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A B S T R A C T

Nitrification and denitrification are two important processes in the nitrogen (N) cycle. Under heavy-metal
pollution with water management of paddy soils, these two processes are not well understood. This study aimed
to examine the effect of cadmium (Cd) on N transformation under flooding and non-flooding conditions. A paddy
soil was incubated under two water regimes (flooding and non-flooding) and four Cd levels (0, 2, 5 and
10mg kg−1). The availability of Cd was higher in the non-flooding than flooding conditions. Cadmium con-
tamination significantly (p≤ 0.05) decreased the copy number of archaeal and bacterial amoA genes, bacterial
nirS, nirK and nosZ genes under both conditions with the decrease being greater under non-flooding. High level
of Cd (10mg kg−1) was more toxic in non-flooding than flooding conditions to the nitrifiers and denitrifiers,
which in turn decreased N transformation through microbially-mediated processes. Its contamination decreased
N2O emission initially under both water regimes but the effect was greater under the non-flooding condition.
However, the non-significant stimulatory effect of Cd on N2O emission was observed during the late phase. The
microbial community structure was changed with time and water regimes. Irrespective of water regime, the
dominated fungal phyla were Ascomycota and Basidiomycota while the dominated bacteria phyla were
Actinobacteria, Proteobacteria, Firmicutes and Acidobacteria. In summary, water regimes and Cd bioavailability
changed soil N transformations via microbial mediated processes.

1. Introduction

Agricultural lands are at risk of the contamination of cadmium (Cd)
and other heavy metals. Cadmium in many agricultural soils has ori-
ginated mostly from phosphate fertilizers and farmyard manures (Tóth
et al., 2016). In China, Cd contamination is widespread in farmland;
about 7% of the total soil survey sites were over-standard rate of Cd
contamination (MEP and MLR, 2014). In the last decade, Cd con-
tamination has been widely reported in rice paddies (Xiao et al., 2013).
For example, due to mining activities in Yueyang county of Hunan
Province, a large proportion of sampled rice grains had the Cd con-
centration exceeding the limit of 0.2mg kg−1 (Du et al., 2013).

Previous studies reported that heavy-metal pollution decreased the
microbial biomass (Liu et al., 2012a, 2012b) and abundance (Chen
et al., 2014a, 2014b), and amoA genes abundance (Liu et al., 2018b) in

the paddy soil. The change in microbial community structure and
function due to metal contamination could alter the rates of soil mi-
crobial-mediated processes (Liu et al., 2012a, 2012b; Yu et al., 2016).
For example, Cd salt such as CdCl2 (200mg kg−1) suppressed the soil
nitrification rate by up to 80% (Smolders et al., 2001). Similarly, after
two weeks of soil incubation, 5mg Cd kg−1 decreased the activities of
microbial enzymes acid phosphatase and urea amidohydrolase, by up to
30.6% and 33.0%, respectively (Khan et al., 2010). A recent study
showed that amoA gene abundance decreased by Cd in the soil which
could decrease ammonium oxidation (Liu et al., 2018). Similar to ni-
trifiers, the denitrifying bacterial community was sensitive to Cd, Ni,
and Cu with Cu and Ni having greater effects on the denitrifiers com-
munity structure than other soil factors and metals (Deng et al., 2018).

Autotrophic nitrification is the most important process in the soil in
which ammonium is oxidized to nitrite and nitrate by autotrophic
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ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria
(AOB) (Pedersen et al., 1999; Norton et al., 2002; Leininger et al., 2006;
Chen et al., 2008; Mukhtar et al., 2017). On the other hand, deni-
trification process is carried out by a diverse group of bacteria anae-
robically in which nitrogen oxides (NO3

− and NO2
−) are reduced to

gaseous forms (NO, N2O, and N2) by nitrite reductases and nitrous-
oxide reductase (Ishii et al., 2011; Zumft and Kroneck, 2006). The nirK
and nirS genes encode nitrite reductases and the nosZ gene encodes
nitrous-oxide reductase (N2OR) (Throback et al., 2004). The Nir and
N2OR have been reported to be sensitive to high concentrations of Zn,
Pb and Cu in soils and sediments (Richardson et al., 2009; Sobolev and
Begonia, 2008; Ruyters et al., 2010). Increasing contamination intensity
of heavy metals was also reported to decrease the number of nirK and
nosZ genes in paddy soils (Liu et al., 2016).

Different water management practices are used for rice production.
Continuous flooding irrigation is the most common practice. However,
water-saving irrigation for paddy fields has also been practiced for
many years. Alternate drying-wetting and thin-shallow-wet-dry irriga-
tion (TIR) methods are the water-saving practices and have been used
in China since 1990s (Liang et al., 2016). Water management practices
can affect the oxygen transfer into the soil, N transformation and redox
potential of the soil (Hernandez-Soriano and Jimenez-Lopez, 2012). It
has been reported that irrigation practices significantly affect soil mi-
crobial biomass C (MBC) and N (MBN) with intermitted irrigation de-
creasing MBC and MBN as compared to continuous flooding irrigation
(Gordon et al., 2008; Liu et al., 2012a, 2012b). Other studies have re-
ported that intermittent irrigation and mid-season drainage increased
N2O emissions of paddy fields (Cai et al., 1997; Yao et al., 2013).

Soil water regime also affects the bioavailability of Cd. The HCl-
extractable Cd was higher in soil under the aerobic and intermittent
than conventional and flooding conditions (Hu et al., 2013). Flooding
and alternate wetting and drying have been used as effective methods
to reduce the bioavailability of Cd in soil, and Cd concentration in rice
grains (Arao et al., 2010; Lei et al., 2018). Saturated water conditions
increased the complexes of metals with the potential binding sites in the
soil (Hernandez-Soriano and Jimenez-Lopez, 2012). Several reduced
organic substances such as acetate, formate and organic acid (formic,
acetic, propionic and butyric acids) are produced after continuous
flooding. These reduced organic substances change the surface charge
properties of the soil, and increase the adsorption of metal ions in the
soil (Davranche and Bollinger, 2000; Huang et al., 2010). For example,
continuous flooding conditions are responsible for the conversion of
SO4

2− to S2− and the formation of CdS to decreased Cd bioavailability
(Bingham et al., 1976). Therefore, it is expected that heavy metals like
Cd would be more bioavailable and toxic to nitrifiers and denitrifiers
under the non-flooding than flooding conditions. However, it is un-
known how these effects can be related to microbial-mediated N2O
emission from paddy soils.

Until now, the interactive effect of water management practices
(flooding and non-flooding) and Cd bioavailability on N transformation
has not been reported. This study aimed to elucidate how water man-
agement practices influenced Cd bioavailability which in turn affects N
cycling by quantifying the abundances of most important, autotrophic
soil nitrifier gene, amoA, and denitrifier bacterial genes, nirS, nirK and
nosZ, under flooding and non-flooding conditions by real-time PCR. The
study also examined the effect of Cd on N transformation and associated
N2O emission. Microbial community structure was studied by sequen-
cing 16S rRNA and ITS1. Changes in the genes abundances and com-
munity structure were linked with N transformation and N2O emission
under the flooding and non-flooding conditions.

2. Materials and methods

2.1. Experimental design

The experimental soil was collected from the upper 10-cm layer of a

paddy field, before rice planting in spring 2016, in Yuhang district (N
30° 43̍ 13.49̎ E 120°48 ̍ 21.02̎), Zhejiang Province, China. The soil was
silty clay. The pH of the soil was 6.14, soil organic carbon (SOC)
38 g kg−1, dissolve organic C (DOC) 208mg kg−1, total N 3.6 g kg−1,
total organic N 31.6 mg kg−1, cation exchange capacity (CEC) 39.4
cmol kg−1, clay 37.4%, silt 42.2% and sand 20.4%. The soil was air-
dried and ground to pass through a 2-mm sieve. The experiment was in
triplicate. Two sets of total 48 glass bottles (one liter in volume) were
used in this study. Four Cd levels were used: Cd0, no Cd added; Cd2,
2mg kg−1; Cd5, 5mg kg−1 and Cd10, 10mg kg−1soil. Cadmium was
added as CdCl2•2.5H2O (99%, Tianjin Fuchen Chemical Co., Tianjin,
China). The experiment started immediately after the addition of Cd in
the soil. Bottles were filled with 200 g of soil containing various
amounts of added Cd. Two sets were kept with a moisture content of
60% water-holding capacity (Cabangon et al., 2004), and the other two
in the flooding condition (3-cm water level above the soil surface).
Deionized water was added to re-adjust and maintain soil moisture. The
soils were incubated at a constant temperature of 25 ± 1 °C over
8 weeks.

2.2. Soil and gas sample collection

Soil samples from one set of bottles (flooding and non-flooding)
were collected at Days 0, 14, 28 and 56 for measurements of pH,
concentrations of NH4

+_N and NO3
-_N, soil organic C (SOC), dissolved

organic N (DON) and bioavailable Cd, and microbial DNA extraction.
Soil pH was measured after shaking at 180 rpm for 30min in water at a
soil-to-water ratio of 1:2.5. Soil Eh was measured by making slurry of
water-to-soil ratio of 1:2.5. The SOC was determined using the di-
chromate digestion (Kalembasa and Jenkinson, 1973). Total N con-
centration was determined by Kjeldahl digestion method. Nitrate
(NO3

−) and NH4
+ were extracted in 1M KCl and their concentrations

quantified by a flow-injection analyzer (SAN++, Skalar, Holland). After
soil was air-dried and sieved (< 2mm), bioavailable Cd was extracted
in 0.01M CaCl2 and determined using ICP-MS (PerkinElmer, NexION
300X). Soil DON was extracted with water and then analyzed by Multi
N/C TOC analyzer (Analytic Jena AG, Jena, Germany).

The other set of bottles were used to collect gas samples for N2O
determination at 0, 1, 6, 12, 18, 24, 30 and 36 days using a modified
closed chamber method (Hutchinson and Mosier, 1981). After gas
sampling, the lids of the bottles were replaced by new ones attached
with a septum, three-way valve and a needle (Di et al., 2014). From
each bottle, two gas samples were taken at 0 and 30min and stored in
15-ml exetainers. Gas chromatography (GC-200 Plus SHIMADZU,
Japan) was used to analyze the collected N2O gas. The N2O emission
was calculated as the differences in N2O concentrations in the gas
samples between 0 and 30min.

2.3. Total soil DNA extraction, q-PCR, and cloning of bacterial genes

The soil DNA was extracted from the fresh soil samples with help of
FastDNA Spin Kit for Soil (MP Biomedicals, LLC., Solon, OH, USA),
according to the manufacturer's protocol. The extracted DNA was
stored at −20 °C and analyzed within 3 days. Nanodrop®ND-2000
UV–vis spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA) was used to quantify and check for purity of the DNA. To quantify
the abundance of amoA, nirS, nirK, and nosZ genes, quantitative poly-
merase-chain-reaction (qPCR) assays were performed in triplicate by
real-time PCR with LightCycler 480 (Roche Applied Science). The pri-
mers and conditions are given in Table S2. Standard curves were pre-
pared for real-time PCR as previously described (Di et al., 2009). A
plasmid containing 102–109 copies μL−1 was obtained by serial 10×
dilutions. Then qPCR assay in triplicate was performed to plot an ex-
ternal standard curve for determination of unknown gene copy number.
The efficiency for amplification of target genes in the assays ranged
from 92.3 to 105.2% along with R values of 0.996–0.999.
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2.4. Sequencing and phylogenetic analysis of 16S and ITS1

Total soil DNA of 34 samples was analyzed for 16S V3-V4 for bac-
terial, archaeal and ITS1 regions for fungal community analysis. From
original DNA fragments, paired-end reads are merged by using FLASH
(Magoč and Salzberg, 2011). According to the unique barcodes, paired-
end reads were assigned to each sample. Then, these sequences were
clustered at 97% similarity using UPARSE algorithm (Edgar, 2013),
yielding operational taxonomy units (OTUs). Taxonomies of these OTUs
were assigned against EzBioCloud database (Yoon et al., 2017) for 16S
and Unite (Kõljalg et al., 2005) for ITS1. For each sample, the sequences
were rarefied to the depth of 34,000 and 37,000 for 16S and ITS1,
respectively. Representative sequences of each OTU were aligned using
MUSCLE (Edgar, 2004) and phylogenies were constructed using Fas-
tTree (Price et al., 2010) to get an approximate maximum likelihood
tree. These steps were performed, jointly using USEARCH (Edgar,
2010), VSEARCH (Rognes et al., 2016), and QIIME (Kuczynski et al.,
2012) platforms.

2.5. Statistical analysis

Two-way analysis of variance (ANOVA) was performed for the
abundance of functional genes using SPSS version 20, to test the effects
of Cd level and water regime and their interactions on the measure-
ments. The LSD (p=0.05) was used to check for the differences in soil
Cd bioavailability and other soil parameters, and abundance of func-
tional genes between the treatments. The figures were prepared by
Origin (Origin Pro 9.0 for Windows). R version (3.4.2) was used for
correlation analysis and presentation of correlation analysis, and for
statistical analyses of 16S and ITS1 rRNA (Mazucheli et al., 2017).
Generalized UniFrac (Lozupone and Knight, 2005) distance was used to
measure the dissimilarities between samples and visualized with non-
metric multidimensional scaling technique (NMDS) (Kruskal, 1964).
UniFrac is a metric weighing of the phylogenetic dissimilarities be-
tween microbial communities (Lozupone and Knight, 2005) and 3-axis
were conserved when performing NMDS. Statistical significance was
drawn by permutation multivariate analysis of variance (PERMANOVA)
(Anderson, 2001). In PERMANOVA, Cd concentration and incubation
time were regarded as categorical variables, and only the main effects
were included (namely, higher ranks of interactive effects were mixed).
ggplot2 (Kahle and Wickham, 2013) was used to prepare graphs. These
steps were completed in R platform (Team, 2017) with packages
“GUniFac”, “vegan” and “ggplot2” (Kahle and Wickham, 2013).

3. Results and discussion

3.1. Water regime and Cd bioavailability

The bioavailable Cd was recorded higher in the non-flooding than
the flooding conditions (Fig. 1A and B, Table S1) at the end of the 56-d
incubation experiment. In the non-flooding condition, a total 52%
bioavailable Cd was recorded at 10mg Cd kg−1 from the initial time of
soil incubation till the end of 56-d incubation. While only 5% of Cd was
bioavailable after 56-d of incubation in the flooding condition, the
difference was noted in Cd bioavailability (Fig. 1A–B and Table S1)
between flooding and non-flooding conditions. Soil Eh was higher
under non-flooding than under flooding conditions whereas soil pH was
lower under the non-flooding conditions (Table S3). Generally, Cd so-
lubility decreases under flooding conditions (Vink et al., 2010). Satu-
rated water conditions increase the binding of metals to the potentially-
available sites (low- and high-affinity sites) in the soil solution to make
metal–organic complexes (Hernandez-Soriano and Jimenez-Lopez,
2012). Low pH and high Cd concentration favor Cd binding with low-
affinity sites of soluble organic matter while low Cd concentration and
high pH promote Cd binding with high-affinity sites (Kinniburgh et al.,
1999). Due to low Eh under the continuous flooding condition (Table

S3), the conversion of sulfates to S2− might have occurred, leading to
the formation of insoluble CdS and decreased Cd bioavailability
(Bingham et al., 1976; de Livera et al., 2011). In addition, average soil
pH increased by one unit during flooding and 0.5 units under non-
flooding conditions as compared to the initial pH at Day 0 (Table S3).
Under reduced conditions, increased soil pH also promotes Cd adsorp-
tion by organic functional groups, decreasing Cd bioavailability
(Antoniadis et al., 2008).

3.2. Effect of Cd on DON, greenhouse gas emission

Cadmium decreased the concentration of DON during incubation
(Fig. 1C-D). In the flooding condition, the concentration of DON de-
creased significantly (p≤ 0.05) only at Cd level of 10mg kg−1, which
was 18% lower after 28-d, as compared to the control. After 56-d, the
DON concentration remained the same in all treatments and the control
(Fig. 1C). In the non-flooding condition (Fig. 1D), DON after 28-d de-
creased by up to 6%, 35% and 40% at Cd levels of 2, 5 and 10mg kg−1,
respectively, as compared to the control. The concentration of DON
decreased by 32% at Cd level 10mg kg−1 as compared to the control
after 56-d of incubation under non-flooding conditions.

The decrease in DON concentration by Cd contamination could be
caused by the decreased conversion (Schimel and Bennett, 2004) from
organic polymers to monomers by Cd contamination in the paddy soil
in our study. The production of DON can also be affected by moisture,
temperature, pH, and microorganisms (Andersson et al., 2000). The
DON in the soil is important to mediate microbial activities and to
provide the electron donors and acceptors for microbial respiration and
production of greenhouse gases like N2O and others. It also plays a role
in the transport and mobility of different metals and elements (Ullah
and Zinati, 2006). During non-flooding condition, the DON concentra-
tion was lower in our study which decreased the electrons donors and
accepters to nitrifiers and denitrifiers microbes to respire (Fig. S5), led
to a decrease in the production of N2O.

The N2O flux was higher in the flooding than the non-flooding
condition. The highest fluxes of N2O in the flooding conditions after 24-
h incubation were 0.42, 0.37, 0.23 and 0.20mgm−2 h−1 at Cd levels 0,
2, 5 and 10mg Cd kg−1, respectively (Fig. 2A). In comparison, the peak
N2O fluxes in the non-flooding condition were lower than those in the
flooding condition and occurred after 6-d of incubation (Fig. 2B). These
were 0.27, 0.24, 0.12 and 0.10mgm−2 h−1 at Cd levels 0, 2, 5 and
10mg Cd kg−1, respectively. Moreover, increasing Cd addition lowered
the N2O emission during the initial phase of incubation, i.e. in the
flooding at Day 1 and in the non-flooding conditions at Day 6. In the
late phase of soil incubation when the Cd bioavailability decreased, a
non-significant increase in N2O emission in Cd treatment was observed.
Consistently, increasing Cd addition decreased the abundances of nirS,
nirK, and nosZ (Fig. 4A–F).

These above findings suggest that denitrification is sensitive to Cd
contamination, due to the toxic effect of Cd on nirS, nirK, and nosZ-
carrying microbial community in the soil, particularly in the non-
flooding soil where Cd bioavailability was higher (Table S1). With the
passage of time, the bacterial community changed, and the composition
of the community differed between the water regimes (Fig. 5A–6A).
This change in community structure might be the cause of change in
N2O emission. In previous studies, pollution of multiple metals de-
creased the abundance of denitrifier community and decreased the
emission of N2O in paddy soils (Liu et al., 2016; Liu et al., 2018a). In
another study, the addition of Cd, Cu, and Zn decreased N2O production
for more than two months in a sandy loam soil under anaerobic con-
ditions (Holtan-Hartwig et al., 2002). The contamination of Cu up to
1333mg kg−1 decreased total denitrifying activity by 78% and N2O
production by 88% in a clay loam soil (Liu et al., 2018a). In our ex-
periment, the higher N2O production in the flooding than non-flooding
condition in the initial phase of soil incubation can be explained by the
fast microbial activity initiation and labial N compounds mineralization
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in the soil. In the late phase (18-d), there was no significant difference
in N2O production between water treatments or between Cd treatments.
The similar emission of N2O in the late phase may be due to the re-
storation of denitrifier abundances with the low availability of Cd in the
soil.

3.3. The effect of Cd on nitrification under different water conditions

The concentration of NH4
+_N increased over incubation time at the

highest Cd addition in both flooding and non-flooding conditions with
the concentration being higher in the non-flooding than the flooding
condition (Fig. 1E–F). For example, NH4

+_N concentration at level
10 mg kg−1 significantly increased by 77 and 70mg kg−1 in flooding
and non-flooding conditions, respectively, over the first 14-d of in-
cubation. At the end of incubation, the concentration of NH4

+-N was
1.5 fold higher in the Cd-added treatments than the no-Cd control in the
flooding condition (Fig. 1E). In the non-flooding condition after 28-d

and 56-d of incubation, the concentration of NH4
+_N was the same

between the control and at Cd levels 2 and 5mg kg−1 (Fig. 1F). The
concentration of NH4

+_N was higher in non-flooding than flooding
conditions (Fig. 1E) after 56-d of incubation with the soils at Cd level
10mg kg−1.

Ammonium oxidizers are sensitive to heavy metals like Cd. The
decrease in the conversion of NH4

+-N to NO3
−-N until 14-d of in-

cubation (Fig. S4AeB) indicates that the increased bioavailability of Cd
decreased the nitrification process. The result is consistent with a pre-
vious study showing that nitrification is negatively correlated to the
concentration of free metal cations (Tessier and Turner, 1995). In our
present study, the positive correlation of Cd bioavailability with NH4

+-
N show decreased NH4

+-N oxidation by decreasing the nitrifier abun-
dances (Fig. S1–3). The NH4

+-N oxidation was decreased in the non-
flooding condition more than the flooding condition due to the high
bioavailability of Cd in the non-flooding condition. In a previous study,
the rate of ammonium oxidation was not significantly influenced by

Fig. 1. Concentrations of CaCl2-extractable Cd (A and B), dissolved organic N (DON) (C and D) and NH4
+-N (E and F) in soil under flooding (A, C and E) and non-

flooding (B, D and F) conditions at Cd levels of 0 (Cd0), 2 (Cd2), 5 (Cd5) and 10 (Cd10) mg kg−1 during 56-day incubation. Error bars indicate± standard error of
the mean of three replicates.

M. Afzal, et al. Environment International 129 (2019) 451–460

454



10mg Cd kg−1 of dry soil while 100 and 500mg Cd kg−1 decreased
ammonium oxidation significantly during soil incubation experiment
(Dušek, 1995). In our present study Cd10 showed a significant decrease
in ammonium oxidation up to 14-d in the flooding and throughout
incubation period in non-flooding conditions. This shows that ammo-
nium oxidation is sensitive to Cd stress. High Cd might inhibit the ac-
tivity and/or function of the microbes that are involved in the ammo-
nium oxidation in the soil. In a batch reactor experiment, about 88% of
ammonium oxidation was inhibited by Cd addition during incubation
(Park and Ely, 2008). In addition, a recent study using a paddy soil
reported 8-fold decrease in nitrification with 1.4mg Cd kg−1. However,
their soil was contaminated with multiple heavy metals including Pb,
Cu and Zn (Liu et al., 2014).

Increasing Cd levels decreased the abundances of all the nitrifier
and denitrifier genes (Fig. S6). The abundances of archaeal and bac-
terial amoA genes in the no-Cd control were higher in the flooding
(Fig. 3A) (4.14×107 and 4.37× 107, respectively) than non-flooding
conditions (8.38×106 and 2.65×107) (Fig. 3B). In the first 14-d of
incubation, the archaeal amoA abundance was higher than the bacterial
amoA abundance in both flooding and non-flooding conditions, and the
ratio of archaeal amoA to bacterial amoA was 4.8–16.0 in the non-
flooding as compared to 2.7–31.7 in the flooding condition. After 14-d,
the opposite was true. Increasing Cd levels from 0 to 10mg kg−1 de-
creased the abundance of archaeal amoA (p < 0.05) in the flooding
condition from 1.46×108 to 1.70× 106, respectively, after 56-d of
incubation (Fig. 3A). The greatest decrease of 86% in the abundance of
archaeal amoA was observed at Cd level 10mg kg−1 under the non-
flooding condition after 28-d of incubation, compared to the control.
After 56-d, a significant difference was noted between the Cd-added
treatments and the no-Cd control in the non-flooding condition
(Fig. 3B). The abundance of nitrifiers negatively correlated with Cd
bioavailability in both flooding and non-flooding conditions with the
correlation coefficients (r) being higher in the non-flooding (Fig. S1-S3).
Cadmium availability correlated negatively with the copy number of
bacterial amoA gene (p < 0.05) but not with that of archaeal amoA
gene under the flooding condition. In comparison, Cd availability cor-
related negatively with the copy number of both archaeal and bacterial
amoA genes in the non-flooding condition. Increasing Cd addition sig-
nificantly decreased the abundance of bacterial amoA gene in both
flooding and non-flooding conditions after 14 and 28-d but not 56-d of
incubation (Fig. 3C–D).

The decreased amoA copy number by Cd addition was associated
with decreased nitrification under both water regimes after 14-d of
incubation. The results suggest that the decreased oxidation of NH4

+_N

in the Cd treatments soil (Fig. 1E–F) might result from the decrease in
the copy of the amoA gene after 14-d. In previous studies, Cd con-
tamination decreased the abundance of nitrifier genes (Xing et al.,
2015; Wang et al., 2018), and compared to AWD, continuous flooding
of a paddy soil increased the abundance of AOA and AOB (Abid et al.,
2018). In the present study, the greater effect of Cd on N transformation
in the non-flooding than the flooding condition was inversely related to
the abundances of AOA and AOB.

3.4. The effect of Cd on denitrification under different water conditions of
soil

All the denitrifiers showed negative correlations with Cd bioavail-
ability in both flooding and non-flooding conditions with correlations
coefficient (r) are being higher in the non-flooding condition (Fig. S1-
S3). Cadmium availability correlated negatively with the copy numbers
of nirS gene, nosZ and nirK in the flooding (p < 0.01–0.05) and non-
flooding (p < 0.01) conditions.

The average copy number of nirK gene in the no-Cd control during
the entire incubation period was 2.62× 106 and 7.65×106 for the
flooding (Fig. 4A) and non-flooding (Fig. 4B) conditions, respectively.
Increasing Cd addition consistently decreased the copy number of nirK
in the non-flooding condition from 14-d (Fig. 4B). In the flooding
condition, however, the copy number of nirK was significantly de-
creased only at Cd level of 10mg kg−1 (Fig. 4A). The average copy
number of nirS in the controls during 0–56-d was higher in the non-
flooding (9.34×107) (Fig. 4D) than the flooding conditions
(4.71×107) (Fig. 4C). Increasing Cd addition decreased the nirS copy
number (p < 0.05) in both flooding and non-flooding conditions from
14-d of incubation (Fig. 4C-D). In the flooding condition, the copy
numbers of nirS at Cd levels 2, 5, and 10mg kg−1 were 2.98×107,
3.91×106 and 2.32× 106, respectively (Fig. 4C). In comparison, in
the non-flooding condition nirS copy number was 1.47×106 at Cd
level 10mg kg−1 (Fig. 4D). After 56-d of incubation in the flooding
condition, no difference was noted in the copy number of nirS between
the Cd level 5 and 10mg kg−1, while in non-flooding conditions, the
copy number of nirS did not differ between the Cd-added treatments but
was significantly lower than the no-Cd control.

The negative effect of Cd on the abundance of denitrifier genes
shows that bacterial community containing nirK, nirS, and nosZ genes is
sensitive to Cd. While DON provides the electron donors for denitrifier
community in the soil, the decreased DON production by Cd con-
tamination could lead to the inhibitory effect of Cd on the bacterial
community containing the denitrifier genes, and hence inhibited the

Fig. 2. Fluxes of N2O (mgm−2 h−1) from soil under flooding (A) and non-flooding (B) conditions at Cd levels of 0 (Cd0), 2 (Cd2), 5 (Cd5) and 10 (Cd10) mg kg−1

during 36-days incubation. Error bars indicate± standard error of the mean of three replicates.
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process of denitrification. Liu et al., (2014) showed that Cd con-
tamination in a paddy clay loam soil did not affect the abundance of
nirK, inconsistent with our finding of the significant (p=0.05) decrease
in copy number of nirK with increasing Cd levels (Fig. 4A-B). Our
present study used silty clay soil with levels of 2, 5 and 10mg kg−1

while the previous study by Liu et al. (2014) used a sandy loam with Cd
level of 1.5 mg kg−1. This could be a possible reason for the discrepancy
in the effect on nirK gene abundance between two studies.

The overall average copy number of the nosZ gene was higher in the
flooding than the non-flooding conditions. For example, the average
copy number of nosZ in the control was 5.25×107 in the flooding
(Fig. 4E) as compared to 4.32×107 in the non-flooding condition
(Fig. 4F). Increasing Cd addition decreased nosZ copy number in both
the flooding and non-flooding conditions from 14-d of incubation. De-
nitrifiers containing N2O reductase prefer anaerobic conditions and
therefore the copy number of the nosZ gene (8.71×107 g−1 dry soil)
was higher in the flooding than non-flooding (4.32×107 g−1 dry soil)
conditions. The present study also showed a strong interaction between
the water regime and Cd bioavailability; the nosZ abundance was more
affected by Cd in the non-flooding than the flooding condition.

The result is consistent with a recent study reporting that the
flooding and waterlogged condition increased the microbial community
containing the nosZ gene (Saeki et al., 2017). The decrease in abun-
dances of the nosZ gene was 89% in the flooding and 96% in the non-
flooding at 10mg kg−1 of Cd as compared to the no-Cd controls during
the entire 56-d incubation. We observed the restoration in abundances
of nosZ, 11% in the flooding and 5% in the non-flooding condition
during 56-d. This restoration in abundances also reflects in the N2O
emission after 18-d where no significant difference in the Cd treatments
and no-Cd controls in the emission of N2O we observed. In a previous

study, two months of incubation after spiked Cu, Cd, and Zn in sandy
loam soils, the denitrification restore up to the level of control (Holtan-
Hartwig et al., 2002). This restoration of denitrification activity was
probably due to a decrease in the bioavailability of heavy metals, a shift
in metal tolerance of the microbial community and the horizontal
transfer of heavy metals resistance genes in the plasmid (Holtan-
Hartwig et al., 2002).

3.5. Microbial community abundance and composition

The structure of the bacterial community was changed during the
water and Cd treatments. Under non-flooding conditions, the addition
of 5 and 10mg Cd kg−1decreased the relative abundance of
Actinobacteria by 10 and 13%, respectively, while 2mg Cd kg−1 in-
creased the relative abundance up to 4% (Fig. 5A). The addition of 2mg
Cd kg−1 decreased the relative abundance of Proteobacteria by 3%
while 4 and 6% increases were observed at Cd levels of 5 and 10mg Cd
kg−1. The relative abundance of phylum Gemmatimonadetes in non-
flooding decreased with the increasing levels of Cd with 2% decrease at
10mg Cd kg−1. Under flooding conditions after 14-d of incubation,
increasing Cd addition from 0 to 10mg kg−1increased the relative
abundance of phylum Actinobacteria from 21% to 30%, but decreased
that of phyla Firmicutes and Chlorobi from 38% to 26% and from 0.34%
to 0.17%, respectively. The OTUs assigned to the nitrifier and deni-
trifier were altered by water and Cd treatments. For examples, irre-
spective of Cd treatment, OTUs of nitrifiers such as Nitrosomonas, de-
creased in the flooding whereas those of Nitrosomonas and
Nitrososphaera decreased in the non-flooding condition (Fig. S5A). The
OTUs of denitrifiers such as Nitrosomonas and Pseudomonas decreased in
the non-flooding condition and those of Nitrosomonas decreased in the

Fig. 3. Copy numbers of archaeal (A-B) and bacterial (C-D) amoA genes in soil under flooding (A and C) and non-flooding (B and D) conditions at Cd levels of 0 (Cd0),
2 (Cd2), 5 (Cd5) and 10 (Cd10) mg kg−1 during 56-days of incubation. Different lowercase letters indicate significant difference (p≤ 0.05) among the different Cd
levels across the 56-days. Error bars indicate± standard error of the mean of three replicates.
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flooding condition at all Cd levels throughout the incubation period
(Fig. S5B). Similarly, a Cd level≥ 5mg kg−1 was lethal for the archaeal
community in the non-flooding condition. For example, 5 mg Cd kg−1

decreased the relative abundance of archaeal phyla Euryarchaeota and
Thaumarchaeota by up to 96 and 99% respectively, in the non-flooding
condition. In comparison, Cd addition increased the relative abundance
of these phyla in the flooding condition (Fig. 5A).

In all the samples, 941,806 fungal sequences were not assigned to
any phylum (Fig. 5B). The dominated fungal phylum in both flooding
and non-flooding condition was Ascomycota with 332,876 sequences in
total, while phyla Basidiomycota and Zygomycota-related OTUs were 81
and 20 in total, respectively. The addition of Cd did not affect the
abundance of different fungal genera in the flooding condition.

A distinct bacterial community composition was observed with time
and between water regimes (Fig. 6A) (p < 0.004 by PERMANOVA) but

not between Cd levels (Fig. 6B). Consistent with 16S rRNA community,
the structure of fungal community was influenced by water condition
(p=0.035, PERMANOVA) and incubation time (p < 0.001) but not by
Cd level (p=0.445).

The abundances of different bacterial and archaeal phyla decreased
by Cd addition in the non-flooding condition at high Cd bioavailability.
The effect of water regime on bacterial community composition led to
changes in microbial community structure. Under continuous flooding
conditions, oxygen and nitrate deplete rapidly due to the decrease in
redox potential. Microbial communities adopting certain strategies to
survive like a change in community structure which led to the change in
biogeochemical cycling in the soil (DeAngelis et al., 2010). In the
present study, the dominated phyla in the Cd treatment were Actino-
bacteria, Proteobacteria, Firmicutes and Acidobacteria. Similar results for
metal-contaminated soils were also previously reported (Idris et al.,

Fig. 4. Copy numbers of bacterial nirK (A and B), nirS (C and D) and nosZ (E and F) genes in soil under flooding (A, C and E) and non-flooding (B, D and F) conditions
at Cd levels of 0 (Cd0), 2 (Cd2), 5 (Cd5) and 10 (Cd10) mg kg−1 over 56 days of soil incubation. Different lowercase letters indicate significant difference (p≤ 0.05)
among the different Cd levels across the 56 days. Error bars indicate± standard error of the mean of three replicates.
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2004; Ding et al., 2017). However, Idris et al. (2004) reported Proteo-
bacteria in Ni contaminated soil as the dominated phylum. Although we
reported that bacterial community was shaped due to water manage-
ment practices, high Cd levels also decreased the abundances of certain
phyla (Fig. 5A-S 5A-B). Contrast to our findings, previous studies re-
ported that Cd changed the microbial structure in the soil (Akmal,
2005; Bell et al., 2015; Visioli et al., 2015; Roman-Ponce et al., 2017).
The contradiction of these results is due to the difference in the con-
centration of Cd in the soil. The Cd concentrations in our study were
lower than the mentioned studies.

We reported no change in the fungal community by water and Cd
treatments with the dominated fungal phyla being Ascomycota and
Basidiomycota in both flooding and non-flooding conditions. Similar
results were reported on an increase in the abundance of Ascomycota in
a soil of higher moisture content (Chen et al., 2014a, 2014b). Both these
phyla were the main degrader of rice straw and other degradable ma-
terial in the soil (Rousk et al., 2010). Clearly, much higher Cd levels are
needed to change fungal community with the passage of time. We as-
sume that too low and high moisture content may decrease the diversity
of fungal community and lead to the dominancy of Ascomycota and
Basidiomycota.

4. Conclusion

Our study demonstrated that Cd contamination of paddy soils
slowed down the process of N transformation by decreasing the abun-
dance of archaeal and bacterial amoA (nitrification), nirS, nirK, and nosZ
(denitrification). The microbial communities containing these genes are
the players of the N cycle. Cadmium toxicity is more severe under non-
flooding than flooding conditions, and hence decreased N reduction and
hence N2O production to a greater extent under non-flooding condi-
tions. The bacterial and fungal communities were changed by water
treatment. While Cd did not affect the fungal community in the flooding
conditions, Cd levels of 2 to 5mg kg−1 increased the abundance of
certain fungal phyla. Non-flooding conditions have been used as a
farming practice of water reservation in rice production, and to de-
crease the concentrations of heavy metals in grains. However, this study
showed that Cd bioavailability was higher under non-flooding than
flooding conditions. Further studies are needed to explore the link of
nitrification and denitrification activities with different water and nu-
trient management practices in contaminated paddy fields.

Fig. 5. Barplots of relative abundance of dominant phyla (relative abundance> 0.1%)of archaeal and bacterial (A) and fungal (B)in the flooding (F) and non-
flooding (NF) conditions after soil incubation for 0, 14, 28 and 56 days at Cd levels of 0 (Cd0), 2 (Cd2), 5 (Cd5) and 10mg kg−1 (Cd10).
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