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Abstract: The ingestion of vegetables grown in soils or in cultivation substrate contaminated with
heavy metals (HMs) and irrigated with wastewater is a potential problem for human health and
food quality. The increasing disappearance of fertile soils has led to an increase in the practice of
soil-less cultivation and the use of growing substrates, but the choice of the right substrate and its
sustainable management is essential to ensure the production of quality and safe vegetables for all
while minimizing the impact on the environment and human health. The present study measures
the combined effects of different HMs (V, Ni, Cd, Pb, Cu, Cr) on microbial biomass, respiration,
and enzyme activities (EAs) in an artificially contaminated commercial growing substrate. The
concentrations of HMs were estimated by Atomic Absorption Spectroscopy; enzyme activities via
spectrophotometric assays; respiration via CO, evolution; and microbial biomass C via the fumigation
extraction method. The results showed a reduction in both respiration and all enzyme activities.
The reduction in EAs highlighted a notable influence on microorganism-mediated C, N, S, and P
cycles, strongly reducing substrate health. Microbial biomass did not show significant differences,
but the increase in the metabolic quotient highlighted how the toxicity of HMs reduces the energy
use efficiency of microbial metabolic processes.

Keywords: artificially contaminated substrate; artificially contaminated water; heavy metals; microbial
biomass; CO; evolution; enzyme activities

1. Introduction

Sustainable nutrition for a constantly growing population and changes in consump-
tion patterns are currently major global challenges. Agriculture is currently facing several
significant environmental issues. One serious problem is soil erosion, which is mostly
brought on by unsustainable farming methods. One outcome of this issue is the loss of pro-
ductive land. The current agricultural revolution has applied innovative techniques, such
as soil-less agriculture, irrigation with wastewater, and the intensive use of phytosanitary
products such as fungicides, insecticides, and herbicides. Unfortunately, these methods
pose a significant risk of contamination to soils, growing substrates, and both the surface
and underground water used for irrigation [1-3]. Many of the phytosanitary products
used in agriculture contain certain amounts of heavy metals (e.g., Cd and Pb) in their
formulation, but although once applied they do not cause contamination in soils/substrates
and plants, their prolonged use over time can cause contamination [4]. Similarly, prolonged
irrigation with wastewater can also cause long-term contamination, as the treated water
still retains some amount of heavy metals [5]. Through the food chain, air, and water, heavy
metals in fields, soils, or agriculturally grown substrates can progressively reach humans.
They also have an impact on plant growth and soil microflora [6-8]. Soil pollution is the
third most significant issue for the proper development of soil functions in Europe and
Eurasia [9].
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Soil contamination by heavy metals can affect biodiversity by altering the structural
balance of the microbial community present in the ecosystem and the composition of the
different populations that make up this community [10]. Soil essentially acts as a collector
or filter, where pollutants rapidly accumulate but are slowly removed. Metals are subject
to a series of reactions that modify their bioavailability and, in turn, influence and modify
the activity of microorganisms [11]. Certain metals are essential to microorganisms’ vital
processes, acting as micronutrients, biochemical reaction catalysts, protein and bacterial
cell wall stabilizers, and osmotic regulators. On the other hand, many metals, including
cadmium, lead, mercury, and vanadium, are of no nutritive value and are potentially toxic
even at low concentrations. Through covalent and ionic bonds, the toxicity of heavy metals
results from their interactions with key cellular components. Accordingly, heavy metals in
soil can pose potential environmental hazards [12].

Soil microbes show a certain ability to adapt to heavy metals [13-15]. For example,
some studies indicate that heavy metals in soil may adversely affect biological processes,
including soil enzymatic activities [16], microbial abundance [17], microbial activities [12],
and the microbial community structure [18]. Previous studies have shown that soil enzymes
facilitate chemical transformations and metabolic processes, such as nutrient cycling [19].
Soil enzymes are sensitive to heavy metal contamination and are a standard parameter for
assessing soil quality in the presence of such contaminants [16]. For example, the inhibition
of urease and phosphatase activities by heavy metals has been observed [16]. Further-
more, heavy metals significantly affect microbial community diversity and richness [16,18],
altering soil microbial activities such as basal soil respiration and enzyme activity [16,20].

Different combinations of metals are often found at contaminated sites [21], but a full
investigation of the long-term effects on soil microbial activity is lacking. It is essential to
characterize the impact of mixed contaminants on soil microorganisms, understand their
hazardous environmental effects, and develop appropriate bioremediation approaches.

Climate-change-related phenomena are a major challenge for agriculture today. They
cause soil erosion, reduce agricultural production, and increase the pressure on water
resources. Many European countries use greenhouses and nurseries for the soil-less pro-
duction of fruit, vegetables, and cut flowers to meet current environmental problems and
the growing demand for food. One of the most popular soil-less methods is the use of
growing substrates. Several factors have contributed to their widespread adoption. Firstly,
they allow for higher crop yields and enhanced production system management. On the
contrary, in some regions of the world, such as southern Europe, where farmland has been
lost, the use of alternative farming techniques is imperative to meet the population’s food
needs, increase irrigation and fertigation efficiency, and control the use of pesticides [22].

The choice of the right growing substrate and its sustainable management are essential
to ensure the production of quality and safe vegetables while minimizing the impact on
the environment and human health. However, this system can also be harmful to the
environment; the disposal of used growing substrates and the loss of excess nutrient
solution that leaks from the growing mats are harmful. Heavy metals can affect the
properties of the substrate and can also be transferred to different organs of the plant. The
compositions of commercial growing substrates used in agriculture might vary. The most
used materials can be divided into three groups: mineral (vermiculite, perlite); organic
(blonde and black peat, tree bark, composted or not, other vegetable fibers, etc.); or synthetic
(phenolic foams), giving them certain characteristics and properties. Depending on the
origin of the materials, growing substrates can present low, adequate, or high amounts of
heavy metals (HMs), which are required to be known for effective fertilizer application and
quality control [23].

This work aimed to study the combined effects of different HMs (chromium (Cr),
copper (Cu), nickel (Ni), vanadium (V), lead (Pb), and cadmium (Cd)) on microbial biomass,
respiration, and enzymatic activities in a substrate artificially contaminated by a mixed
heavy metal solution prepared in the laboratory. This work is part of a larger study, the
main objective of which is to evaluate the degree of accumulation of heavy metals in various
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organs of tomato plants (Solanum lycopersicum), as well as the absorption of these metals
and their translocation from the artificially contaminated substrate (data presented). To this
end, a field study was carried out on tomato plants grown on a control growing substrate
and on a substrate contaminated with heavy metals.

2. Materials and Methods

The facilities of the Isotopic Research Centre for Cultural and Environmental Heritage
(CIRCE) of the University of Campania “Luigi Vanvitelli” (Caserta, Italy) were used for the
experimental part of the present study.

In the study, a commercial substrate was used to grow tomato seedlings and ground-
water for irrigation. The selected substrate composition was a mixture of coconut fiber,
black and white peat, composted plant material, organic matter, and perlite, with 0.05 g root
activator per liter of the substrate and 1 g fertilizer N-P-K 15-15-15 per liter of the substrate.
Heavy metals were below the limits allowed for class A materials. Information on the
substrate, composition, and physical-chemical properties are provided by the manufacturer.
The main chemical-physical properties of the substrate are listed in Table 1.

Table 1. Chemical-physical properties of the commercial substrate before adding the contaminants.

Parameter

Nutrient content

Nitrogen 1%
Phosphorus 0.4%
Potassium 0.75%
pH 7.30
Electrical conductivity 75 mS/m
Laboratory compacted
bulk density 0357 kg/L
Dry matter 38%
Organic matter on dry matter % 67%

The commercial growing substrate and irrigation water to be used in the experiment
were analyzed for the presence of heavy metals (V, Ni, Cd, Pb, Cu, Cr) and their initial
concentrations (substrate SO, irrigation water IW0) before the addition of homogeneously
known amounts of solutions containing the heavy metals of interest to exceed the limits
set by Italian Decree 115 Lgs.D. 75/2010 (Reorganization and revision of the regulations
on fertilizers) for Cd, Ni, Pb, and Cu, and Lgs.D. 152/06 (Environmental regulations for
Cr and V) and irrigated with contaminated water (according to Italian Legislative Decree
30/2009—Implementation of Directive 119 2006/118/EC on the protection of groundwater
against pollution and deterioration) (Table 2).

Table 2. Limit values for substrate according to Lgs.D. 75/2010—Reorganization and revision of
the regulations on fertilizers for Cd, Ni, Pb, and Cu (column A), Lgs.D. 152/06—Environmental
regulations for Cr and V (column A) and Lgs.D. 30/09 (column B) for groundwater.

Trace Metal A mg/kg B pg/L
Cd 15 5

Cr 150 50

Ni 120 20

Pb 100 10

Cu 120 1000
A% 90 50

One hundred and fifty kilograms of air-dried commercial growing substrate was
weighed and loaded. The substrate was artificially contaminated by adding a solution
containing heavy metals (Pb, Cd, Cu, Cr, Ni, and V) and mixed thoroughly in a concrete
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mixer (EBERTH 180 L, 650 W, 32 rpm) for a uniform distribution of the heavy metal solution.
Pb (500 mg kg’1 substrate) was added as Pb (NOs3),, Cd (15 mg kg’1 substrate) was added
as Cd (NO3); - 4 HyO, Cu (500 mg kg~ ! substrate) was added as Cu (NO3), - H,O, Cr
(400 mg kg’1 substrate) was added as Cr NOj3); - 9H,0O, Ni (500 mg kg’1 substrate) was
added as Ni (NO3); - 6 H,O, and V (50 mg kg*1 substrate) was added as VOSO, - H,O. The
water was artificially contaminated by adding Pb (12 pg L) as Pb (NOj3),, Cd (6 pg L)
as Cd (NOs), 4 HyO, Cu (12 mg L~ 1) as Cu (NO3), -H,0, as Cr (40 ug L~ 1) as Cr NO3), -
9H,0, Ni (20 pg L) as Ni (NO3), - 6 HyO, and V (50 pug L) as VOSOy - H,O.

The substrate was stabilized for 30 days at a temperature of 24 °C and a humidity of
70% after homogenization.

A second analysis was carried out to determine the concentration of heavy metals in
our substrate after stabilization (S1) and in the contaminated irrigation water (IW1) before
planting the tomato seedlings in pots (Table 3).

Table 3. Heavy metals tested in the initial (50) and contaminated substrate (S1) (ug/g d.w. = S.D.)
and the initial (IW0) and contaminated irrigation water (IW1) (ug/L &+ S.D.).

SO S1 IWo0 IwW1
A% 22.3 +1.33 123 +7.38 10 £ 0.6 60 + 3.6
Ni 21.3 £1.27 382 +229 57 £0.34 25+15
Cd 0.49 £ 0.03 212 +£1.27 0.35 £ 0.021 6 +0.36
Pb 8.31 £0.49 151 £ 9.06 0.49 £+ 0.029 12 £0.72
Cu 76 £ 4.56 384 + 23. 10 £ 0.6 1100 £ 66
Cr 41 £2.46 253 £15.2 22 +£1.32 60 + 3.6

2.1. Experimental Design and Substrate Processing

The experimental design was carried out outdoors as shown in Figure 1. Twenty pots of
250 cm and h60 cm were used and divided into 4 groups of 5 pots each. The first 5 pots were
the control plot, where uncontaminated irrigation water and commercial growing substrate
were used (Control). In the other 3 groups, i.e., the remaining 15 pots, different combinations
of substrate, contaminated substrate, irrigation water, and contaminated irrigation water
were used. Tomato seedlings were then planted and grown (4 per pot and 15 cm apart)
to reproduce extreme contamination conditions in a controlled manner. Each pot was
watered regularly every other day. The control plot and plot B were regularly irrigated with
uncontaminated water, while plots A and C were irrigated with contaminated water. After
about three months, from June to September (when the tomato plants were uprooted), the
substrate was analyzed again. The substrate was collected at two depths, 0-15 and 15-30 cm,
corresponding to the rhizosphere and the area immediately below it, respectively. Each
sample was sieved (<2 mm) and divided into subsamples for determination of substrate
chemical characteristics and substrate biological activities. Sub-samples used for enzyme
activity measurements were stored at —80 °C until analysis.

2.2. Substrate Heavy Metal Assays

Pulverized samples (250 mg per sample of the substrate) were mineralized using a
combination of hydrogen peroxide and nitric acid (HyO; 50% v/v: HNO3 65% v/v = 1:3) in
a microwave oven (Milestone—MLS 1200—Microwave Laboratory Systems).

After digestion, the solutions were diluted with deionized water to a final volume of
50 mL. The concentration of each element (V, Ni, Cr, Pb, Cu, and Cd) was measured using
atomic absorption spectrometry (SpectrAA 20 Varian) using a graphite furnace and a flame.
Heavy metal extraction and analyses were performed in triplicate and quantified using
standard solutions (STD Analyticals, Carlo Erba, Milano, Italy).

Accuracy was checked by simultaneous analysis of standards (Resource Technology
Corporation, Laramie, WY, USA). Recovery was greater than 90% [24].
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Figure 1. Experimental design.

2.3. Substrate Biological Properties

Substrate respiration was measured as CO, evolution from the substrate at field
humidity. Approximately 5 g of substrate was incubated for 2 d at 25 °C in complete
darkness in airtight jars. The released CO, was absorbed in NaOH solution (0.1 M) and its
amount was determined by a two-phase titration with HCI (0.025 M) [25]. CO, release from
the substrate was expressed in pmol g ! dry substrate d~!. All measurements were carried
out in triplicate for each substrate sample. The water content of the substrates at the time
of sampling was determined by oven drying the subsamples at 75 °C to a constant weight.

The substrate microbial biomass C was measured via the fumigation extraction
method [26].

The metabolic quotient (qCO,) was calculated from respiration and Cpi. (mgCO;
mngiC_1 g h=1) [27].

The activities of the various substrate enzymes were based on the release and quanti-
tative determination of the product in the reaction mixture when substrate samples were
incubated with substrate and buffer solution. They were measured by the spectrophotomet-
ric method by using 4-nitrophenyl-f3-d-glucopyranoside as a substrate for 3-glucosidase
activity (GLU) (EC 3.2.1.21) [28], 4-nitrophenyl phosphate bis (cyclohexylammonium) salt
as a substrate for acid phosphomonoesterase (PHO,.) (EC 3.1.3.2) and alkaline phosphomo-
noesterase activity (PHO,;) (EC 3.1.3.1) [29], sodium caseinate as a substrate for protease
activity (PRO) (EC 3.4.21.4) [30], p-nitrophenyl sulfate as a substrate for arylsulphatase ac-
tivity (ARY) (E.C.3.1.6.1) [31] and p-nitrophenyl glycoside as a substrate for 3-galactosidase
activity (GAL) (EC 3.2.1.23) [28]. The substrate for dehydrogenase (DEH) (EC 1.1.1.x) was
iodonitrotetrazolium chloride [32]. All enzyme activities are reported as umol of product
developed in one hour per gram of dry matter.

2.4. Statistics

All data measurements were performed in triplicate for each sample + SD. The
significance of differences was tested by an analysis of variance (ANOVA) followed by a
Tukey test (MINITAB INC 13). Correlations were determined using the simple Pearson
correlation coefficient. The PCA analysis was conducted in the R environment [33] using
the RStudio user interface [34] and the “survival” and “ranger” libraries [35].
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3. Results
3.1. Heavy Metal Content
Figure 2 shows the assayed contents of V, Ni, Pb, Cd, Cu, and Cr in the treated

substrates (plots A, B, C) and compares them to those of the control plot at two different
depths (0-15 and 15-30 cm).
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Figure 2. Heavy metal content in substrate samples in the three plots (A, B, C) compared to the
control at two depths: 0-15 (continuous color) and 15-30 cm (color with pattern fill). The intensity
of the color is proportional to the degree of contamination. Different letters above the bars indicate
significant differences between mean values at each sampling (p < 0.05).

The heavy metal content was significantly higher at 0-15 cm compared to 15-30 cm,
except for Pb, which was higher at 15-30 cm. There is a significant increase from the control
plot to plot C and, in general, significantly higher concentrations in the treatments using
contaminated soil (B and C), both with and without spraying with contaminated water.
Furthermore, these last treatments showed values higher than the limits proposed by the
Italian Decree (Lgs.D.152/06—Part III and subsequent amendments) (Table 2—column A).

3.2. Soil Respiration

Figure 3 shows the CO, evolution produced by the oxidation process of organic matter
by the substrate microbial population in three different treatments (A, B, C) at two different
depths (0-15 and 15-30 cm) compared to the control plot.

CO, evolution was significantly higher in the 0-15 cm layer than in the 15-30 cm layer,
as was found for heavy metals.

The treated samples show a significant decrease in the CO, emissions ranging from 30
to 80% relative to the control. This reduction is much more pronounced in samples where
both the substrate and the water were contaminated due to heavy metals, regardless of
the depth at which the sample was taken. This shows how heavy metal contamination
can inhibit microbial activity, reducing the decomposition of organic matter and hence
CO, evolution.
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Figure 3. CO, evolution produced in three plots (A, B, C) compared to the control plot at two
depths: 0-15 (continuous color) and 15-30 ¢cm (color with pattern fill). The intensity of the color
is proportional to the degree of contamination. Different letters above the bars indicate significant
differences between mean values at each sampling (p < 0.05).

3.3. Microbial Biomass C (C,,;.)

Figure 4 shows the microbial biomass content in the three different plots (A, B, C) at
two different depths (0-15 and 15-30 cm) in comparison to the control plot. This parameter
represents the carbon stored within the cellular structures of the microbial population,
which acts as an indicator of soil quality. The data showed no statistically significant
differences between the treatments or at the two different depths.

[0 0-15cm [] 15-30cm

7 ab
— a ab
s 6 1 ab abc
5 5 B
-
o 4
[®)

1

0 ___ ki -

Control A B C

Figure 4. Microbial biomass content, Cp;c, in substrate samples in the three plots (A, B, C) compared
to the control plot at two depths: 0-15 (continuous color) and 15-30 cm (color with pattern fill). The
intensity of the color is proportional to the degree of contamination. Different letters above bars
indicate significant differences between mean values at each sampling (p < 0.05).

3.4. gCO; Index

The metabolic quotient (qCO,), an index of microbial metabolism, was calculated
from substrate respiration and microbial biomass C. The reduced efficiency of optimizing
available resources and increased selection pressure favor individuals that make better
use of resources. This concept is expressed by qCO, which represents the CO; evolved
from the microbial biomass per the unit of time and is expressed as (mg CO; /mg Cpic*g
soil)/h [36]. An increase in this index indicates stress or perturbations, while a decrease
indicates the microorganisms are maximizing the resource yield. This index is therefore a
“warning bell” of substrate microbial degradation [37].

Typically, metal contamination in the different treatments showed an increase in this
index (Figure 5) at both sampling depths.
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Figure 5. qCO, index expressed as (mg CO; /mg Cpic*g soil)/h in substrate samples in the three
plots (A, B, C) compared to the control plot at two depths: 0-15 (continuous color) and 15-30 cm
(color with pattern fill). The intensity of the color is proportional to the degree of contamination.
Different letters above the bars indicate significant differences between mean values at each sampling
(p <0.05).

3.5. Enzyme Activities

Figure 6 shows the enzymatic activities trends (EAs) tested at the two depths and
for each treatment. In general, a significant reduction in enzyme activity was observed
in contaminated substrates compared to the control plot. Regarding the two depths, the
enzymatic activities were generally significantly higher in the 0-15 cm layer compared to
the 15-30 cm layer, but they were inhibited with increasing contamination.
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Figure 6. Substrate enzyme activity in substrate samples in the three plots (A, B, C) compared to
the control plot at two depths: 0-15 (continuous color) and 15-30 cm (color with pattern fill). The
intensity of the color is proportional to the degree of contamination. Different letters above the bars
indicate significant differences between mean values at each sampling (p < 0.05).
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DEH and ARY activities were shown to be the most sensitive to HM contamination,
with reductions at a depth of 0-15 cm ranging from 30% to 50% and at 15-30 cm from 35%
to 67%, respectively, between treatments A and C. The activities of PHO,;, PHO,., GLU,
and GAL showed an intermediate decrease of 15% to 20-30%, followed by PRO with a
decrease of 10-20% (Figure 6).

Heavy metal contamination reduced the activities of all enzymes linearly, regardless
of depth, in the following order: DEH < ARY < PHO, < PHO,; < GAL < GLU < PRO.

3.6. Correlation between HMs and Biological Parameters, and PCA Analysis

The Pearson correlation coefficient enabled the evaluation of the relationships between
the single HMs and the biological parameters tested (Table 4).

Table 4. Correlations between soil biological parameters and HMs.

Cd Pb Cu Ni \% Cr CO, Chin qCO, PHO, PHO, . ARY GLU GAL PRO DEH
Cd 1
pp 0488
Cu 0;2118 0.331 1
Ni 0211 0.281 0;237 1
v O oo 072 078
cr U7 oaee 0200 0 0%e
co, 7*9;705 7*2;731 :2;684 :(3;836 724492 79*.607 1
Coin —0237 U815 0127 0268 0347 0079 9B
qC0,  07* —ooss 0770 )7 008 082 007 a0 1
PHO,; —*2;676 —9*.603 —’3;714 —*9;807 —2.536 —2;655 03?9 0.318 O;Zill 1
PHO, 0 —0339 5% 0816 062 S073 0T o143 050 055
ARY —*(2;655 —*2;737 —9);665 —*(3;747 0337 —2,534 0;237 0.561 0.%62 0;335 0;333 1
GLU 07 —ouse 707 0808 08T S0SI O7I6 gger 00 0815 020 06
GAL 0% _opze TO7H 008 D60 S0 OB gy 0708 085003 076 0
PRO 7*2;803 :2;741 :(3;793 7*9;862 72.459 :2;668 0;336 0.266 0.5*33 0234 0;5114 0.229 0;333 O;ZZ?) 1
DEH /0% 00 070 SOSI6 gy 0002 0730 0959 002 0567 0L 0076 07 0ms 0%t

Significant correlation: * p < 0.05; ** p < 0.01; *** p < 0.001.

The microbial activity (CO; evolution, enzyme activities, qCO, index) appeared to be
significantly inhibited by each metal. Regardless of the depth, Cd, Cu, Ni, and Cr were
negatively correlated with all the biological parameters tested, while vanadium seemed to
have no effect on ARY and DEH activity, and neither did Pb for PHO,., GLU, and GAL.

Furthermore, no correlations were found between the microbial biomass and the other
biological parameters or with the heavy metals (Table 4).

A principal component analysis (PCA) was used to validate the results of this investi-
gation (Figure 7). The first two components (Dim1 and Dim2) cumulatively represent 68.2%
and 17.6% of the variability. The PCA findings indicate a clear differentiation between the
four treatments (Control, A, B, C) (Figure 7a). Treatments B and C were more strongly
affected by the heavy metal variables, whereas Control and A were more influenced by the
biological properties tested (Figure 7b).
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Figure 7. Grouping of different treatments on the first two-dimensional plane (a) was achieved by
utilizing variables derived from discriminant analysis (b) and employing a principal component
analysis (PCA).

4. Discussion

The concentrations of all the heavy metals tested at both depths increased from
the control grown substrate to the extreme treatment and appeared to be significantly
higher in the layer corresponding to the rhizosphere than in the area immediately below,
with the exception of lead (Figure 2). The substrate used for the cultivation contained,
among other things, perlite. This component is an amorphous volcanic material composed
mainly of ferrite, which is present in the substrate used and whose functions are to give
structure to the soil and increase the porosity of the substrate and aeration, preventing
its compaction and facilitating drainage. On the other hand, the substrate has a high
content of organic matter, provided by peat and composted material mainly of plant origin.
The abundant presence of organic matter in the substrate, which can support microbial
growth, immobilizes the metals in the colloidal fraction of the soil [38]. The soils that
receive the metals may adsorb them into the organic matter. The immediate effect is toxicity
and a reduction in mobility, depending on the degree and strength of adsorption by soil
aggregates. However, in soils with high metal accumulation, it has been observed that
as the chemical-physical conditions of the soil change, the ability of the soil to retain
the pollutant can also change [39]. In contrast to the other metals, lead showed higher
concentrations in the deeper layer (15-30 cm). It is a contaminant with a high molecular
weight, which precipitates as soon as it reaches the limit of its solubility. Simultaneously,
it is adsorbed by organic matter, especially humic substances. In general, it has a very
low mobility and tends to accumulate mainly in the first few centimeters of the soil. The
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presence of pearlite in the growing substrate used may have facilitated the migration of Pb
to the deeper layer after adsorption by organic matter [40].

Microorganisms are the first living organisms affected by heavy metal contamination
of soil. In our study, HM contamination significantly reduced both respiration (Figure 3)
and enzymatic activities (Figure 6), demonstrating how these parameters can be used as
indicators of substrate quality and indicators of HM contamination [41,42].

We found that HM contamination caused a decrease in the activities of each enzyme,
and these decreases were enzyme-specific (Figure 6). ARY and DEH activities were more
impaired. ARY is largely produced by bacteria [43] and is involved in the metabolism of
fungal cell walls by catalyzing the degradation of their aromatic sulphate esters [43]. Since
the intracellular activity of ARY is ~70% higher than its extracellular activity, we consider
ARY to be mainly an endoenzyme. Furthermore, DEH, in which H is transferred from
organic substrates to inorganic acceptors [43], reflects the intracellular activity of active
microorganisms [44]. Since ARY and DEH are essentially endoenzymes more directly
related to microbial metabolism, they are more affected by HM-contaminated substrates.

PHO,, and PHO,; were the third and fourth most sensitive enzymes to HM contam-
ination. They take part in the phosphorus cycle by catalyzing the release of phosphate
(phosphomonoesterase) or pyrophosphate (phosphodiesterase) from organic matrices,
making the element available for mineral nutrition of plants. Reduction could potentially
be linked to metals interacting with amino acid residues present at the active site of the
phosphatases, ultimately hindering their activity [43].

GALs and GLUs are the fifth and sixth most sensitive enzymes to heavy metal con-
tamination. They are widely distributed in soils and are key enzymes in the carbon cycle.
They hydrolyze organic matter, releasing glycosidic residues (glucose or galactose) that are
used as an energy source by soil microorganisms as an energy source. Both enzymes are
thought to be sensitive to HM contamination, but their response to increased HM levels is
not well known due to a lack of data.

PROs appear to be the least sensitive enzymes to HM contamination. They are
important enzymes in the soil nitrogen cycle. They promote protein degradation by
hydrolyzing the C-N bond, releasing nitrogen in the form of ammonia.

In the past, mathematical models have been used in research to predict the interaction
of heavy metals with various soil enzymes (urease, phosphatase, glucosidase...). In the case
of PRO, the prediction models did not agree well with the experimental data obtained and
the results were uncertain. The scatter of the observed results for these enzymes can be
explained by the complexity of these enzymes and their responsiveness to changes in the
soil, which are difficult to predict by such mathematically simplified models [45].

Thus, the observed data seem to indicate clear negative effects of HM exposure on
all EAs, leading to changes in the soil C, N, P, and S cycles. ARY and DEH were the most
affected by HM contamination (Figure 6). DEH is an enzyme associated with the C cycle
that shifts H from organic substrates to inorganic acceptors [43,46] in microbial cells in vivo.
In contrast to DEH, ARY acts by hydrolyzing organic sulfate esters [43,47], releasing S from
organic material and controlling plant and microbial S availability [43,47]. As mentioned
above, contamination with HMs has the potential to inhibit microbial C and S cycling
processes, resulting in C and S limiting effects for microorganisms. This is particularly
important as soils are increasingly being depleted due to the continuous depletion of S in
agricultural crops and inadequate or no S fertilization [43,48]. In addition, HM exposure
could lead to varying degrees of slowing of C cycling processes, as the activities of GLU
and GAL appear to be less affected by HMs than DEH (Figure 6). This suggests that the
overall soil microbial oxidation activity (as indicated by DEH activity) is more affected than
cellulose degradation (GLU and GAL activity). In terms of N and P cycling, both PHO,
and PHO,; were affected by HM contamination, possibly resulting in reduced N and P
cycling, respectively.

Substrate CO, evolution also appears to be reduced in the presence of HMs. This
was confirmed by the increase in the metabolic quotient, qCO,, in both treatments B
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and C (Figure 5). Indeed, the toxicity of HMs makes microbial metabolism less energy
efficient, requiring more carbon to sustain it and reducing the amount of carbon available
for microbial biomass [49,50].

In this study, significant negative correlations were observed between EA and total
HMs (Table 4). In general, there is a negative correlation between the concentration of HMs
and microbial activity. Some authors reported that the toxicity of HMs in soils decreased
the activity of DEH, URE, CAT, and PHO,. by between 5.3 and 74.8% compared to the
control [51-53]. These studies suggest that an increase in the bioavailable fractions of HMs
may inhibit the activities of soil enzymes by metal ions reacting with the sulfhydryl group
of the enzyme or chelating with the enzyme substrate.

The application of HMs to soils has generally been associated with a decrease in
microbial biomass and a change in microbial community composition [51-53]. In our
study, this parameter did not show statistically significant differences between treatments
(Table 4). There were no quantitative changes in the community, but there was probably
a qualitative change in the community structure. Indeed, microbes respond differently
to stress [54]; some more tolerant populations may survive, while others that are more
susceptible may decline under environmental changes. In general, ammoniferous bacteria,
along with some spore bacteria, cellulolytic bacteria and actinomycetes, are most sensitive
to soil pollution but, at the same time, an increase in the number of bacteria in polluted
soils has also been reported [55].

In the literature on the microbial community structure and diversity in soils, [51] em-
phasized that land use type, water content, HM content, pH, microbial biomass, respiration,
and qCO, were the most important parameters affecting the microbial community structure
and diversity. The most dominant microbial species were Proteobacteria, Bacteroidetes,
Acidobacteria, and Chloroflexi. A high reactivity towards Cu, Cd, Zn, and Pb was observed
in Chloroflexi, Firmicutes, and GAL15.

Applying principal component analysis to the results obtained indicates that irrigation
with contaminated water (A) has a long-term effect that is not immediately apparent,
whereas substrate contamination has a short-term effect. Thus, heavy metals added to the
substrate had a greater effect on the microbial components than those artificially added to
the irrigation water according to the PCA analysis and subsequent grouping of treatments
along the x-axis. According to [56], soils with high levels of heavy metals tend to cluster
together and distance themselves from those with low or no levels of contamination, which,
in contrast, cluster based on the biological characteristics of the soil.

5. Conclusions

Given the results obtained, it can be concluded that (a) Heavy metal presence in treat-
ments A, B, and C altered the microbial activity. Nonetheless, the most notable impact was
perceived in treatments B and C, with both respiratory and enzymatic activities exhibiting
a reduction. (b) No significant change in the microbial biomass was associated with the
reduction in other biological parameters, but it might highlight an increase in the number
of microorganisms more resistant to metals at the expense of the more sensitive ones,
resulting in a change in the community only qualitatively and not quantitatively. (c) The
increase in qCO,, the metabolic quotient, highlights how heavy metal toxicity reduces
the energy use efficiency of microbial metabolic processes. In addition, the reduction in
EAs in HM-contaminated soils showed a marked influence on microorganism-mediated C,
N, S, and P cycling, severely reducing soil health. (d) The principal component analysis
(PCA) suggests that the addition of heavy metals to the substrate had a greater effect on the
microbial component than the metals added artificially through irrigation water. (e) The
disposal or reuse of the growing substrate is a common practice, which in both cases should
lead to associated control of the amount of heavy metals present. (f) It is important to
properly formulate the growing substrates, paying attention to the materials used. (g) This
study indicates that the biological properties and microbial communities of the substrate
can be adversely affected by hypothetical contamination, either directly or by irrigation



Soil Syst. 2023, 7,111 13 of 15

with contaminated water over time. (h) We must not lose sight of the heavy metals present
in water from industrial processes, even though it is treated before being used as irrigation
water by farmers.
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