microorganisms in general negatively 
and their enzyme activity in particular (Hinojosa 
et al., 2003; Hinojosa et al., 2004). Despite this, 
compost incorporation mitigates most of the nega-
tive consequences of shaping microbial community 
structure by organic supplements and introducing 
allochthonous communities. Combined with the 
root exudates contribution, the system functioning 
is completed, albeit quite complex. Lin and collab-
orators (2021) suggested that heavy metal pollution 
reduces plant growth and alters soil microbial com-
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lated bacteria was determined by PCR amplifica-
tion of the 16S rRNA gene and sequencing of the 
PCR products. 1492R (ACCTTGTTACGACTT) 
and 27F (AGAGTTT-GATCMTGGCTCAG) were 
used to sequence part of the bacterial genome 
(Yuichi et al., 2003). 

Samples were sent for sequencing to Mi-
crosynth AG, Switzerland. The resulting sequenc-
es were analyzed with BLAST (www.ncbi.nlm.
nih.gov/BLAST/), ClustalW (www.ebi.ac.uk/clus-
talw), and BioEdit software products and compared 
to nucleotide sequences in the Genebank database 
(www.ncbi.nlm.nih.gov). Evolutionary history was 
prepared using the maximum likelihood method 
based on the total time model (Yuichi et al., 2003). 
The analysis includes six nucleotide sequences. 
There was a total of 242 positions in the final data 
set (Neiр et al., 2020).
Plant growth experiment

Heavy metal-contaminated soil was tak-
en from a polluted region. Air contamination was 
spread decades ago from the non-ferrous metal’s 
smelter in the Plovdiv region. Biovet Peshtera AD 
supplied the compost. It was produced by plant res-
idues and fungal mycelium from the biological pro-
duction of feed additives. Soil and compost char-
acteristics are presented in Table 1. The soil and 
compost were mixed in a 75:25 ratio (v:v) and left 
for stabilization for 15 days. Ten treatments were 
arranged as presented in Table 2. Each treatment 
consisted of four 3000 cm3 pots. Commercially 
available spinach seeds (Spinacea oleracea L.) 
from a variety of Matador were sown in each pot. 
After germination, four plants per pot were left. Be-
fore sowing, some seeds were left for 2 h in Petri 
dishes with corresponding bacterial suspension in 
0.85% NaCl solution with a cell density of 1 x 105 
colony-forming units (cfu) per milliliter. 

strate utilization. Similarly, Festuca arundinacea 
shaped the substrate preferences of soil microbial 
communities, stimulating some utilized carbohy-
drates and decreasing those of the carboxylic acids 
(Wasilkowski et al., 2019). 

From the literature review is clear that there 
are many factors affecting plant growth and eco-
system functioning in heavy metal-contaminated 
soil. The consequences of organic amendment in-
corporation and its interrelations with soil and mi-
crobial properties are poorly understood because of 
the diverse amendment species. In addition, plant 
species and the introduction of external populations 
are new variables in the puzzle soil-microbe-plant 
system. In the present study, we set out to elucidate 
how the combination of compost and selected bac-
terial populations supports the growth of spinach 
plants and soil microbial communities in soil con-
taminated with heavy metals.
Materials and Methods
Isolation and characterization of plant growth-
promoting bacteria

Previously we isolated bacteria from the rhiz-
osphere of the following native plant species: La-
mium amplexycoule (Lamiaceae), Capsella bursa 
pastoris (Brasicaceae), Geranium molle (Gerania-
cea), Valerianella sp. (Valerianaceae), and Cirsium 
sp. (Asteraceae), from the contaminated area of 
KCM – Plovdiv. The isolates were selected based 
on their tolerance to Cd, Pb, Zn, and their ability 
to solubilize phosphates and produce indole acetic 
acid and siderophores using proven methods. 

Molecular identification of the isolates by 16 
rRNA sequence analysis 

The six selected isolates were identified based 
on 16S rRNA sequencing analysis using standard 
methods of bacterial growth, DNA isolation, and 
quality assurance. The species identity of the iso-

Table 1. Elemental content in contaminated soil and compost on a dry-weight basis 
Parameter    Unit       Compost Contaminated soil  MPC    IC
Nitrogen – available mg.kg-1 603.32 ± 12.08 16.52 ± 0.70 - -
Phosphorus – available mg.kg-1 2511.16 ± 69.16 31.71 ± 1.21 - -
Total nitrogen g.kg-1 22.34 ± 0.91 1.34 ± 0.10 - -
Total phosphorus g.kg-1 9.11 ± 0.14 0.35 + 0.02 - -
Organic carbon g.kg-1 322.74 ± 11.14 9.81 ± 0.38 - -
Cadmium mg.kg-1 0 21.31 ± 1.61 3.0 12
Lead mg.kg-1 0.75 ± 0.08 519.12 ± 18.19 120 500
Zinc mg.kg-1 26.11 ± 1.93 424.19 ± 31.32 400 900

Data shows mean and standard deviation (n=3). MPC – maximum permissible concentration at pH >7.4; IC – intervention con-
centrations
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followed by incubation at 25°C. The absorbance 
of each well was measured on BiologTM Micro-
Station reader at 590 nm and 750 nm wavelength 
on 24 h basis for 120 h. The obtained data were 
normalized, and the carbon sources were grouped 
by their nature as amino acids (AA), amines and 
amides (A), polymers (P), carbohydrates (CH), car-
boxylic acids (CA), and phenolic compounds (PC) 
(Insam and Goberna, 2008). 

The average well color development (AWCD) 
was assessed every 24 hours through the following 
formula:

where C is the optical density (OD) in the 
well, B is the blank well reading, and n is the total 
number of carbon sources. The AWCD represents 
the overall community performance through the di-
verse carbon-source utilization capacity. 

To continue the abovementioned, we applied 
Shannon (H’) and Pielou evenness (E) indexes to 
estimate community homogeneity description. The 
Shannon diversity index was calculated as:

where H’ is the Shannon diversity index, and n is 
the number of wells with a positive reading (OD 
>0.25) to the total number of carbon sources. 

The Pielou evenness index (E) comes from 
the Shannon index and represents a ratio of H’ to 
the value of the substrate richness (S, number of 
wells with OD over 0.25):

Statistical data processing
The data processed were subjected to analy-

sis of variance (ANOVA) using Statistics v.18 for 
Windows. The least significant difference (LSD) at 
p≤0.05 and p≤0.01 was applied to distinguish the 
mean of treatments. Comparative hierarchical clus-
ter analysis using the method of Euclidean distance 
between groups is applied. Results are presented af-
ter calculating the mean and standard deviation us-
ing Microsoft Excel v.14. The correlations between 
the accumulation of heavy metals (Pb, Cd, and Zn), 
dry weight of spinach plants, ß-glucosidase activi-
ty, dehydrogenase activity, and soil respiration were 
calculated based on the average values of the traits.
Results and Discussion

As a result of the initial steps of isolation and 
selection of rhizosphere isolates, six strains were 

Each isolate was grown separately in a liq-
uid nutrient medium till the late logarithmic phase. 
The cells were centrifuged (3500 × g, 4°C, 12 min), 
and the pellets were washed first in MgCl2 solution, 
followed by washing in distilled water. Two weeks 
after plant germination, they were watered with 
bacterial isolate suspension at a concentration of 
107 cfu ml-1. The treatments without isolates were 
watered with 0.85% without bacteria. Consortiums 
were prepared by mixing the corresponding iso-
lates (Table 2). In parallel, the pots were duplicat-
ed, repeating all ten treatments with the addition of 
compost and bacterial isolates, but no seeds were 
sown. These pots were used to study the effect of 
spinach roots on microbial activity. The experiment 
was carried out in September for 60 days in an open 
greenhouse, maintaining water content at 55-60% 
of WHC.
Table 2. Treatments used in the study (C – com-
post).

Number Treatments
1 Soil
2 Soil + C + strains 32', 32B, 41', 41B
3 Soil + C + strains 32', 32B, 41', 44'
4 Soil + C + strains 32', 32B, 44', 44B
5 Soil + C + strain 32'
6 Soil + C + strain 32B
7 Soil + C + strain 41'
8 Soil + C + strain 41B
9 Soil + C + strain 44'

10 Soil + C

Determination of heavy metals in plant tissue
The heavy metal concentration in spinach 

plants was determined through wet mineralization 
(Lozano-Rodríguez et al., 1995). The measure-
ments were performed by Aglient 4210 MP-AES.
Microbiological characteristics

The enzyme dehydrogenase was assessed 
through the method described by Alef (1995). The 
activity of β-glucosidase was estimated using the 
method of Tabatabai (Tabatabai, 1982) modified by 
Alef and Nannipieri (Alef and Nannipieri, 1995). 
In addition, basal soil respiration was carried out 
through the method described by Alef (1995). 
Community-level physiological profiling using 
BiologTM Ecoplates

The soil microbial communities’ functional 
diversity was assessed by Ecoplate, Biolog Inc., 
CA, USA (Garland and Mills, 1991). The inoc-
ulation of Ecoplates was performed with 150 μl 
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concentration (MPC) is 3.0 mg.kg-1, while the in-
tervention concentration is 12.0 mg.kg-1. In the case 
of Pb, the concentrations are as follows: 519.12 
mg.kg-1, 120.0 mg.kg-1, 500 mg.kg-1. This means 
that the regulatory framework requires intervention 
for both elements to reduce their concentration in 
the soil. In addition, the concentration of Zn was 
above the MPC of 400 mg.kg-1 but below the IC of 
900 mg.kg-1. The above shows the urgent need for 
intervention activities to reduce the concentration 
of heavy metals in the soil. On the other hand, the 
compost was very rich in nutrients, while the or-
ganic carbon accounts for 32.27%. It showed a very 
low presence of Pb and Zn (Table 1).

Plant biomass and heavy metal accumulation
The amendments (compost and isolates) af-

fected the biomass of spinach plants grown in con-
taminated soil (Fig. 2A). The introduction of com-
post did not lead to changes in the formed biomass 
of spinach, while the use of the bacterial isolates 
had significant consequences. 

The greatest biomass was formed when ap-
plying the consortia of T-3 and T-4, which was 
103.6% and 111.1%, respectively, greater than the 
control. A similar difference was observed with 
T-10, where the compost was applied without bene-

selected to proceed with the molecular identifica-
tion (specific results are not presented). 
Molecular identification of isolates

The identification of all six isolates was 
successful. The nucleotide sequences of the isolates 
were registered in the NCBI gene bank under the 
corresponding numbers (Table 3). 

One strain is from the genera Bacillus sp. (B. 
cereus), and five are from Pseudomonas sp. – two 
P. putida and three P. fluorescens. Thus, according 
to evolutionary history (Fig. 1), two groups are 
formed from the isolates. One is represented by 
B. cereus, while the second belongs to the species 
from genera Pseudomonas. The last groups pos-
sessed subgroups originating from corresponding 
P. putida and P. fluorescens isolates.
Contaminated soil and compost content

The contaminated soil used in the present 
study is characterized by a relatively low content 
of nutrients and total organic carbon. In contrast, 
the concentration of presented heavy metals is high 
according to the Bulgarian Regulation on standards 
for maximum permissible content of harmful sub-
stances in arable soil medium (Council of Minis-
ters, 2008). Cadmium concentration is determined 
as 21.31 mg.kg-1, but the maximum permissible 

Table 3. Match of isolates to the registered sequences and numbers in the NCBI Genbank, and their 
correspondence to species identification and probability

Isolate Sequences Latin name Numbers
41' SUB11494244 seq1 B. cereus ON557708
32' SUB11494244 seq2 P. putida ON557709
44' SUB11494244 seq3 P. putida ON557710
32B SUB11494244 seq4 P. fluorescens ON557711
44B SUB11494244 seq5 P. fluorescens ON557712
41B SUB11494244 seq6 P. fluorescens ON557713

Fig. 1. Molecular phylogenetic analysis by the maximum likelihood method
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lation of metals such as Zn, Pb, and Cr, after soil 
amendment with municipal green-waste compost 
(Medynska-Juraszek et al., 2020) recommending 
avoiding the consumption of such leafy vegetables. 
The inoculation of A. faecalis and B. amylolique-
faciens significantly increased spinach biomass 
formation. Treatments T-5 to T-10 showed similar 
values of accumulated concentrations. The highest 
concentrations of the studied elements were found 
for Zn (Fig. 2D), but there was not such a strong 
stratification by treatments as for the other two el-
ements. In control, the concentration was 301.49 
mg.kg-1, while the lowest was found in T-2, 219.24 
mg.kg-1. 
Soil enzymes and microbial activity

The study of β-glucosidase activity showed 
higher activity in rhizosphere soil than in non-rhiz-
osphere soil (Figs. 3A and 3B). However, the dif-
ference between the two soil types was smaller 
than in the case of dehydrogenase activity, 70-75%. 
Incorporating the consortia into T-2, T-3, and T-4 
increased activity compared to the remaining treat-
ments with bacterial populations that were more 
pronounced in the presence of plants. As with de-
hydrogenase activity, a reduction in activity was 
found at T-5, T-6, and T-9 in the non-rhizosphere 
soil.

The dehydrogenase activity in the non-rhiz-
osphere and rhizosphere of spinach plants was 
studied in all treatments three times during the veg-
etation (Fig. 3C and 3D). In both areas, the activity 
of these enzymes increased throughout the experi-

ficial bacterial populations. The next group of treat-
ments in terms of biomass formed was T-2, T-5, 
and T-6, where the values were lower than T-2 and 
T-3, but significantly higher than the control. At the 
other extreme are treatments T-7, T-8, and T-9 with 
significantly reduced dry biomass compared to the 
control, by 74.97%, 75.4%, and 60.64%, respec-
tively. 

High concentrations of Cd were found in the 
shoot biomass of spinach in the control treatment 
(Fig. 2B), 40.95 mg.kg-1. The remaining treatments 
showed significantly lower values. In that sense, 
Xiong and collaborators (2023) reported increasing 
heavy metals immobilization with the increment of 
compost dose in soil. They found lower availability 
in the rhizosphere than in bulk soil. We also sug-
gested that this is one reason for decreasing met-
al accumulation when adding compost. Other re-
searchers suggested that immobilization is due to 
the formation of complexes, absorption, and so on 
(Ye et al., 2017). The accumulation in treatments 
T-6, T-7, T-9, and T-10 plants was similar within 
concentrations of 24.50 – 27.30 mg.kg-1. The low-
est accumulation of Cd was found in treatment T-2 
with a concentration of 15.19 mg.kg-1. In addition, 
accumulated Pb concentrations followed the same 
trend, with the highest value in the control of 59.43 
mg.kg-1 and the lowest in treatments T-2, T-3, and 
T-4 (Fig. 2C). Zafar‑ul‑Hye et al. (2020) found a 
significant decrease in Pb accumulation in spinach 
plants applying compost and biochar with different 
bacterial populations of B. amyloliquefaciens. In 
contrast, researchers reported higher bioaccumu-

Fig. 2. Shoots dry weight of spinach plants (A); accumulation of heavy metals in plant shoots: Cd (B); Pb 
(C); Zn (D). The results showed the meaning of three replicates and standard deviation. Different letters of plant biomass re-
sults indicate statistically significant differences between treatments according to the LSD test (p≤0.05).



90

ed soil, which indicated the promotional effects on 
microbial communities. They observed the high-
est rise of pyruvic acid methyl ester, L-α-glycerol 
phosphate, glucose-1-phosphate, and D, L-α-glyc-
erol phosphate utilization (Lacalle et al., 2023).

The differences in the microbial activity in 
the rhizosphere and non-rhizosphere were con-
firmed (Fig. 4). Thus, spinach roots affected the soil 
microbial community’s activity. This was evident in 
the control (without compost), which increased by 
161.54%. The trend was similar in the treatments 
with amendments. In T-10, the compost studied 
alone contributed by 135% to the increase in re-
leased dioxide, while the presence of consortium in 
T-2 in the rhizosphere increased microbial activity. 
Higher concentration of released CO2 was found in 
T-2, T-3, T-4, and T-9, while lower concentration 
we noted in T-5, T-6, and T-7. This was similar to 
the abovementioned enzyme activities. 

Thus, the total rate of microbial activity was 
due to, on one hand, the effect of the root, while 
on the other hand, the soil amendments (compost 
and bacterial populations). Similar results were ob-
served by other investigators, reporting increased 
basal respiration in most of the amended soils (Ga-
lende et al., 2014). They reported a lack of substan-
tial modification of microbial functional diversity 
reflected by Biolog EcoPlates™ data. In addition, 
Lacalle and coauthors emphasized the beneficial 
effect of plant roots on microbial communities in 
metal-contaminated soils (Lacalle et al., 2023).

ment, with the highest being at the end of day 60. In 
the non-rhizosphere, the values were lower than in 
the rhizosphere, and as a rule, in control (T-1), the 
enzyme activity was lower than in the treatments 
with compost. Similarly, Wasilkowski et al. (2019) 
established a positive effect of compost on the en-
zymes dehydrogenases, urease, phosphatases, total 
enzyme activity, and microbial functional capacity 
in heavy metal-contaminated soil. Composts con-
siderably affected soil enzyme activities, such as 
hydrolase, phosphomonoesterase, β-glucosidase, 
and urease, while the AWCD and Shannon index 
didn’t change significantly (Scotti et al., 2016). In 
the treatments with plants, the dehydrogenase activ-
ity increased since the beginning of the study, with 
the most significant increase observed after day 30, 
when the aboveground biomass was forming. The 
presence of the plants significantly affected the ac-
tivity of this enzyme, which was particularly pro-
nounced in control, where the increase in the rhiz-
osphere was 1.5 fold (Fig. 3B). The most significant 
increase in dehydrogenase activity was observed in 
the second, third, and fourth treatments, both in the 
rhizosphere and the non-rhizosphere. In contrast, 
the activity was slightly reduced in the rhizosphere 
in T-5 and T-6. Lacalle and collaborators examined 
only microbial parameters of the rhizosphere in ag-
ricultural soil but in mine soil compared to non-rhiz-
osphere. Highly increased microbial biomass and 
activity (dehydrogenase and urease) were found in 
the rhizosphere of compost-amended contaminat-

Fig. 3. Enzyme activity in non-rhizosphere and rhizosphere soil of spinach expressed as μg g-1 soil h-1. (A) 
dehydrogenase in the non-rhizosphere; (B) dehydrogenase in the rhizosphere; (C) β-glucosidase in the 
non-rhizosphere; (D) β-glucosidase in the rhizosphere. 
The data show the average of three repetitions and the standard deviation.
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There was a strong negative, very well-prov-
en (r = 0.786**; r = 0.878**) and strong, well-prov-
en (r=0.687*) correlation between dehydrogenase 
activity in the soil and Cd, Pb and Zn accumulation 
in plants, respectively. Data showed a strong neg-
ative, very well-proven correlation (r = 0.877**) 
between soil respiration and absorption of Pb in 
spinach plants and a strong negative correlation 
(r=0.762*; r=0.731*) between Cd and Zn. A strong 
negative correlation (r=0.733*) between ß-glucosi-
dase activity in the rhizosphere and Pb accumula-
tion in plant tissue was observed. In addition, the 
accumulation of Pb and Zn correlated negatively 
with the dry weight of spinach plants. On the other 
hand, there was a strong positive, very well-prov-
en correlation (r=0.871**) between ß-glucosidase 
activity and dehydrogenase activity in rhizosphere 
soil, but also between soil respiration and ß-glu-
cosidase (r=0.910**) and dehydrogenase activity 
(r=0.864**). The study data also showed a positive 
correlation between the accumulation of Pb in spin-
ach and the accumulation of Cd and Zn (r=0.771**; 
r=0.917**), respectively, and between Cd and Zn. 
In similar studies, the dehydrogenase activity was 

negatively correlated with Cd and Zn, while a pos-
itive relationship was found of ß-glucosidase with 
Cu and As (Tang et al., 2020; Hu et al., 2014).
Community-level physiological profiling

To reveal the changes produced by the com-
post and different microbial populations added to 
the contaminated soil, a community-level physio-
logical profiling method was applied. The changes 
over time in carbon source utilization are presented 
in Fig. 5. 

The substrate utilization curve throughout the 
120-h experiment was standard, and the increase in 
utilization rate was significantly reduced. Control 
had a lower carbon source utilization capacity than 

Correlation between plant biomass, heavy metal 
accumulation, and soil microbial activities

In the present study, the dry weight of spinach 
plants, ß-glucosidase activity, dehydrogenase ac-
tivity, and basal soil respiration in the rhizosphere 
were affected by the presented soil heavy metals 
(Pb, Cd, and Zn). At the same time, the correlation 
dependencies found were determined as medium to 
strong and statistically proven (Table 4). 

Fig. 4. Basal soil respiration in non-rhizosphere 
and rhizosphere soil, expressed as mg CO2 per kg-1 
h-1 soil. The data show the average of three repetitions and 
the standard deviation.

Table 4. Correlations between the accumulation of heavy metals (Pb, Cd, and Zn), dry weight of spinach 
plants, ß-glucosidase activity, dehydrogenase activity, and soil respiration in rhizosphere soil at different 
experimental treatments
Number 1 2 3 4 5 6 7
1 Cd 1 0.771** 0.687* -0.205 -0.596 -0.786** -0.762*
2 Pb 1 0.917** -0.498* -0.733* -0.878** -0.877**
3 Zn 1 -0.659* -0.513 -0.687* -0.731*
4 dry weight of spinach plants 1 0.057 0.151 0.266
5 ß-glucosidase activity 1 0.871** 0.910**
6 dehydrogenase activity 1 0.864**
7 soil respiration 1

* Sufficient evidence for reliability α=0.05; ** sufficient evidence for reliability α=0.01

Fig. 5. Effect of treatments on carbon substrate uti-
lization of ecoplates (AWCD at 590 nm). 
The results show the means of three replicates ± standard  
deviation.
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Figure 6B shows the distribution of the micro-
bial community’s capacity to utilize the substrate 
groups as a fraction of the total utilization capaci-
ty. It can be seen that the structure of the microbial 
community is changed at T-1 and T-10 compared 
to the other treatments in relation. In the communi-
ties in these treatments, the populations consuming 
phenolic compounds are less represented, but those 
absorbing amines and amides are more strongly ex-
pressed. The last carbon sources are less represent-
ed in the treatments from T-5 to T-9.

The heat map shows clearly the microbial 
community’s capacity to utilize the relevant car-
bon source from the eco-plates (Fig. 8). In this re-
gard, polymers and amino acids are the preferred 
grouping substrates. In polymers, α-cyclodextrin 
predominates, while in amino acids, it is L-aspar-
agine. The poor absorption of amines and amides, 
2-hydroxybenzoic acids, and D,L-α-glycerol phos-
phate is striking. These results are confirmed by the 
abovementioned data.

Table 5 presents the soil microbial communi-
ty’s main indices of metabolic activity. In general, 
the values of the Shannon Diversity Index range 
from 2.49 to 3.29, which can be defined as a sta-
ble and balanced structure of habitat communities. 
However, in the control treatment, there is a notice-
able decrease in this index and the Pielou index. 
Higher Shannon diversity index and substantially 
improved carbon source utilization are reported in 
organically amended soil compared to the control 
soil (Zhang et al., 2020; Li et al., 2016).
Principle component analysis

The Principal Component Analysis revealed 
that two principal components having greater than 
1 eigenvalue contributed 97.089% of the total 
variation. It was found that Principal Component 
1 (PC1) contributed 80.087% and PC2 contributed 
17.002%, respectively. All traits contributed 

the rest of the treatments. Although a clear separa-
tion in source utilization was observed at the start 
of the trial at 24 h, this difference became signifi-
cantly smaller at the end at 96 h and 120 h. Reduced 
utilization in T-1 is clearly seen, while communities 
in all compost treatments showed a significant re-
sponse (Fig. 6A). We got the strongest response in 
T-4 and T-7, and the weakest of the options with 
compost was in T-3 and T-8. 

Figure 6B and Figure 7 show the utilization 
of six groups of organic substrates presented in the 
ecoplates. Polymers and amino acids were the most 
dominant groups within the microbial communi-
ties, with a slight advantage over the polymers. The 
next group in terms of capacity for utilization is 
carbohydrates, followed by carboxylic acids. The 
weakest response was found for phenolic com-
pounds, amines, and amides. The highest capacity 
to utilize polymers was found in T-4 and the low-
est in control (T-1). The rest of the treatments are 
grouped. The amino acids’ strongest absorption 
was again observed in treatments T-4 and T-7, with 
the weakest absorption in control. The highest con-
sumption of amines and amides was found again in 
treatment T-4 and with compost only (T-10). The 
microbial community in the rest of the treatments 
showed much lower utilization capacity. Little dif-
ference was observed between the compost treat-
ments in terms of carbohydrate utilization. The 
highest mean value was found at T-9 but was not 
significant at p=0.05 with T-2, T-5, T-7, and T-10. 
It was lowest in control. In addition, all treatments 
with beneficial populations were grouped concern-
ing carboxylic acid consumption. Lower utilization 
was found in the compost-only treatment and low-
est in the control. The relative uptake of phenolic 
compounds between treatments was similar to that 
of carboxylic acids, but the overall uptake rate was 
23.23% lower.

Fig. 6. Carbon sources utilization: (A) at 120 h (AWCD at 590 nm); (B) distribution by group of substrates 
as a portion of the total capacity. 
The results show the meaning of three replicates ± standard deviation. Different letters indicate statistically significant differenc-
es between treatments according to LSD test (p≤0.05).
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Fig. 7. Utilization of specific groups of carbon sources in the ecoplates at 120 h (AWCD at 590 nm). 
The results show the meaning of three replicates ± standard deviation. Different letters indicate statistically proven differences 
between treatments according to LSD test (p≤0.05). Weight of different groups of carbon-sources utilization patterns in the in-
dividual treatments.

Fig. 8. A heat map based on the utilization of 31 carbon sources of Ecoplates at 120 h. 
The intense green color shows very good utilization, while the intense red color demonstrates a lack of capacity for it.
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and T-4 (a bacterial consortium of P. putida, P. flu-
orescence), presented highest correlation with each 
other because they form an acute angle between 
among themselves.
Conclusions

1. The lowest heavy metal accumulation was 
found in the treatments amended with compost and 
consortium of beneficial bacteria, while higher was 
in control.

2. The incorporation of a consortium of bene-
ficial bacteria resulted in an increase in the biomass 
of spinach plants by over 100% compared to the 
control and compost application alone. 

3. CLPPs were affected by compost and bene-
ficial bacterial populations dominating amino acids 
and polymer-utilizing communities in treatments 
with bacterial consortia. In contrast, treatments 
amended with compost and single-strain popula-
tions were dominated by carbohydrates and carbox-
ylic acids utilizers. Lower consumption was found 
for phenolic compounds, amines, and amides.

4. The use of quality organic amendments 
and beneficial soil bacterial populations is a prom-
ising approach for the phyto-stabilization of soils 
contaminated with heavy metals.
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