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Arsenic Contamination in Agricultural Soil Reduces Metabolic
Activity of Total and Free-Living Nitrogen-Fixing Bacteria
as Revealed by Real-Time qPCR
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ABSTRACT
Laboratory microcosms were used to assess the impact of arsenic (As)
contamination on agricultural soil bacterial activity focusing free-living
nitrogen fixers for three months. Periodically collected microcosm
samples were analyzed by RT–qPCR following extraction of total RNA
and cDNA preparation for assessing the metabolically active bacterial
population. RT–qPCR data showed the gradual increase of 16S rRNA
and nifH gene expression, and relative activity of diazotrophs in the
enriched soil bacterial consortia under short time As exposure up to 20
ppm and 10 ppm, respectively. A similar trend of these variables was
also noticed but up to 1 ppm As when incubating the bulk soil for the
same duration. Reduced bacterial activity was noticed at higher
concentration of As although in short time exposure. Extending the As
exposure time, the bacterial activities in both enriched consortia and
bulk soil were decreased. Although, the relative activity of diazotrophs
in enriched consortia was increased in presence of 10 ppm As, the
same was decreased in bulk soil when exposed to >1 ppm As for long
time indicating susceptibility of nitrogen fixer to As contamination in
soil. PCA of the data obtained also indicated a negative correlation
between As concentrations and diazotrophic activity.
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1. Introduction

Arsenic (As) contamination of soil and water poses a severe threat to human health and
livestock around the world (Mandal and Suzuki, 2002; Wang and Mulligan, 2006; Rahman
and Singh, 2016; Ng et al., 2017). The concentrations of As in uncontaminated soil range
from 1 to 40 mg kg¡1 but due to anthropogenic activities such as mining, the use of
As-containing pesticides, herbicides, and irrigation with As-rich groundwater, it may be
elevated beyond the threshold level (Smedley and Kinniburgh, 2002; Meharg et al., 2009;
Cornejo-Ponce and Acarapi-Cartes 2011; Punshon et al., 2016). Apart from drinking the
As contaminated water, translocation of As in soil to plant parts represents one of the
major routes for human contact to As (Xia and Liu, 2004). An elevated level of As in soil
not only increases the risk of its transfer to plant but also disturbs sustainable agriculture
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by decreasing crop production and soil fertility (Brammer and Ravenscroft, 2009;
Srivastava et al., 2013).

The fertility of the soil is largely monitored by the inhabitant microbial community, char-
acterized by species diversity, community structure, and microbial biomass which are influ-
enced by the edaphic factors (Wang et al., 2007; Islam et al., 2011; Reed et al., 2011). The
diverse soil bacteria sustain the homeostatic condition of agroecosystems by regulating the
recycling of soil nutrients, maintaining soil structure, and promoting the plant growth. It is
well-established that microbial community with proper structure, diversity, and function
acts as significant factor in maintaining the sustainability and productivity of ecosystems.
Considering this fact, microbial community management is now in focus to sustain the soil
fertility in present agricultural practices (Das et al., 2016). Therefore, any alteration of soil
composition leads to restructuring the inhabitant microbial community and hence changes
in soil fertility (Azarbad et al. 2016; Silva et al., 2013).

Diazotrophs, the microorganisms capable of assimilating and fixing atmospheric nitrogen
(N2), plays a pivotal role in soil nitrogen input. Changes in any physical or chemical properties
of soil lead to diazotrophic response and are thus considered as a biomarker of soil
fertility (Hsu and Buckley, 2009; Huhe et al., 2014). It could be assumed that arsenic contami-
nation leads to the destruction of soil microbial community structure and function and might
result in a shift in diazotrophic activity. In contrast to this assumption, few previous investiga-
tions noticed plant growth stimulation by a low concentration of As (Woolson et al., 1971;
Miteva, 2002; Garg and Singla, 2011; Finnegan and Chen, 2012). Singh et al. (2014) recently
reported the effect of As on symbiotic nitrogen fixers. But the comprehensive studies about
the effect of this metalloid on free-living diazotrophs that plays a vital role in bulk soil nitrogen
cycling devoid of nonleguminosae plants are still scanty (Mirza et al., 2014, Biswas et al., 2017).

The aim of this study was to find out how the free-living N2 fixers respond to As contami-
nation in soil. Laboratory microcosms based study was conducted by artificially contaminating
an agricultural soil with As and the bacterial abundances and activities were monitored for
three months. Emphasis has been given to follow the dynamics of metabolically active diazo-
trophs during the incubation. As the majority of diazotrophs are recalcitrant to laboratory cul-
tivation and little is known about them, we used culture-independent molecular methods
targeting dinitrogenase reductase gene (nifH) expression in soil (Gaby and Buckley, 2012; Hsu
and Buckley, 2009; Huhe et al., 2014). Analysis of expressed RNA provides the better resolu-
tion of metabolically active soil microbial community function and dynamics under perturbed
condition (Hugoni et al., 2013; Salter et al., 2015; Li et al., 2016). The activity of the total and
nitrogen-fixing bacterial community was estimated by total RNA extraction followed by
reverse transcription and quantitative real-time Polymerase Chain Reaction (qPCR). The data
generated in this study might be useful to build the cultivation strategy in As contaminated
soil and to develop As mitigation option.

2. Materials and methods

2.1. Soil sampling and characterization

The soil sample was collected from the agricultural field of Baruipara village (22�4503300N
88�1402600E), Hooghly, West Bengal where rice is rotationally cultivated with other crops. As
the groundwater without arsenic contamination history was used to irrigate the selected
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land, the collected soil was assumed to be uncontaminated. Soil samples were collected dur-
ing drying cycle from five randomly selected spots (»7 cm deep), composited, kept on ice
and transported into the laboratory. One aliquot of the composite sample was analyzed for
soil physicochemical properties and other was used to evaluate the effect of As on culture-
independent analysis of microbial community.

An aliquot of soil sample was air dried and ground to obtain powder samples. Part of pow-
dered soil samples was acid digested (nitric, sulphuric, and perchloric acid in a volume ratio of
3:1:1) and arsenic concentration was estimated by Atomic Absorption Spectrophotometer
(Thermo ScientificTM iCETM 3000 Series) attached with vapour generator (VP100). Total organic
carbon was estimated using standard Walkley–Black method (Walkley and Black, 1934).
Ammonium (NH4–N) and nitrate (NO3–N), total phosphorus was measured following standard
techniques (Jackson, 1967). Soil pH and electrical conductivity were measured by pH meter and
conductivity meter following resuspending the powdered soil in deionized water. The moisture
content of the soil was also measured by oven drying the soil for two days. Sand, silt, and clay
content in the collected samples were determined by standard procedure (Lu, 1999).

2.2. Microcosm study

Two types of microcosm were set. In type (I) five sets of microcosm each containing 2 g soil in
50 ml medium, incubated for two days followed by exposure to 0.0 ppm (microcosm A1),
1 ppm (microcosm A2), 10 ppm (microcosm A3), 20 ppm (microcosm A4), and 50 ppm
(microcosm A5) As. In type (II) five sets of microcosm each containing 50 g soil in 25 ml
medium exposed to different concentration of As, 0.0 ppm (microcosm B1), 1 ppm (micro-
cosm B2), 10 ppm (microcosm B3), 20 ppm (microcosm B4), and 50 ppm (microcosm B5)
(Figure 1). The used nitrogen-free medium was composed of ((gl¡1): K2HPO4, 0.8; KH2PO4,
0.2; MgSO4.7H2O, 0.2; MnSO4.4H2O, 0.002; NaCl, 0.1; Na2MoO4.2H2O, 0.002; Na-Vanadate,
0.002; FeCl3, 0.01; Mannitol, 15; CaCl2.2H2O, 0.02 and Sucrose, 20). Each microcosm was set
in 250 ml Erlenmeyer flask plugged with cotton in duplicate and incubated at 30�C without
shaking for the variable time period. Destructive sampling was performed for each treatment
at the end of one week and three months incubation. Sampling details are presented in Table 1.

2.3. RNA extraction and qPCR

Type (I) microcosm sample (liquid culture) was centrifuged and the pellet was used to
recover total RNA using TRIzolTM Reagent (Invitrogen Carlsbad, CA, USA) according to
manufacturer instruction. Total RNA from type (II) microcosm sample (2 g soil) was
extracted using PowerSoilTM total RNA extraction kit (MoBio, Carlsbad, CA), following
manufacturer’s instructions. All extractions were done in duplicate and extracted RNA were
quantified by Nanodrop-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE) divided into aliquots and preserved at ¡80�C until use.

2.4. Preparation of complementary DNA (cDNA)

Complementary DNA (cDNA) was prepared from aliquots of all RNA extract. Coextracted
DNA was eliminated by DNase (Fermentas) treatment according to the manufacturer’s pro-
tocol, with following modification: the reaction mixture was incubated at 37�C for 45 min

738 A. CHAKRABORTY ET AL.



www.manaraa.com

Figure 1. Photograph of a set of microcosms prepared for assessment of the impact of Arsenic on total
and diazotrophic bacterial activity. In each microcosm agricultural soil was incubated in presence or
absence of variable concentration of arsenic. Please see Table 1 for detail description of the microcosms.

Table 1. Microcosms and sampling details.

Microcosm Treatment Samples Incubation time

A1 2 g Soil C 50 ml medium S0 One week
S1 Three months

A2 2 g Soil C 50 ml medium C 1 ppm As S2 One week
S3 Three months

A3 2 g Soil C 50 ml medium C 10 ppm As S4 One week
S5 Three months

A4 2 g Soil C 50 ml medium C 20 ppm As S6 One week
S7 Three months

A5 2 g Soil C 50 ml medium C 50 ppm As S8 One week
S9 Three months

B1 50 g Soil C 25 ml medium S10 One week
S11 Three months

B2 50 g Soil C 25 ml mediumC 1 ppm As S12 One week
S13 Three months

B3 50 g Soil C 25 ml mediumC 10 ppm As S14 One week
S15 Three months

B4 50 g Soil C 25 ml mediumC 20 ppm As S16 One week
S17 Three months

B5 50 g Soil C 25 ml mediumC 50 ppm As S18 One week
S19 Three months

SOIL AND SEDIMENT CONTAMINATION 739



www.manaraa.com

and enzyme was inactivated at 65�C for 10 min. RevertAidTM first strand cDNA synthesis kit
with Moloney murine leukemia virus reverse transcriptase (M-MuLV RT) and random hex-
amer primer (Fermentas) was used to prepare cDNA. Negative controls omitting the reverse
transcriptase in the cDNA synthesis reactions were prepared and used to verify genomic
DNA contamination by normal PCR with 16S rRNA gene primers. All the tests were done
in triplicate to get reproducibility.

2.5. Production of standard for qPCR analysis

Extracted genomic DNA from known pure culture was used as a source of 16S rRNA and nifH
gene. Plasmid standards were generated by ligation of PCR amplified 16S rDNA and nifH gene
with pGEM-T Easy vector (Promega, Madison, WI, USA) followed by cloning into E. coli
JM109. PCR amplification was performed using 27F and 1492R (16S rRNA gene) (Islam and
Sar, 2011) and polF and polR (nifH gene) (Poly et al., 2001) primer set in 50 ml reaction vol-
ume with the following component (final concentration): 1 £ PCR buffer, 600 mM of each
dNTP, 2.5 mMMgCl2, 1 U Taq DNA polymerase, 10 pmol of each primer and 20 ng genomic
DNA. Plasmid DNA from the positive clones were extracted using Qiaprep� Spin Miniprep
kit (Qiagen, GmbH), analyzed for proper insert by PCR using vector-specific primer T7 and
Sp6 and quantified by NanoDrop� ND-1000 spectrophotometer. Plasmid DNA concentra-
tions ranging from 1.0–0.0001ng/ml were used to generate the qPCR standard curves.

2.6. Real-time PCR based quantification of 16S rRNA and nifH gene copies

qPCR was performed targeting the 16S rRNA gene and the nifH gene. Universal primer set
341F and 518R (Muyzer et al., 1993) were used for quantification of 16S rRNA gene and
primer set polF and polR (Poly et al., 2001) for the nifH gene. Both the genes were quantified
using absolute quantification for cDNA against linearized plasmid standards. All qPCR
assays were run in a 96 well plate on iQ5 Real-Time PCR System (BioRad). Both the stan-
dard plasmid and cDNA were serially diluted and all dilutions were used as template in the
PCR reaction. Each 20 ml reaction mixture was prepared using the Quantifast SYBR Green
master mix (Qiagen, India) in duplicate with the following components: 10.0 ml Master mix
(2 £), 1.25 ml of each primer (5 pmol), 4.0 ml template DNA, and 3.5 ml PCR-grade water.
The thermal cycling protocol was as follows: initial denaturation for 3 min at 95�C followed
by 40 cycles of 10 s at 95�C and 30 s at 60�C (55�C for nifH). The fluorescence signal was
measured at the end of each annealing step. Standard curves and linear regression data for
each assay were calculated, as well as the standard deviation for each range of cross threshold
(Ct) values produced. Gene copy number per nanogram DNA was determined based on the
size of the linearized plasmid used as the qPCR standard (Lee et al. 2008).

2.7. Statistical analysis

Principal component analysis (PCA) using XLSTAT 2014 was performed to build the rela-
tionship between the treatment regimes and the real-time PCR data. We used one way
ANOVA to analyze the effect of As on nifH and 16S rRNA gene expression. Unless other-
wise mentioned, we used triplicate data to estimate statistical significance. All other statistical
calculation was performed with OriginPro 8.
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3. Results and discussion

Agricultural activities are being practiced in As-contaminated agricultural land knowing the
fact that high level of As in soil increases the risk of food chain contamination and soil infer-
tility (Wang et al., 2011). The reduction of soil fertility might be due to the shift in structure
and activity of soil microbial community caused by a change in soil chemistry as a result of
As contamination. To understand the effect of As contamination on soil microbial commu-
nity with As supplement we characterized the selected soil in terms of total As content and
physicochemical properties (Table 2). The silty clay loam soil with moderate medium suban-
gular blocky structure was found to contain 4.5 mg As/kg soil. The slightly acidic soil
(pH 5.1) was found to contain a higher level of NO3-N than NH4-N. The arsenic content is
corroborated well by the background concentration found naturally in soil, therefore the
selected soil was considered as uncontaminated (Das et al., 2014).

Autochthonous microbial community especially the free-living N2 fixers are the main players
in regulating the soil fertility where leguminous plants were not propagated (Hsu and Buckley,
2009; Huhe et al., 2014). Therefore, this study evaluated the effect of As contamination on the
microbial community especially on free-living N2 fixers as our experimental system was devoid
of plants. It is well reported that change of physical, chemical, and biological factors results in
microbial community shift (Chunleuchanon et al., 2003; Orr et al., 2011; Silva et al., 2013; Wang
et al., 2016). Thus to understand the effect of As on diazotrophs, it is important to reduce so
many soil variables from experimental set up. There are arsenic labile diazotrophs in soil that
also need to be encouraged. Keeping these facts in mind we have incubated the soil in type (I)
microcosms in larger volume of medium without amending the As. Generally, as soil system
harbor both As oxidizer and As reducer, equal proportion of As (III) and As (V) was supplied in
microcosms and the overall As concentration was considered by summing of these two species.
We monitored the dynamics of metabolically active total and free-living N2 fixing bacteria in the
microcosms through the analysis of expressed RNA followed by cDNA preparation and qPCR.
The standard curve obtained for qPCR analysis is presented in Figure 2.

3.1. Response of enriched total bacterial population under graded arsenic
concentration

Real-time qPCR data (Figure 3) showed, compared to control, expressed 16S rRNA copy
increased with the increasing concentration of As exposure up to 20 ppm in type (I) micro-
cosms following one-week incubation. But in type (II) microcosms, increase in total bacterial

Table 2. Physical and chemical characteristics of soil sample analyzed in this study.

Parameter Value

Sampling date 20.11.2015
Soil texture Silty clay loam, moderate medium sub-angular blocky structure
Moisture content (%) 26.32
Total As (mg/kg) 4.5
NH4-N (ppm) 110.4
NO3-N (ppm) 235.4
SO4 (ppm) 84
PO4 (ppm) 1.4
TOC (%) 0.88
pH 5.1
Electrical conductivity (ms/cm) 117.7
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activity was only noticed in presence of 1.0 ppm As compared to control following a same
period of incubation. This increased activity of bacterial population in presence of lower con-
centration of As corroborated well with the findings of Greaves, 1917. He reported increased
bacterial activity in soil with a small quantity of As than in soil without As treatment.

Increasing the incubation time up to three months, in both type (I) and type (II) micro-
cosm, expressed 16S rRNA copy decreased in control (microcosm A1 and B1) indicating
loss of active enriched bacterial population without any As stress. This might be due to the
depletion of nutrient from the batch system used. Similar but drastic fall of bacterial activity
was also observed in all As exposed type (I) microcosms (microcosm A3–A5) except in pres-
ence of 1 ppm (microcosm A2) As indicating long-term incubation with a higher concentra-
tion of As severely affects the total bacterial population when proliferating outside the soil.
Total bacterial activity decreased by 100 orders of magnitude in all type (II) microcosms irre-
spective of As-exposed and unexposed compared to the first week but the magnitude of the
decrease is lesser than the type (I) microcosms. In type (II) microcosm (except Microcosm
B1) the bacteria were enriched under the selective pressure of As, therefore, only As tolerant
bacteria get flourished and hence exhibit higher total bacterial activity throughout the graded
concentrations of As compared to type (I) microcosms.

3.2. Response of free-living N2-fixing bacterial population under arsenic stress

Real-time PCR data based on nifH expression indicated, insignificant change in activity of
nitrogen fixer in presence of 1 ppm As (microcosm A2) compared to control in type (I)
microcosm after one week incubation, however, more than two order of increase in magni-
tude for expressed nifH was noticed in presence of 10 ppm As (microcosm A3) along the
same period of incubation (Figure 4). A drastic fall in the expression of that gene was
observed under elevated As stress (microcosm A5). In type (II) microcosm, a similar pattern
of nifH gene expression was observed, however, the declining of the expression started from
more than 1 ppm of As stress (microcosm B2). Extending the incubation period up to

Figure 2. Real-time PCR standard curves for 16S rRNA gene of total bacteria, nifH gene of free-living diaz-
otrophs. Copy number of linearized plasmid of cloned nifH and 16S rRNA genes in known graded concen-
tration of DNA solution was estimated. The cycle threshold (Ct) of each qPCR reaction was estimated as a
function of DNA copy number.
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3 months, a gradual decrease of nifH copy number with increasing concentration of As was
observed in all As treated microcosms.

3.3. Relative activity of free-living diazotrophs and PCA

Each type of microcosm contained different levels of As (from control to 50 ppm). There
was a difference between total bacterial activities in every treatment. In this circumstance,
the study of the absolute activity of nitrogen-fixing bacterial population is unpredictable.
Therefore, the effort was also made to compare the fluctuation of diazotrophic bacterial
activity with respect to the fluctuation of total bacterial activity in each treatment. In this
aspect abundance of the expressed nifH copy was expressed as per copy of 16S rRNA.

In type (1) microcosms, there was an increased relative activity of nitrogen fixer in pres-
ence of 1 ppm (microcosm A2) and 10 ppm As (microcosm A3) compared to control follow-
ing one-week incubation (Figure 5). But this activity was rapidly decreased in higher
concentrations of As (microcosm A5). Higher relative expression of the same gene in pres-
ence of 1 ppm As (microcosm B2) was observed compared to control (microcosm B1) in
type (II) microcosm. Higher than 1 ppm As concentration showed very low relative expres-
sion of nifH (microcosm B3-B5).

It could be assumed that with the fall of the total active bacterial population, the abun-
dance of active nitrogen fixer will go down proportionately during longer incubation in pres-
ence or absence of As, however, it is not obvious that the rate of expression of the nifH gene
will also be altered. But our data of relative expression indicated fall of nifH gene expression
under elevated As stress in shorter exposure time. In longer arsenic exposure although we
could observe the lower level of 16S rRNA gene expression, declined level of nifH gene
expression suggested the effect of both nutrient limitation and As toxicity on diazotrophs.
Previous investigations showed higher concentrations of As (>10 mg/kg) lower the soil

Figure 3. Changes of absolute activity of total bacteria in terms of level of expressed 16S rRNA in different
microcosm samples. The level of expressed genes was determined by the estimation of copy number in
DNA solution by qPCR. Primer set 341F and 518R were used to amplify the DNA. Datasets and results of
analysis of variance (ANOVA) in the microcosms soils are presented (n D 3; error bars represent standard
deviations).
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fertility and hence significantly limit the growth of plants (Yan-Chu, 1994; Smith et al., 1998;
Abedin et al., 2002; Khan et al., 2010; Das et al., 2013a; Das et al., 2013b;). In this regard, our
study demonstrated that the significant exposure of As in soil declines the expression of
nifH gene which might result in decrease of soil fertility.

PCA based on treatment regime and the molecular data obtained from real-time PCR
analysis was performed to assess variability between the arsenic concentration in the micro-
cosms and the level of expression of the selected genes. The first two principal components
(PC1 and PC2) in Figure 6 represented 77.69% of the variation of gene expression between
treatment regimes. PCA revealed the negative correlation between arsenic concentration
and the relative expression of nifH. This indicates that the activity of diazotrophs is adversely
affected by As contamination.

Figure 4. Changes of activity of nitrogen fixer in terms of expressed nifH in different microcosms. The level
of expressed genes was determined by the estimation of copy number in DNA solution by qPCR. Primer
set polF and polR were used to amplify the DNA. Datasets and results of analysis of variance (ANOVA) in
the microcosms soils are presented (n D 3; error bars represent standard deviations).

Figure 5. Changes of relative activity of nitrogen fixer in different microcosms. The level of expressed nifH
gene is presented per unit copy of expressed 16S rRNA gene. Please see Section 2.2 microcosm study for
details of Type (I) and Type (II) microcosms.
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4. Conclusions

In summary, the present study revealed that the low concentration of As did not inhibit expression
of nifH and 16S rRNA gene rather it stimulated at a certain level. But under high As stress,
decreased expression of these genes was observed. Reduced 16S rRNA gene copy and absence of
nifH gene expression due to long-term exposure of As was also noticed. Although the increase of
relative expression of nifH to 16S rRNA genes at the lower level of As for short duration suggested
the stimulating effect of As, the deleterious effect of high concentration of As on the level of nifH
expression indicated impaired nitrogen fixation process by free-living diazotrophic soil bacterial
population. Although the present study was performed in laboratory condition under graded As
stress, this study enlightens on the survival of diazotrophic microbial populations in soils with dif-
ferent level of As contamination. The studies based on enrichment system might encourage some
particular groups of bacteria. It might not represent the total bacterial diversity as a whole. Gener-
ally, in laboratory condition, experiments are conducted by amending high level of As, which is far
from a real-world As exposure in the soil. However, more research with different types of diazotro-
phic bacterial isolates in the laboratory as well as field condition might confirm our observation. So,
the findings of this study could be exploited in the agricultural practice in As-contaminated area
considering the plant growth, As translocation in the plant as well as As mitigation.
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