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Abstract

The aim of the study was to evaluate the long-term impact of heavy metals
on soil bacterial metabolism by assessing their capacity to utilize a set of car-
bon sources. The study area is in the vicinity of the Pb/Zn smelter KCM 2000,
South-Central Bulgaria, with considerable Pb, Zn, Cd, Cu, and As pollution.
The Biolog Ecoplate approach was used to evaluate the bacterial metabolic ac-
tivity, expressed by the average well colour development; the bacterial metabolic
fingerprints expressed by community-level physiological profiling, and Shannon
bacterial functional diversity. The results revealed reduced metabolic activity
recorded for bacterial communities inhabiting the heavily polluted soils. The
most preferred carbon groups utilized by the bacterial communities were the
polymers, followed by carbohydrates and amino acids. Local variability of soil
properties, such as inorganic ions, total organic carbon, pH, soil moisture, and
soil texture, could modify the effects of heavy metals. This study highlighted
that Biolog Ecoplate™ is a suitable approach for assessing bacterial functional
shifts in relation to long-term soil pollution stress.
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Introduction. Soil microbial communities play a crucial role in almost all
biogeochemical processes in terrestrial ecosystems, including organic matter de-
composition, nutrient cycling, and plant productivity [1]. Smelting activities pose
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serious environmental challenges due to the accumulation of heavy metals (HMs)
in surrounding soils, leading to local pollution and serious ecological risk for soil
inhabitants [2].

Numerous studies have shown that HM pollution significantly impacts the
diversity, structure, and function of microbial communities [3-5]. Nevertheless,
some studies have reported that HM pollution exerts only a limited influence on
microbial community structure, suggesting that abiotic factors may also play a
significant role in shaping microbial activity [6]. Most of the recent studies fo-
cus on the taxonomic and predictive functional profiling of microbial communities
based on metagenomic data obtained through high-throughput sequencing (Next-
Generation Sequencing — NGS) technologies |7]. Despite this, NGS platforms still
have limitations in providing insights into the metabolic potential of microbial
communities, which is critical for describing their practical significance for the
implementation of ecological processes in the ecosystem [5]. To overcome these
limitations, a community-level physiological profiling (CLPP) approach using Bi-
olog Ecoplate™ test was used. This test provides a rapid assessment of bacterial
metabolic capacity by measuring the utilization of diverse carbon sources [5,8,9].
The method helps to evaluate the ecological status of soils affected by HM pollu-
tion.

This study aims to evaluate the long-term impact of HMs on soil bacterial
metabolism by assessing their capacity to utilize a set of carbon sources.

The study area is in the vicinity of the Pb/Zn smelter KCM 2000, situated
in the Plovdiv region of South-Central Bulgaria. Its long-term smelting activity
significantly affected the local environment, resulting in considerable soil pollution
with Pb, Zn, Cd, Cu, and As.

Materials and methods. Soil sampling. Five sampling sites with increas-
ing distance from the source of pollution were selected: KCM 1 — 0.5 km south of
the smelter (42°03'31.68"N, 24°49'19.2"E); KCM _ 2 — 2 km south of the smelter
(42°03'5.76"N, 24°49'19.6"E); KCM_ 3 — 3 km south of the smelter (42°02'6"N,
24°49'19.2"E); KCM_4 — 1 km southeast of the smelter (42°03'31.68"N,
24°49'45.12"E); KCM_5 — 1 km northeast of the smelter (42°04'23.52"N,
24°49'45.12"E). At each site, three soil samples were collected from two depths:
surface (0-20 cm) and sub-surface (2040 cm), and then combined into aliquots to
create representative samples for each site and depth. The representative samples
were analyzed for HM concentrations and bacterial metabolic activities.

Soil physicochemical properties and heavy metal /metalloid concen-
trations. The concentrations of Zn, Pb, Cd, Cu, As, and the soil physiochemical
properties were measured according to [10].

Catabolic profiles of the bacterial community. The Biolog Ecoplates™
system (Biolog Inc., Hayward, CA, USA), containing 31 different carbon sources
(CSs) in three replicates, was used to evaluate community-level physiological pro-
files (CLPPs) under HM stress. The wells of the microplates were inoculated

C. R. Acad. Bulg. Sci., 79, No 1, 2026 29



with 120 pL of bacterial cell suspensions (1 g soil in 50 ml sterile 0.9% NaCl,
suspended for 30 min at 220 rpm, followed by filtration through 8.0 pm and 3.0
pm pore size membranes) and incubated at 25 °C in the dark, as described in [11].
Substrate utilization was monitored by measuring absorbance at 590 nm over 5
days using a Microplate Reader LKB 5060-006. Biolog CSs were grouped into five
chemical groups (CGs) based on their chemical moieties: carbohydrates (CH),
polymers (POL), carboxylic acids (CA), amino acids (AA), and amines/amides
(AM) [11]. The Biolog-derived data were used to evaluate: (1) bacterial metabolic
activity, expressed by the average well colour development (AWCD); (2) bacte-
rial metabolic profiling expressed by CLPP, and (3) bacterial functional diversity
(Shannon, H’).

Data analysis. The microbial data presented in this paper are expressed
as means £ standard deviation (SD). To assess differences in bacterial metabolic
activity between sites, an ANOVA was conducted, followed by post-hoc Tukey’s
tests. Canonical correspondence analysis (CCA), was performed to evaluate the
similarity among soil bacterial communities and estimate the relationships be-
tween bacterial metabolic profiles and soil properties. Data processing and visu-
alization were performed using the software PAST 4.13 at p < 0.05.

Results and discussion. Soil physicochemical properties and heavy
metal/metalloid concentrations. The concentrations of HMs exceeded several
times the soil maximum permissible concentrations specified by Bulgarian Regula-
tion 3/2008 (https://www.moew.government.bg/bg/pochvi/zakonodatelstvo/
nacionalno-zakonodatelstvo/) (Table 1). According to our previous results, the
levels of soil pollution were classified as: heavy (KCM 1, KCM 2 and KCM_4),
moderate (KCM _5), and slight (KCM _3) [10].

The soil texture was categorized as sandy loam. The soil pH varied from
slightly acidic (pH 6.7) to neutral (pH 7.2). The soil moisture (SM) differed
between the soils: from 6.7% (KCM_3.2) to 22.7% (KCM _5.1). The total or-
ganic carbon (TOC) varied from 7.04 g/kg (KCM _5.1) to 16.07 g/kg (KCM _4.2).
The inorganic ammonium (NHy4-N), and nitrate (NO3-N) nitrogen, and phosphate
(POy4) ranged from 2.22 mg/g (KCM _5.1) to 6.84 mg/g (KCM 1.2), from 3.01
mg/g (KCM_3.1) to 43.38 mg/g (KCM_1.1), and from 4.18 mg/g (KCM _3.2)
t0 29.8 mg/g (KCM _5.1), respectively.

Community level metabolic activity (AWCD). The average metabolic
activity (AWCD) served as an indicator of the capacity of soil bacterial commu-
nities to utilize a set of 31 different carbon sources. AWCD values varied across
the sampling sites, and the metabolic activities are presented in Fig. 1. The
metabolic capacity of soil bacterial communities ranged from 0.178 £ 0.042 OD
(KCM_5.1) to 0.615 = 0.081 OD (KCM_ 3.2).

Bacterial communities from KCM 1.1 (0.186 £+ 0.017 OD), KCM 1.2 (0.182
+0.067 OD), and KCM 5.1 (0.178 + 0.042 OD) exhibited low metabolic capacity.
A higher metabolic potential was recorded for bacterial communities inhabiting
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Table 1

Soil concentrations of heavy metals/metalloid in the area of
KCM 2000

Concentration of heavy metals (mg/kg)
Zn Pb Cd Cu As
KCM 1.1 9452 11569 | 184.9 | 891.4 | 191
KCM_2.1 | 1558.2 | 1370.1 15.7 138.9 13.4
KCM 3.1 216.2 135.6 3.9 53.7 9.6
KCM_ 4.1 6872 5723 86.2 570.3 80
KCM_5.1 740 335 9.3 98.2 15.5
KCM 1.2 | 3457.1 3744 61.8 331.1 | 60.6
KCM_ 2.2 | 1711.9 | 1480.3 38.6 155.1 5

Soils

KCM_ 3.2 250 130 3.6 60 9
KCM_ 4.2 | 4843.1 3424 55.7 | 341.5 | 63.5
KCM_5.2 810 330 9 88.2 12.7
MPC* 320 100 2 150 25
MPC* - maximum permissible concentrations of HMs

(mg/kg) according to Regulation 3/2008 in permanent grass-
land soils at < 6.00 pH; Heavy metal concentrations that
exceeded Bulgarian MPC are given in bold.
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Fig. 1. Capacity (AWCD) to utilize Biolog carbon sources of bacterial communities

from surface (KCM_1.1 — KCM_5.1) and subsurface (KCM_1.2 — KCM_5.2) soil

layers in the area of KCM 2000. Different lowercase letters indicate a statistically
significant difference (p < 0.05) between AWCDs

the slightly polluted soil of KCM 3.2 (0.615 + 0.081 OD), as well as that of
KCM 2.1 (0.589 £ 0.125 OD) and KCM 4.2 (0.508 £ 0.022 OD), both of which
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had higher levels of TOC (14.07 g/kg and 16.7 g/kg, respectively). The reduced
metabolic activity in heavily polluted soils can be attributed to decreased abun-
dances of heterotrophic bacteria, altered primarily by the high HM concentrations
or/and relatively unfavourable local environmental conditions, reported also as a
main factor in [5]. These findings align with previous studies [4, 11, 12|, which
also reported a decline in bacterial capacity to catabolize carbon sources under
metal stress.

Metabolic profiling of bacterial community (CLPP). Soil bacteria ex-
hibit distinct preferences and varying capacities for utilizing Biolog CSs. Because
Biolog substrates differ in their chemical structure, they are classified into five
groups (CGs) based on their chemical composition, and the capacity of soil bac-
teria to utilize each of these CGs was evaluated. The contribution of each CG
utilization rate to the total bacterial activity was shown in Fig. 2.
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Fig. 2. Capacity of soil bacterial communities to utilize different carbon groups (CG),
expressed as a percentage of total metabolic activity (AA — amino acids, CA — car-
boxylic acids, CH — carbohydrates, POL — polymers, AM — amines)

The results demonstrated relatively uniform metabolism of the different CGs
across all soils. The utilization of CH accounted for 17 + 1.6% of total bacte-
rial activity, POL for 27.6 + 4%, CA for 18.5 + 2.7%, AA for 21.3 + 1.9%, and
AM for 14.9 + 4.8%. The metabolic profiles of CG utilization showed that POL
were most preferred by the bacterial communities, followed by CH and AA (Fig.
2). This preference aligns with bacterial adaptive strategies, which tend to ex-
ploit the most abundant carbon sources in their environment, typically polymers,
whose breakdown provides substantial energy [8]. Additionally, it is plausible
that HM pollution increases the cellular energy demand needed for maintaining
detoxification pathways, thereby promoting the preferential degradation of CHs,
which yield the highest energy per utilizable molecule. AA, in turn, serves as a
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source of both carbon and nitrogen. Recent findings [13] also indicate that micro-
bial communities under stress prefer to utilize AA. Similar patterns of increased
utilization of POL, CH, and AA in HM-polluted soils have been documented by
other researchers [9,11].

The CLPPs data were used to assess the functional diversity of bacterial
communities from both soil layers. The Shannon index ranged from 3.40 + 0.17
in KCM_ 2.1 to 3.54 £ 0.12 in KCM 1.1 in the surface layer, and from 3.40 +
0.12 in KCM_ 3.2 to 3.46 4+ 0.36 in KCM_ 5.2 in the subsurface layer. Although
the observed variation was minimal and statistically insignificant (p > 0.05), the
consistently high values indicate substantial functional diversity across sites and
soil layers. These findings suggest that broad-spectrum metabolic activity remains
well preserved despite elevated HM pollution. Such resilience is consistent with
the prolonged exposure of these soils to pollutants and reflects the capacity of
microbial communities to adapt to persistent environmental stress.

Relationship between bacterial metabolic profiles and soil proper-
ties. To determine which abiotic factors have modulatory effects on metabolic
bacterial profiles, a canonical correspondence analysis (CCA) was performed

(Fig. 3).
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Fig. 3. Canonical correspondence analysis (CCA) of bacterial metabolic profiles (CLPPs) and
soil properties of (A) surface- and (B) subsurface layers in the area of KCM 2000

The first two canonical axes were used for ordination, which contain the max-
imum expressed variation of 71.46% (Fig. 3A) and 78.46% (Fig. 3B). According to
the CCA results, HM concentrations have a low influence on bacterial metabolic
profiling, except for their negative effects on bacteria from subsurface soil at
KCM _3.2. The results show that soil properties, such as inorganic ions, TOC,
pH, SM, and soil texture, had a much stronger influence on bacterial metabolic
profiles than HMs. The influence of soil properties on bacterial functions differed
between soil depths. For example, pH and nutrient levels played a major role in
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shaping the bacterial profiles in KCM 2.1, whereas these factors were less signif-
icant in KCM _2.2. Similarly, sand content strongly affected bacterial metabolic
patterns in KCM 4.1, while TOC was a more dominant factor in KCM 4.2.

The relatively weak influence of HMs on bacterial metabolic profiles may
result from long-term microbial adaptation to HM pollution, since our results in-
dicated the presence of HM-tolerant and HM-resistant bacterial phyla/classes in
smelter-polluted soils [14]. Microbial adaptation to prolonged HM exposure is
commonly driven by mechanisms such as enhanced metal efflux [15], intracellu-
lar sequestration [16], and the activation of general stress-response pathways [17].
Functional redundancy within the soil microbiome further stabilizes ecosystem
processes, as multiple taxa can perform overlapping metabolic functions, allowing
tolerant species to compensate when sensitive groups decline [18]. Additionally,
the buffering effects of soil properties might modify HM toxicity [19]. These com-
bined mechanisms likely promote the persistence of bacterial groups with broad
metabolic versatility and ecological plasticity, helping maintain functional stability
despite HM pollution and explaining the absence of a clear relationship between
HM levels and bacterial metabolic activity.

In conclusion, this study demonstrates that HM pollution induces measurable
functional shifts within bacterial communities, with the strongest effects observed
in soils characterized by adverse physicochemical conditions. The findings indicate
that local environmental factors can modulate the expression of HM toxicity, either
amplifying or buffering its impact on microbial metabolic processes. Moreover,
the persistence of functional activity under long-term HM exposure highlights the
adaptive capacity of soil microbiota, although this resilience may depend on spe-
cific soil attributes. From an applied perspective, maintaining a near-neutral pH
and enhancing inputs of dead organic matter appear to be effective strategies for
mitigating the functional impairment of microbial communities in polluted soils.
Such measures may help sustain essential soil processes and support ecosystem
stability in environments subjected to chronic metal pollution. Despite the lim-
itations of the Biolog test as a culture-dependent method, combining its results
with metabolic pathway predictions derived from metagenomic data may provide
a more complete and robust evaluation of the metabolic potential of the micro-
biome in HM-polluted soils in future studies.
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