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2Research Center for Animal Disease Control Engineering, Shandong Agricultural University, Tai'an,
Shandong, China, *The Affiliated Tai'an City Central Hospital of Qingdao University, Tai'an,
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Introduction: Hexavalent chromium or Cr(VI) is essential to various industries,
such as leather manufacturing and stainless steel production. Given that
inevitable leakage from industries pollutes the soil and thereby affects the
soil environment. Microbial communities could improve the quality of the
soil. Abundant bacterial communities would significantly enhance the soil
richness and resist external pressure, benefiting agriculture. But the pollution
of heavy metal broke the balance and decrease the abundance of bacterial
communities, which weak the self-adjust ability of soil. This study aimed to
explore changes in the diversity of soil bacterial communities and to identify the
influences of soil bacterial communities on enzymes in soil polluted by Cr(VI).

Methods: The target soils were sampled quickly and aseptically. Their
chromium content was detected through inductively coupled plasma-mass
spectrometry, and bacterial microbiome communities were explored through
MiSeq high-throughput sequencing. Then, the content of nitrite reductase
and catalases were investigated through enzyme-linked immunosorbent assay
(ELISA).

Results: Chromium content in polluted soils was higher than that in the
control soils at all depths. Sobs, Chaol, Ace, and Shannon diversity estimators
in the control were higher, whereas Simpson'’s diversity estimators in the
control soils were lower than those of contaminated samples at all depths.
Contaminants affected the composition of the bacterial community. The
soil microbial species were relatively single and inhomogeneous in the
polluted soils. The bacterial phyla in polluted and controlled soils include
Proteobacteria, Actinobacteria, Chloroflexi, and Acidobacteria, which differ
markedly in abundance.

Discussion: The results of these observations provide insights into the
ecotoxicological effects of Cr(VI) exposure to soil microorganisms. To sum
up these results are critical for evaluating the stabilized state of microbial
community structures, contributing to the assessment of the potential risk of
metal accumulation in soils.

KEYWORDS

microbiome, chromium, microbial diversity and structure, soil enzymes, MiSeq high-
throughput sequencing
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FIGURE 6
Bacterial community analysis was performed to present the relative abundance at the genus level. All data in the experiment represent three
independent experiments.

2.4. Catalase (CAT) and nitrite reductase 2.5. Bacterial diversity and statistical
(NR) levels of soils analysis

The catalase (CAT) and nitrate reductase (NR) levels Operational taxonomical units (OTUs) with 97% similarity
of the soils were determined using commercially available were clustered using the algorithm UPARSE version 7.1 (http://
kits (Cat: ml076929 and ml076879, Mlbio, Shanghai, China). drive5.com/uparse/), and chimeric sequences were identified
Other procedures were performed by strictly following the and removed using UCHIME. Alpha indices were acquired
manufacturer’s instructions. via Mothur 1.30.2 (https://www.mothur.org/wiki/Download_
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Community heatmap

Methylotenera

Rivibacter

unclassified_f__Nitriliruptoraceae
norank_f__Nitriliruptoraceae

Wenzhouxiangella
unclassified_f__Comamonadaceae
Planomicrobium

lamia

unclassified_f__Rhodobacteraceae

Luteimonas

norank_f__Longimicrobiaceae
unclassified_o__Rhizobiales

Devosia

norank_c__Cyanobacteria
unclassified_f__Phyllobacteriaceae

Arenimonas

Marmoricola

Pseudolabrys

norank_o__Acidimicrobiales

Mesorhizobium

Silanimonas

Truepera

Nesterenkonia

Lysobacter

norank_c__Gemmatimonadetes
norank_c__Acidobacteria 35
Pseudomonas

Azoarcus

unclassified_f__Rhodocyclaceae 30
norank_c__P2-11E
norank_f__Cytophagaceae
norank_f__Anaerolineaceae
norank_f__Nitrosomonadaceae
Gaiella 20
norank_f__Gemmatimonadaceae
norank_f__OM1_clade

norank_c__KD4-96 15-
norank_c__Gitt-GS-136
norank_o__JG30-KF-CM45
Pseudarthrobacter
unclassified_k__norank
norank_o__Subgroup_7 05
norank_c__TK10

Nocardioides

norank_o__Gaiellales 0.0
Variibacter

norank_o__43F-1404R

H16 05
norank_c__Actinobacteria

Nitrospira

25

C3 c2 C1 T T2 T3

FIGURE 7
The similarity and differences in bacterial community structures in the soil samples were analyzed by heatmap. All data in the experiment
represent three independent experiments.

mothur). Tables for each taxonomy and beta diversity distance org/install/index html). The data were analyzed on the online
calculation were analyzed with Quiime 1.9.1 (http://qgiime. platform of Majorbio Cloud Platform (www.majorbio.com)

Frontiersin Veterinary Science 07 frontiersin.org


https://doi.org/10.3389/fvets.2022.1066048
https://www.mothur.org/wiki/Download_mothur
http://qiime.org/install/index.html
http://qiime.org/install/index.html
http://www.majorbio.com
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhu et al.

10.3389/fvets.2022.1066048

C1
— C2
— C3
T
— T2
— T3

PC2(15.83%)

FIGURE 8
Soil samples were separated by hierarchical

experiment represent three independent experiments.
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clustering analysis and PCoA. The similarity and differences in the bacterial community structures
were determined by hierarchical clustering tree analysis (A). PCoA analysis of the bacterial communities at the OTU level (B). All data in the

(18-21). The results are presented as the mean =+ standard
deviation and were checked by one-way ANOVA or student’s
t-test (¢-test) using Statistical Package for the Social Sciences
(version 19.0; SPSS Inc., Chicago, IL, USA). P < 0.05 indicated
statistical significance.

3. Results

3.1. Chromium contents in soils

The measured soil chromium contents varied substantially
between the two land types (uncontaminated and polluted)
and among the three depths (0-20, 20-40, and 40-60 cm).
The concentrations of chromium increased in polluted soils at
all depths compared with those in reference soils. Meanwhile,
chromium content decreased with increasing depth (Table 2).

3.2. Alteration to soil microbial diversity
index

Rank abundance curves were obtained by ranking the
number of species (or OTUs) at a certain taxonomic level
as the horizontal coordinate and the relative percentages of
the number of species at that taxonomic level as the vertical
coordinates. Low-quality reads were removed from the OTUs,
and investigation was conducted using rank abundance curves
for the analysis of bacterial abundance and evenness (Figure 1).
The curve width represented bacterial abundance, and the curve
shape indicated the evenness of soil bacteria. Changes in total
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species and core species richness were described through Pan-
Core species analysis (Figures 2A, B).

Alpha (a) diversity measurements were calculated to
describe microbial diversity, such as OTU Sobs, Chao, Ace,
Shannon, Simpson’s, and coverage diversity estimators (Table 3).
Initially, the coverage diversity indicator of each sample was
over 98%, thereby indicating that the identified 16s rDNA
sequences can represent the majority of bacteria present in the
samples. Similarly, the uncontaminated samples had the highest
Sobs, Shao, Ace, and Shannon diversity estimators but had the
lowest Simpson’s diversity estimator in all depths compared with
polluted samples. Table 3 shows that the bacterial microbiomes
ranged from 1,062 to 1,777 in the Sobs diversity estimator,
1,253.3 to 2,190.3 in the Chao diversity estimator, 5.04 to
6.22 Shannon diversity estimator, and 0.00501 to 0.0288 in the
Simpson diversity estimator.

Rarefaction curve analysis was used in comparing the
OTU indicators at different sequencing depths and taxon
richness, and whether the acquired sequence amounts were
determined. The
curves in Figures 2C,D showed similar patterns for all

sufficiently quantified was rarefaction

soil samples, showing that soils were equally sampled and

sufficiently sequenced.

3.3. Bacterial community composition
complexity

As shown in Figure 3A, the Venn diagram used to evaluate
out distribution in different treatments at the genus level

frontiersin.org
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Kruskal-Wallis H test bar plot
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FIGURE 9
The Kruskal-Wallis H-test was chosen to detect the richness of microbial communities exhibited by different samples at the phylum level. All
data in the experiment represent three independent experiments.
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FIGURE 10

LEfSe was used to discriminate the microbial communities of all soil samples. Significantly affected microbial taxa were shown in LEfSe
multi-level species hierarchy tree diagram. All data in the experiment represent three independent experiments.
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reflected that 263 OTUs were common in all soil samples. In
addition, up to 400 and 433 OTUs belong to uncontaminated
and polluted soils, respectively. C1 and T1 had 366 OTUs,
C2 and T2 had 377, and C3 and T3 had 367. However, CI,
C2, C3, T1, T2, and T3 had 8, 4, 23, 10, 11, and 15 unique
OTUs, respectively. At the genus levels, Acidobacteria was the
dominant bacterium in all soil groups (C1-C3 and T1-T3,
8.06%, Figure 3B), control groups (C1-C3, 10.26%, Figure 3C),
Cland T1 groups (6.84%, Figure 3E), C2 and T2 groups (5.03%,
Figure 3F), and C3 and T3 groups (7.80%, Figure 3G). However,
Silanimonas was the dominant bacterium in the polluted soil
groups (T1-T3, 8.28%, Figure 3D).

The composition and structure of bacterial communities
in the samples were analyzed at different taxonomic levels.
Uncontaminated and contaminated groups showed analogous
bacterial diversity but differed in terms of abundance
to a certain extent (Figures4, 6). Bacterial community
analysis revealed relative abundance at the phylum level
(Figure 4). Proteobacteria was the predominant phylum,
and Actinobacteria was the secondary phylum. The relative
abundance of bacterial phyla changed in the two soil types.
In the C1 samples, Proteobacteria was 28.95% of the total
bacteria, and the percentages of Chloroflexi in C1, C2, C3, T1,
T2, and T3 were 21.55, 17.78, 22.24, 8.50, 6.37, and 4.97%,
respectively. Acidobacteria and Chloroflexi decreased, whereas
Proteobacteria and Deinococcus-Thermus were enriched in
the Cr(VI)-polluted soils. At the phylum level, significance
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analysis of the relative abundance indicated that the significance
of Actinobacteria, Gemmatimonadetes, Firmicutes,
Cyanobacteria, Nitrospirae

in the chromium groups were higher than those in the

levels
Deinococcus-Thermus, and
control groups, whereas the significance levels of Chloroflexi,
Acidobacteria, Bacteroidetes, and Planctomycetes were lower
than those of the control groups. Additionally, Latescibacteria
and Ignavibacteriae were unique in the control groups
(Figure 5).

The abundance of relative bacterial community at the
genus level is illustrated in Figure 6. Norank Acidobacteria,
and norank Nitrosomonadaceae
were the dominant genera in the control groups (C1-C3).

norank Anaerolineaceae,

However, the dominant genera in polluted soils were diverse
when the contaminants were input. Specifically, Lysobacter
(8.33%), Luteimonast (4.36%), and norank Longimicrobiaceae
(4.04%) were dominant in T1; Silanimonas (15.94%), norank
Gemmatimonadetes (6.71%), and Nesterenkonia (5.45%) were
dominant in T2; and Silanimonas (8.27%), Truepera (7.28%),
and Nesterenkonia (6.52%) were dominant in T3.

A heatmap of microbial communities was further analyzed
for the identification of the similarity and differences among
bacterial community structures in the soil samples. The genera
of the control groups (C1-C3) had a cluster pattern of
bacterial community composition different from the pattern
observed in polluted soils (T1-T3; Figure 7). At the genus
level, the relative abundance of Methylotenera, Rivibacter,
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Nitriliruptoraceae, Wenzhouxiangella, Luteimonas, Silanimonas,
Truepera, and Nesterenkonia in the chromium groups were
higher than those in the control groups, whereas the relative
abundance of Rhodocyclaceae, 43F-1404R, and HI6 were lower
than those in the control groups.

Bacterial community composition varied by chromium
content and soil depth. Therefore, the samples were separated by
principal coordinate analysis (PCoA) and hierarchical clustering
analysis, as illustrated in Figure 8B. At the OTU level, the PCoA
indicated the clear separation of the bacterial communities
in different groups. The microbiota of the T1, T2, and T3
samples was distinct from that of the C1, C2, and C3 samples.
The first axis explained the 58.91% cumulative percentage
variance of species, and the second axis explained 15.83%.
The two axes explained a total of 74.74% variance of species.
Meanwhile, further analysis of microbial communities was
executed through a hierarchical clustering tree, which was
used in identifying similarities and differences among bacterial
community structures (Figure 8A). The microbial community
structures in uncontaminated and polluted soils substantially
differed, and these structures were divided into two clusters.

A Kruskal-Wallis H-test was used for detecting richness
exhibited by different samples of microbial communities at
the phylum level. Proteobacteria, Actinobacteria, Chloroflexi,
and Acidobacteria were the dominant bacterial phyla in all
samples, but the C1-C3 and T1-T3 samples differed in the
abundance of these bacteria (Figure 9). In addition, LDA effect
size analysis (LEfSe) was used to discriminate between microbial
communities in uncontaminated soils and those in polluted
soils. Figures 10, 11 show differences in bacterial taxa. The
dominant bacterial phyla were Bacteroidetes, Verrucomicrobia,
Armatimonadetes, Chlorobi, and WS2 in Cl; Planctomycetes
and Latescibacteria in C2; Chloroflexi, Acidobacteria, and
Nitrospirae in C3; Proteobacteria, Cyanobacteria, and BRCI
in T1; Gemmatimonadetes, BJ_169, M6__Dependentiae, and
Parcubacteria in T2; and Actinobacteria, Deinococcus_Thermus,
and Firmicutes in T3.

3.4. Correlation among environmental
factors, soil samples, and bacterial floras

The correlation of environmental factors, soil samples, and
bacterial floras were further assessed by redundancy analysis
(RDA) (Figure 12). RDA results illustrated that the sequence
of contributors to the diversification was as follows: bacterial
community’s chromium content > NR > depth > CAT (P <
0.05). The factors involved in chromium content, soil depths,
and enzyme levels explained 85.79% diversity of the bacterial
communities. The RDA1 axis explained 59.52% of the total
variance separating C1-C3 groups from T1-T3 groups.
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FIGURE 11

LEfSe was used to discriminate the microbial communities of all
soil samples. LDA discriminant bar charts were used to count
microbial taxa that differed significantly in all groups. All data in
the experiment represent three independent experiments.
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Based on different environmental factors, RDA result of bacterial communities (A) and heatmap of correlations (B) in soil samples. Values in the
same row with "*, ** and ***" were significantly different (p < 0.05, p < 0.01 or p < 0.01). All data in the experiment are from three independent
experiments.

3.5. Changes in soil enzymes

The content of antioxidant enzymes (NR and CAT)
decreased in Cr(VI)-polluted soils at all depths compared with
those in C1-C3. Moreover, the NR and CAT content increased
with depth (Figure 13).

4. Discussion

According to the national survey bulletin on soil pollution in
China, 34.9% of all wastelands surveyed exceeded the standard
in terms of the amount of pollutants. The involved pollutants
were zinc, chromium, mercury, lead, arsenic, and polycyclic
aromatic hydrocarbons, which were produced by chemical and
metal manufacturing industries (22). In the present study,
chromium content in T1-T3 notably exceeded the highest
national control standard value of 1,300 mg/kg (GB 15618-
2018). The high risk of potentially toxic metals migrating to the
environment can lead to the frequent migration of potentially
toxic metals into the soil (23).

As a result of the influences of soil microbes and soil
environments, differences in soil microbes are inconspicuous
even after long-term succession (24, 25). Hence, bacterial
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microbiome communities were used in identifying changes in
Cr(VI)-polluted soils.

In this study, T1-T3 curves were steeper than C1-C3 curves,
indicating that the species uniformity of the control groups
was more consistent than T1-T3. Furthermore, OTU levels
increased with depth in C1-C3, whereas those of T1-T3 were the
opposite. The results obtained from the rank abundance curve
highlighted a significant fraction of variations in C1-C3 and
T1-T3 diversities (in horizontal and vertical axes) that can be
attributed to the content, mobility, and permeability of Cr(VI).
Table 2 shows that the chromium content of T1-T3 was higher
than that of C1-C3 and had a decisive effect on the microbiome.
Meanwhile, chromium content at different depths influenced
bacterial taxa distribution and microbiome evenness.

Biodiversity is evaluated by the richness, evenness, and
a diversity indices of the microbial composition (26). In the
present research, Sobs, Chao, Ace, Shannon, and Simpson’s
diversity indices and coverage indices were assessed to represent
the richness and evenness of a microbial community. The
results of microbial richness in Sobs, Chao, and Ace indices
were similar in different land types but varied by soil depth.
The results of microbial evenness in Shannon and Simpson’s
diversity indices indicated an analogous phenomenon. These
results revealed that soil microbial diversity was stable across
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FIGURE 13
Antioxidant enzyme (NR and CAT) contents of soils (A, B). Data showing the diverse depths between Control and Chromium soil groups are
presented as the mean =+ SD. Values in the same row with "*" were significantly different (p < 0.05) in the same depth between the Control and
Chromium groups. All data in the experiment represent three independent experiments.

soil environments; therefore, soil microbial diversity can reflect
soil properties (27). Moreover, the diversity indices of the
microbial composition revealed that the microbial community
is crucial to the preservation of the function and stability of
soil ecosystems (28-30). The results in Figures 2C, D indicate
that the microbial community significantly decreased after being
polluted with Cr(VT).

Proteobacteria and Actinobacteria were the dominant phyla
in all soil samples, consistent with other reports (31, 32). The
properties of Proteobacteria, a slightly acidic and metabolically
diverse species, can explain the high presence of these in
soil samples (33). In addition, Actinomycetale are common in
metal-impacted soils, especially chromium-polluted soils (34—
36). Analysis of the similarity tree of multiple samples indicated
the similar community structures of C1-C3 and Cr(VI)-polluted
soils. By contrast, the relative abundance of strains markedly
differed between the control and polluted soil samples.

The findings revealed that changes in microbial diversity and
abundance can affect soil microbial biomass and activity (37).
Therefore, soil microbial community (diversity and structure)
integrated with microbial biomass and activity might be used in
developing an approach for evaluating the risk of contaminated
soils. Thus, a potential method for the bioremediation of
contaminated soil can involve the addition of uncontaminated
soil bacteria and removal of contaminated soil bacteria for soil
microbial stability. Such bacteria include Latescibacteria (which
only existed in control soils), which can degrade organics (38).

The composition of soil bacterial communities is closely
related to soil properties, such as antioxidation enzymes; hence,
information regarding shifts in the antioxidation enzymes of soil
may be used in predicting changes in the bacterial community
after Cr(VI) pollution. In addition, soil microbial biomass and
activity can sensitively assess soil quality. Pb can bind with NH2
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and SH enzyme groups, thereby causing enzymes to lose their
activity and preventing them from harming soil microorganisms
(39, 40). Pb might underlie the mechanism for decreasing CAT
and NR levels in Cr-polluted soils.

Previous reports have demonstrated that pollutants, enzyme
levels, and spatial depth can reveal the diversity of soil bacterium
(41, 42). Among the influencing parameters, chromium was
closely related to bacterial communities composition and
structure (r* = 0.9412, P = 0.001), whereas depth was weaker
linked to diversity (r* = 03728, P 0.03). Soils were
collected at three depths, but the phyla were dominated by
Proteobacteria, Actinobacteria, Chloroflexi, and Acidobacteria.

The depth-specific differences were not the main factors for
bacterial diversity in this study.

5. Conclusion

MiSeq sequence results showed a significant difference
between Cr(VI)-polluted soils and control soils, regardless
of the depths of Cr(VI)-polluted soils. The data of soil
microbial biomass indicated that the soil polluted with Cr(VT)
suppressed the microbial diversity and antioxidized enzyme
levels, changing bacterial community composition and structure
significantly, revealing the distribution of Latescibacteria and
Ignavibacteriae. The depths values and CAT levels had minor
contributions to bacterial community changes. By contrast,
Cr(VI) contamination was the main factor that affected the
balance of bacterial microbial communities by inhibiting
bacterial diversity, microbial community structure complexity,
and antioxidant enzyme levels. Collectively, differences in
bacterial microbiome communities and antioxidant enzyme
levels of soils can facilitate the assessment of the degree

frontiersin.org


https://doi.org/10.3389/fvets.2022.1066048
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Zhu et al.

of chromium contamination in soil samples. These results
are critical for stabilizing the state of microbial community
structures in view of the potential risk of metal accumulation
in soils.
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