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Abstract: Hormesis in soil enzymes is well-established, yet the underlying mechanism remains
elusive. In this novel study, we investigated the effects of low-dose Cd exposure (0, 0.03, 0.3, 3, and
30 mg·kg−1) in farmland soil within a typical constructed wetland environment. We assessed the
activities of four soil enzymes (urease (URE), denitrification enzyme (DEA), dehydrogenase (DHA),
and alkaline phosphatase (ALP)) at varying exposure durations (0 h, 24 h, and 48 h), evaluating
hormetic characteristics across these time intervals. Additionally, we determined kinetic parameters,
specifically the Michaelis constant (Km) and maximum reaction velocity (Vmax), for these enzymes
while examining potential alterations in microbial community structure. Our findings revealed
hormesis in all four soil enzymes at 24 h of exposure, with varying stimulus width and maximum
hormesis rates. Interestingly, heavy metals did not significantly influence the diversity of soil
microbial communities, but they did inhibit the ability of soil microbial communities to secrete
extracellular enzymes. This resulted in a reduction in the soil enzyme pool and a consequential shift
in overall soil enzyme activities. The conclusion of this study is that low-dose Cd primarily reduced
extracellular enzyme secretion by soil microorganisms, leading to a reduction in the size of the soil
enzyme pool and thereby inducing hormesis in soil enzyme activities.

Keywords: hormesis; cadmium; dose–response relationship; soil enzyme; bacterial community
composition

1. Introduction

Hormesis was initially observed by German biologists Hugo Arndt and Rudolph
Schultz in 1888. In 1943, this stimulatory effect on organisms resulting from exposure to low-
dose chemicals was officially termed “Hormesis”. Following a prolonged period of silence,
Calabrese, Kaiser, Renner et al. published articles in prestigious journals, such as Nature,
Science, and E&ST, in 2003 to comprehensively review the phenomenon of hormesis and its
associated effects [1–3]. This groundbreaking concept not only challenges the conventional
linear dose–response theory but also compels us to reevaluate the fundamental problem
of environmental management and risk control: how clean is clean [4]? In other words,
when the “low dose” surpasses the limit or critical threshold, this stress-inducing dose
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not only does not necessitate repair or control measures but may even confer benefits
when compared against established environmental quality benchmarks or standards [5–8].
Undoubtedly, these findings hold significant implications for assessing environmental risks.

The prevailing perspective regarding the mechanism of hormesis is Overcorrec-
tion/Overcompensation [9]. While a substantial body of experimental data supports
this theory, further experimental results are required to quantify this process for envi-
ronmental risk assessment across diverse subjects and stressors [10–12]. Notably, several
studies have demonstrated that low-dose Cd in soil can enhance eggplant and rice yield
while also significantly increasing intracellular enzyme activity in earthworms [13,14]. In
fact, due to the traditional research paradigm of hormesis, the majority of previous studies
have been limited to investigating individual organisms. However, a longstanding inquiry
remains: what are the implications of a “low dose” that exhibit “beneficial” effects on soil,
animals, or plants for the soil itself [15,16]? Specifically, how can individual-level traits
(organisms) be extrapolated to encompass community or ecosystem levels and establish
associations between low-dose pollution and ecosystem characteristics [5]?

In contrast to the rapid advancements in the models of individual organisms, research
on soil as an experimental model remains significantly limited. Recent studies utilizing soil
as an experimental model have revealed the sensitivity of soil enzymes to stress. These en-
zymes play a pivotal role in all biochemical processes within the soil [17,18]. Consequently,
soil enzymes play an important role in all soil biochemical processes, and changes in soil
enzyme activities can indicate the direction and degree of soil biochemical reactions [19–21].
Fan et al. discovered a wide range of stimulation in soil alkaline phosphatase (ALP) activity
induced by Cd, with the maximum stimulation varying from 8% to 66% and the stimulat-
ing dose ranging from 0.1 to 3.0 mg/kg [22]. This observation highlights the substantial
variability in soil enzyme-related hormesis, which can be attributed to both the complexity
of the subject system and the inherent biological characteristics of soil enzymes. Previous
studies have primarily focused on investigating the impact of Cd on various aspects of
soil enzymes, including their activity, structure, ecotoxicity, kinetics, and thermodynamic
processes under single or combined stress [23,24]. Additionally, researchers have explored
the potential role of soil enzymes as indicators for assessing Cd pollution. The mechanism
underlying the effects of Cd on soil enzyme activities is believed to involve its interaction
with substrates, enzyme structures, or enzyme–substrate complexes [25]. Moreover, it is
also suggested that Cd indirectly influences enzyme activities through its influence on
associated microbial communities [26]. Obviously, previous studies have made significant
progress and achievements in both the effects of activity and discussions on mechanisms.
However, it is worth noting that most of these studies primarily focus on the inhibitory
effect of high-dose Cd, leaving a considerable gap in research regarding the stimulatory
effect of low doses. The responses exhibited by soil enzymes to Cd stimulation can manifest
in various forms, including enzyme deformation or deconstruction, as well as Cd binding
to substrates or enzyme–substrate complexes [27–29]. These alterations’ impact on enzyme
activity can be effectively elucidated through the application of enzyme kinetics theory
and methodologies.

There are frequent reports of hormesis in microbial populations, but it is crucial to
elucidate the relationship between these changes and alterations in enzyme activities.
For instance, the hormetic response observed in soil ALP under Cd stress cannot solely
be attributed to ALP-associated microbial strains [30]. In other words, this response
reflects a collective modification and interaction among all microorganisms in response
to stressors, which can be characterized by ALP as well as other soil enzymes. Therefore,
the response of microbial quorum sensing may serve as a crucial mechanism driving soil
enzyme hormesis [31,32]. Notably, recent studies on microbial responses to heavy metal
stress have increasingly focused on analyzing changes in Gram-positive (G+) and Gram-
negative (G-minus) bacteria [7,33,34]. The ecological significance of rare microorganisms
(relative abundances < 0.1%) has also been highlighted more recently, thereby expanding
our emphasis on soil microbial ecology [35–37]. Clearly, classifying microorganisms under
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Cd stimulation based on the responses of G+ and G− bacteria as well as abundant and rare
microorganisms is expected to provide a clearer understanding of the relationship between
microbial quorum sensing and the expression of soil enzyme hormesis.

Previous studies on the response of soil enzymes to heavy metal stress have focused
on the response of single soil enzymes. Some studies have also suggested that the com-
munity response of soil microorganisms may be an important mechanism of hormesis of
soil enzymes. In this paper, we wanted to know how the swarm response of microbes
relates to changes in soil enzyme hormesis. Is soil enzyme hormesis dominated by changes
in the affinity of enzymes to substrates due to stress, or is it due to microbial responses
that alter the total amount of soil enzymes? In order to study the relative importance of
enzymatic reactions and microbial activity in the process of soil enzyme hormesis, this
experiment was conducted using soil as the subject and Cd as the stressor. We sought to
evaluate the activities of four typical soil enzymes (urease, dehydrogenase, denitrification
enzyme, and alkaline phosphatase) under low doses of Cd (0, 0.03, 0.3, 3, and 30 mg·kg−1)
at different exposure times (0, 24, and 48 h) in order to determine enzyme-specific hormesis
characteristics as a function of time. Here, we hypothesize that the hormesis of enzymes is
mainly caused by two aspects, enzyme inactivation and enzyme accumulation, which coin-
cides with the kinetic parameters of enzymatic reaction. Based on this assumption, we also
evaluated kinetic parameters of the four enzymes, including the Michaelis constant (Km)
and the maximum reaction velocity (Vmax), as well as the microbial community structure
in an integrated manner. This study provides a plausible enzymatic and microbiological
explanation for the phenomenon of soil enzyme hormesis.

2. Materials and Methods
2.1. Soil Sample Collection and Soil Properties

Five sampling areas were selected in the study area. The distance between each of
two sampling areas was at least 50 m, and 0.5 × 0.5 × 0.2 m3 samples were collected in
each area. Before sampling, stones, litter, roots, and other large debris were removed, and
soil from the 0–20 cm layer was collected with a spade and stored separately. One part
was air-dried in sterile plastic bags and sieved through a 2 mm nylon sieve for chemical
and soil enzyme assays, and the other part was placed in a sterile frozen incubator for
microbiological analysis. The basic physical and chemical properties of farmland soil are
shown in Table 1.

Table 1. Physical and chemical properties of farmland soil (SOC: soil organic carbon, DOC: dissolved
organic carbon, TN: total soil nitrogen, NH4

+-N: soil ammonia nitrogen, NO3
−-N: soil nitrate).

pH EC
ms·cm−1

SOC
g·kg−1

DOC
mg·L−1

TN
g·kg−1

NH4
+-N

mg·kg−1
NO3−-N
mg·kg−1

7.95 ± 0.05 245 ± 18 13.62 ± 1.11 14.75 ± 1.05 1.31 ± 0.05 6.99 ± 1.15 3.44 ± 0.84

Soil pH was measured with a pH meter (PB-10, Sartorius, Göttingen, Germany) at a
soil to water ratio of 1:2.5, while soil EC was measured with an EC meter (DS-11A, Leici,
China) in soil/water suspension (1:1).

Soil organic carbon (SOC) was measured with a TOC analyzer (multi N/C 3100,
Analytik Jena, Jena, Germany), and fresh soil was drip-added with 10% hydrochloric acid
to eliminate inorganic carbon until bubbles were no longer generated, which was then
determined using the external solid module of the TOC instrument. Dissolved organic
carbon (DOC) was measured with a TOC analyzer (multi N/C 3100, Analytik Jena, Jena,
Germany) at a soil to water ratio of 1:5.

Total soil nitrogen (TN) was determined using the Kjeldahl method. Samples were
digested using an induction cooker and then distilled and titrated using a semi-automatic ni-
trogen analyzer (NKB-3200, Yihong Instrument, Guangdong, China). Soil nitrate (NO3

−N)
was measured with an ultraviolet spectrophotometer (UV-2550, Elemental Analysis Instru-
ment, Suzhou, China). After extraction with KCl, the color was analyzed at 220 nm and
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275 nm wavelengths to identify the corresponding nitrate content on the working curve.
Soil ammonia nitrogen (NH4

+-N) was analyzed using an ultraviolet spectrophotometer
(UV-2550 type, Chromatography Instrument, Hefei, China). After extraction with KCl,
phenol solution and alkaline sodium hypochlorite solution were added and maintained at
room temperature for 1 h. Subsequently, colorimetry was performed at a wavelength of
625 nm to identify the corresponding ammonia nitrogen content on the working curve.

2.2. Soil Incubation Experiment under Cd Stress
2.2.1. Preincubation

A 20 mL brown glass bottle was used to fill 5.0 g of air-dried soil samples, and 2.0 mL
of deionized water was added. After sealing with a breathable membrane, the bottle was
placed in an incubator at 25 ◦C for 48 h.

2.2.2. Soil Enzyme Activity Test

Different doses of CdCl2·2.5H2O solution (1.0 mL) were added to the preincubated soil
samples in order to create 8 treatments in addition to the control. Because the hormesis of
four soil enzymes was to be investigated simultaneously, doses were selected considering
previous studies reporting stimulation in enzymes (see Table S1). The reasons for the
reduction in the Cd treatment in the part of the soil enzyme kinetics experiment and the
microbial experiment are mainly the following. Firstly, the selected dose was selected
according to the definition of hormesis to ensure that the hormetic characteristics of soil
enzymes could be accurately reflected. Second, we described the hormetic characteristics
of soil enzymes at higher doses (0, 0.006, 0.03, 0.06, 0.3, 0.6, 3.0, 6.0, and 30 mg·kg−1 of Cd).
Choices included 0 (control), maximum stimulating dose, zero equivalent dose point, and
absolute inhibitory dose. Finally, because the response doses of the four soil enzymes were
different, the doses selected were as broad as possible and covered the whole “stimulation–
inhibition” process. Therefore, the following Cd2+ doses were selected for inclusion in this
study: 0 (control), 0.006, 0.03, 0.06, 0.3, 0.6, 3.0, 6.0, and 30 mg·kg−1.

After sealing the membrane again, the soil was placed in an incubator at 25 ◦C for 0
(in this study, 0 h refers to a Cd2+ exposure time of 0.5 h), 24, and 48 h, respectively. The
activities of soil hydrolases (URE, ALP) and oxidoreductases (DEA, DHA) were measured,
and the measurement methods are detailed in Section 2.3.

2.2.3. Soil Enzyme Kinetics Experiment

Different concentrations of substrate were added to the precultured soil samples. Urea
(0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14 mol·L−1), PNPP (5.0, 10, 15, 25, 50 mmol·L−1), potassium
nitrate (25, 50, 100, 200, 400 mg·L−1), and TTC (0.125%, 0.25%, 0.5%, 0.75%, 1.0%, 1.5%,
2.0%) solutions were used to measure the activities of four soil enzymes, as detailed in
the succeeding section. For all of the sets of analyses, five sets of replicates were set for
each treatment.

2.3. Determination of Soil Enzyme Activity
2.3.1. Urease

Soil URE activity was determined according to the method of Solomon et al. [38]. After
preincubation, 2.5 mL of 0.08 mol·L−1 urea solution was added to the tested samples, and
then the samples were sealed and incubated at 37 ◦C for 2 h (the control group was not
incubated). At the end of incubation, 2.5 mL of distilled water was added. The soil sample
in the vial was washed into a 100 mL covered container with 50 mL of 2.0 mol·L−1 KCl
extract and shaken at 180 r·min−1 for 30 min. The shaken soil suspension was quickly
filtered. Then, 1.0 mL of the filtrate was put into a 50 mL centrifuge tube, and 9.0 mL of
ultrapure water, 5.0 mL of sodium salicylate, and 2.0 mL of sodium dichloroisocyanurate
solution were added successively. After 30 min at room temperature, the absorbance was
measured at 690 nm with an ultraviolet-visible spectrophotometer using distilled water as
a reference.
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2.3.2. Dehydrogenase

Soil DHA activity was determined according to the method of Januszek et al. [39].
After preincubation, 5.0 mL of 0.5% 2,3,5-Triphenyltetrazolium chloride (TTC solution,
0.5 mol·L−1 Tris-HCl buffer solution, pH = 7.6) was added to the tested samples, and the
samples were cultured in a dark incubator with constant temperature (37 ◦C) for 1 day (the
lid was tightly closed). After incubation, 10 mL of methanol was added, and the samples
were incubated at 25 ◦C in the dark at 200 r·min−1 for 1 h. Subsequently, it was vortexed for
1 min and filtered (quantitative filter paper), and the absorbance was measured at 485 nm
using a spectrophotometer (UV-2550, Elemental Analysis Instrument, China).

2.3.3. Denitrifying Enzyme

Soil DEA activity was determined according to the method of Knowles [40]. In each
preincubated sample, 5.0 mL of 10 g·L−1 glucose solution and 5.0 mL of 100 mol·L−1

potassium nitrate solution were added, and then the sealed samples were incubated for
48 h at 37 ◦C. The soil samples in the vials were washed into a 100 mL covered container
with 25 mL of 1.0 mol·L−1 KCl extract and then shaken at 200 r·min−1 for 1 h. Subsequently,
the liquid was transferred into a 50 mL centrifuge tube and centrifuged at 3000 r·min−1 for
10 min. Colorimetry was performed at wavelengths of 220 nm and 275 nm. The no-soil
treatment served as the control, and, in order to eliminate the influence of soil-adsorbed
nitrate on the experiment, samples with sterilized soil and no substrate were set.

2.3.4. Alkaline Phosphatase

Soil ALP activity was determined according to the method of Liu et al. [41]. Tris-
HCl buffer 3.0 mL (pH = 8.4) was added to the preincubated samples. Then, 1.0 mL of
5.0 mmol·L−1 p-nitrophenyl phosphate disodium (PNPP) and 1.0 mL of 0.5 mol·L−1 CaCl2
solution were added, and the samples were shaken. After a water bath at a constant
temperature of 37 ◦C for 1 h (the control group did not undergo a water bath), the glass
bottle was removed, 4.0 mL of 0.5 mol·L−1 NaOH was immediately added to terminate the
reaction, and the reaction was filtered. Then, 5 mL of filtrate was extracted with a 25 mL
plug cuvette, and 1.0 mL of 2.0 mol·L−1 Tris solution was added. Ultrapure water was
then added to a constant volume. The absorbance was determined with an ultraviolet
spectrophotometer (UV-2550 type, Chromatography Instrument, China) at a wavelength of
400 nm, while ultrapure water was used as a reference.

2.4. Extraction of DNA and 16s rDNA Sequencing

The CTAB method was employed to extract the total DNA of microbiome samples
from various sources, and the quality of DNA extraction was detected through agarose
gel electrophoresis. The V3-V4 fragments were amplified through PCR using primers
341F(5′-CCTACGGGNGGCWGCAG-3′) and 805R(5′-GACTACHVGGGTATCTAATCC-
3′). The PCR products were confirmed through electrophoresis on a 2% agarose gel. PCR
products were purified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA,
USA) and quantified through Qubit (Invitrogen, Waltham, MA, USA). PCR amplification
products were examined through electrophoresis on a 2% agarose gel; the AMPure XT
beads recovery kit was used. The purified PCR products were evaluated using an Agilent
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) and a library quantification kit from
Illumina (Kapa Biosciences, Woburn, MA, USA); qualified library concentrations should
be above 2 nmol·L−1. For the double-end data obtained through sequencing, it is first
necessary to data-split the samples according to barcode information and remove the
linker and barcode sequences. Length filtering and denoising were performed by calling
dada2 via DADA2 denoise-paired. ASV feature sequences and ASV abundance tables were
obtained, and singleton ASVs were removed.
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2.5. Fitting of Kinetic Parameters of Enzymatic Reaction

The preincubated soil was incubated under four concentration treatments (0, 0.03,
0.3, 3.0, and 30 mg·kg−1 of Cd) for 0, 24, and 48 h. The corresponding substrates (urea,
PPNP, potassium nitrate, and TTC) were used to measure the enzyme activities of the
preincubated soil. The initial speed of enzymatic reaction V0 and the known substrate
concentration S were obtained. The Michaelis constant (Km) and the maximum reaction
velocity (Vmax) were calculated using a nonlinear regression of the Michaelis equation:

V0 =
Vmax × S
Km + S

where V0 is the initial enzymatic reaction velocity, µg·g−1·h−1; S represents the substrate
concentration, µg·mL−1; Vmax is the maximum reaction rate, µg·g−1·h−1; and Km indicates
the Michaelis constant, µg·mL−1.

2.6. Dose–Response Curve Fitting

Soil enzyme activities were obtained using the method described above, and dose–
response curves were calculated. The percentage of stimulation or inhibition (%) of soil
enzyme activity was calculated as

R =
(Ei − E0)

E0
× 100% (1)

where R is the inhibition or stimulation rate (negative is inhibition), %, and Ei and E0 are the
soil enzyme activities in the test sample and the control (without added Cd), respectively.

The hormesis dose–response curve has two characteristic indexes: the magnitude
of stimulation and the width of the hormetic zone within which stimulatory responses
occur [42]. These indexes provide valuable insights to characterize hormesis. The param-
eters Mmax (maximum hormesis rates), ZEP (zero equivalent dose point, x1 and x2), and
Qi (stimulus width of the hormetic zone) are derived from the fitted curves. In addition,
Horzone (stimulation area of the hormetic zone) was used to integrate the stimulus width
and maximum hormesis rate into a unified parameter describing the hormesis-related
characteristics of organisms (Figure S1).

In this study, LogNormal Model (peak type, 4 parameters) was employed to fit the
dose–response curve using Sigmaplot14.0. In addition, OriginLab 2021 was used to inte-
grate and calculate the area of the inverted U-shaped curve.

2.7. Statistical Analysis

The data related to enzyme activity are presented as mean ± standard deviation,
n = 5. Analysis of variance (ANOVA) was used to test for differences in soil enzyme
activities among nine Cd concentrations, and Dunnett’s test was employed. An a priori
statistical significance level of α = 0.05 (p < 0.05) was used for all statistics. Venn plots
were used to analyze differences in the number of common and unique soil bacteria
OUT between the control (without Cd addition) and four different Cd exposure doses at
each culture time. Relative abundances (RAs) were calculated by dividing the number of
sequences affiliated with each OUT by the total number of sequences in each sample (%).
Gram-positive bacteria (G+) and Gram-negative bacteria (G-) are the two major groups of
bacteria identified by the Glanz stain. Abundant taxa (AT) were defined as genera with
relative abundance ≥ 1% in the sample, and rare taxa (RT) were defined as genera with
relative abundance ≤ 0.1% [43,44]. Subsequently, the Brey–Curtis dissimilarity matrix was
generated on the basis of the standardized matrix. Non-metric multidimensional scales
(NMDS) were employed to determine the β-diversity of bacterial community structure and
implemented using the metaMDS function in R’s vegan package (R Core Team, 2020).

Variance decomposition analysis (VPA) was used to analyze the contribution of mi-
crobial diversity (α-diversity + characteristic microbial distribution) and enzyme kinetics
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(affinity Km and enzyme library Vmax) to the changes in enzyme activity with Cd dose. VPA
is an extension of redundancy analysis (RDA), which aims to analyze the contribution
of multiple variables to the variation of a single variable. VPA was conducted using the
varpart function in R’s vegan package (R Core Team, 2020).

3. Results
3.1. Responses of Four Soil Enzymes to Exogenous Cd Stress

The activities of the four soil enzymes at different times of exposure (0, 24, and 48 h)
to exogenous Cd are shown in Figure 1. The maximum stimulations of URE, DHA, DEA,
and ALP were 11.62% (0 h, 0.006 mg·kg−1 of Cd), 86.96% (0 h, 0.03 mg·kg−1), 2.80% (24 h,
0.6 mg·kg−1 of Cd), and 29.62% (24 h, 0.06 mg·kg−1 of Cd), respectively. The enzyme
activities of URE and ALP did not change much after exposure to all concentrations of
exogenous Cd for 48 h. All four soil enzymes produced a phenomenon similar to “hormesis”
when exposed to Cd for 24 h.
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Figure 1. Effect of Cd addition (0, 0.006, 0.03, 0.06, 0.3, 0.6, 3.0, 6.0, and 30 mg·kg−1 of Cd) and
exposure time (0, 12, and 24 h) on activity of four soil enzymes (URE (urase), DHA (dehydrogenase),
DEA (denitrifying enzyme), and ALP (alkaline phosphatase)). Values are presented as means ± SE
(n = 5). The red line in the figure indicates the stimulation rate of enzyme activity. Different letters
above bars indicate statistically significant differences between treatments (p < 0.05, Duncan’s test).
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3.2. Fitting of Soil Hormesis Parameters

In order to accurately describe the hormesis dose–response relationship and clarify
its application to ecological risk assessment, it is necessary to fit the data to obtain some
important parameters, such as Mmax, Qi, and Horzone (Figure S1). These parameters are
obtained from the fitted model (lognormal model). As shown in Figure 2, Mmax ranged
from 2.86% (DEA, 24 h) to 20.11% (ALP, 24 h). Qi varied from 634.95 (URE, 24 h) to 91,968.93
(ALP, 24 h), while the Horzone of the soil enzymes ranged from 0.0130 (DEA, 24 h) to 0.7963
(ALP, 24 h).
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3.3. Kinetic Parameters of Enzymatic Reaction of Soil Enzymes

The kinetic parameters of the enzymatic reaction of four soil enzymes at 0, 24, and 48 h
were evaluated (Table 2). Regarding urease, the maximum Vmax was 125 µg·g−1·h−1 and
the maximum Km was 0.05 µg·mL−1 at 24 h, and the inducing Cd dose was 0.3 mg·kg−1. For
DHA, the maximum values of Vmax and Km were 0.0344 µg g−1 h−1 and 0.00145 µg·mL−1,
induced by 0.3 mg·kg−1 at 48 h. As for DEA, the maximum Vmax and Km values were
11.4 µg·g−1·h−1 and 631 µg·mL−1 in the control (no Cd supplementation) at 0 h. The
maximum Vmax of ALP was 333 µg·g−1·h−1, while the maximum Km was 2883 µg·mL−1,
induced by 0.3 mg·kg−1 at 0 h. It emerges that the maximum Vmax and Km were more
determined by the Cd dose (0.3 mg kg−1) than the duration of exposure.
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Table 2. Kinetic parameters of enzymatic reaction of four soil enzymes (URE: urease, DEA: denitrification enzyme, DHA: dehydrogenase, and ALP: alkaline
phosphatase).

Time (h) Cd (mg·kg−1)
URE DHA DEA ALP
Vmax

µg·g−1·h−1
Km

µg·mL−1
Vmax

µg·g−1·h−1
Km

µg·mL−1
Vmax

µg·g−1·h−1
Km

µg·mL−1
Vmax

µg·g−1·h−1
Km

µg·mL−1

0

0 73 ± 6 0.006 ± 0.0002 0.0191 ± 0.0012 0.000038 ± 0.000002 11.4 ± 0.8 631 ± 29 250 ± 8 2225 ± 105
0.03 105 ± 10 0.032 ± 0.0013 0.0205 ± 0.0017 0.000062 ± 0.000003 6.5 ± 0.5 387 ± 9 167 ± 3 1415 ± 45
0.3 104 ± 10 0.01 ± 0.0002 0.0212 ± 0.0012 0.00017 ± 0.000003 4.9 ± 0.3 336 ± 8 333 ± 3 2883 ± 70
3 60 ± 3 0.006 ± 0.0018 0.0199 ± 0.0018 0.00016 ± 0.000005 3.6 ± 0.3 276 ± 12 50 ± 4 436 ± 15
30 79 ± 3 0.024 ± 0.0011 0.0182 ± 0.0011 0.00027 ± 0.000005 5.2 ± 0.4 345 ± 11 16 ± 1 140 ± 6

0 67 ± 6 0.0026 ± 0.0016 0.0313 ± 0.0016 0.00066 ± 0.000012 4.7 ± 0.3 334 ± 8 7.3 ± 0.4 39 ± 1
0.03 71 ± 5 0.0035 ± 0.0002 0.0303 ± 0.0022 0.00018 ± 0.000003 5.5 ± 0.5 375 ± 12 10.4 ± 0.8 63 ± 3

24 0.3 125 ± 7 0.05 ± 0.0024 0.03 ± 0.0024 0.00027 ± 0.000012 6.8 ± 0.5 435 ± 17 12.8 ± 0.9 82 ± 2
3 91 ± 7 0.0182 ± 0.0022 0.0282 ± 0.0022 0.00017 ± 0.000007 6 ± 0.5 386 ± 12 10.5 ± 0.8 66 ± 2
30 71 ± 5 0.0143 ± 0.0025 0.028 ± 0.0025 0.00025 ± 0.000003 4.4 ± 0.4 324 ± 11 6.6 ± 0.4 41 ± 1

0 114 ± 7 0.011 ± 0.0020 0.0276 ± 0.0019 0.00077 ± 0.000012 4.7 ± 0.3 213 ± 4 12.7 ± 0.7 90 ± 2
0.03 104 ± 6 0.01 ± 0.0003 0.031 ± 0.0030 0.00108 ± 0.000025 5.5 ± 0.4 233 ± 11 22.2 ± 1.7 166 ± 3

48 0.3 94 ± 6 0.003 ± 0.0018 0.0344 ± 0.0018 0.00145 ± 0.000042 6.8 ± 0.5 417 ± 12 55.6 ± 5.5 446 ± 21
3 98 ± 10 0.008 ± 0.0018 0.0311 ± 0.0018 0.00112 ± 0.000024 6 ± 0.4 182 ± 9 66.7 ± 6.5 559 ± 27
30 75 ± 4 0.002 ± 0.0026 0.0274 ± 0.0026 0.00142 ± 0.000032 4.4 ± 0.3 204 ± 8 22.2 ± 2.0 183 ± 9
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3.4. Soil Bacterial Communities
3.4.1. Abundance Distribution, α-Diversity, and β-Diversity

At 0 h after exposure, the number of ASVs obtained from the soil cultured with
different doses (0, 0.03, 0.3, 3.0, and 30 mg·kg−1) of heavy metal Cd was 48,233, 53,943,
54,219, 55,792, and 55,757, respectively. When exposed to Cd for 24 h, the number of ASVs
isolated from the soil was 38,182, 26,087, 64,402, 59,604, and 52,413, respectively. When
the exposure time was 48 h, the number of ASVs isolated from the soil was 64,071, 61,095,
57,797, 57,682, and 61,596, respectively. Moreover, the total number of ASVs extracted from
all of the soil samples was 32 313, and the distributions are shown in the Venn diagrams in
Figure 3a. At 0 h, the highest number of ASVs (2586 ± 431) was observed in soil species
exposed to 30 mg·kg−1 of Cd. When the exposure time was 24 h, the highest number of
ASVs was observed at 3 mg·kg−1 of Cd (2901 ± 278). After 48 h of exposure, the highest
number of ASVs was observed at 0.03 mg·kg−1 of Cd (2849 ± 514). It can be inferred that
the maximum stimulatory dose decreased gradually with the increase in exposure time.

Based on genus-level taxonomic groups, a total of 1470 soil microorganisms were
detected in all soil samples. The relative abundance of the top 30 taxa is shown as a bar
chart (Figure 3d). Bacillus was the most dominant microbial group in all samples, with a
relative abundance ranging from 14.86% to 16.78%. At the phylum level, these 30 genera
belonged to Firmicutes (25.63% to 40.66%), Proteobacteria (23.81% to 32.33%), Planctomycetota
(4.74% to 15.05%), Acidobacteria (7.31% to 10.41%), and Chloroflexi (2.68% to 4.26%).

There were significant differences in the observed OTUs of soil bacteria under different
Cd exposure times (0, 24, and 48 h) and stress doses (0–30 mg·kg−1 of Cd) (p < 0.05), but no
significant difference in the Shannon index (Figure 3b,c). When Cd was applied for 0 h, the
observed OTU index ranged from 1608 to 2366, and the Shannon index ranged from 8.64
to 9.31. After 24 h, the observed OTU index and the Shannon index ranged from 1949 to
2800 and 9.39 to 9.73, respectively. At 48 h, the ranges of the observed OTU index and the
Shannon index were 2423 to 2985 and 9.59 to 10.08.

According to the NMDS based on the Bray–Curtis distance difference (Figure 3e), soil
the microbial community structure showed an evolving change trend with the increase
in Cd exposure time, and the community structure was significantly different between
0 h and 48 h of exposure time. According to the Cd dose classification, the soil microbial
community structure was more convergent at higher Cd concentrations but more dispersed
at low Cd concentrations. In general, the diversity of the soil microbial community did
not change much, but the community structure changed significantly with the increase in
exposure time.
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Figure 3. Bacterial community diversity under five Cd doses for three exposure times. (a) Venn
diagrams. (b) Mean (n = 3) observed OTUs (operational taxonomic units) of soil bacterial communities.
(c) Mean (n = 3) Shannon index of soil bacterial communities. (d) Relative abundance of bacterial-
abundant genus in soils under five Cd doses and three exposure times. Bars represent mean of
the 3 replicate samples per soil. (e) Beta-diversity of the bacterial communities presented in a non-
metric multidimensional scaling (NMDS) ordination. Dots’ color (blue) from light to dark represents
elevated Cd doses, and 95% confidence ellipses (orange) represent exposure times.

3.4.2. Relative Abundance of G+ and G− Bacteria

Among the bacterial genera that could be detected, Bacillus, Fonticella, Symbiobacterium,
Microvirga, Lactococcus, and Clostridium were G+, whereas Massilia, Pir4_lineage, Ramlibacter,
Sphingomonas, and Noviherbaspirillum were G−. The relative abundance of G+ (Figure 4a)
and G− (Figure 4b) varied with Cd dose and exposure time. With the increase in Cd
exposure time, the relative abundance of G+ gradually decreased, with overall ranges
of 24.01% to 24.84% (0 h), 18.67% to 20.94% (24 h), and 13.64% to 14.96% (48 h). In
contrast, the relative abundance of G− did not change much with the increase in Cd
exposure time, with overall ranges of 8.53% to 10.11% (0 h), 8.65% to 10.74% (24 h), and
7.87% to 11.02% (48 h). At a given exposure time, the relative abundance of G+ did
not change much, and there was no significant difference in the relative abundance of
G+ after 0 h and 24 h of Cd exposure. After 48 h of exposure, the relative abundance
of G+ was significantly lower (−7.31–7.66%) than that of the control at 3–30 mg·kg−1

of Cd. At a given exposure time, the relative abundance of G− significantly changed
with the increase in Cd stress dose. After 0 h of exposure, the relative abundance of G−
was significantly higher (7.97–26.23%) at 0.03–3.0 mg·kg−1 of Cd and significantly lower
(11.05%) at 30 mg·kg−1 of Cd compared to the control. These results are consistent with
the hormesis characteristics of “low-dose stimulation and high-dose inhibition”. After
24 h of exposure, the relative abundance of G− was significantly lower (9.62–12.01%) at
0.03 mg·kg−1 and 3 mg·kg−1 of Cd and significantly higher (9.21%) at 0.3 mg·kg−1 of Cd
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compared to the control, showing hormesis characteristics. After 48 h of exposure, the
relative abundance of G− at 0.03–0.3 mg·kg−1 of Cd was significantly higher than that of
the control, and the stimulating amplitude ranged from 8.85% to 15.26%. Moreover, the
relative abundance of G− at 30 mg·kg−1 of Cd was significantly lower (17.69%) than that
of the control, which is also in alignment with the hormesis characteristic of “low-dose
stimulation and high-dose inhibition”.
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Figure 4. Effect of Cd addition (0, 0.006, 0.03, 0.06, 0.3, 0.6, 3.0, 6.0, and 30 mg·kg−1) and exposure
time (0, 12, and 24 h) on the relative abundance of G+ (a) and G− (b) populations and AT (c) and
RT (d) populations. Gram-positive bacteria (G+) and Gram-negative bacteria (G−) are the two major
groups of bacteria identified by the Glanz stain. Abundant taxa (AT) were defined as genera with
relative abundance ≥ 1% in the sample, and rare taxa (RT) were defined as genera with relative
abundance ≤ 0.1%. Different letters above bars indicate statistically significant differences between
treatments (p < 0.05, Duncan’s test).

3.4.3. The Relative Abundance of AT and RT Bacteria

According to the bacterial classification method, the relative abundance of two major
microbial groups was obtained as a function of the Cd dose and exposure time. At the
genus level, the relative abundance of AT ranged from 40.57% to 53.03% (Figure 4c), while
the relative abundance of RT ranged from 15.53% to 25.21% under different Cd doses and
exposure times (Figure 4d).

AT was significantly higher (16.66%) in the presence of 0.3 mg·kg−1 of Cd compared to
the control at 0 h, showing a hormesis-like characteristic of low-dose stimulation (Figure 4c).
After 24 h of exposure, AT was significantly lower (14.47%) than that of the control, inhibited
by 3.0 mg·kg−1. After 48 h of exposure, AT was significantly lower (17.24–23.50%) in
0.03–30 mg·kg−1 than in the control. After 24 h of exposure, RT was significantly higher
(21.08–35.10%) in the presence of 0.03–0.3 mg·kg−1 of Cd but significantly lower (16.81%)
in the presence of 30 mg·kg−1 of Cd compared to the control (Figure 4d). After 48 h of
exposure, RT was significantly lower (14.57%) at 0.3 mg·kg−1 of Cd but significantly higher
(17.48%) at 3.0 mg·kg−1 of Cd compared to the control.
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4. Discussion
4.1. Cd-Induced Hormesis of Multi-Enzyme System in Soil

Recent evidence has shown that low doses of stress can induce soil enzymes to exhibit
hormesis-like phenomena [11,45–48]. In this study, we evaluated the activity of representa-
tive soil oxidases (DHA and DEA) and hydrolases (URE and ALP) under different levels of
Cd stress and exposure times to obtain two crucial indexes of the hormesis curve, i.e., the
magnitude of stimulation and width of the stimulatory response. The finding that three
of the four enzymes exhibited stimulation in the range of 16.21% to 20.12% corroborates
the insights of Calabrese and Baldwin, who suggested that the stimulatory response is
commonly of modest magnitude and often does not achieve statistical significance in hy-
pothesis testing [49]. An updated evaluation by Calabrese et al., however, suggested that
the stimulation magnitude tends to increase with an increasing number of doses included
in the study design [50]. While typically the maximum stimulation has a magnitude in
the range of 30–60%, it can be increased to 60–90% of the control response when there are
at least six doses in the hormetic stimulatory zone [50]. Therefore, new studies should
consider including several more doses to confirm whether the response of these enzymes
is typically limited in magnitude. Calabrese and Baldwin et al. also reported that the
majority (i.e., ~70%) of the observed stimulation ranges are <100-fold of the traditional
threshold, with averages of 10- to 20-fold for the traditional experimental model organism.
Previous studies on ALP and Cd identified stimulations in doses ranging from 0.004 to
0.2 mg·kg−1 (i.e., the stimulus width was 50-fold) based on observed data, with a maximum
hormesis rate of 8.0% [51]. Studies on dehydrogenase and Cd found that stimulation based
on observed data ranged from 0.6 to 5.0 mg·kg−1 (i.e., the stimulus width was 8.3-fold),
with a maximum hormesis rate of 45% [52]. However, the stimulus width of the hormetic
zone in the experiment was calculated using fitted data, and it was 600- to 10,000-fold.
Previous studies mainly calculated the stimulus width based on observed empirical data.
Nonetheless, with the development of hormesis research and the proposal of the fitting
model, the stimulus width can be estimated for some experiments that have not observed
the pre-inhibition effect. The estimates obtained by fitting the curve may be 10–100 times
larger than the data obtained through observation. Another possible explanation might
be that most of the previous studies focused on biological indicators, such as animal and
plant secretions, but soil enzymes have unique properties as biomolecular molecules. As a
carrier for many living organisms, the activity and function of soil are affected by many
factors, such as physicochemical properties and the survival state of microbial communi-
ties [20]. Soil enzymes, as carriers of soil biological functions, are not secreted by a single
microorganism. Soil microorganisms have redundant functions, and a single soil enzyme
may be secreted and affected by multiple microorganisms [21].

Previous studies using the activity of ALP as the test endpoint have demonstrated that
Cd-induced hormesis is time-dependent [53,54]. On this basis, here, we studied additional
test endpoints and observed a similar phenomenon, with an inverted U-shaped curve in all
four enzymes after 24 h of exposure. Among the four enzymes, the maximum hormesis
dose of DEA was the lowest, and the maximum hormesis rate was also the lowest. This
may be related to the unique mechanism of resistance of soil-denitrifying communities to
heavy metals [55]. Holtan-Hartwig et al. observed that there was a recovery phenomenon
in the enzyme activity of a denitrifying community under heavy metal stress [56]. That is,
short-term exposure could cause a decrease in the N2O reduction rate, which returns to the
control level with longer-term exposure (2 months) [56]. URE had the highest maximum
hormesis dose and a high maximum hormesis rate. This result may indicate that the strains
secreted urease, increased the pH of the soil, and immobilized Cd, thus alleviating the
toxicity of Cd [57].

4.2. Response of Kinetic Parameters of Enzymatic Reaction

There is a rich theoretical literature on the kinetics and thermodynamics of enzymatic
reactions [58,59]. It is assumed that most enzymes follow the Michaelis–Menten kinetic
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equation describing the reaction velocity (V). In this study, the kinetic parameters, including
the Michaelis constant Km and the maximum reaction velocity Vmax, of four soil enzymes
were measured under various levels of Cd stress and at different exposure times. For a
single enzyme and a corresponding single substrate, Km can be used to describe the affinity
of the enzyme to the substrate [60]. This may be due to the interaction between heavy
metals and the protein structure of the enzyme [61]. As a protein, an enzyme requires a
certain number of heavy metals as cofactors. Heavy metals can be added to the active
center of the enzyme and maintain a certain transition structure, which can change the
equilibrium nature of the enzyme reaction and the surface charge of the enzyme protein and
increase the activity of the enzyme, that is, generating an activation effect [62]. Conversely,
heavy metals occupy the active center of the enzyme or combine with the thiol, amine,
and carboxyl groups of the enzyme molecule, resulting in a decrease in the activity of the
enzyme, that is, representing an inhibitory effect [27,62].

Vmax represents the maximum velocity at which the enzyme reacts with the substrate
when the substrate concentration is infinite [58]. Because soil is a complete living structure,
the amount of enzyme in the same mass of soil is not the same, so Vmax can be used
as a measure of the size of the enzyme pool in the soil [63]. In this study, the variation
of Vmax showed a lag compared with enzyme activity, and it showed a weak inhibition
phenomenon. A possible reason is a lag in the response of microorganisms to heavy metal
stress. Another possible reason is that the soil enzyme pool depends on changes in the
production velocity of microorganisms and the turnover rate of the enzyme pool. In this
study, the variability of Vmax was greater than that of Km, indicating that Cd exerted greater
control over microbial enzyme production than enzyme–substrate affinity [64].

4.3. Responses of Microbial Communities

Microbial community structure is an important factor affecting enzyme activity [32].
In this study, no significant differences were observed in several α-diversity indices of
the community, which may be related to the dose and exposure time employed in this
study. For example, Pan et al. (2011) showed that long-term exposure of soil microbial
communities to combined Pd and Cd had a greater impact than exposure to single heavy
metals, and bacteria were the most sensitive to heavy metals (compared with fungi and
actinomycete) [65]. The NMDS results showed that the difference in community structure
gradually increased with the increase in exposure time, with a significant difference between
0 h and 48 h; however, a low dose of heavy metal Cd did not change the community
structure. Although microorganisms could not physiologically cope well with heavy metal
stress, and thus reduced community diversity, natural resistance and dormancy could
protect community diversity [66]. Different microbial communities may have similar
functions due to functional redundancy, and their microbial activity may be low despite
a high microbial diversity [35]. The results showed that the magnitude of change of rare
microorganisms was greater than that of abundant microorganisms, and the change of
abundance (24 h) of rare microorganisms was similar to that of enzyme activities. This
may be attributed to the substitution of resistant species for sensitive species under heavy
metal stress, which could preserve community diversity stability while maintaining the
same community function and result in a change in community structure [67,68]. Rare
taxa play an important role in the mineralization of organic phosphorus in the absence of
phosphorus supply in the environment [69]. The changes in relative abundance generated
by rare and abundant taxa are affected not only by Cd but also by population dynamics,
such as competition or cooperation [35]. Such potential confounding biotic factors cannot
be ignored. One possible explanation for why rare taxa exhibit a U-shaped relationship
(dose–effect curve) may be due to the higher sensitivity of rare taxa to Cd, and this change
can be directly attributed to Cd [44]. Another possible explanation is that abundant taxa
are more sensitive to Cd [70]. Such stressors can damage the homeostasis of abundant
taxa, change the relationship between competition and cooperation, and thereby affect the
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abundance of rare communities. Although a new steady state will eventually be formed,
the time of stabilization has not yet been determined.

4.4. A Possible Pathway through Which Low-Dose Cd Affects Enzyme Activities

Soil enzyme activities are affected by the soil’s physical and chemical properties and
the soil’s microbial community [18]. Concurrently, the stress imposed by heavy metals on
microorganisms could reduce the release of extracellular enzymes, thereby decreasing the
content of enzymes in the soil and indirectly limiting the overall enzyme activity of the
soil [56,71].

The results of VPA showed that the contribution rate of microbial factors was 0.03,
that of enzymatic reaction kinetics was 0.28, and that of their combined effects was 0.45
(Figure 5a). The single effect of Cd on the enzyme structure was much greater than that on
the microbial community structure, and the contribution rate of interaction between Cd
and microbial factors to enzyme activity was dominant. One possible explanation is that
soil microorganisms have a “resistance” mechanism [72]. The results of α- and β-diversity
showed that there was no significant change in the soil microbial community within the
observation range, indicating that the changes in enzyme activities might be caused by the
direct effect of Cd on the structure of soil enzymes.
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Figure 5. Variance partitioning analysis (VPA) shown the contribution of microbiological factors and
enzyme reaction kinetics to the changes in typical soil enzyme activities (a), and the contribution of
the following subfactors were also shown (b). Microbiological factors included α-diversity (Shannon
index, Simpson index, chao1, and observed OTUs) and characteristic taxa (G+, G−, AT, and RT). The
kinetics of the enzymatic reaction included the Km and Vmax of four soil enzymes.

Separating the above two factors of VPA further explained the effect of Cd on en-
zyme activities in the soil ecosystem (Figure 5b). The contribution rate of Vmax was the
highest (0.6540), followed by Km (0.5498) and characteristic microbial distribution (0.4851).
One possible explanation is that after stress, soil microorganisms allocate much of their
energy to “resistance activities” and correspondingly reduce the secretion of extracellular
enzymes [72]. The contents of non-inactivated enzymes in soil increased over time, and the
overall soil enzyme activities also increased. When the concentration of Cd increased, this
balance could be broken, and the direct effect of Cd on enzyme activities was equal to or
greater than the effect of Cd on the secretion of extracellular enzymes. At this point, the
inhibitory effect of heavy metals could begin to appear, threatening the structural stability
of the existing community, until it collapses and gives rise to new distinct communities.

5. Conclusions

Our study revealed a prevalent occurrence of hormesis in various soil enzymes. How-
ever, alterations in soil enzyme reaction kinetics and activities exhibited inconsistent pat-
terns. Low-dose heavy metal exposure, as well as exposure time, did not significantly



Agriculture 2024, 14, 904 16 of 19

impact the diversity of soil microorganisms, but exposure time notably influenced the
community structure of these microorganisms. Changes in the abundance of rare taxa
followed a similar trend to enzyme activities. Importantly, low-dose Cd primarily reduced
extracellular enzyme secretion by soil microorganisms, leading to a reduction in the size
of the soil enzyme pool and thereby inducing hormesis in soil enzyme activities. This
study deepens our comprehension of the mechanisms underlying Cd-induced soil enzyme
hormesis, contributing to enhanced insights and applications in the context of soil hormesis.
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