Environ Monit Assess (2014) 186:4037-4050
DOI 10.1007/s10661-014-3678-9

Response of ammonia-oxidizing archaea and bacteria
to long-term industrial effluent-polluted soils, Gujarat,

Western India

Gangavarapu Subrahmanyam - Ju-Pei Shen -
Yu-Rong Liu - Gattupalli Archana - Ji-Zheng He

Received: 16 October 2013 / Accepted: 29 January 2014 /Published online: 20 February 2014

© Springer International Publishing Switzerland 2014

Abstract Soil nitrifiers have been showing an impor-
tant role in assessing environmental pollution as sensi-
tive biomarkers. In this study, the abundance and diver-
sity of ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) were investigated
in long-term industrial waste effluent (IWE) polluted
soils. Three different IWE polluted soils characterized
as uncontaminated (R1), moderately contaminated (R2),
and highly contaminated (R3) were collected in tripli-
cate along Mahi River basin, Gujarat, Western India.
Quantitative numbers of ammonia monooxygenase o-
subunit (amoA) genes as well as 16S rRNA genes indi-
cated apparent deleterious effect of IWE on abundance
of soil AOA, AOB, bacteria, and archaeal populations.
Relatively, AOB was more abundant than AOA in the
highly contaminated soil R3, while predominance of
AOA was noticed in uncontaminated (R1) and moder-
ately contaminated (R2) soils. Soil potential nitrification
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rate (PNR) significantly (P<0.05) decreased in polluted
soils R2 and R3. Reduced diversity accompanied by
apparent community shifts of both AOB and AOA
populations was detected in R2 and R3 soils. AOB were
dominated with Nitrosospira-like sequences, whereas
AOA were dominated by Thaumarchaeal “group 1.1b
(Nitrososphaera clusters).” We suggest that the signifi-
cant reduction in abundance and diversity AOA and
AOB could serve as relevant bioindicators for soil qual-
ity monitoring of polluted sites. These results could be
further useful for better understanding of AOB and
AOA communities in polluted soils.

Keywords Industrial waste effluent -
Ammonia-oxidizing bacteria - Ammonia-oxidizing
archaea - amoA gene - Community shift

Introduction

Nitrification is sensitive to different types of contamina-
tion, including heavy metal and organic pollution.
Ammonia oxidation, the first and rate limiting step of
nitrification, is catalyzed by both ammonia-oxidizing
bacteria (AOB) and ammonia-oxidizing archaea
(AOA). AOB have been considered as a model to assess
soil quality and health due to their ecophysiological
properties (Kowalchuk and Stephen 2001).
Furthermore, the genetic profile of AOB was seen as
biological indicators for soil disturbances (Ritz et al.
2009). Nevertheless, this kind of information is obscure
for AOA although the dominance (by ten to thousand
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folds) of AOA over AOB has been widely found in
marine and terrestrial ecosystems (Leininger et al.
2006; Prosser and Nicol 2008; He et al. 2012).
Therefore, studying dynamic change of AOA in re-
sponse to the anthropogenic disturbances would be use-
ful for soil pollution monitoring (Erguder et al. 2009;
Wessen and Hallin 2011).

Soil microbial activity and diversity are highly sen-
sitive to soil contamination by organic and inorganic
pollutants (Papa et al. 2010; Prasad et al. 2012;
Thavamani et al. 2012; Zhang et al. 2014). Bacterial
functional diversity has been significantly decreased
with increasing soil pollution (Stefanowicz et al. 2008;
Qu et al. 2011). Therefore, microbial-mediated soil pro-
cesses are well accepted as indicators of overall soil
environmental quality (Shukurov and Pen-mouratov
2009). Recently, the role played by soil nitrifiers has
gained much interest in monitoring the soil disturbances
caused by a variety of contaminants (Li et al. 2009; Liu
et al. 2010; Cao et al. 2011; Ollivier et al. 2012). For
example, reduction of both AOA and AOB populations
were noticed in arsenic-contaminated soils (Ollivier
et al. 2012). Higher abundance of AOA rather than
AOB was noticed in copper-polluted soils (Li et al.
2009). Diversity analysis of ammonia monooxygenase
a-subunit (amoA) genes revealed clear differences in
AOA and AOB community patterns in response to soil
contamination (Liu et al. 2010; Ollivier et al. 2012).
Moreover, the dominant role of AOA over AOB in
nitrification was found in heavy metal-polluted soils
(Li et al. 2009; Kelly et al. 2011; Vasileiadis et al.
2012), while greater role of AOB was seen in nitrifica-
tion of wastewater treatment plants and soils polluted
with organic amendments (Jin et al. 2010; Wells et al.
2009). Distinct response of AOA and AOB in nitrifica-
tion was mainly attributed to their different ecological
niche specialization in natural and engineered environ-
ments (He et al. 2012). However, the information on
polluted soils that are contaminated with various metals
as well as complex organic pollutants is still very limit-
ed. The soil ammonia-oxidizing community is thought
to be an excellent model for identification of critical
drivers of microbial composition and its consequences
for soil ecological function (Yao et al. 2013).
Nevertheless, until now, there has been very little infor-
mation on phylogeny of AOA in complicated polluted
landscapes. In this study, we selected the “Golden
Corridor” of the Indian state of Gujarat as our research
site. These industries utilize common effluent treatment
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plants (CETPs) to treat their process waste streams
(effluent) and finally dispose into the Gulf of
Khambhat through a 55-km-long, partially covered,
brick-lined channel. However, many industries ignore
CETPs and haphazardly dispose partially treated or
untreated sludge and solid bulk hazardous waste directly
into the nearby Mini River stream (a small tributary of
Mahi River) causing a severe threat of ground water
pollution and damage to surrounding landscape. The
industrial effluent mainly consisted of remarkable
amounts of organic and inorganic industrial chemicals
including heavy metals (Labunska et al. 1999).
Therefore, our main objective is to investigate abun-
dance and diversity of AOA and AOB in soils contam-
inated by industrial waste effluent for a long term (about
20 years). We also highlight the industrial waste effluent
(IWE)-induced community shifts of both AOA and
AOB and propose possible use of these changes as
relevant bioindicators in soil quality monitoring for the
assessment of long-term industrial pollution.

Materials and methods
Site description and soil sample collection

The “Golden Corridor” of the Indian State of Gujarat is
an industrial belt that includes the large industrial estates
in Nandesari, Ankleshwar, and Vapi. These industrial
areas contain thousands of individual industrial units,
including dye factories, textile, rubber, pesticide, fertil-
izers, petrochemicals, and chemical manufacturing
companies (CPCB 1996). Nandesari industrial estate
was developed in the year of 1969, located 15 km away
from Vadodara city, Gujarat, India.

In the present study, three different sites characterized
as uncontaminated (R1), moderately contaminated (R2),
and highly contaminated (R3) were chosen along Mahi
River basin, semiarid region, Gujarat, western India.
Geologically, all these three sites have evolved and fall
under the same alluvial sedimentary origin. Texturally,
all these three sites were silty loam in nature. Pre-
polluted soil properties of R2 and R3 were the same as
R1. However, because of long-term industrial waste
effluent contamination, the chemical properties of R2
and R3 have changed. Sample R1 located about 3.5 km
upstream of the Nandesari industrial estate (22°26'05"
N, 73°04'28" E), is a natural pristine soil without any
contamination. Sampling sites R2 (22°20'50” N, 73°04'
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36" E) and R3 (22°2329"” N, 73°1'45" E) lie along the
contaminated Mini River basin, and are about 6 and
1.5 km downstream of the Nandesari industrial estate,
respectively. Sampling sites R2 and R3 have been
receiving mixed organic and heavy metal pollution
for 20 years through IWE. The major persistent
organic pollutants that are identified in industrial
effluent near Nandesari industrial area (at R2 and R3
sampling sites) are polyaromatic hydrocarbons (phen-
anthrene and its derivatives), organohalogen com-
pounds (dichlorobenzenes), phenolic compounds (alkyl
phenol derivatives), and aliphatics (linear alkanes and
alkenes) (Labunska et al. 1999). In both R2 and R3 sites
(200 m away from Mini River stream), the landscape is
covered with Calotrophis procera, Acacia, Digitaria
Sp., Brachiaria sp., Datura stramonium, Parthenium
sp., Brassica sp. and Cynodon dactylon.

Ten cores for each sample were mixed, and three
replicates were collected for each sampling location at
depth of 0-20 cm. All the samples were placed in
autoclaved polyethylene bags and kept on ice during
the transportation to the lab. Then, the soil samples were
gently crumbled, mixed thoroughly, air dried at room
temperature, and passed through a 2.0-mm sieve.
Processed soil samples were stored at 4 °C for analysis
of soil characteristics and at —80 °C for DNA extraction.

Soil chemical and potential nitrification rates analysis

Soil texture, pH, and organic matter content were esti-
mated by standard protocols as described by Alef and
Nannipieri (1995). Total C (TC), total N (TN), and total
S (TS) were estimated by a combustion analyzer (Vario
ELIII elemental analyzer, Germany). Soil samples were
digested with HNO; + HCI (10 ml, 1:1v/v) for detecting
heavy metals by ICP-OES (PerkinElmer, California,
USA).

Soil ammonium and nitrate contents were extracted
from fresh soil samples with 2 M KCl and determined
by a Continuous Flow Analyser (SAN++, Skalar,
Holland). Potential nitrification rate (PNR) was mea-
sured using chlorate inhibition method as described
previously (Kurola et al. 2005). In brief, 5.0 g of fresh
soil sample was added to a 50-ml centrifuge tube con-
taining 20 ml of phosphate buffer solution (g 17':
Na,HPO,, 0.2; NaH,PO,, 0.2; KCI, 0.2; NaCl, 8.0;
pH 7.4) with 1 mM (NH4),SOy. Nitrite oxidation was
inhibited by adding potassium chlorate with a final
concentration of 10 mM. The suspension was incubated

at 25 °C for 24 h in dark under shaking. After that, nitrite
was extracted with 5 ml of 2 M KCl and determined
spectrophotometrically at 540 nm with N-(1-naphthyl)
ethylenediamine dihydrochloride. All the soil chemical
characteristics including PNR were performed with trip-
licate samples, and values are represented as mean
value.

Soil DNA extraction

Soil genomic DNA was extracted from 0.5 g subsamples
using Ultra-clean™ soil DNA Isolation Kit (MoBio
Laboratory, USA) following the manufacturer protocol.
The size and purity of extracted DNA were checked on a
1 % agarose gel and evaluated by spectrophotometry
(NanoDrop Technologies, Wilmington, DE, USA), re-
spectively. Subsample of extracted DNA was kept at
—20 °C for further quantitative and qualitative analysis.

Quantification PCR analysis of 16S rRNA and amoA
genes

Quantification PCR (qPCR) of 16S rRNA and amoA
genes was carried out with the iCycler iQ 5
thermocycler (Bio-Rad, Hercules, CA, USA). For bac-
terial 16S rRNA qPCR assay, primers BACT1369F/
PROK1492R and probe TM1389F labeled at the 5’
end with the reporter dye FAM (6-carboxy-fluorescein)
and at the 3’ end with the quencher dye TAMRA (6-
carboxy-tetramenthylrhodamine) (TaKaRa Bio, Otsu,
Shiga, Japan) were used (Suzuki et al. 2000).
Amplifications were performed in 25-ul reaction mix-
ture including 12.5 pl Premix Ex Tag™ (TaKaRa Bio),
0.5 ul of each primer (10 uM), and 2 ul of tenfold
diluted extracted DNA (1-10 ng) as template. Primers
A364Af and A934bR were used for quantification of
archaeal 16S rRNA genes (Kemnitz et al. 2005).
Primers Arch-amoAF/Arch-amoAR (Francis et al.
2005) and amoA1F/amoA2R (Rotthauwe et al. 1997)
were used for quantification of AOA-amoA and AOB-
amoA genes with SYBR® Premix Ex Taq™ (TaKaRa
Bio), respectively. Detailed thermal profiles of all the
primers as well as standard curves for qPCR were re-
ported in our previous studies (He et al. 2007; Cao et al.
2012). PCR efficiency (F) and correlation coefficients
(%) for all the gPCR assays ranged from 82 to 102 %
and 0.994 to 0.996, respectively. For each reaction, 1 pl
of bovine serum albumin (BSA, 200 ng ml ") was added
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to reduce the interference of humic acid in the PCR (He
et al. 2007).

Denaturing gradient gel electrophoresis analysis

Denaturing gradient gel electrophoresis (DGGE) analy-
sis of AOA and AOB communities were performed with
a DCode Universal Mutation Detection System (Bio-
Rad). AOA-amoA and AOB-amoA genes were ampli-
fied using primer sets CrenamoA23f/CrenamoA616r
(Tourna et al. 2008) and amoA1F-GC/amoA2R
(Rotthauwe et al. 1997), respectively. The total volume
of PCR mixture was 50 pl including 10x Ex Tag™
buffer, 3.0 mM MgCl,, 250 uM each of ANTP, 2.5 U
Ex Tag™ DNA polymerase (TaKaRa Bio), primers
(0.2 uM each primer), and BSA (1 pg ml™"). Detailed
thermal profiles of the primers have been described in
previous studies (Ge et al. 2008; Shen et al. 2008). PCR
products of bacterial and archaeal amoA genes were
loaded onto 8 %w/v polyacrylamide gels (acrylamide-
bisacrylamide [37.5:1]) with a denaturing gradient of
40-60 and 15-55 % (100 % denaturing solution con-
tains 7 M urea and 40 % formamide), respectively. Gels
were electrophoresed in 1X-TAE buffer at 60 °C for
15 h at 100 V. After the electrophoresis, the gels were
stained with 1:10,000 SYBR Gold Nucleic Acid Gel
Stain (Invitrogen-Molecular Probes, Eugene, OR, USA)
for 30 min according to the manufacturer’s instructions,
scanned by a GBOX/HR-E-M (Syngene, UK), and an-
alyzed using the software AlphaEase FC software
(Alpha Innotech, CA, USA). Predominant bands in the
DGGE profiles were selected for cloning and sequenc-
ing analysis.

Cloning, sequencing, and phylogenetic analysis

The dominant bands numbered in the DGGE gel and
other bands with the same mobility were excised for
subsequent clone and sequencing analysis. The excised
bands were suspended in 25 pl of Tris-HCI buffer
(pH 8.0) for 12 h (at 4 °C), and reamplified with the
respective primers as mentioned above. The positions of
the excised bands in DGGE gel were further confirmed
with repeated DGGE. Reamplified PCR products using
primers without GC clamp were purified with Wizard®
SV Gel and PCR Clean-Up System (Promega, Madison,
WI, USA). The purified PCR products were ligated into
the pGEM-T Easy Vector (Promega), and the resulting
ligation products were transformed into Escherichia coli
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IM109 competent cells following the manufacturer in-
structions. The size of each positive clone was con-
firmed using the primers T7 and SP6 before sending
for sequencing. For each DGGE band, four positive
clones were selected for sequencing analysis.
Sequences were subjected to BLAST analysis in the
NCBI GenBank (www.ncbi.nlm.nih.gov) database, and
sequence chromatograms were manually edited with
DNAStar and DNAMAN version 6.0. Phylogenetic
analyses were conducted using MEGA version 5
(Tamura et al. 2011). Translated amino acid sequences
(for both AOA-amoA and AOB-amoA genes) were used
to construct neighbor-joining tree followed by Poisson
model with 1,000 replicates to produce bootstrap values.
Diversity indices such as Shannon index (H) and
Evenness index (£) were measured as described in our
earlier articles (Shen et al. 2008; Zhou et al. 2011).

S N
H =3 piIn pi==3_ (N/N)In(Ni/)

i=

E=H/Hpy=H/In S

where Ni is the abundance of the ith ribotype (intensity
of the ith band peak), N is the total abundance of
all ribotypes in the sample (sum of total intensities
of all band peaks in a lane of DGGE gel) and S is
the number of ribotype (total number of bands in a
DGGE gel lane).

The range-weighted richness (Rr) was determined in
order to reflect the broader carrying capacity of the soils
for microbial groups (Marzorati et al. 2008).

Rr = (N? x Dg)

where N represents the total number of bands in the
DGGE pattern, whereas Dg represents the denaturing
gradient comprised between the first and the last band of
the pattern.

Nucleotide sequences retrieved from soil samples
have been deposited in the GenBank nucleotide se-
quence database under accession no. JX504051 to
JX504076 for bacterial 16S rRNA, JX556912 to
JX556921 for AOB-amoA gene, and JX570739 to
JX570753 for AOA-amoA gene.

Statistical analysis

Prior to statistical analysis, copy numbers of the genes
were log-transformed as needed to normalize the
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distributions. Quantitative differences of all the sample
means were conducted with one-way analysis of vari-
ance (ANOVA) by Fishers least significant difference
test (LSD) and by ¢ test. In the present study, P<0.05
was considered to be statistically significant. Pearson
moment correlation between soil chemical charters and
microbial abundance (gene copy number) was carried
out. All statistical analyses were performed using SPSS
version 15.0 and SigmaStat version 3.5.

Results
Soil chemical characteristics and PNR

Soil chemical characteristics are listed in Table 1. Soil pH
ranged from 5.3 (in R1) to 7.4 (in R3). Generally, signif-
icantly (P<0.05) higher amounts of organic matter (OM),
TC, TN, and TS were observed in R3 compared with other
two sites (Table 1). Higher C/N ratio was recorded in site
R1 and was significantly decreased in other two sites.
There was a significant increasing trend in soil NH, -N
(mgkg ") from R1 to R3, while the content of soil NO; -N
(mg kg ") and PNRs significantly decreased from R1 to
R3 (Table 1). Unlike other parameters, no significant dif-
ference in soil moisture content (SMS) was observed
among R2 and R3 soils. High amounts of heavy metals
(ng g_l) such as Cu, As, Cr, and Pb were found in R3,
whereas moderate concentrations of heavy metals were
noticed in R2 (Table 2).

Abundance of 16S rRNA and amoA genes

Quantification of 16S rRNA and amoA genes by qPCR
showed significant difference between IWE-affected and
unaffected soils. The copy number of both bacterial and
archaeal 16S rRNA genes were significantly decreased
with the increasing of contamination according to the
following ranking: R1> R2> R3 (Fig. 1a). Both AOA
and AOB-amoA gene copies significantly decreased
(P<0.05) in the highly contaminated soils (R3, Fig. 1b).
AOA-amoA gene abundance ranged from 2.81x10% (in
R1)to 8.8x10° (in R3) copies g ' dry soil, whereas AOB-
amoA gene abundance ranged from 7.61x10° (in R1) to
3.09x10° (in R3) copies g ' dry soil (Fig. 1b). The abun-
dance of AOA-amoA genes were significantly higher than
those of AOB-amoA genes in R1 and R2 soils (P<0.05)
with the ratio of 37 and 15, respectively, while the trend
was reversed in R3 with the ratio of 0.3 (Fig. 1b).

Table 1 Chemical properties and potential nitrification rate of soil samples

NH,'-N (mg kg'') NO; -N (mg kg ") PNR

C/N

TN(gkg') TC(gkg") TS(gkg")

OM (%) TOC (%)

SMC (%)

Soil sample pH

3.15(0.21)a
1.26 (0.13)b
0.83 (0.1)c

42 (0.17)a

95(1.1)a  9.45 (1.16)a

114 (1.34b  0.99 (0.13)b 6.8 (0.58)b

217 (3.3)c

48(0.8)a  0.17 (0.04)a

038 (0.08)a 0.52 (0.12)a

1.08 (0.1)b
1.83 (0.13)c

0.67 (0.11)a

112 (23)a
73(0.15)b  26.5 (4.4)b  2.11 (0.13)b
76 (027)b 294 (3.8)b 2.92 (0.24)c

5.4(0.16)a

R1

2.03 (0.13)b
1.62 (0.11)c

16.27 (2.19)b

1.67 (0.18)b
3.48 (0.26)c

6.2 (0.78)b  39.6 (3.27)c

4.7 (1.28)c

R3

Values are mean of three replicates with a deviation shown in parenthesis. Values within the same column followed by the same letter do not differ significantly at P<0.05 by Fisher’s LSD.

Unit of potential nitrification rate (PNR): milligrams NO, -N per kilogram soil per hour

SMC Soil moisture content, OM Organic matter, TOC Total organic carbon, 7N Total nitrogen, 7C Total carbon, 7S Total sulfur, C/N Carbon/nitrogen, PNR Potential nitrification rate
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Al(ugg™)

Cd(ugg") Pb(ugg') Fe(ugg

Mn(ugg ") Ni(ugg') Zn(ugg"

As(ugg") Co(ugg ") Mg(ugg ) Cr(ugg)

Cu(pgg"

Table 2 Soil heavy metal concentrations from three sampling sites R1, R2, and R3

Soil
sample

@ Springer

4455 (110.7)a 2,510 (273.7)a

ND 32 (8.1)a

414 (14.7)a

1082 (17.7%a 5.7 (0.41)a

1582 (21.3)a 13.1 (4.6)a

5(0.85)a
83 (2.8)b

ND

8.6 (1.99)a
128 (15.2)b

R1

84 (12.2)b 6,650 (371.8)b 5,710.3 (251.9)b

ND

1133 (22.3)a 11.6 (2.5  65.4 (14.8)a

2572 (32.6)b 28 3.1)b

6.1(12)a
346 (37)c

R2

R3

168.1 (18)c 6,270.6 (268)b 5,272 (127.7)b

1.3 (0.4)

16.8 (5.96)b 244.8 (17.2)b

152.8 (13.4)c 277 (28)b

293.3(20.6)c 37.2(2.4)b 9.7(1.6)b

Values are mean of three replicates with a deviation shown in parenthesis. Values within the same column followed by the same letter do not differ significantly at P<0.05 by Fisher’s LSD

ND Not detected

Significant positive correlation between amoA gene copy
numbers and potential nitrification rate was observed,;
however, this relation was more prominent with AOA-
amoA gene copy numbers (R=0.91; P<0.05) than AOB-
amoA gene copy numbers (R=0.6; P<0.05).

Community structure of ammonia-oxidizing
microorganisms

Phylogenetic analysis of amoA gene clearly indicated the
selection in ammonia-oxidizing microbial community
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Fig. 1 Quantification of genes in R1, R2, and R3 soil samples. a
log-transformed 16S rRNA gene copy number of both archaea and
bacteria; b log-transformed amoA gene copy numbers of both
AOA and AOB. Significant differences (P<0.05, Fisher’s LSD)
between the soils are indicated by different alphabets. Error bars
represents standard deviation of mean (n=3). Ratios of AOA to
AOB are shown above the bars (Fig. 1b)
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structure with response to pollution. The DGGE analysis
of functional amoA genes revealed clear pollution induced
community shifts in response to the degree of IWE
contamination.

Community structure of AOA

Reproducible AOA-amoA gene profiles were obtained
for all soils, and there was a significant AOA commu-
nity difference between the non-polluted and IWE ex-
posed sites (Fig. 2a). The number of AOA-amoA gene
bands detected in the molecular community profiles
decreased with increasing soil contamination (R1, 24
bands; R3, 14 bands). Relatively, higher AOA-amoA
gene diversity was noticed in pristine R1 soil than
contaminated R2 and R3 soils. The diversity indices of
AOA-amoA gene (H and Rr) for the samples were as
follows R1> R2> R3 (Table S1). Phylogenetic analysis
of the main 15 DGGE bands revealed that
thaumarchaeal “group 1.1b” was the dominant AOA
group in these soils (Fig. 3a). Thaumarchaeal “group
1.1a” was found only in contaminated soils (R2 and
R3), and thaumarchaeal “group 1.la associated” was
found only in pristine soil R1.

Community structure of AOB

The DGGE profile of AOB-amoA gene consisted of few
DNA bands, depicting a quite simple AOB community
structure compared to AOA (Fig. 2b). AOB community
was significantly different in IWE-impacted and non-
polluted soils. Significant negative impact of IWE on
AOA community structure has been observed with
DGGE. The number of main bands detected in the
DGGE profiles decreased with increasing soil contam-
ination. Greater diversity of AOB-amoA gene fragments
(12 bands) was observed in R1 than R2 (9 bands) and
R3 (7 bands) soils. Diversity indices, H, ranged from
1.47 (in R3) to 2 (in R1). There were significant differ-
ences in the Evenness (£) among different sites
(P>0.05; Table S1). Relatively higher £ was found in
R1 (2.1) than R3 (1.3). Higher Rr (15.1) value was
noticed with R1 soil. Although some bands (B1, B4,
and B5) were present in the profiles of all soils, intensi-
ties of these bands were different. For example, band B1
had the highest intensity in R2 and R3 soils and the
lowest in R1 soil. Similarly, bands B4 and B5 had the
highest intensity in R1 than in R2 and R3 soils. Bands

4043
a

lﬂ)RI R1R1 R2 R2 R2 R3 R3 R3
55 %

—
b

40%|R1 RIR1 R2R2R2 R3R3R3

B10 %

60 %

Fig. 2 DGGE analysis of AOA-amoA and AOB-amoA gene
fragments obtained from R1, R2, and R3. a DGGE fingerprinting
of AOA-amoA gene; b DGGE fingerprinting of AOB-amoA gene.
Denaturing gradient (in percent) at gel edges are marked with
arrows
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100 A DGGE band A1 (JX570739)
a L HQ202400.1| Wetland literal zone clone
r A DGGE band A2 (JX570740)
100" HQ337008.11 Activated sludge clone
; A DGGE band A9 (JX570747)
100" EU672115.1\ Grassland soil
A DGGE band A6 (]X570744)
A DGGE band A3 (JX570741)
A DGGE band A7 (JX570745)
33 A DGGE band A5 (JX570743)
A DGGE band A8 (JX570746)
—— JNI180057.11 Sannat River soil clone
DQ312284.1|Jasper Ridge soil clone
GQ142626.11 Kobresia Medaw soil clone, Tibet
JF935459.11 Dutch soil clone
55— JF936068.1| Bulk soil clone
100 A DGGE band A13 (JX570751)

GQ863087.11 Estuarine sediment clone
FR773159.1\Candidatus Nitrososphaera viennensis EN76
A DGGE band A14 (JX570752)

A DGGE band A15 (JX570753)
88 DQ500982.1 Estuarine sediment clone
91 EU281317.11 Candidatus Nitrososphaera gargensis clone
70 JQ735263.1\Environemntal clone
EU025151.1| Estuary clone, East China Sea
0 098 JN227489.1| Candidatus Nitrosotalea devanaterra
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JN977587.1\Potato field soil clone
HM047260.1| Acidic red soil clone
A DGGE band A4 (JX570742)
99 EU239959.1| Nitrosopumilus maritimus SCM1
94 { DQ148608.1| Oceanic Water column clone
100 A DGGE band A12 (JX570750)
80 DQ278529.11 Waste water treatment plant clone

Cluster 1

Group 1.1b

Cluster 2

Group 1.1a associated

Group 1.1a

DDGGE band A10 (JX570748)

A

0.05

Fig. 3 The phylogenetic relationship among deduced amino acid
sequences of AOA-amoA and AOB-amoA genes retrieved from
R1, R2, and R3 soil samples. Phylogenetic relationship was con-
structed with Neighbor-joining statistical method. Pairwise dis-
tances of aligned amino acid positions were calculated by using
the Equal input modal with gamma distributed rates among invari-
able sites. Clones sequences are shown with triangle including
GenBank accession numbers in parenthesis. Bootstrap values
(>50 %) are indicated at branch points. The scale bar represents

B6 and B7 were specific to R1 soil, whereas bands B2,
B3, and B10 were specific to R2 and R3 soils.

The sequences at 2 % nucleotide cutoffs were used to
construct phylogenetic trees with representative se-
quences retrieved from the GenBank database. All the
10 AOB-amoA DGGE band clones were represented to
both Nitrosospira-like sequences and Nitrosomonas-like
sequences (Fig. 3b). Nevertheless, Nitrosospira-like
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87 A DGGE band A11 (JX570749)
LA

98' F743007.11 Wetlands clone

5 % estimated sequence divergence. a Phylogenetic relationship
among deduced amino acid sequences of AOA-amoA genes.
Clades are labeled with thaumarchaeal groups and their frequently
represented environment. The tree was rooted with sequences
affiliated to marine cluster, thaumarchaeal group 1.1a. b Phyloge-
netic relationship among deduced amino acid sequences of AOA-
amoA genes. Clades are labeled with suitable AOB clusters. The
tree was rooted with sequences affiliated to Nitrosomonas clusters

sequences dominated, consisting of 70 % of the total
sequences. Nitrosomonas cluster 8 was found only in
contaminated soils (bands B2 and B3), whereas
Nitrosospira cluster 11 was specific to pristine soil
(bands B6 and B7). Nitrosospira cluster 3a is common
for all three soil samples. Additionally, Nitrosospira
clusters 1, 2, and 4 were also noticed among soil
AOB-amoA genetic profile.
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Fig. 3 (continued)
Discussion

Ammonia-oxidizing microorganisms are of great eco-
logical significance in assessing environmental changes,
such as heavy metal pollution. While soil pollution can
affect AOB communities (Mertens et al. 2009; Xia et al.
2007), little is known about how AOA is affected by
contamination. Although, AOA are thought to be more
tolerant towards chronic stress conditions than AOB
(Schleper et al. 2005), the influence of heavy metals

A DGGE band B6 (JX556917)
A DGGE band B7 (JX556918)
AF351567.11 Uncultured beta proteobacterium
100' AF351549.11 Sediment clone cluster
100~ AY177945.11 Uncultured ammonia-oxidizing bacterium
EU625002.1| Uncultured ammonia-oxidizing bacterium
I: NBU76553.11 Nitrosospira briensis
EF175100.1| Nitrosospira sp. EnI299
97, A DGGE band B5 (JX556916)
761 A DGGE band B4 (JX556915)
AJ538134.11 Uncultured soil bacterium
AJ298719.1| Nitrosospira sp. Nsp2
100 AY010077.1] Uncultured beta proteobacterium
85 AJ298689.11 Nitrosospira sp.
66 _[GGAJ298698.1I Nitrosospira sp. L115
9L AJ298695.11 Nitrosospira sp. II7
_ A DGGE band B8 (JX556919)
ﬂ| AJ298716.11 Nitrosospira sp. Nsp12
(GQ143438.11 Uncultured ammonia-oxidizing bacterium
A DGGE band B9 (JX556920)
73 A DGGE band B10 (JX556921)
4[{HM461334.1I Uncultured bacterium
91'AJ298697.1| Nitrosospira sp. Kad
84 AF272404.11 Nitrosomonas nitrosa cluster 8

A DGGE band B2 (JX556913)
A DGGE band B3 (JX556914)

Cluster 11

:| Cluster 12
:| Cluster 9

:| Cluster 3b
Cluster 3a

:| Cluster 10

Cluster 2
Cluster 4
Cluster 1

Cluster 8

_|:gAB031869.1I Nitrosomonas sp. TK794 :| Cluster 7
81 AF058692.1| Nitrosomonas europaea
1 GQ258534.11 Uncultured bacterium clone 3-10
100— A DGGE band B1 (JX556912)

:| Uncultured Nitrosomonas cluster

on AOA is reported controversially in literature (Xia
et al. 2007; Li et al. 2009; Mertens et al. 2009; Liu et al.
2010). Furthermore, few studies investigating the re-
sponse of both AOA and AOB to metal contaminations
were mostly performed using metal-spiked microcosm
studies (Xia et al. 2007; Mertens et al. 2009; Liu et al.
2010; Vasileiadis et al. 2012) which do not allow a
factual prediction of the AOA and AOB dynamics in
soils with a long history of contamination. This could
be majorly due to microbial adaptation processes such a
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resilience and functional redundancy (Allison and
Martiny 2008) and also changes in the amount of
bioavailable heavy metals. Therefore, we have selec-
tively chosen field soils under different levels of long-
term pollution (combined heavy metals and organic
pollutants) and addressed the response of pollution on
the abundance and diversity of soil ammonia oxidizers.
Soil PNR was significantly (£<0.05) inhibited by
IWE. These results were in supportive of previous re-
sults indicating that PNR could be used as a sensitive
indicator for soil pollution (Smolders et al. 2001). In this
study, AOA-amoA genes outnumbered AOB-amoA
genes in uncontaminated (R1) and moderately contam-
inated (R2) soils with the ratios of AOA versus AOB (37
and 14 for R1 and R2, respectively) falling within those
found in a wide range of soils (Leininger et al. 2006; He
et al. 2007). However, significant reduction (300 times)
in AOA-amoA gene copies but not AOB-amoA4 gene
copies (2.4 times) were noticed in the highly contami-
nated soil (R3), resulting in the ratio of AOA/AOB
decreasing to 0.3. When compared to R1 soil, the re-
duction in bacterial and archaeal 16S rRNA gene copies
of R3 soil was found to be 12.88 and 11.57 times,
respectively. This suggested that the abundance of
AOA was relatively more sensitive than other three
groups (bacteria, archaea, and AOB) under long-term
pollution condition. Furthermore, the reduction of
AOA-amoA gene copies in R2 and R3 soils are highly
correlated to the reduction of soil PNR with a significant
positive correlation (R=0.91, P<0.01). Therefore, the
results may confirm a high contribution of AOA-amoA
genes over AOB-amoA genes in nitrification of polluted
soils. Though amoA gene abundance certainly provides
information on potential ammonia-oxidizing activity in
soil, gene expression studies of amoA gene transcripts of
both AOA and AOB will enable us better information
with respect to amoA gene function in these soils.
Previous studies indicated the abundance of AOA over
AOB in heavy metal-polluted soils (Li et al. 2009; Kelly
etal. 2011; Vasileiadis et al. 2012). More recently, genome
analysis of Nitrososphaera gargensis revealed that AOA
may be adapted to heavy metals containing habitats by
encoding multiple metal resistance mechanisms including
21 putative metal ion efflux proteins which belong to 10
different transporter families (Spang et al. 2012).
Therefore, the reduction of AOA-amoA gene abundance
in R2 and R3 soils may not be due to heavy metals alone
but also could be attributed to co-contaminated organic
pollutants, pH, and higher NH," concentrations.
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Therefore multifactorial drivers on diversity of ammonia
oxidizers cannot be ruled out in these soils (Yao et al.
2013). This was further confirmed with correlation anal-
ysis (Table S2). Significant negative correlations
(P<0.001) of AOA-amoA gene copy numbers with soil
NH," concentration (R=—0.88), pH (R=—0.93), and or-
ganic carbon (R=—0.94) were observed. AOA is highly
active at 0.14 and 0.79 mM ammonium (NH,") and is
inhibited by a concentration of 3.08 mM (Hatzenpichler
et al. 2008; Martens-Habbena et al. 2009; He et al. 2012).
Our results are supportive to this, as initial NH," concen-
trations in R1, R2, and R3 soils are 0.52, 0.9, and
2.73 mM, respectively.

In this study, the higher abundance of AOA over
AOB could be attributed to higher metabolically versa-
tility of AOA. Earlier studies indicate that AOA may
have the capacity to grow mixotrophically or heterotro-
phically by assimilating organic carbon (Hatzenpichler
2012). An ability to grow utilizing organic carbon might
explain the ability of AOA to outcompete AOB in R1
and R2 samples. In addition to this, inhibition AOA
activity by organic material at high concentrations was
reported in earlier studies (Martens-Habbena et al. 2009).
This may be the plausible reason for significant reduction
of AOA in R3 soils which were characterized by high
organic content (around 3 %). Although the impact of
the inhibiting organic substances on the soil microbial
processes is known, the characteristics of these sub-
stances in these soils need to be verified, because knowl-
edge about their characterization will possibly indicate
whether they are likely to have any long-term effect.
These results also support the hypothesis that AOA and
AOB may occupy distinct ecological niches due to their
physiological distinctiveness (Hatzenpichler 2012).

Compared to AOB community change, the degree of
shift in AOA community along the contamination gra-
dient is minimal. These results were in accordance with
previous observations wherein no major difference of
AOA-amoA gene DGGE patterns was obtained in Zn
contaminated soils (Mertens et al. 2009; Vasileiadis
et al. 2012). Range-weighted diversity indices (Rr) of
both AOA and AOB were comparatively high in un-
contaminated soil R1 (Table S1), allowing the inference
that R1 soil has a broad species-carrying capacity so that
the system supports the growth of a diverse group of
ammonia-oxidizing microbes (Marzorati et al. 2008).
Irrespective of soil pollution, thaumarchaeal “group
1.1b (Nitrososphaera clusters)” is found to be widely
distributed in these soils. The dominance of group 1.1b
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in a range of soils as well as wastewater treatment plants
has been noticed in earlier studies (Gubry-Rangin et al.
2011; Pester et al. 2012; Limpiyakorn et al. 2013).
Thaumarchaeal “group 1.1b” is shown to participate in
ammonia oxidation of strongly acidic soils (Zhang et al.
2011) as well as in heavy metal-contaminated thermal
spring (Hatzenpichler et al. 2008). Studies indicated that
group 1.1b-AOA has the ability to respond to environmen-
tal changes by signal transduction via a large number of
two-component systems, chemotaxis, and flagella-
mediated motility (Spang et al. 2012). However, laboratory
experiments are yet to be done for deciphering metal
resistance mechanisms of the group 1.1b-AOA. In the
present study, thaumarchaeal group “I.la associated
(Nitrosoatlea cluster)” was found only in pristine acidic
R1 soil, indicating its sensitivity to IWE.

Pronounced difference in AOB composition was ob-
served among samples. Phylogenetic analysis of bacterial
amoA gene sequences suggested that AOB was dominated
by Nitrosospira-like sequences, with Nitrosomonas-like
sequences minimum. AOB cluster-3 was found in all the
samples, which was in consistent with previous reports (He
et al. 2007; Shen et al. 2008; Angel et al. 2010; Liu et al.
2010). The presence of Nitrosomonas-like sequences could
be possibly due to higher ammonium concentration in R2
and R3 soils (Webster et al. 2002). In general,
Nitrosomonas-like species have been detected in
ammonium-rich environments such as manure-treated
wetland (Ibekwe et al. 2003), enrichment cultures
(Stephen et al. 1996), and wastewater treatment plants
(Wang et al. 2012). In R2 and R3 samples, we found
Nitrosospira cluster 2 and cluster 4, which has been de-
tected in acidic soils and Scots pine forest soils (Laverman
etal. 2001; Nugroho et al. 2007). Since R2 and R3 samples
were not acidic in nature, suggesting pH may not be the
critical determinant for the distribution of Nifrosospira
cluster 2 in semiarid soils.

As proposed by the previous researches, the commu-
nity structure of ammonia oxidizers could be used as
relevant and cost-effective functional biological markers
for soil monitoring (Wessen and Hallin 2011; Ritz et al.
2009). Our results of canonical correspondence analysis
(CCA) provide evidence for their proposed hypothesis.
In this study, clear discrimination of all the three clus-
tered sampling sites was noticed with AOA and AOB
communities (Fig. 4). Therefore, we infer that ammonia
oxidizers community would be sensitive to long-term
industrial pollution and further highlights the possible
usage of these changes for soil quality monitoring.
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Fig. 4 Coordination biplots of canonical correspondence analysis
(CCA) with soil chemical variables and DGGE based microbial
diversity indices. Correlations between chemical variables and
CCA axes are represented by the length and angle of lines (envi-
ronmental factor vectors). Effect of IWE on soil ammonia oxi-
dizers was shown with sampling sites (represented with green
triangles). The length of the arrow indicates the relative variance
explained by that factor. a CCA ordination biplots of AOB; b CCA
ordination biplots of AOA. The replicates for each soil were
indicated with numbers, such as treatment R1: R1.1, R1.2, R1.3

Conclusions

In this study, we draw a comprehensive picture about the
abundances and diversity of AOA and AOB in IWE-
polluted soils. Gene abundance of distinct microbial
groups, PNR, and ammonia-oxidizing microbial
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community compositions were significantly differed be-
tween IWE-impacted and non-polluted soils. Long-term
contamination of the semiarid soils by industrial emis-
sions selected pollution-specific microbial composi-
tions. This study demonstrated the community shift of
ammonia oxidizers following IWE contamination. In
these soils, AOB was dominated by Nitrosospira-like
sequences, with Nitrosomonas-like sequences in mini-
mum. Thaumarchaeal “group 1.1b (Nitrososphaera
clusters)” is found to be widely distributed in the present
study pointing the importance of this group in nitrifica-
tion of contaminated soils. We propose that abundance
and community structure AOA and AOB could be used
as possible functional biological markers in assessing
soils under long-term IWE pollution.
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