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Abstract 
 
Bioremediation is a sustainable form of improving the health of soils in heavy metal contaminated urban areas. For the 
research were selected 5 historically polluted sites from Baia Mare city that were phytoremediated for a period of one 
and a half year. In all sites, microbial functional profile was analysed in Biolog EcoPlates, a method that enables the 
detection of microbial heterotrophic communities and their activity in relation to a set of standardized substrates. After 
a year and a half of bioremediation, the basal activity showed small differences between the microbial functional 
activity in all 5 analyzed sites. Two sites presented the highest sum of functional activities, with more than 30 units 
recorded in each. The minimum sum of activity recorded was below 20 units. The same site recorded the highest 
diversity of the total functional microbiome. The presence of heavy metals is visible in the activation of different 
functional groups from the total microbial community present in these soils. 
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INTRODUCTION 
 
Soil pollution is a global problem that has 
already attracted the attention of researchers 
from various fields, but especially those from 
the agricultural field, because soil is the main 
means of agricultural production, which is both 
source of food for humans and animal feed, and 
its quality directly influences the quality of life 
(Ghazaryan et al., 2024), having a significant 
impact on human health. 
Considering the diversity of soil pollutants, a 
unitary classification using a single criterion 
could not be achieved, and therefore the 
sources of contamination and their effects on 
soil quality, as well as bioremediation methods, 
must be evaluated separately (Borozan et al., 
2021). Most soil pollutants are residues of 
human activities - biological, domestic and 
industrial waste, improperly stored waste or 
manure, which affect the entire soil 
microbiome and its stability (Briffa et al., 2020; 
Singha and Chatterjee, 2022). Currently there is 
a high concern about heavy metal soil 
pollution, due to their high toxicity, resistance 
to biodegradation and their ability to 

accumulate in the long term (Fajardo et al., 
2019). For the remediation of these areas, 
numerous research have been carried out and 
promising ecological remediation technologies 
have been developed, which propose the use of 
plants for the elimination of environmental 
pollutants (Garbisu et al., 2001). 
The current presence of HM into the environ-
ment can be associated with the development 
of mining, metallurgy, industrialization and 
urbanization, which represent multiple 
pathways for their accumulation in soils (Ali et 
al., 2013; Mishra et al., 2023). During the 
industrial period, in Romania (Baia Mare, 
Copșa Mică, Zlatna) as in other parts of the 
world, different levels of soil pollution with 
heavy metals were recorded in multiple 
industrial perimeters (Constantinescu, 2008; 
Haghighizadeh et al., 2024). 
Soil microbial community plays an essential 
role in various fields of human activity, such as 
agriculture, industry, biotechnology, and health 
(Malkawi et al., 2024). All biogeochemical 
cycles that support life on the planet depend on 
the activity of microorganisms (Brusseau, 
2019; Haney et al., 2008). Researchers' interest 
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in soil microbial imbalances is increasing in the 
context of soil degradation caused by heavy 
metals (HM) pollution from anthropogenic 
activities (Campillo-Cora et al., 2025).  
The presence of heavy metals consistently 
affects both bacterial biomass and its activity 
(Liu et al., 2020). The heavy metals not only 
impact soil fertility, but also interfere with 
bacterial communities, leading to a decrease in 
biodiversity (Pan et al., 2020). Microorganisms 
are seen as essential factors in maintaining soil 
fertility (Johns, 2017). Therefore, it is crucial to 
understand how soil microbial diversity and 
composition are influenced by different levels 
of heavy metal contamination (Azarbad et al., 
2015). 
The context of soil protection and the 
conservation of microbial resources within this 
environment is a necessary step toward more 
resilient ecosystems (Iqbal et al., 2023). The 
resilience and recovery potential of ecosystems 
cand be achieved with holistic approaches that 
stimulate both the microbial communities from 
soil and the installation of vegetation (Larson et 
al., 2022; Peddle et al., 2025). 
Phytoremediation is a modern technique that 
uses both the plant and their associated 
microbiome to remove heavy metals from 
polluted environments with the aim of restoring 
it to a similar state as the native one (Azubuike 
et al., 2016; Sarwar et al., 2017; Thijs et al., 
2017). 
The use of EcoPlate procedure for the analysis 
of phytoremediation effect on soil microbiome 
is a viable instrument to detect the metabolic 
changes of microorganisms in relation to the 
removal of heavy metals (Liu et al., 2020). The 
method provides a physiological profile for soil 
microbiome and enable the detection of the 
most active functional groups, based on their 
ability to decompose a standardized set of 
substrates (Stoian et al., 2022; Urbaniak et al., 
2024). 
The aim of this article was to assess the 
kinetics and dynamics of the functional 
microbiome in the soils of 5 sites from Baia 
Mare that were historically polluted with heavy 
metals, after one year and a half of 
phytoremediation. The EcoPlate method was 
used to assess the details of functional 
microbiome profile, the activity and structure 
as a response to phytoremediation. 

MATERIALS AND METHODS 
 
The soil samples were taken in 2022 from 5 
historically polluted from Baia Mare, on which 
a phytoremediation procedure was applied for 
one and a half year prior to sampling (Pop et 
al., 2024; https://uia-initiative.eu/en/uia-
cities/baia-mare). The five sites (CR - Craica, 
CT – Colonia Topitorilor, FR-Ferneziu, 
ROMP-Romplumb and URB-Urb) are located 
inside the city of Baia Mare (47°39′ N 23°34′ 
E), located in the northwestern part of 
Romania. The locations were selected due to 
the varying levels of soil contamination with 
heavy metals and the existence of 
phytoremediation techniques applied. 
For the analysis of soil microbiome traits was 
selected the Biolog EcoPlates technique, due to 
its ability of functional microbiome detection 
and the assessment of their activities in relation 
to a set of standardized substrates (Pop et al., 
2024; Stoian et al., 2022). For these analyses, 
soil samples were diluted to 10-4 prior to the 
incubation in EcoPlates at room temperature. 
Measurements were taken at 590 nm using a 
plate reader, for a period of 5 days. Each 
reading was performed at 24h, until the 
readings reached a plateau phase with no 
further increases in readings observed. 
The results from EcoPlates were analyzed 
according to the methodology proposed by 
Stoian et al., 2022, which separate the values 
form plate wells in 5 functional guilds - 
Carbohydrates (CH), Polymers (P), Carboxylic 
& acetic acids (CX), Amino acids (AA), 
Amines/amides (AM). These functional guilds 
are composed from a different number of 
functional groups based on their chemical 
similarity. The functional groups used in the 
analysis were selected based on their 
significant change between sites: W – Water 
(basal community, as a control for the entire set 
of substrates), CH2 - d-Cellobiose, CH5 - d-
Xylose, CH7 - d-Mannitol, CX3 - d-
Galacturonic acid, CX5 - 4-Hydroxy benzoic 
acid, CX7 - Itaconic acid, AA6 - Glycyl-l-
glutamic acid, AM1 – Phenylethylamine. 
Along with these parameters, the recorded sum 
of all microbial activities (Sum) was used to 
analyze the differences between the 5 sites in 
terms of the total microbial community, while 
Average Well Development Color (AWCD) 
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was used as an average of metabolic activity 
(Xie et al., 2006). Diversity indices Shannon-
Weiner (H) Simpson (S) and Pielou (J) were 
used to assess the specific functional diversity 
of soil microbiome in each site (Lan et al., 
2019). 
The data analysis was performed in RStudio, 
version 2022.02.3 (R Core Team, 2024), using 
the “psych” (Revelle, 2019; Corcoz et al., 
2022a) and “agricolae” (de Mendiburu, 2020; 
Corcoz et al., 2022b) packages. Basic statistics 
were extracted for all the functional groups and 
guilds, from which means, and their standard 
errors were used for the detection of specific 
physiological level. Diversity indices were 
calculated in the “vegan” package (Oksanen et 
al., 2022). Least Significant Differences (LSD) 
test and ANOVA were used to test the entire 
database for the assessment of significant 
differences between the 5 sites. 
 
RESULTS AND DISCUSSIONS 
 
In the current context of the rehabilitation of 
mining regions, environmental legislation and 
actors involved in this field, phytoremediation 
is considered a relatively new, low-cost, 
environmentally friendly and sustainable 

method. This technique can be applied in 
affected mining areas to reduce risks and 
improve the visual impact on the landscape. 
(Coman et al., 2009). 
Certain heavy metals, such as Cu, Zn and Fe, 
are necessary for the normal development of 
microorganisms, but become toxic when 
present in high concentrations. Heavy metals 
have been shown to influence microbial 
populations, having negative effects on cell 
membranes, growth and metabolic activities, 
leading to decreased soil microbial biomass and 
diversity. The tolerance of soil microorganisms 
to heavy metal contamination varies 
considerably, and the proportion of resistant 
culturable microorganisms can fluctuate 
between 10% and nearly 100% (Abdu et al., 
2017; Kamal et al., 2010). 
After a year and a half of bioremediation, the 
basal activity showed small differences 
between the microbial functional activity in all 
5 analyzed sites (Table 1). Two sites presented 
the highest sum of functional activities, with 
more than 30 units recorded in each. The 
minimum sum of activity was observed in the 
Ferneziu site, where this parameter was below 
20 units. The same site recorded the highest 
diversity of the total functional microbiome. 

Table 1. Dimension and diversity of site-specific functional microbiome after bioremediation 

Sites Water Sum AWCD H S J 
CR 0.07±0.01a 25.39±4.15ab 0.75±0.13ab 2.82±0.11bc 0.93±0.01ab 0.82±0.03bc 
CT 0.05±0.03a 29.11±1.24ab 0.89±0.03ab 2.99±0.05ab 0.94±0.00a 0.88±0.01ab 
FR 0.07±0.01a 19.18±2.71b 0.55±0.09b 2.72±0.05c 0.91±0.01b 0.79±0.02c 

ROMP 0.08±0.00a 34.87±2.19a 1.05±0.07a 3.06±0.01a 0.95±0.00a 89±0.00a 
URB 0.06±0.01a 31.77±5.98a 0.96±0.19a 2.98±0.10ab 0.94±0.01a 0.87±0.03ab 
F test 0.65 2.76 2.87 3.44 4.04 3.77 
p.val 0.640 0.088 0.081 0.052 0.033 0.040 

Note: means ± s.e. followed by different letters present significant differences according to LSD (p<0.05). Legend: sites: Craica (CR), Colonia 
Topitorilor (CT), Ferneziu (FR), Urbis (URB), Romplumb (ROMP). Diversity indices: H – Shannon, S – Simpson, J – Pielou. 
 
In the water group (basal community), the 
highest level of microbial activity was observed 
in the ROMP site with a value of 0.08, and the 
lowest level in the same group was recorded 
with a value of 0.05 in CT (Table 1). Compared 
to these values, CR, FR and URB sites do not 
show significant differences. 
The sum of microbial activities shows 
significant differences between analysed sites. 
The lowest functional activity was recorded in 
FR site, with less than 20 absorbance units 
Compared to this value, CT, ROMP and URB 

sites showed an activity with 55-65% higher. 
CR site present an average activity, with 6 units 
higher than FR and almost 10 units compared 
to ROMP. A significant difference was 
identified in ROMP site which showed a 
microbial activity with 8.9 units higher than 
FR. After comparing the results from the CR, 
CT and URB sites, there are no insignificant 
differences. Following the analyzed values of 
the AWCD variable, significant differences 
between the sites were recorded. The highest 
average activity was identified in ROMP, 
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followed by URB. On the other hand, the 
lowest value was identified in FR, which 
presents significant differences from the 
maximum value, but also from the CR and CT 
sites. An increase in microbial activity was 
observed by comparing the values of the sites 
analyzed. In the ROMP site, which has the 
highest activity, and FR, which registers the 
lowest analyzed value. There are no significant 
differences between CT and URB locations. 
CR shows 1-unit lower activity than ROMP. 
The elimination of heavy metals from the 
environment represents a major challenge 
because their decomposition, as in the case of 
other pollutants, cannot be achieved by 
biological or chemical methods (Sharma et al., 
2023). 
The highest diversity (H index) value was 
recorded in ROMP. Compared to this value, 
CT and URB locations do not show significant 
differences (Table 1). The site with the lowest 
value recorded in FR shows a significant 
difference compared to ROMP. Insignificant 
difference of the activities shows the results in 
CR, compared to CT and URB. 
Heavy metals are known for their ability to 
reduce or inhibit soil enzymatic activity, 
disrupt carbon, nitrogen, and organic matter 
transformation processes, and decrease both 
biodiversity and soil microbial biomass (Giller 
et al., 2009). As a result, this may favor the 
emergence of certain microorganisms resistant 
to heavy metals in the soil (Giller et al., 2009). 
Soils polluted with heavy metals restrict plant 
growth due to their toxicity. In addition, heavy 
metal toxicity influences the size of microbial 
populations, their diversity, activity and genetic 
structure (Ayangbenro & Babalola, 2017). 

In the analyzed group of polymers, a significant 
difference is registered in the ROMP site, 
which presented an activity 1 unit higher than 
FR, with the lowest value (Table 2). Compared 
to ROMP, URB does not show significant 
differences. Similarly, the values in CR and CT 
show no significant differences. 
In terms of CH guild activity, a significant 
difference is observed between ROMP site, 
which presents the highest analyzed value, with 
50% compared to FR, which has the lowest 
activity level and respectively 4 units compared 
to the CR site. The CT and URB sites are 
significantly different from each other by 1 
unit. 
The highest recorded value for CX is presented 
in the ROMP site, and the lowest activity in FR 
There is a significant difference between the 
two locations of 60%. After comparing the 
results between CT and URB, we notice that 
there are no significant differences, but it 
shows a difference of 1 unit higher than CR. 
Between the sites analyzed for AA guild, the 
highest microbial activity was recorded in 
URB, with a value of 7.81, and the lowest 
value of 3.82 in FR. There was a significant 
difference between the two locations. The CR 
site shows a difference of 2 units from the FR. 
CT and ROMP values show no significant 
differences. 
In the analyzed group AM, significant 
difference of 1 unit exists between the 
maximum value of 1.71 in URB and the 
minimum value of 0.96 in CT.  Compared to 
the maximum value analyzed, the CR, FR and 
ROMP sites do not show significant 
differences.  

 

Table 2. Site-specific effect of bioremediation on functional guilds activities 

Sites P CH CX AA AM 
CR 3.78±1.05a 6.37±0.23bc 8.73±1.99ab 5.21±1.45ab 1.31±0.29a 
CT 3.40±0.20a 8.92±0.37ab 9.30±1.54ab 6.54±0.70a 0.96±0.58a 
FR 3.32±0.87a 5.09±0.71c 5.40±1.31b 3.82±0.85b 1.55±0.60a 

ROMP 4.35±0.65a 10.07±0.98a 11.86±1.68a 6.90±0.08a 1.68±0.16a 
URB 4.01±1.07a 9.06±1.31a 9.17±2.61ab 7.81±0.38a 1.71±0.80a 
F test 0.27 6.46 1.5 3.54 0.34 
p.val 0.893 0.008 0.273 0.048 0.846 

Note: means ± s.e. followed by different letters present significant differences according to LSD (p<0.05). Legend: sites: Craica (CR), Colonia 
Topitorilor (CT), Ferneziu (FR), Urbis (URB), Romplumb (ROMP). 
 
For CH2 functional group the highest activity 
was recorded in the CT site, with a value of 

1.56, and the lowest activity in CR, presenting 
a significant difference (Table 3.). The results 
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between FR and CR show no significant 
differences. There was also no significant 
difference in activity between ROMP and URB 
sites. In the CH5 functional group, there was a 
significant difference between the CT site with 
the highest value of 0.98 and the CR site with 
the lowest value of 0.07. FR and URB sites 
show no significant differences between them. 
ROMP showed a 0.91 increase in activity over 
CR. 
After analyzing the CH7 group, the ROMP site 
shows an activity 2 units higher than FR 
resulting in significant differences between 
them. URB with the value of 2.17, does not 
show significant differences compared to 
ROMP.  CR and CT sites show higher activity 
than FR. 
The highest functional activity of CX3 was 
recorded in ROMP with a value of 2.25 and the 
lowest activity was recorded in FR with a value 
of 0.15 (Table 3). The URB and CR sites do 
not show significant differences between them. 

Functional activity in the CT site was 1 unit 
higher than in FR. A significant difference of 1 
unit was observed between ROMP and FR sites 
for CX5 group. CR and URB sites show no 
significant differences. Compared to these 
values, a decrease in microbial activity was 
observed in CT. 
The analysis of CX7 functional group values 
shows significant differences. The highest 
value was recorded in ROMP with more than 
91% compared to CT, which has the lowest 
activity. FR and URB sites show no significant 
differences between them. Compared to these 
values, a decrease in CR activity was observed. 
The highest activity of AA6 functional 
microbiome was recorded in the URB site with 
a value of 0.81, and the lowest activity was 
recorded in the CR site with a value of 0.14. 
Compared to these values, CR shows 64% 
lower activity than CT. There are no significant 
differences between the values of the FR and 
ROMP sites. 

 
Table 3. Differences between the most significant activities of functional groups after bioremediation 

Sites CH2 CH5 CH7 CX3 CX5 CX7 AA6 
CR 0.82±0.11b 0.07±0.01b 1.13±0.62ab 1.45±0.70ab 1.72±0.24a 1.18±0.56ab 0.14±0.07b 
CT 1.56±0.09a 0.98±0.14a 1.47±0.45ab 1.99±0.06a 1.02±0.56ab 0.07±0.00b 0.78±0.07a 
FR 0.83±0.06b 0.43±0.15ab 0.65±0.58b 0.15±0.08b 0.23±0.17b 1.85±0.14a 0.26±0.16ab 

ROMP 1.05±0.08b 0.96±0.41a 2.21±0.13a 2.25±0.05a 1.73±0.22a 1.92±0.18a 0.20±0.05b 
URB 1.02±0.13b 0.31±0.24ab 2.17±0.06a 1.52±0.72ab 1.60±0.51a 1.38±0.63a 0.81±0.34a 
F test 9.78 3.07 2.38 3.2 2.96 3.69 3.44 
p.val 0.002 0.068 0.121 0.062 0.075 0.043 0.051 

Note: means ± s.e. followed by different letters present significant differences according to LSD (p<0.05). Legend: sites: Craica (CR), Colonia 
Topitorilor (CT), Ferneziu (FR), Urbis (URB), Romplumb (ROMP). 

 
CONCLUSIONS 
 
The presence of heavy metals was visible in the 
activation of different functional groups from 
the total microbial community present in these 
soils. The basal community showed reduced 
activities within all analysed sites but 
performed well in specific functional groups 
and guilds. 
The maximum sum of activities was recorded 
in Romplumb and Urbis sites, with more than 
31 absorbance units each. 
Carbohydrates and Carboxylic & acetic acids 
functional guilds showed the highest metabolic 
activities in Colonia Topitorilor, Romplumb 
and Urbis sites. 
Amino acids guild showed the lowest activity 
in Ferneziu site, while Amines/amides guild 

had an activity bellow 1 unit in Colonia 
Topitorilor site. 
The most significant activities of functional 
groups were recorded in Romplumb site (CH7 
and CX3). 
Ferneziu site presented the lowest activities for 
CH2, CH5, CH7, CX3 and CX5 compared to 
the other 4 sites analysed. 
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