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Abstract
Poly- and perfluoroalkyl compounds (PFASs) are ubiquitous in the environment, but their influences on microbial community
remain poorly known. The present study investigated the depth-related changes of archaeal and bacterial communities in PFAS-
contaminated soils. The abundance and structure of microbial community were characterized using quantitative PCR and high-
throughput sequencing, respectively. Microbial abundance changed considerably with soil depth. The richness and diversity of
both bacterial and archaeal communities increased with soil depth. At each depth, bacterial community was more abundant and
had higher richness and diversity than archaeal community. The structure of either bacterial or archaeal community displayed
distinct vertical variations. Moreover, a higher content of perfluorooctane sulfonate (PFOS) could have a negative impact on
bacterial richness and diversity. The rise of soil organic carbon content could increase bacterial abundance but lower the richness
and diversity of both bacterial and archaeal communities. In addition, Proteobacteria, Actinobacteria, Chloroflexi,
Cyanobacteria, and Acidobacteria were the major bacterial groups, while Thaumarchaeota, Euryarchaeota, and unclassified
Archaea dominated in soil archaeal communities. PFASs could influence soil microbial community.
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Introduction

Due to their high chemical and thermal stability, poly- and
perfluoroalkyl compounds (PFASs) have yielded wide appli-
cation in commercial products. They are widely distributed in
various aquatic and soil environments (Gottschall et al. 2017;
Munoz et al. 2015, 2016; Rankin et al. 2016; Shan et al. 2014;
Wang et al. 2016a). The ubiquity of PFASs in the environment
has raised increasing concerns, due to their environmental
persistency, bioaccumulation in food chain, and toxicity to
invertebrates, animals, and plants (Shan et al. 2014; Sun et

al. 2016). Both soil and aquatic microbial communities can
be shaped by a variety of environmental factors (Li et al.
2017a; Chen et al. 2016; Ni et al. 2016), yet information on
the effect of PFASs on microbial community in natural envi-
ronment is still limited. Two previous studies documented that
the diversity and composition of sediment bacterial commu-
nity could be influenced by perfluorooctanoic acid (PFOA)
(Sun et al. 2016) and 6:2 fluorotelomer alcohol (6:2 FTOH)
(Zhang et al. 2017). Li et al. (2017b) pointed out that the
abundance and richness of both bacterial and archaeal com-
munities in soil were correlated with perfluorohexane sulfo-
nate (PFHxS) content, and the impact of PFASs on microbial
community might be related to the type of PFASs.

Although the distinct change of bacterial community with
soil depth has been well-documented (Douterelo et al. 2010;
Kim et al. 2016; Liu et al. 2015; Ma et al. 2013; Sagova-
Mareckova et al. 2016; Wang et al. 2014, 2016b, 2017), the
vertical change of soil archaeal community remains poorly
known. In addition, there is still a paucity of knowledge on
the vertical changes of soil microbial community in PFAS-
contaminated site. Therefore, the objective of the present
study was to investigate the vertical changes of archaeal and
bacterial communities in PFAS-contaminated soils. The

* Shuguang Xie
xiesg@pku.edu.cn

* Jun Huang
huangjun@tsinghua.edu.cn

1 School of Environment, Beijing Key Laboratory for Emerging
Organic Contaminants Control (BKLEOC), State Key Joint
Laboratory of Environment Simulation and Pollution Control
(SKLESPC), Tsinghua University, Beijing 100084, China

2 State Key Joint Laboratory of Environmental Simulation and
Pollution Control, College of Environmental Sciences and
Engineering, Peking University, Beijing 100871, China

Annals of Microbiology (2018) 68:399–408
https://doi.org/10.1007/s13213-018-1346-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s13213-018-1346-y&domain=pdf
mailto:xiesg@pku.edu.cn
mailto:huangjun@tsinghua.edu.cn


possible relationships between soil microbial communities
and the mainly detected PFASs were also explored.

Materials and methods

Soil chemical properties

Soil samples in triplicate at five depths (0.2, 1, 5, 10, and
30 m) were collected through well drilling at a site (116° 23′
0.16″ E, 39° 29′ 59.12″ N) with a long exposure (more than
10 years) to heavy PFAS pollution in Beijing (China). These
soil samples were kept in iceboxes and transported back to the
laboratory in 2 h after collection. The soils at these five depths
were characterized as clay, sandy clay, sandy silt, fine sand,
and coarse sand, respectively. The concentrations of soil
PFASs were extracted and analyzed according to our previous
study (Li et al. 2017b). In this study, the detected PFASs
mainly included perfluorooctane sulfonate (PFOS) (7.7–
1167 μg/kg), chlorinated polyfluorinated ether sulfonate (F-
53B, C8ClF16O4SK) (0–10.8 μg/kg), PFHxS (0.26–13.1 μg/
kg), and perfluorobutane sulfonate (PFBS) (0.05–0.31 μg/kg)
(Table 1). Soil organic carbon (OC) was determined using the
potassium dichromate oxidation spectrophotometric method.
OC content in soils ranged between 0.47 and 1.48%.

Molecular analyses

Genomic DNA of each soil sample (0.5 g) was extracted using
PowerSoil DNA extraction kit (Mo Bio Laboratories, USA).
Soil DNA quality and quantity were assessed using a
NanoDrop™ 2000 spectrophotometer (Thermo Fisher
Scientific, USA). In this study, primer sets 341F (5′-CCTA
CGGGAGGCAGCAG-3′)/534R (5′-ATTACCGCGGCTGC
TGGCA-3 ′) (Jung et al. 2011) and Arch344F (5 ′-
GYGCAGCAGGCGCGA-3 ′)/Arch915R (5 ′-GTGC
TCCCCCGCCAATTCCT-3′) (Casamayor et al. 2002) respec-
tively were used for quantitative PCR (q-PCR) assay of bacte-
rial and archaeal abundance, following the amplification con-
ditions described in the literature (Liu et al. 2016). q-PCR assay
was performed for each replicate soil DNA sample.

For IlluminaMiSeq high-throughput sequencing of soil bac-
terial and archaeal communities, genomic DNAwas amplified
using the primer pairs 515F (5′-GTGCCAGCMGCCGCGG-
3′)/907R (5′-CCGTCAATTCMTTTRAGTTT-3 ′) and
Arch519F (5′-CAGCCGCCGCGGTAA-3′)/Arch915R (5′-
GTGCTCCCCCGCCAATTCCT-3′), respectively (He et al.
2016). The amplicons from replicate soil DNA samples were
pooled in the same amounts to perform sequencing using the
Illumina® HiSeq 2000 system. The obtained raw bacterial and
archaeal reads were deposited in NCBI short-read archive with
accession numbers SRP091028 and SRP091024, respectively.
Raw paired-end reads were merged using FLASH.

Quality filtering of reads was conducted with Qiime
(Caporaso et al. 2010) and chimeric sequences were detected
and deleted using UCHIME (Edgar et al. 2011). Operational
taxonomic units (OTUs) were assigned by UPARSE (Edgar
2013) based on 97% sequence similarity. The OTUs only with
one sequence (singleton) were removed for further analysis.
Alpha-diversity metrics (Chao1 richness and Shannon index)
were calculated using UPARSE (Edgar 2013). Representative
OTU sequences were taxonomically classified using the Silva
database (Quast et al. 2013). Unweighted UniFrac was calcu-
lated to identify the difference in microbial community com-
position among samples and then hierarchical clustering anal-
ysis was performed based on unweighted pair group method
with arithmetic mean (UPGMA) using the R software (version
i386, 3.3.0).

Statistical analysis

One-way analysis of variance (ANOVA) was used to test for
significant difference (p < 0.05) in quantitative PCR assays.
Spearman rank correlation analysis using the software SPSS
20.0 was applied to explore the links of soil chemical parame-
ters with the abundance, richness, and diversity of microbial
community. In addition, using the software CANOCO 4.5, re-
dundancy analysis (RDA) with Monte Carlo tests was per-
formed to identify the correlations of microbial community
composition with soil chemical properties. The number of se-
quence in each major microbial OTU (with a threshold of 50
sequences) was assigned as species input, and soil chemical
property was put as environmental input (Zhang et al. 2015).

Table 1 Soil chemical
characteristics Sample Depth (m) PFBS (μg/kg) PFHxS (μg/kg) PFOS (μg/kg) F53B (μg/kg) OC (%)

T1 0.2 0.16 13.1 1167 7.5 1.48

T2 1 0.23 0.22 43.2 10.5 0.8

T3 5 0.25 0.17 32.7 10.8 1.36

T4 10 0.31 0.18 7.7 4 0.53

T5 30 0.05 0.26 18.3 0 0.47
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Results

Microbial abundance

In the present study, the number of bacterial 16S rRNA gene
in soils were 4.65 × 108–8.57 × 109 copies per gram dry soil
(Fig. 1a), while archaeal 16S rRNA gene ranged from 4.22 ×
107 to 5.27 × 108 copies per gram dry soil (Fig. 1b). The soils
at five depths illustrated the significant difference in both bac-
terial and archaeal abundance (p < 0.05). Soil at 0.2 m depth
had the highest bacterial abundance, followed by soils at 5 and
1 m depths. Soil at 5 m depth displayed the highest archaeal
abundance, and soil at 1 m depth showed significantly higher
archaeal abundance than soils at 0.2, 10, and 30m depths (p <
0.05). In addition, at each sampling depth,Bacteriaweremore

abundant than Archaea (8–186:1). Spearman rank correlation
analysis indicated that soil OC content was positively corre-
lated with bacterial abundance (p < 0.01), while each of PFBS,
PFHxS, and F53B illustrated no significant correlation with
either bacterial or archaeal abundance (p > 0.05) (Table 2).

Microbial richness and diversity

In the present study, OTU table was normalized to the identi-
cal sequencing depth (with 35,900 sequences) for the compar-
ison of soil microbial richness and diversity. Each soil bacte-
rial library comprised of 613–1872 OTUs, while each soil
archaeal library was composed of 287–744 OTUs (Table 3).
The values of bacterial and archaeal Chao1 richness estima-
tors and Shannon diversity index were 1047–2408 and 3.2–

(a) 

(b)

Fig. 1 The number of bacterial
(a) and archaeal (b) 16S rRNA
genes in soil samples. Different
letters above the columns indicate
the significant differences in gene
abundance (p < 0.05)
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6.25, and 451–836 and 3.09–3.84, respectively. For both bac-
terial and archaeal communities, OTUs, Chao1 richness, and
Shannon diversity increased with soil depth. In addition, at
each sampling depth, Bacteria had more OTUs and higher
richness and diversity than Archaea. Spearman rank correla-
tion analysis indicated that PFOS had significant negative
correlations with bacterial community richness and diversity
(p < 0.05). Soil OC content showed negative correlations with
the richness and diversity of bacterial and archaeal communi-
ties (p < 0.05 or p < 0.01).

Microbial community structure

UPGMA clustering analysis illustrated that either bacterial or
archaeal community in five soils could be divided into three
distinct clades (Fig. 2a, b). Soil at 0.2 m depth was clearly
separated from other soils. Soils at 1 and 5 m depths were
clustered together, while soils at 10 and 30 m depths formed
another group. The first two RDA dimensions totally repre-
sented a large amount (88.5%) of the cumulative variance of
total bacterial communities (Fig. 3a). However, neither PFASs
nor OC significantly contributed to the total soil bacterial as-
semblage–environment relationship. Moreover, the first and
second RDA dimensions respectively explained 56.9 and
31.2% of variance in total soil archaeal communities (Fig.

3b). Only F53B (F = 3.540, p = 0.011, 999 Monte Carlo per-
mutations) significantly contributed to the total soil archaeal
assemblage–environment relationship.

In the current study, soil bacterial communities were mainly
composed of Proteobacteria, Actinobacteria, Chloroflexi,
Cyanobacteria, and Acidobacteria (Fig. 4). These organisms to-
tally accounted for 81.3–96.8% in soil bacterial communities.
Firmicutes, Bacteroidetes, Planctomycetes, Gemmatimonadetes,
and other minor bacterial groups were also detected. Moreover,
the relative abundance of each major bacterial phylum illustrated
a considerable vertical variation. Proteobacterial organisms (main-
ly comprising of Alphaproteobacteria, Betaproteobacteria, and
Gammaproteobacteria) predominated in soil at 0.2 m depth (ac-
counting for 75.2%) (Fig. 5), but they becamemuch less abundant
in other four soils (17.5–23.3%). The proportions of
Proteobacteria aswell as itsmajor classes tended to decreasewith
soil depth. The proportion of Actinobacteria organisms in soil at
10 m depth (29.7%) was higher than that in other soils (16.1–
23.6%). The proportion of Chloroflexi organisms increased with
soil depth, and they were dominant in soil at 30m depth (41.5%).
Cyanobacteria organisms were much abundant in soils at 1 and

Table 2 Spearman rank correlation analysis of soil chemical parameters
with the abundance, richness, and diversity of bacterial and archaeal
communities

Abundance Richness Diversity

Bacteria Archaea Bacteria Archaea Bacteria Archaea

PFBS 0.1 0.7 0 − 0.1 0 − 0.1
PFHxS 0.1 − 0.8 − 0.3 − 0.1 − 0.3 − 0.1
PFOS 0.8 0.1 − 0.9* − 0.8 − 0.9* − 0.8
F53B 0.4 0.8 − 0.2 − 0.4 − 0.2 − 0.4
OC 1.0** 0.4 − 0.9* − 1.0** − 0.9* − 1.0**

*Correlation is significant at the 0.05 level, **correlation is significant at
the 0.01 level

Fig. 2 UPGMA clustering of bacterial (a) and archaeal (b) assemblages
based on UniFrac distance

Table 3 Soil microbial community richness and diversity

Sample OTU Chao1 richness Shannon index

Bacteria Archaea Bacteria Archaea Bacteria Archaea

T1 613 287 1047 451 3.2 3.09

T2 1548 458 1877 648 5.94 3.29

T3 1507 474 1922 683 6.06 3.32

T4 1655 562 2231 765 6.11 3.48

T5 1872 744 2408 836 6.25 3.84
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5 m depths (26.6 or 18.1%), but became a minor bacterial group
in other soils (0–1.8%). In addition, Acidobacteriawas much less
abundant in soil at 0.2 m depth (0.8%) than in other soils (6.1–
8.9%).

In this study, soil archaeal communities mainly included
Thaumarchaeota, Euryarchaeota, and unclassified Archaea
(Fig. 6). They comprised of 97.8–100% in soil archaeal com-
munities. The proportion of each major archaeal groups illus-
trated a considerable change with soil depth. Thaumarchaeota
organisms (mainly class Soil_Crenarchaeotic_Group (SCG))
(Fig. 7) were much less abundant in soil at 0.2 m depth
(19.9%) than in other soils (42.7–66.1%). Euryarchaeota
(mainly class Thermoplasmata) showed a much higher

proportion in soil at 10 m depth (15.2%) than in other soils
(0–4.9%).

Spearman rank correlation analysis indicated that the levels
of PFBS, PFHxS, and F53B in soils were significantly corre-
lated with the proportions of Actinobacteria, Acidobacteria,
and Alphaproteobacteria, respectively (p < 0.05 or p < 0.01)
(Tab le 4) . The p ropor t ions o f Chloro f l ex i and
Thermoplasmata (Euryarchaeota) had significant correlations
with PFOS and OC (p < 0.05). Moreover, the proportions of
Betaproteobacteria and Proteobacteria were significantly
correlated with the levels of PFOS and OC, respectively (p
< 0.01).

Discussion

Vertical change of soil microbial abundance

It has been well-documented that bacterial abundance can
considerably change with soil depth (Biro et al. 2014; Liu et
al. 2015; Ma et al. 2013; Wang et al. 2014, 2016b). These
previous studies indicated that bacterial abundance declined
with soil depth. To date, little is known about the vertical
change of soil bacterial abundance in PFAS-contaminated site.
Only our recent study documented the remarkable change of
bacterial abundance with soil depth at a chromium- and PFAS-
contaminated site (Li et al. 2017b). In this study, at a site with
a long exposure to heavy PFAS pollution, the highest bacterial
abundance occurred in top soil (0.2 m depth). Soil bacterial
abundance did not continuously decrease with soil depth, and
soil at 5 m depth had higher bacterial abundance than soil at
1 m depth. This result was not in agreement with previous
studies (Biro et al. 2014; Liu et al. 2015; Ma et al. 2013;
Wang et al. 2014, 2016b). Although our previous study sug-
gested that PFHxS might influence soil bacterial abundance
(Li et al. 2017b), in this study, the links between bacterial
abundance and PFASs were still unclear. However, the result
of Spearman rank correlation analysis suggested that soil OC
content might be a key determinant to bacterial abundance,
which was consistent with the previous studies (Barrett et al.
2016; Ma et al. 2013). The decrease in soil carbon availability
with depth might account for the depth-related decrease of
bacterial abundance (Barrett et al. 2016).

Several previous studies indicated that soil depth negative-
ly affected archaeal abundance (Barrett et al. 2016; Cao et al.
2012). Our recent study also reported the considerable change
of archaeal abundance with soil depth at a chromium- and
PFAS-contaminated site (Li et al. 2017b). In this study, with
soil depth, archaeal abundance displayed a considerable in-
crease followed by a considerable decline. This did not coin-
cide with the previous studies (Barrett et al. 2016; Cao et al.
2012). In addition, our previous study suggested that PFHxS
might determine soil archaeal abundance (Li et al. 2017b),
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Fig. 3 RDA ordination plot for the first two principal dimensions of the
relationship between bacterial (a) and archaeal (b) OTU composition and
soil environmental factors
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whereas no clear link of archaeal abundance with PFASs was
not identified in the present study.

In this study, soil types were different at the different
depths, which could affect DNA extraction efficiency.
Soils at 0.2 and 1 m depths were characterized as clay
and sandy clay, respectively. Clay could bind DNA and
thus result in the lower soil microbial abundance. Hence,
the number of bacterial and archaeal 16S rRNA gene cop-
ies could be underestimated. The DNA extraction effi-
ciencies of soils at the different depths deserved further
investigation.

Vertical change of soil microbial richness and diversity

Numerous previous studies indicated that bacterial diversity
could decline with soil depth (Douterelo et al. 2010; Eilers et
al. 2012; Wang et al. 2014, 2017). Several previous studies
also reported that bacterial richness decreased with soil depth
(Ma et al. 2013; Wang et al. 2017). Our previous study found
that, at a chromium- and PFAS-contaminated site, soils at 0.5–
4 m depths had higher richness than those at 4.5–12.5 m
depths, while there was no obvious trend for the change of
bacterial diversity with soil depth (Li et al. 2017b). However,

Fig. 5 Comparison of the
quantitative contribution of the
sequences affiliated with different
bacterial classes to the total
number of bacterial sequences
from soil samples. Others include
the bacterial classes with the
largest relative abundance less
than 1% in each sample

Fig. 4 Comparison of the
quantitative contribution of the
sequences affiliated with different
bacterial phyla to the total number
of bacterial sequences from soil
samples. Others include the
bacterial phyla with the largest
relative abundance less than 1%
in each sample
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in this study, both bacterial richness and diversity were found
to increase with soil depth at PFAS-contaminated site. This
was not consistent with the results reported in previous studies
(Douterelo et al. 2010; Eilers et al. 2012; Li et al. 2017b; Ma et
al. 2013; Wang et al. 2014, 2017). So far, little is known about
the relations between PFASs and bacterial richness and diver-
sity. Our previous study suggested that soil bacterial richness
might be positively influenced by PFHxS (Li et al. 2017b),
while Sun et al. (2016) and Zhang et al. (2017) indicted that
PFOA and 6:2 FTOH at higher concentration lowered sedi-
ment bacterial diversity. In this study, PFOS was found to
have negative influence soil bacterial richness and diversity.
To the authors’ knowledge, this was the first report on the
possible relation of PFOS with bacterial richness and diversi-
ty. In addition, in the present study, the result of Spearman

rank correlation analysis suggested that soil OC content might
also be a key determinant to bacterial richness and diversity,
which was in harmony with previous studies (Ma et al. 2013;
Naveed et al. 2016).

To date, the vertical changes of archaeal richness and
diversity remain poorly known. Deng et al. (2015) found the
decrease of archaeal richness with soil depth. Soils at 0.5–4 m
depth displayed higher richness than those at 4.5–12.5 m
depth at a chromium- and PFAS-contaminated site, while no
trend was detected in the change of archaeal diversity with soil
depth (Li et al. 2017b). In this study, both archaeal richness
and diversity were found to increase with soil depth at PFAS-
contaminated site. PFHxS was found to be a possible factor
influencing soil archaeal richness (Li et al. 2017b), whereas
the clear correlations of archaeal richness and diversity with

Fig. 7 Comparison of the
quantitative contribution of the
sequences affiliated with different
archaeal classes to the total
number of archaeal sequences
from soil samples. Others include
the archaeal classes with the
largest relative abundance less
than 1% in each sample

Fig. 6 Comparison of the
quantitative contribution of the
sequences affiliated with different
archaeal phyla to the total number
of archaeal sequences from soil
samples. Others include the
archaeal phyla with the largest
relative abundance less than 1%
in each sample
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PFASs were not identified in this current study. So far, the
links of archaeal richness and diversity with soil OC remains
unclear. A recent study suggested that soil OC played an im-
portant role in determining archaeal diversity (Dominguez et
al. 2017). In this study, the result of Spearman rank correlation
analysis further sustained that soil OC might be a key driver
for both richness and diversity of archaeal community.

Vertical change of soil microbial structure

A number of previous studies have revealed the distinct vari-
ation of bacterial community structure with soil depth (Hu et
al. 2015; Kim et al. 2016; Ma et al. 2013; Sagova-Mareckova
et al. 2016; Watanabe et al. 2010). In this study, the results of
both UPGMA clustering analysis and phylogenetic analysis
further provided the evidence for the vertical change of soil
bacterial community structure at PFAS-contaminated site. The
proportion of proteobacterial organisms tended to decrease
with soil depth. Our recent study also revealed the depth-
related change of total bacterial community structure in
chromium- and PFAS-contaminated soils (Li et al. 2017b).
Sun et al. (2016) suggested that PFOA might play an impor-
tant role in shaping river sediment bacterial community.
Moreover, 6:2 FTOH could also considerably affect total sed-
iment bacterial community structure (Zhang et al. 2017). In
this study, although the results of RDA indicated that PFASs
had a clear link with the total soil bacterial community struc-
ture, the result of Spearman rank correlation analysis sug-
gested that the proportions of Acidobacteria, Actinobacteria,
andChloroflexiwere regulated by the levels of PFHxS, PFBS,
and PFOS, respectively. The proportions of Alphapro
teobacteria and Betaproteobacteria were governed by the
levels of F53B and PFOS, respectively.

It remains unclear that whether or not archaeal community
structure changes with soil depth. A few previous studies re-
ported the distinct variation of archaeal community structure
with soil depth (Eilers et al. 2012; Lee et al. 2015;Watanabe et
al. 2010), while Kaurin et al. (2015) indicated that the com-
position of archaeal community was not affected by soil
depth. In this study, the results of both UPGMA clustering
analysis and phylogenetic analysis showed a considerable ver-
tical shift in soil archaeal community. The shift in soil archaeal
community with soil depth was also reported in chromium-
and PFAS-contaminated soils (Li et al. 2017b). Moreover, the
result of RDA indicated that F53B might play an important
role in shaping total archaeal community structure. The result
of Spearman rank correlation analysis further indicated that
the proportion of Thermoplasmata (Euryarchaeota) was
closely correlated with PFOS. To the authors’ knowledge, this
was the first report on the possible influence of PFASs on
archaeal community structure.

In conclusion, the abundance, richness, diversity, and struc-
ture of both bacterial and archaeal communities illustrated
considerable changes among different soil depths. PFASs
could influence both bacterial and archaeal communities.

Funding information This research was financially supported by the
National Natural Science Foundation of China (No. 21477060),
Tsinghua University Initiative Scientific Research Program (No.
20131089251), and special fund of State Key Joint Laboratory of
Environment Simulation and Pollution Control (No. 17Y01ESPCP),
and Major Science and Technology Program for Water Pollution
Control and Treatment in China (No. 2017ZX07202004).

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

References

Barrett M, Khalil MI, Jahangir MMR, Lee C, Cardenas LM, Collins G,
Richards KG, O'Fl aherty V (2016) Carbon amendment and soil
depth affect the distribution and abundance of denitrifiers in agricul-
tural soils. Environ Sci Pollut Res 23:7899–7910

Biro B, Toscano G, Horvath N, Matics H, Domonkos M, Scotti R, Rao
MA, Wejden B, French HK (2014) Vertical and horizontal distribu-
tions ofmicrobial abundances and enzymatic activities in propylene-
glycol-affected soils. Environ Sci Pollut Res 21:9095–9108

Cao P, Zhang LM, Shen JP, Zheng YM, Di HJ, He JZ (2012) Distribution
and diversity of archaeal communities in selected Chinese soils.
FEMS Microbiol Ecol 80:146–158

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, Huttley
GA, Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA,
McDonald D, Muegge BD, Pirrung M, Reeder J, Sevinsky JR,
Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld

Table 4 Spearman rank correlation analysis of soil chemical parameters
with the major bacterial and archaeal phyla and classes

PFBS PFHxS PFOS F53B OC

Acidobacteria 0.6 − 0.9* − 0.2 0.8 0

Actinobacteria 0.9* − 0.6 − 0.3 − 0.4 0.3

Cyanobacteria 0.5 − 0.7 − 0.1 0.6 − 0.1
Chloroflexi 0 − 0.3 − 0.9* − 0.2 − 0.9*
Proteobacteria 0.1 0.1 0.8 0.4 1.0**

Alphaproteobacteria 0.4 − 0.5 0.5 1.0** 0.7

Betaproteobacteria − 0.4 0.5 1.0** 0.2 0.8

Gammaproteobacteria − 0.2 0.7 0.1 − 0.8 0.1

Thaumarchaeota 0.8 − 0.7 − 0.6 − 0.4 − 0.4
Euryarchaeota 0.3 − 0.3 − 0.9* − 0.4 − 0.9*
SCG 0.8 − 0.7 − 0.6 − 0.4 − 0.4
Thermoplasmata 0.3 − 0.3 − 0.9* − 0.4 − 0.9*

*Correlation is significant at the 0.05 level, **correlation is significant at
the 0.01 level

406 Ann Microbiol (2018) 68:399–408



J, Knight R (2010) QIIME allows analysis of high-throughput com-
munity sequencing data. Nat Methods 7:335–336

Casamayor E, Massana R, Benlloch S, Øvreås L, Díez B, Goddard V,
Gasol J, Joint I, Rodríguez-Valera F, Pedrós-Alió C (2002) Changes
in archaeal, bacterial and eukaryal assemblages along a salinity gra-
dient by comparison of genetic fingerprinting methods in a
multipond solar saltern. Environ Microbiol 4:338–348

Chen YH, Dai Y, Wang YL, Wu Z, Xie SG, Liu Y (2016) Distribution of
bacterial communities across plateau freshwater lake and upslope
soils. J Environ Sci 43:61–69

Deng J, Gu YF, Zhang J, Xue K, Qin YJ, Yuan M, Yin HQ, He ZL, Wu
LY, Schuur EAG, Tiedje JM, Zhou J (2015) Shifts of tundra bacterial
and archaeal communities along a permafrost thaw gradient in
Alaska. Mol Ecol 24:222–234

Dominguez MT, Gutierrez E, Gonzalez-Dominguez B, Roman M, Avila
JM, Ramo C, Gonzalez JM, Garcia LV (2017) Impacts of protected
colonial birds on soil microbial communities: when protection leads
to degradation. Soil Biol Biochem 105:59–70

Douterelo I, Goulder R, Lillie M (2010) Soil microbial community re-
sponse to land-management and depth, related to the degradation of
organic matter in English wetlands: implications for the in situ pres-
ervation of archaeological remains. Appl Soil Ecol 44:219–227

Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011) UCHIME
improves sensitivity and speed of chimera detection. Bioinformatics
27:2194–2200

Edgar RC (2013) UPARSE: highly accurate OTU sequences frommicro-
bial amplicon reads. Nat Methods 10:996

Eilers KG, Debenport S, Anderson S, Fierer N (2012) Digging deeper to
find unique microbial communities: the strong effect of depth on the
structure of bacterial and archaeal communities in soil. Soil Biol
Biochem 50:58–65

Gottschall N, Topp E, Edwards M, Payne M, Kleywegt S, Lapen DR
(2017) Brominated flame retardants and perfluoroalkyl acids in
groundwater, tile drainage, soil, and crop grain following a high
application of municipal biosolids to a field. Sci Total Environ
574:1345–1359

He T, Guan W, Luan ZY, Xie SG (2016) Spatiotemporal variation of
bacterial and archaeal communities in a pilot-scale constructed wet-
land for surface water treatment. Appl Microbiol Biotechnol 100:
1479–1488

HuWG, ZhangQ, Tian T, Li DY, Cheng G,Mu J,WuQB,Niu FJ, Stegen
JC, An LZ, Feng HY (2015) Relative roles of deterministic and
stochastic processes in driving the vertical distribution of bacterial
communities in a permafrost core from the Qinghai-Tibet Plateau,
China. PLoS One 10:e0145747

Jung J, Yeom J, Kim J, Han J, Lim HS, Park H, Hyun S, Park W (2011)
Change in gene abundance in the nitrogen biogeochemical cycle
with temperature and nitrogen addition in Antarctic soils. Res
Microbiol 162:1018–1026

Kaurin A, Mihelic R, Kastelec D, Schloter M, Suhadolc M, Grcman H
(2015) Consequences of minimum soil tillage on abiotic soil prop-
erties and composition of microbial communities in a shallow
Cambisol originated from fluvioglacial deposits. Biol Fertil Soils
51:923–933

KimHM, LeeMJ, Jimg JY, HwangCY, KimM, RoHM, Chun J, LeeYK
(2016) Vertical distribution of bacterial community is associated
with the degree of soil organic matter decomposition in the active
layer of moist acidic tundra. J Microbiol 54:713–723

Lee HJ, Jeong SE, Kim PJ, Madsen EL, Jeon CO (2015) High resolution
depth distribution of Bacteria, Archaea, methanotrophs, and
methanogens in the bulk and rhizosphere soils of a flooded rice
paddy. Front Microbiol 6:639

Li JY, Zhang YF, Yang Z, Wang M (2017a) Bacterial diversity in Shahu
lake, Northwest China is significantly affected by nutrient composi-
tion rather than location. Ann Microbiol 67:469–478

Li BX, BaoYX, XuYN,Xie SG, Huang J (2017b)Vertical distribution of
microbial communities in soils contaminated by chromium and
perfluoroalkyl substances. Sci Total Environ 599–600:156–164

Liu X, Chen CR, Wang WJ, Hughes JM, Lewis T, Hou EQ, Shen JP
(2015) Vertical distribution of soil denitrifying communities in a wet
sclerophyll forest under long-term repeated burning. Microb Ecol
70:993–1003

Liu JN, Wang JM, Zhao CC, Hay AG, Xie HJ, Zhan J (2016) Triclosan
removal in wetlands constructed with different aquatic plants. Appl
Microbiol Biotechnol 100:1459–1467

Ma DW, Zhu RB, Ding W, Shen CC, Chu HY, Lin XG (2013) Ex-situ
enzyme activity and bacterial community diversity through soil
depth profiles in penguin and seal colonies on Vestfold Hills, East
Antarctica. Polar Biol 36:1347–1361

Munoz G, Giraudel JL, Botta F, Lestremau F, Devier MH, Budzinski H,
Labadie P (2015) Spatial distribution and partitioning behavior of
selected poly- and perfluoroalkyl substances in freshwater ecosys-
tems: a French nationwide survey. Sci Total Environ 517:48–56

MunozG,Duy SV, Labadie P, Botta F, Budzinski H, Lestremau F, Liu JX,
Sauve S (2016) Analysis of zwitterionic, cationic, and anionic poly-
and perfluoroalkyl surfactants in sediments by liquid chromatogra-
phy polarity-switching electrospray ionization coupled to high res-
olution mass spectrometry. Talanta 152:447–456

Naveed M, Herath L, Moldrup P, Arthur E, Nicolaisen M, Norgaard T,
Ferre TPA, de Jonge LW (2016) Spatial variability of microbial
richness and diversity and relationships with soil organic carbon,
texture and structure across an agricultural field. Appl Soil Ecol
103:44–55

Ni CY, Horton DJ, Rui JP, Henson MW, Jiang YM, Huang XL, Learman
DR (2016) High concentrations of bioavailable heavy metals impact
freshwater sediment microbial communities. Ann Microbiol 66:
1003–1012

Rankin K, Mabury SA, Jenkins TM, Washington JW (2016) A North
American and global survey of perfluoroalkyl substances in surface
soils: distribution patterns and mode of occurrence. Chemosphere
161:333–341

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies J,
Glockner FO (2013) The SILVA ribosomal RNA gene database
project: improved data processing and web-based tools. Nucleic
Acids Res 41(D1):D590–D596

Sagova-Mareckova M, Zadorova T, Penizek V, Omelka M, Tejnecky V,
Pruchova P, Chuman T, Drabek O, Buresova A, Vanek A, Kopecky
J (2016) The structure of bacterial communities along two vertical
profiles of a deep colluvial soil. Soil Biol Biochem 101:65–73

Shan GQ, Wei MC, Zhu LY, Liu ZT, Zhang YH (2014) Concentration
profiles and spatial distribution of perfluoroalkyl substances in an
industrial center with condensed fluorochemical facilities. Sci Total
Environ 490:351–359

Sun YJ, Wang TY, Peng XW, Wang P, Lu YL (2016) Bacterial commu-
nity compositions in sediment polluted by perfluoroalkyl acids
(PFAAs) using Illumina high-throughput sequencing. Environ Sci
Pollut Res 23:10556–10565

Wang NN, Wang MJ, Li SL, Sui X, Han SJ, Feng FJ (2014) Effects of
variation in precipitation on the distribution of soil bacterial diversity
in the primitive Korean pine and broadleaved forests. World J
Microbiol Biotechnol 30:2975–2984

Wang T, Vestergren R, Herzke D, Yu JC, Cousins IT (2016a) Levels,
isomer profiles, and estimated riverine mass discharges of
perfluoroalkyl acids and fluorinated alternatives at the mouths of
Chinese rivers. Environ Sci Technol 50:11584–11592

Wang JC, Zhang D, Zhang L, Li J, Raza W, Huang QW, Shen QR
(2016b) Temporal variation of diazotrophic community abundance
and structure in surface and subsoil under four fertilization regimes
during a wheat growing season. Agric Ecosyst Environ 216:116–
124

Ann Microbiol (2018) 68:399–408 407



Wang L, Li J, Yang F, YY E, Raza W, Huang QW, Shen QR (2017)
Application of bioorganic fertilizer significantly increased apple
yields and shaped bacterial community structure in orchard soil.
Microb Ecol 73:404–416

Watanabe T, Wang GH, Taki K, Ohashi Y, Kimura M, Asakawa S (2010)
Vertical changes in bacterial and archaeal communities with soil
depth in Japanese paddy fields. Soil Sci Plant Nutr 56:705–715

Zhang JX, Yang YY, Zhao L, Li YZ, Xie SG, Liu Y (2015)
Distribution of sediment bacterial and archaeal communities
in plateau freshwater lakes. Appl Microbiol Biotechnol 99:
3291–3302

Zhang S, Merino N, Wang N, Ruan T, Lu XX (2017) Impact of 6:2
fluorotelomer alcohol aerobic biotransformation on a sediment mi-
crobial community. Sci Total Environ 575:1361–1368

408 Ann Microbiol (2018) 68:399–408


	Vertical profiles of microbial communities in perfluoroalkyl substance-contaminated soils
	Abstract
	Introduction
	Materials and methods
	Soil chemical properties
	Molecular analyses
	Statistical analysis

	Results
	Microbial abundance
	Microbial richness and diversity
	Microbial community structure

	Discussion
	Vertical change of soil microbial abundance
	Vertical change of soil microbial richness and diversity
	Vertical change of soil microbial structure

	References


