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Abstract: To further study the fungal community in heavy metal contaminated ecosystems, soil samples were collected from an
abandoned chromium (Cr) factory, and fungal community was analyzed by Illumina sequencing of Internal Transcribed Spacer (ITS)
amplicons. The results showed that Cr contamination changed the composition and structure of soil fungal community, but didn’t
change the diversity. Fungus showed various responses to Cr contamination. LEfSe analysis revealed that the biomarker changed a
lot in the Cr-contaminated samples in comparison with that in the control samples. The changes in fungal community may be caused
by the direct toxic effects on fungi by high concentration of Cr and the significant change in soil properties resulting from Cr
contamination. Among all the Cr fractions, organic matter-bound Cr and exchangeable Cr showed significant effects on the fungal
community and organic matter also showed a significant effect on soil fungal community.
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1 Introduction

Chromium (Cr) is a chemical element that has been
widely applied in many areas such as chemical, factories
and foundry. About 85% of the Cr is used in metal
alloys [1,2]. The remaining Cr compounds at abandoned
industrial ~sites have high impacts on
microorganism, animals and plants [3]. The Cr is an
essential micro-nutrient of animals and humans, but high
Cr concentration has great harm to animals and humans
and causes serious diseases, such as cancer and deformity,
or even leads to death. Meanwhile, no positive effects of
Cr have been found in plants [4]. CERVANTES et al [4]
found that both 0.5 mg/L Cr(VI) solution and 5 mg/L
Cr(V]) in soil were harmful to plants. Cr also has great
diffusion capacity, because hexavalent chromium, a
highly toxic form of Cr, is highly water-soluble and
mobile [5]. Soluble Cr can cross the plasma membrane
and enter into organisms. The generated free Cr radicals
cause direct DNA alterations or other toxic effects [6,7].
CHALI et al [8] have proven that indigenous bacteria in
soils could deal with Cr contamination effectively.

Soil microbes are important indicators of soil

toxic

quality, and heavy metal contamination
significant changes in the microbial community. Many
studies have focused on the responses of bacteria to
heavy metal pollution [9-12]. For example, CHAI
et al [8] found that the bacteria strains isolated from Cr
contaminated soils showed obvious Cr resistance and had
effective Cr reduction ability, and our recent study [13]
indicated that microbial communities adapt to heavy
metal contamination through complex interactions. The
fungal community is also an important part of the
below-ground ecosystem as the fungi are important
organic matter decomposer. Fungal communities cause
various responses to heavy metal contamination. For
example, VAL et al [14] and LIAO et al [15] found that
fungi community composition changed drastically in
response to the heavy metals.

However, there are few studies focused on the
fungal community in soils facing serious and long-term
heavy metal pollution (e.g. the fungal community in soil
below the Cr slag). Whereas, understanding the response
of fungal community to long-term Cr contamination
is of fundamental importance for bioremediation of Cr
pollutions.

In the present work, we sampled long-term Cr

causes

Foundation item: Project (51504298) supported by the National Natural Science Foundation of China; Project (2016JJ3146) supported by the Natural
Science Foundation of Hunan Province, China; Project (1053320171098) supported by the Fundamental Research Funds for the Central
Universities of China; Project supported by the Postdoctoral Research Funding Plan in Central South University, China

Corresponding author: Hong-wei LIU; Tel: +86-731-88830546; E-mail: hongweiliu@csu.edu.cn

DOI: 10.1016/S1003-6326(18)64828-9



Jin HU, et al/Trans. Nonferrous Met. Soc. China 28(2018) 1838—1846 1839

contaminated soils from an abandoned Cr factory, and
investigated soil fungal community using ITS Illumina
Miseq sequencing. The aims of this work were to
investigate (1) how fungal community responded to the
long-term Cr-contamination and (2) which Cr fraction(s)
was the major factors affecting fungal community.

2 Experimental

2.1 Site description and soil sampling

Soil samples were gathered in October, 2015.
Sampling site is at an abandoned chromium (Cr) salt
factory located in Hunan Province, China (E112°58°0",
N28°16°23"). The chromate plant has been abandoned
for 13 years and no plants are growing in the polluted
area. Soil samples (contaminated) were collected
(020 cm) under the chromate slag heap; meanwhile,
control soils were sampled from the adjacent area around
the Cr deposit for the same original parent material with
contaminated soils (about 500 m far away from the
contaminated site and plants can grow). Each type of soil
(control and contaminated) was collected three times as
the biological replicates. All soil samples were separated
into two parts. One part was frozen in liquid nitrogen and
stored at —80 °C for further molecular analysis, and the
other was brought into the library and was stored at 4 °C
for physiochemical property analysis.

Soil physiochemical properties including pH,
organic matter and total nitrogen are shown in Table 1,
and the Cr contents including exchangeable Cr, Fe/Mn
oxides-bound Cr and organic matter-bound Cr were
measured according to methods by RAURET et al [16]
and MILLER and ZITTEL [17]. Briefly, the
exchangeable Cr was extracted using acetate solution,
the Fe/Mn oxides-bound Cr was extracted using
NH,OH-HCl and HNO; solution and the organic
matter-bound Cr was extracted using H,O, and NH,OAc
solution. The concentration of extracted Cr was
measured by the 1,5-diphenylcarbohydrazide spectro-
photometric method.

Fungal colony form units (CFU) were determined as
described by SIEUWERTS et al [18].

2.2 DNA extraction, PCR and sequencing

DNA was extracted from 10 g soils by DNA
extraction method [19]. Then, the quantity and quality of
extracted DNA were checked by using a NanoDrop
ND—-100  spectrophotometer and  agarose  gel
electrophoresis.

PCR amplification was performed on Applied
Biosystems 2720 Thermal Cycler (ABI Inc., USA) using
ITS primer pair gITS7F (5’-GTG ART CAT CGA RTC
TTT G-3’) and ITS4R (5’-TCC TCC GCT TAT TGA
TAT GC -3’) together with barcodes and Illumina adapter

sequences. Amplification system included 0.5 pL of
Taq polymerase (TaKaRa, Japan), 5 pL of 10x PCR
buffer, 1.5 pL of ANTP mix, 1.5 pL each primer
(10 pmol/L, forward and reverse), 2 uL of DNA template
(~20 ng/uL) and 38 pL of deionised H,O. The PCR
program was configured as follows: denaturation at
94 °C for 5 min, and 35 cycles of 94 °C for 20 s, 57 °C
for 25 s, and 68 °C for 45 s, with a final extension at
68 °C for 10 min. PCR products were purified using
E.ZN.A. TM Gel Extraction Kit (OMEGA Bio-tek Inc.,
Doraville, GA, USA). Then, the concentration and
quality of recovered DNA were evaluated by NanoDrop
ND-100 Spectrophotometer (NanoDrop Technologies,
Wilmington, USA). For constructing the sequencing
library, 200 ng of each purified DNA product was mixed
together, and the sequencing was performed on Illumina
Miseq platform (Illumina Inc., San Diego, CA, USA).

2.3 Data processing and statistical analysis

[llumina sequencing data were analyzed by an
in-house Galaxy pipeline established in ZHOU’s lab
(http://zhoulab5.rccc.ou.edu/). Briefly, low quality (QC
score <20) sequences were trimmed by Btrim [20] and
reads were assigned to samples according to the barcode
sequences. Left and right reads were combined by
FLASH [21]. OTU assignment was performed using the
UPARSE [22] at 97% similarity level. Taxonomic
classification was determined with the RDP database at
50% threshold [23]. Raw data sequences were submitted
to NCBI SRA database, under the accession number of
SAMNO07533343, SAMNO07533344, SAMNO07533345,
SAMNO07533346, SAMNO07533347 and
SAMNO07533348.

Statistical analyses of fungal community profiles
were performed using the STAMP software [24]
following the two-sided Welch’s t-test. Alpha-diversity
and beta-diversity of fungal community were calculated
on the R statistical platform, using the ‘vegan’ package.
Alpha-diversity included observed OTU number, Chaol,
Shannon diversity index (H), Simpson index of diversity
(1/D) and Pielou evenness index (J). Beta-diversity of
comparing fungal community structure in different
treatments including correspondence analysis (CA),
nonmetric multidimensional scaling (NMDs) and
analysis of similarity (ANOSIM) were carried out based
on  Bray—Curtis  distance Canonical
correspondence analysis [25] was employed to reveal the
relationship between soil properties and fungal
community. LEfSe (linear discriminant analysis effect
size) for detecting biomarkers was performed on the
online Galaxy platform (http://huttenhower.sph.harvard.
edu/galaxy/). Student t-test was performed to compare
the significant level of difference between two groups
using the Minitab software. A p-value of less than 0.05

matrix.
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was considered as significant.
3 Results

3.1 Soil properties

Soil properties such as pH, total nitrogen (TN),
organic matter (OM) and different forms of chromate in
control and contaminated soils are shown in Table 1. The
soils were in alkalinity condition and the contaminated
soils had higher pH than the control soils. The main
forms of contaminated soils were exchangeable Cr,
organic matter-bound Cr and residual Cr, while the
Fe/Mn oxides-bound Cr was much less in contaminated
soils in comparison with other Cr forms. The Cr content
in control soils was high, but the main form was the
residual Cr. Total nitrogen (TN) and organic matter (OM)
in solids decreased significantly following the Cr
contamination.

Table 1 Soil properties of Cr-contaminated and control soils

Property Contaminated soil Control soil  p

pH 8.76+0.10 8.24+0.06  0.004
w(TN)/(g'kg ") 0.28+0.11 1.06+0.10  0.003
w(OM)/(g-kg ) 0.39+0.30 19.43+0.91 0.001
w(TC)/(g-kg ) 0.25+0.15 11.13£0.21 <0.001
w(Cd)/(mg-kg ™) 0.86+0.29 0.73+0.13  0.533
w(Pb)/(mg-kg ") 17.27+2.40 54.80+1.78 <0.001
w(Hg)/(mg-kg ") 0.80+0.44 0.50£0.07  0.366
w(As)/(mg-kg ") 5.60+0.94 47.60+0.66 <0.001
w(Ca)/(mg-kg ") 81.10+3.36 51.97+1.60 0.005
w(Mg)/(mg-kg ") 37.97+3.79 12.27+0.83 0.008
w(Crp)/(mg-kg ™) 25124+4010 3568493  0.011
w(Cra)/(mg-kg™") 2323+130 68.16+0.65 0.001
w(Crb)/(mg-kg ") 0.35+0.19 1.24+0.14  0.007
w(Cro)/(mg-kg ") 5965+587 1.10£0.13  0.003
w(Crre)/(mg-kg ") 16835+3549 3498493  0.023

T test was carried out using Minitab 16 software; TN: Total nitrogen; OM:

Organic matter; TC: Total carbon; Crr: Total Cr; Cra: Exchangeable Cr; Crb:

Fe and Mn oxides-bound Cr; Cro: Organic matter-bound Cr; Crre: Residual
Cr

3.2 Alpha-diversity and abundance

community

The high-throughput sequencing of ITS rRNA
amplicons obtained 110822 clean sequences for 6
samples. To eliminate the effects caused by different
sequencing depth, sequencing depth was normalized to
9000 for each sample. Rarefaction curve showed that
increasing the sequencing depth would not cause an
obvious increase in observed OTU number, which

of fungal

indicated that the sequencing depth is adequate for
further analysis (Fig. 1). The rarefaction curve also
indicated that control samples had more OTUs than
contaminated samples. Alpha-diversity indexes are
shown in Table 2. The observed OTU number showed
significant (p<0.05) difference between the two groups,

while other indexes (Shannon diversity, Simpson
diversity, Evenness and Chaol) didn’t.
200
L v
175 : v 3 ¢
v
150  EIR <
=] | 3 <
NP
B 100+ 3 & 4 & & ¢ @
Z ¥ § ¢4
Q A
2 751 ¢
o 1
50+
n —Crl e —(Cr2 A —Cr3
25¢ v—Ctrll ¢—Ctrl2 <«—Cul3
0 2000 4000 6000 8000 10000
Sequencing depth

Fig. 1 Observed OTU of [llumina sequencing

Table 2 Fungal community alpha-diversity indexes in Cr-
contaminated and control soils

Alpha-diversity Cr-contaminated

index soil Control soil p
Shannon 2.565+0.400 2.731£0.327  0.615
Simpson 0.800+0.085 0.836+0.046  0.548

Pielou 0.516+0.062 0.536+0.055  0.754

Observed OTU  115.67+11.06 163.3+18.0 0.030

Chaol 160.0£21.6 201.74£3.90  0.081

The abundance of the fungal community was
determined by colony forming units. The CFU in
contaminated-soils ((3.70+1.44)x10° CFU) was 30 times
lower than that in control soils ((103.79+15.26)%
10 CFU), suggesting that there were much less
culturable fungi in contaminated soils.

3.3 Beta-diversity of fungal community

Beta-diversity analyses based on OTU table were
carried out by CA, NMDs and ANOSIM analysis.
Replicated samples in each treatment grouped well in CA
and NMDs plots (Figs. 2(a) and (b)). Dissimilarity
analysis (ANOSIM) suggested that the distance between
two groups was larger than that within the groups. The
difference was not statistically significant (p=0.1),
because there were limited replicates (n=3). Heatmap
based on active OTUs showed that samples were well
clustered, which further revealed the difference in fungal
community composition between two groups.
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3.4 Phylogenetic composition of fungal community
All sequences could be classified into 5 phyla and
205 genera. The distribution pattern of fungal
community at genus level differed obviously between
control and contaminated soils (Fig. 3). The genus
Candida had the largest abundance in Cr-contaminated
samples, while the dominant genus in control samples
was the Derxomyces that was rare in contaminated
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Fig. 2 CA analysis (a), NMDS analysis (b), ANOSIM analysis (c), and heatmap (d) showin,

difference in Cr-contaminated and control soil samples
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samples.

Welch’s t-test (Fig. 4) showed that one phylum
(Ascomycota), three  classes  (Sordariomycetes,
Orbiliomycetes and Tremellomycetes), six orders
(Tremellales, Archaeosporales, Trichosporonales,

Teloschistales, Hypocreales and Trichosphaeriales), ten
families (Incertae sedis 12, Archaeosporaceae, Tricho-
sporonaceae, Caliciaceae, Vibrisseaceae, Apiosporaceae,
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Fig. 3 Relative abundance of fungal community in Cr-contaminated and control soil samples at genus level
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Incertae sedis 3, Parmeliaceae, Elaphomycetaceae and
Incertae_sedis 26) and eleven genera (Derxomyces,
Phialo-
Myrothecium,

Trichosporon, Dirinaria, Purpureocillium,

cephala, Arthrinium, Entoloma,
Nigrospora, Remototrachyna and Elaphomyces) showed
significant difference in two treatments. LEFSe analysis
(Fig. 5) suggested that members in phylum Ascomycota
acted as biomarkers in both control and contaminated
soils. For example, Genus Aspergillus in Class Eurotiales
Aspergillus  and Candida  in  Order
Saccharomycetales were the biomarkers in contaminated

samples, whereas Genus Mpyrothecium, Adisciso and

Genus

Pestalotiopsis in Order Sordariomycetes were the
biomarkers in control samples. In addition, Zygomycota
played an important role in Cr-contaminated soils.
Trichosporpn, Cryptococcus-1 and Guehomyces from the
phylum of Basidiomycota were the biomarkers in
contaminated soils and Genus Derxomyces was the
biomarker in control soils.

3.5 Soil property and fungal community

CCA (Fig. 6) was carried out to analyze the
relationship between soil properties and fungal
community. Soil pH, organic matter (OM) and three Cr
forms were selected to investigate their effects on the
fungal community. The results showed that the
exchangeable Cr (p=0.026), Organic matter-bound Cr
(»=0.046) and soil organic matter (p=0.013) had
significant effects on the fungal community, while the
effects of Fe/Mn oxides-bound Cr (p=0.078) and pH
(»=0.089) on fungal community were not significant.

I Cr o -
psco‘“*c Eur Otiomycetes
I Ctrl =

4 Discussion

4.1 Effects of Cr slag on soil properties

The long-term Cr pollution caused significant
changes in soil physiochemical properties, and
particularly, soil organic matters were decreased by about
50 times in polluted soils. KONG et al [26] also found
that the heavy metal pollution decreased the content of
organic carbon and total nitrogen in soils. Because high
level of heavy metals was toxic to plants, a low input of
plant and root litter was responsible for the reduction in
organic carbon in polluted soils. The observation that no
plants could grow in the contaminated region further
supported the implication above. In addition, the
decomposers (e.g. fungi) in soils mineralized the organic
matter and metabolized the organic matter to gas (e.g.
CO,) or water-soluble chemicals (e.g. ethanol), and
therefore, the original organic matter was consumed [27].
Thus, the organic matter (energy resource) decreased
severely in Cr seriously-contaminated soils. The decrease
in organic matter further caused a slight decrease in soil
pH, because no roots could exude the organic acids to
decrease the soils pH in the polluted region, and the more
the Cr concentration had, the less the organic acids roots
exuded [28].

4.2 Effects of Cr slags on soil fungal community
Serious heavy metal (i.e. Cr slags) caused
significant change not only in soil properties but also in
fungal communities. Both fungal community richness
(observed OTU number) and fungal abundance (CFU) in
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Fig. 5 LEfSe analysis of fungal community in Cr-contaminated and control soils (Yellow circles represent non-significant differences

in abundance between Cr-contaminated and control soils. Taxa enriched in Cr-contaminated soils with a positive LDA score, and taxa

enriched in control samples have a negative score (green))
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soils were greatly reduced in response to long-term,
serious Cr contamination, which indicated that the
serious Cr contamination was toxic to most of fungi.
Therefore, Cr sensitive fungi could hardly grow in such
condition with a high concentration of Cr. This was
further proven by the changes in relative abundance of
some fungi. For example, the Derxomyces was the
predominant genus in control samples, but could be
hardly found in Cr-contaminated samples, because the
Derxomyces was very sensitive to heavy metals, and
long-term, serious Cr contamination caused extinction of
this special genus from soils. Same could be applied to
other genera that were sensitive to Cr, such as Dirinaria,
Purpureocillium, Arthrinium  and
Entoloma. Furthermore, the relative abundance of
Trichosporon was obviously increased (p<0.05) in Cr
contaminated soils. LAZAROVA et al [29] also found
that the Trichosporon cutaneum RS57 did not show a
significant growth diminution under the Cr(VI)
concentration of 10 mmol/L, and suggested that
Trichosporon cutaneum RS57 had Cr-resistant ability.
Besides, GEORGIEVA et al [30] indicated that the
Trichosporon cutaneum RS57 was resistant to Cr(VI)
because the strain had the ability to transform the metal
ions into complex polymeric compounds. In addition,
BAJGAI et al [31] also found that Trichosporon
cutaneum R57 could reduce Cr(VI). Beta-diversity at
OUT level, i.e. CA, NMDs, UPGMA and ANOSIM,
clearly indicated that the fungal community differed
obviously between control and contaminated soils. The
results suggested that long-term Cr contamination caused
significant changes in fungal abundance (number of
fungal species) and fungal community composition in
soils.

LEFSE was a reliable method for detecting
biomarkers in microbiome [32], and previous studies
successfully applied LEFSE in detecting bacterial
biomarkers in heavy metal contaminated soils [33].

Phialocephala,

LEFSE indicated that different taxa acted as the
biomarkers in control and contaminated soils.
Biomarkers in Cr contaminated soils were supposed to
be tolerant to Cr. For example, the genus Candida and
the genus Asperillus of phylum Ascomycota were
biomarkers in Cr-contaminated samples, and they were
both supposed to show obvious heavy metal resistance.
For example, the relative abundance of Candida
increased obviously in Cr-contaminated samples and
many studies suggested that Candida was highly
resistant to Cr. BALDI et al [34] suggested that the strain
Candida sp. DBVPG 6502 was resistant to Cr.
RAMIREZ-RAMIREZ et al [35] found that the strain
Candida could grow in medium containing 100 mmol/L
Cr, and further proved that the strain had the Cr
reduction ability. The Candida was resistant to Cr,
because there was NADH-depended chromate reductase
in its membrane and protoplast, and the reductase could
reduce the toxicity of Cr(VI) [35]. The Aspergillus
widely existed in soils [36], and many studies have
proven that the Aspergillus was Cr-resistant. For example,
CZAKO-VER et al [37] indicated that Aspergillus sp.
was found in Cr contaminated environments and could
reduce Cr(VI) to Cr(IIl). Similar results that the relative
abundance of Aspergillus increased in Cr contaminated
samples were obtained in the present work.

4.3 Factors constraining soil fungal communities
Because fungi are heterotrophs in soils and take
organic matter as the main carbon resource, the soil
organic matter is one of the most important factors
affecting fungal community [38,39]. In the present work,
soil carbon and organic matter were significantly
affected by Cr slags. Therefore, soil carbon and organic
matter were the main factors constraining fungal
community, as indicated by CCA analysis. In addition,
GEORGIEVA et al [30] also found that under the high
concentration of metal ions, the microorganisms were
more difficult to utilize the carbon sources.
TEKERLEKOPOULOU et al [40] also suggested that
the carbon source was very critical for microbial
community structure, as well as the Cr(VI) reduction
ability of fungi. Thus, Cr fractions, i.e. organic matter
bound Cr, could significantly affect the availability of
soil organic matter, and consequently influenced the
fungal community. Among all Cr fractions, exchangeable
Cr contributed a considerable portion of Cr species and
showed the highest effects on fungi community. This is
because that the exchangeable Cr is highly water soluble
and can easily be absorbed by microorganisms [41,42].
However, the exchangeable Cr is toxic to most of fungi,
and therefore, the exchangeable Cr also played important
role in regulating fungal community. In contrast to the
exchangeable Cr, the Fe/Mn oxides-bound Cr
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contributed a very low portion of total Cr, and did not
show significant effects on fungal community compared
with the other Cr forms. It was because that the Fe/Mn
oxides bound Cr had very low water solubility and was
hard to enter the organism cells, and therefore could not
be utilized by microbes [43—46]. Same could also be
applied to residual Cr that was water-insoluble and could
not be utilized by microorganisms. To summary, organic
matter and two Cr fractions, the exchangeable Cr and the
organic matter-bound Cr, were the major factors
constraining fungal community, whereas, Fe/Mn
oxides-bound Cr and residual Cr showed little effects on
the fungal community in long-term Cr contaminated
soils.

5 Conclusions

1) Cr contamination changed the composition and
structure of soil fungal community, but didn’t change the
fungal diversity.

2) Cr contamination caused sharp decreases in the
number of fungi as well as changes in the fungal
community. Biomarkers detected in Cr contaminated
soils, for example, the genus Candida and genus
Asperillus of phylum Ascomycota were supposed to be
highly tolerant to Cr contamination.

3) The changes in the fungal community were
caused by the direct toxic effects on fungi caused by high
concentration of Cr and the significant changes in soil
properties, e.g. change in organic matter, accompanied
by Cr contamination. Organic matter was the most
important factor that constrained fungal community and
among all the Cr fractions organic matter bound Cr and
exchangeable Cr showed significant effects on the fungal
community.
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