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Abstract

Purpose 1t is unknown how the Cd-mediated
changes in the rhizospheric nitrifier community affect
plant growth under different water management prac-
tices. This study examined the effect of Cd on micro-
bial N transformation and its association with rice
growth in two water regimes, continuous flooding
(CF) and alternate wetting and drying (AWD), in a
paddy soil.
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Methods The 16S rRNA, amoA genes in the rhizos-
phere and endosphere, and OsNTRs were determined
using qPCR. Nitrifier community analysis was per-
formed by sequencing the amoA genes. Concen-
trations of N and Cd in shoots and roots, and IAA
in the roots were determined by flow injection ana-
lyzer, ICP-MS and enzyme-linked immunosorbent
(ELISA), respectively.

Results The direct and indirect negative effects of
Cd bioavailability in the rhizosphere on plant growth
and ultra-structure of roots and leaves were greater
under AWD than CF after 56-day growth. Nitrifier
community was changed by water and Cd treatments.
Crenarchaeota, Nitrosopumilus, Nitrosopira, and
Nitrosovibrio tenuis related species were the domi-
nant nitrifier players. Increasing Cd level decreased
plant N uptake, root-IAA concentration, and the
abundance of 16S rRNA gene in the rhizosphere and
endosphere to a greater extent under AWD than under
CF. This in turn decreased the colonization of endo-
phytes and the surface area of the roots, leading to
decreased N uptake from the soil.

Conclusion The results imply that appropriate water
management and rhizospheric engineering in Cd-con-
taminated paddy fields may be important approaches
to decreasing plant Cd uptake and rhizospheric
nitrification.

Keywords Water management - Endosphere -
Rhizosphere - Nitrifier - Paddy soil
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Abbreviations

CF Continuous flooding

AWD Alternate wetting and drying

qPCR Quantitative PCR

TIAA Indole Acetic Acid

ICP-MS Inductively coupled plasma mass
spectrometry

ELISA  Enzyme-Linked Immunosorbent

Cd Cadmium

N Nitrogen

ROS Reactive Oxygen Species

CO, Carbon Dioxide

JA Jasmonic Acid

ABA Abscisic Acid

SA Salicylic acid

P Phosphorus

Fe Iron

amoA Ammonia monooxygenase

AOA Ammonia-Oxidizing Archaea

AOB Ammonia-Oxidizing Bacteria

PBS Phosphate-buffered saline

SOC Soil organic C

DON Soil organic N

ANOVA  Analysis of variance

LSD Least significant difference
OsNTRs  Oryza sativa Nitrate transporters

Introduction

One of the most important global environmental con-
cerns in food security is the contamination of agricul-
tural soils with heavy metals, such as cadmium (Cd)
(Gallego et al. 2012), which enter the food chain.
About half of the world’s population relies upon rice
(Oryza sativa) as the staple food (Kosolsaksakul et al.
2014), while in contaminated paddy soils, rice plants
take up Cd and store it in the grains that are consumed
by humans or animals (Aziz et al. 2015). Annually,
30,000 tons of Cd is disposed to the environment, of
which the major contribution (13,000 tons) comes
from human activities (Gallego et al. 2012), such as
atmospheric deposition, mining, urbanization, appli-
cation of phosphate fertilizers and use of wastewa-
ter for irrigation of rice fields (Kosolsaksakul et al.
2014). High levels of Cd can decrease plant growth,
grain yield and quality (Lee et al. 2013; Srivastava
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et al. 2014), causing alterations to plant tissues (Arao
et al. 2009), disrupting photosynthesis (Arao et al.
2009), and regulating expressions of at least 36 pro-
teins in rice (Lee et al. 2010).

Cadmium is considered a non-essential element
for plant growth and physiology, its accumulation in
plant has a series of harmful effects (Guo et al. 2016).
The harmful effects of Cd include poor seed germi-
nation, inhibition of photosynthesis and the damage
of photosystem II structure and function, poor CO,
fixation due to inactivation of CO,-fixing enzymes,
breaking of chloroplast ultrastructure and inhibi-
tion of plant growth which my lead to death of plant
(Khan et al. 2014; Li et al. 2020; Molina et al. 2020).
Previous studies have shown that it can increase in
ethylene level in Arabidopsis thaliana and Pisum
sativum (Biicker-Neto et al. 2017). In addition, it
increased the jasmonic acid (JA) level in P. sativum,
and abscisic acid (ABA), salicylic acid (SA) and JA
levels in rice (Kim et al. 2014; De et al. 2015). It was
shown that Cd exposure decreased indole-3-acetic
acid (IAA) content in A. thaliana and O. sativa (Ron-
zan et al. 2018).

The mobility in soil and plant uptake of Cd from
soil is higher than those of other heavy metals (Song
et al. 2015). Cd translocation from soil to shoots takes
place via root uptake and as a result roots are likely to
suffer from Cd damage first due to higher accumula-
tion Cd than shoots (Uraguchi and Fujiwara 2013). It
has been reported that root morphology and anatomy
are considered as essential components of plants to
study the Cd uptake and translocation in plant tissues
(Huang et al. 2019). Different rice cultivars showed
significant variation in Cd uptake, and water regimes
also affect Cd accumulation in rice grains (Honma
et al. 2016). Most of previous studies focused on
membrane proteins involved in metal transport, root
exudation of organic acids, formation of iron plaque
on root surface, and different chemical forms of Cd
in the rhizosphere (Fulda et al. 2013; Cheng et al.
2014). In addition, Cd toxicity can also cause nega-
tive effects on endogenous hormonal system, espe-
cially IAA (Ronzan et al. 2018).

Plant hormones are very important for growth
regulation and play a key role in all developmental
stages, along with abiotic stress (Spoel and Dong
2008). In addition, plants respond to stresses such
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as heavy metals, in terms of change in the level and
distribution of plants hormones. Indole-3-acetic acid
(IAA) in Arabidopsis is involved in abiotic stress
responses (Hu et al. 2013). In accordance, IAA level
was also reported to vary in response to heat, cold
and drought stresses. Auxin plays a key role in the
physiological processes of almost all plants, espe-
cially, lateral roots (LRs) formation and development.
Cadmium inhibited lateral roots development, which
plays an important role in water and nutrient absorp-
tion (Fattorini et al. 2017). Rice LRs were negatively
affected by Cd via interfering with auxin homeosta-
sis. However, it has been reported that Cd inhibit LRs
in rice by disrupting auxin efflux transporter genes
(OsPIN) mediated auxin distribution (Wang et al.
2021).

Water management practices influence the bio-
availability of Cd in the paddy soils, which then
affects its adsorption and accumulation by microbes
and plants (Meng et al. 2018). It has been reported
that alternate wetting and drying (AWD) water man-
agement increases whereas continuous flooding (CF)
decreases Cd accumulation in rice grains (Afzal et al.
2019; Norton et al. 2017; Yang et al. 2017). The men-
tioned differences have been linked to impacts of
redox conditions of soil on bioavailability and mobil-
ity of Cd. In addition, conversion of Cd from one oxi-
dation state to another is also responsible for the dif-
ference in Cd availability in the soil and accumulation
in plants under different water managements (Mlan-
geni et al. 2020). Furthermore, the application of N
fertilizers increases the availability of Cd through
affecting rhizosphere properties and soil chemical
reactions, increasing Cd mobility and accumulation.
Nitrogen application is well known to increase dry
mass accumulation, leaf area expansion, and protein
content through its impacts on Cd speciation, compl-
exation, desorption, phytoavailability, and transporta-
tion by affecting soil properties and crop growth (Ata-
Ul-Karim et al. 2020). A recent study reported that
increasing N rate was strongly linked to a decrease in
soil pH and increased soil redox potential (Eh), elec-
tric conductivity, cation exchange capacity (CEC),
and wheat grain Cd concentration (Ata-Ul-Karim
et al. 2020).

Previous studies have also reported that availabil-
ity of Cd and low water content of soil have decreased
the abundance of the N-transforming microbes, and
toxicity to plants and soil-residing animals (Afzal

et al. 2019; Liu et al. 2014, 2018). It has been
reported that heavy metal pollution decreased micro-
bial biomass, abundance, and ammonia oxidizing
genes in paddy soil (Liu et al. 2018). In addition,
decreased microbial abundances due to metal con-
tamination might decrease the microbial mediated
N transformation in paddy soil, particularly under
alternate wetting and drying conditions (Afzal et al.
2019). About 80% nitrification rate was decreased by
Cd-salt (200 mg kg™!) of soil (Smolders et al. 2001).
Similarly, soil enzyme activities and nitrifier and
denitrifier communities were reported to be sensitive
to Cd contamination ranged from 2-10 mg kg™! in
paddy soil under AWD conditions (Afzal et al. 2019;
Liu et al. 2014, 2018).

Plant-associated microbes are very important
for plant growth directly or indirectly. Some of the
rhizospheric and endospheric bacteria have the ability
to produce IAA which is responsible for an increase
in root surface via enhancement of root elongation,
and growth of lateral roots and root hairs (Spaepen
and Vanderleyden 2011). Hence the plant absorbs
those nutrients which are not accessible to the plant,
leading to better plant growth. In addition, some
plant-associated bacteria are also responsible for ele-
vated plant productivity by decreasing ethylene level
in plants. Heavy metals can affect the abundance and
composition of ammonia oxidizing archaea (AOA)
and bacteria (AOB) (Ai et al. 2013; Hou et al. 2018).
Previous studies reported that Cd stress altered micro-
bial-mediated processes such as ammonification,
nitrification, and denitrification in the soybean rhizo-
sphere and bulk soil (Yang et al. 2007). However, it
is unknown how altered AOA and AOB by Cd stress
affects plant growth in different water regimes.

This study examined the effects of Cd level and
water regime on rice growth and physiology, espe-
cially TAA level along with the N status in the
roots. It also aimed to link the Cd-mediated changes
in the AOA and AOB communities in the rhizos-
phere with bacterial abundance of the rhizosphere
and endosphere under CF and AWD conditions. We
hypothesized that Cd contamination would alter the
microbial community of nitrifiers (AOA and AOB)
in the rhizosphere by decreasing the abundances of
ammonia monooxygenase (amoA) genes responsible
for nitrification, and that the effects of Cd would be
greater under AWD conditions as compared to CF
conditions.

@ Springer



612

Plant Soil (2022) 472:609-628

Material and methods
Experimental design

Soil samples were collected from the upper 10-cm
layer at a paddy field site in Longyou County, Quzhou
City (N 29° 0’ 00”’; E 119° 5' 24”’), Zhejiang Prov-
ince, China, before rice planting in spring 2017. The
soil samples were air-dried and sieved to pass a 2-mm
sieve for the determination of baseline soil properties.
The soil had the following physicochemical charac-
teristics: pH, 5.6; total Cd, 0.12 mg kg_l, organic C,
12.2 g kg™!; dissolved organic C, 68.6 mg kg™'; total
N, 8.1 mg kg_l; sand, 57%; silt, 25%; and clay, 18%.

A greenhouse experiment was designed as com-
pletely factorial, consisting of two water regimes and
four Cd levels in six replicates per treatment. The
two water managements were 1) continuous flood-
ing (CF) and 2) alternate wetting and drying (AWD)
conditions. Cadmium was added as CdCl,-2.5H,0
(99%, Tianjin Fuchen Chemical Co., Tianjin, China)
at four levels: 1) Cd0, no Cd, 2) Cd2, 2 mg kg_l, 3)
Cd5, 5 mg kg™! and 4) Cd10, 10 mg kg~! soil. Such a
Cd range allowed to examine the N transformation in
the conditions such as highly-contaminated mine sites
and contaminated cropping fields, and has been used
in previous studies (Liu et al. 2016; Zhou et al. 2018).
A total 5 kg of soil was added to each pot. In the CF
condition, the water level was continuously kept at
approximately 3 cm above the soil surface while in
the AWD conditions the water level was kept at 3 cm
above the soil surface for 24 days, followed by dry
period (no water was added) for the next 3 days. After
this period, the pots were kept under flooding condi-
tions for 3 days and dry period for the next 3 days.
This cycle was continued for 56 days. Basal nutrients
of equivalent to 120 kg N, 60 kg P and 50 kg K ha™!
as urea, calcium superphosphate and potassium chlo-
ride, respectively, at the transplanting stage. An addi-
tional dose of 60 kg N ha~! was applied each at the
tillering and panicle initiation stages.

Plant growth

Uniform seeds of rice [Oryza sativa (Indica) cultivar
Yongyou 12] were surface-sterilized with 5% sodium
hypochlorite solution for 10—12 min and then rinsed
with autoclaved distilled water for 4 times. The seeds
were germinated on sterile filter paper in Petri dishes
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for 3 days. The germinated seeds were then sown to
seedbed. After further 21 days, four uniform seed-
lings were transplanted in each of the pots of vari-
ous treatments, and were grown in a greenhouse at
70% humidity and day/night temperature cycle of
29/24 °C.

Plant growth and uptake of N and Cd

Plants were harvested after 24 and 56 days of treat-
ment. Plant samples were washed with autoclaved
distilled water and separated into roots and shoots.
We did not treat the roots to remove iron plaque and
so root Cd concentrations might be over-estimated.
The plant samples were oven-dried at 80 °C for
2 days, and dry weights were recorded. The dry sam-
ples were finely ground to pass through a 0.15-mm
sieve. The concentration of N was determined using
the combustion procedure on a Vario MAX CNS ele-
mental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany). The concentration of Cd in the
roots and shoots was determined using inductively
coupled plasma mass spectrometry (ICP-MS) (Perki-
nElmer, NexION 300X) after digestion with concen-
trated HNO;-HF acids, using a microwave digestion
system (MARS6, CEM). Briefly, oven-dried roots
and shoots were ground to a fine powder and 0.5 g of
each sample was digested in 5 mL HNO;:H,0, (5:1,
v/v) before subject to ICP-MS analysis.

Samples isolation from rhizosphere and endosphere
for microbial analysis

Soil and plants were removed from each pot after 24
and 56 days of plant growth and the roots were care-
fully separated from the soil. In this study, we follow
the definition of rhizosphere as the soil attached to
roots at a distance of approximately 1 mm (Edwards
et al. 2015). To collect rhizosphere soil, the root sys-
tem was transferred to Falcon tubes containing 50 mL
of sterile phosphate-buffered saline (PBS) solution.
With the help of sterile forceps, the roots were stirred
vigorously to clean the surface. The endophytic com-
partment was isolated following the previous protocol
(Lebeis et al. 2015). Briefly, the roots were placed in
the sterile distilled water and rinsed for 2-3 times and
the debris was removed aseptically. Sonication was
performed for 30 s at 50-60 Hz (output frequency
42 kHz, power 90 W, Branson Ultrasonics). All
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centrifuged fresh samples from the rhizosphere and
sonicated roots endosphere were stored at -80 °C until
microbial DNA isolation.

Soil chemical analysis

Fresh rhizosphere soil samples were also used for
analyses of Cd, pH, soil organic C (SOC), NH4+*N,
soil dissolved organic N (DON), total N, and bio-
available Cd and arsenic (As). Soil pH was measured
after shaking the soil in water (1:2.5) for 30 min. To
measure the soil Eh, a slurry of water-to-soil ratio
of 1:2.5 was used (Afzal et al. 2019). Dichromate
digestion was used to measure the SOC (Kalem-
basa and Jenkinson 1973). Both nitrate (NO5™) and
ammonium (NH,*) were extracted with 1 M KCl,
followed by analysis using a flow injection analyzer
(SAN + +, Skalar, Holland). Fresh soil samples were
used for extraction of available Cd with 0.01 M CaCl,
and determined using the ICP-MS. The DON was
extracted in water, and analyzed using a Multi N/C
TOC analyzer (Analytic Jena AG, Jena, Germany).

Plant sample collection, RNA extraction, cDNA and
qRT-PCR

Root and shoots were collected and crashed in liquid
nitrogen for RNA extraction. RNA was extracted by
Trizol reagent according to manufacturer’s proto-
col and was then converted (reverse transcribed) to
cDNA by Prime Script TMRT kit (Takara) according
to manufacturer’s instructions. Then qPCR was per-
formed for different samples with light cycler 96 well
real-time PCR (Roche, Switzerland) using SYBER
premix Ex Taq (Takara, Japan). Rice Actin 1 was
used as an internal standard reference (Zhang et al.
2012) and data was analysed by the method described
by Livak and Schmittgen (2001). Primer used in the
current studied are in the Table S1.

Total DNA extraction, quantitative PCR, and
microbial functional genes

Total DNA was extracted by FastDNA Spin Kit (MP
Biomedicals, LLC., Solon, OH, USA), from fro-
zen rhizospheric soil samples (0.5 g) following the
manufacturer’s instructions. DNA purity and quan-
tity were measured with the Nanodrop®ND-2000
UV-vis spectrophotometer (NanoDrop Technologies,

Wilmington, DE, USA), while DNA integrity and
size were observed on a 0.7% agarose gel. DNA
samples were stored at—20 °C until analyses within
3 days after extraction.

To quantify the abundance of amoA and 16S rRNA
genes, quantitative PCR (qPCR) assays in triplicate
for each sample were used. Each reaction consisted
of 20 pL of the reaction mixture containing 10 pL
SYBR Premix Ex Taq (Takara, Dalian, China), 0.1 pL
of 100 mM of each primer and 1 pL of 10xdiluted
DNA template (10 ng) and 8.8 pL Milli Q-water.
The reaction was performed in the LightCycler 480
(Roche Applied Sciences, Mannheim, Germany)
with a melting curve analysis carried out at the end
of each run to confirm PCR product specificity. A
standard curve for qPCR was generated as previously
demonstrated by Diet al. (2009). Briefly, amoA and
16S rRNA genes were PCR-amplified with primers
and PCR conditions listed in Table S1. PCR products
were purified with NucleoSpin®Gel and PCR Clean-
up (Nucleospin, Macherey—Nagel) prior to cloning
into the pGEM-T Easy Vector (Promega, Madison,
WI, USA), followed by transformation into Escheri-
chia coli JIM109 competent cells (Promega, Madison,
WI, USA) according to the manufacturer’s instruc-
tions. Confirmed positive clones were purified and
sequenced using the ABI PRISM ® 3730 Genetic
ABI PRISM® 3730 Genetic Analyzer (Applied Bio-
systems, Foster City, CA, USA) with the BigDye ®
Terminator v3.1 Cycle Sequencing Kit (Applied Bio-
systems) being used for sequencing reactions. For
standard curves, a known number of copies of the
plasmid DNA (10°-10'%) containing the target gene
was subjected to qPCR assay in triplicate. For ampli-
fication of the amoA and 16S rRNA genes, high effi-
ciencies of 92.3-105.2% were obtained with R values
of 0.996-0.999.

The same procedure was used for cloning of AOA
and AOB amoA genes under different treatments
and 25 positive clones were randomly selected for
sequencing. For the obtained sequencing via ABI
PRISM ® 3730 Genetic ABI PRISM® 3730 Genetic
Analyzer (Applied Biosystems, Foster City, CA,
USA) with the BigDye ® Terminator v3.1 Cycle
Sequencing Kit, the evolutionary history was inferred
using the Neighbor-Joining method (Saitou and Nei
1987). The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap
test (1000 replicates) is shown below the branches
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(Felsenstein 1985). The tree is drawn to scale, with
branch lengths in the same units as those of the evo-
lutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the
Maximum Composite Likelihood method (Tamura
et al. 2004). Evolutionary analyses were conducted in
MEGAG6 (Tamura et al. 2013).

Transmission electron microscopy

Leaf segments and root tips were selected from con-
trol and 10 mg kg~! Cd treated plants. Total three
specimens per treatment were prepared for TEM.
Leaf segments without veins (1 mm?) of the fifth
newly-grown leaves and the root tips of 2-3 mm
were fixed in a 2.5% (v/v) glutaraldehyde in 0.1 M
phosphate-buffered saline solution (PBS) (pH 7.4)
overnight and then washed three times with PBS for
electron microscopy. After post-fixation of samples in
1% (m/v) in OsO, for 1 h, the samples were washed
with PBS for three consecutive times and dehydrated
for 15-20 min in each of graded ethanol (50, 60, 70,
80, 90, 95, and 100%, v/v) with a final immersion
in absolute acetone for 20 min. The samples were
embedded in Surr’s resin overnight and kept at 70 °C
for 9 h. The ultra-thin sections (about 80 nm) were cut
using the LEICA EM UCT7 ultratome and mounted on
copper grids for the transmission electron microscope
(TEM 1230EX, JEOL, Japan) at 60 kV.

Indole acetic acid (IAA) measurement

An enzyme-linked immunosorbent (ELISA) pro-
cedure (Rapid bio, USA) was used to determine the
concentration of IAA in the root. Fresh root tissues
were ground in liquid N, and extracted in 100%
methanol. The extract was centrifuged at 4,000X g
for 10 min at room temperature. The supernatant
was vacuum-evaporated to 1/10 of the initial vol-
ume and acetic acid (1%) was used to dissolve the
residue, followed by filtration through 0.20-um filters
as suggested by Nakurte et al. (2012). All standards
and samples were mixed with horseradish peroxide-
conjugated reagent, and were incubated at 37 °C for
30 min according to the manufacturer’s protocol. The
Synergy™ HT Multi-detection micro plate reader
(BioTek, Vermont USA) was used for optical density
(OD) measurements.

@ Springer

Statistical analysis

Data Procession System (DPS) was used for analy-
sis of variance (ANOVA). One-way ANOVA was
used for 24-day treatments while two-way ANOVA
analyses were conducted to test the effect of Cd levels
and water regimes and their interactions after 56-day
treatments, followed by comparison between means
using the least significant difference (LSD). Correla-
tion analysis, principal component analysis (PCA),
and presentation were performed using R version
(3.4.2). The PCA analysis was used to identify the
relationships between soil and plant measurements
under Cd stress in both CF and AWD. The first prin-
cipal component has the largest variance due to the
orthogonal transformation. Figures were constructed
using software Origin (Origin Pro 9.0 for Windows).

Results
Bioavailability of Cd, pH and Eh

The bioavailability of Cd was higher at Day 24 and
then decreased significantly (P<0.01) until Day
56 with the decrease being greater in the CF than
in the AWD. For example, it decreased by 80% and
90% at 5 and 10 mg Cd kg™, respectively, under CF,
as compared to 10% and 27%, respectively, under
AWD (Fig. 1A). By Day 56, Cd bioavailability in
the rhizosphere was significantly (P <0.01) higher in
the AWD as compared to CF (Table S2). Compared
with the initial pH, soil pH decreased by 0.3 units
at day 24, and 1.1-1.4 units at day 56 under AWD
irrespective of Cd treatment. In comparison, the pH
increased at 0-5 pM Cd at day 24, and at 0 Cd at day
56 but decreased at 2-10 uM Cd at day 56 under CF
(Table S3). In general, Eh was higher under AWD
than under CF and increased with increasing Cd level
(Table S3).

Concentrations of dissolved organic N (DON),
NH,* and NO;~

The concentration of DON in the no-Cd control under
CF was higher at Day 24 than at Day 56. It decreased
with increasing Cd addition and decreased more at
Day 56 than Day 24. For example, DON decreased
by 26, 49 and 74% after 24 days at Cd levels 2, 5, and



Plant Soil (2022) 472:609-628

615

6+

soil)

Cd bioavailability (mg kg

Nll4+~N (mg kg-l soil)

T T T T

10

o
19
&
a
-]

—-24d
25 :x: 56d-AWD
56d-CF
(B)
204
.—s
» g_
S 1
‘o0
=
g 104 A
7
g o
54
0 T L) T T L) T
5
(D)
44
—
'S
d
- 3
‘0
-
L
g 5] .
02
7..
'
Q 1-
7.
O T T T T T
0 2 4 6 8 10

Cd levels (mg kg-I dry soil)

Fig. 1 Concentrations of CaCl,-extractable Cd (A), dissolved
organic N (DON) (B), and concentrations of NH,*-N (C) and
NO;™-N (D) in the rhizosphere of rice plants grown under con-
tinuous flooding for 24 (24d) and 56 days (56d-CF) and under

10 mg kg~! of soil, respectively. After 56 days, the
DON concentration decreased more under AWD than
CF with decreases being 32, 66 and 71% for AWD,
and 18, 46, and 58% for CF at Cd level 2, 5, and
10 mg kg™, respectively (Fig. 1B), leading to a sig-
nificant water X Cd interaction (Table S2).

Increasing Cd levels significantly (P<0.01)
increased the NH,*-N concentration. Compared
with the control, NH4+—N concentration increased
by 30, 50 and 74% at Cd levels 2, 5, and 10 mg kg_l,
respectively. The highest concentration of NH,*-N
(35 mg kg~!) was noted at Cd level of 10 mg kg™
after 24 days (Fig. 1C, Table S2). By Day56, the
NH, "N concentration (29 mg kg™!) was 38% higher

alternate wetting and drying (AWD) conditions for 56 days
(56d-AWD) at Cd levels of 0, 2, 5 and 10 mg kg‘l. Error bars
indicate + standard error of the mean of three replicates

in the AWD condition as compared to the CF condi-
tion (21 mg kg‘l) (Table S2). The NH, N concen-
tration increased by 23, 90, and 161% under AWD
and by 0, 37 and 82% under CF at 2, 5, and 10 mg Cd
kg~! of soil, respectively (Table S2).

The addition of Cd decreased the concentration
of NO;™-N in the rhizosphere with the concentration
being fourfold lower at 10 mg Cd kg™! (0.8 mg kg™")
compared to the control (3.6 mg kg~!) after 24 days.
By Day56, under CF, the concentration of NO;™-N
in soil decreased slightly with increasing Cd lev-
els (Fig. 1D). Under AWD, NO;™-N concentration
remained significantly (P<0.01) lower (1.7 mg kg™
at 10 mg Cd kg=' compared to the control
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(3.2 mg kg™!). In term of percentage decreased, after
24 days, 4, 57 and 79% decreased was observed in the
concentration of NO;™-N than the control at Cd levels
2, 5, and 10 mg kg~!, respectively. However, a lower
concentration of NO;™-N was observed after 56 days
during AWD and CF. For example, 14, 19, and 49%
decreased in concentration of NO;™-N during AWD
and 37, 18 and 38% decreased were noted for CF at
Cd levels 2, 5, and 10 mg kg™ of soil, respectively.

Overall, the negative effect of Cd on nitrification,
as indicated by NO; -N concentration, was signifi-
cantly greater (P <0.01) in the AWD as compared to
the CF (Table S2).

Effect of Cd on plant growth

Plants grown under AWD accumulated more Cd in
shoots and roots as compared to CF after 56 days.
The addition of 10 mg Cd kg~! increased shoot Cd
concentration by threefold after 56 days of AWD as
compared to CF (Table 1).

A higher concentration of Cd was observed in the
roots grown under AWD (56-fold) than under CF
(52-fold) after 56 days at 10 mg Cd kg~! compared to
the nil-Cd control. During AWD, the Cd accumula-
tion was significantly (P <0.01) higher at 10 mg Cd
kg~!, which was a2-fold increase compared to the
respective level Cd of CF after 56 days. In addition,
the root Cd accumulation was twofold higher in AWD
after 56 days as compared to the 24 days at 10 mg Cd
kg™!. Under CF, the concentration of Cd in the root
was onefold higher after 56 days compared to 24 days
(Table 1).

The addition of 10 mg Cd kg™' decreased dry
weights of roots and shoot by 68% and 27% under
CF, and 82% and 41% under AWD, respectively
(P<0.01). The effect of Cd on plant growth at Day
56 was greater under AWD than under CF (Table S2).
The addition of 10 mg Cd kg™! decreased plant height
by 19% under AWD and 11% under CF (Table 1).

Changes in the ultra-structure of leaf and root

Transmission electron micrographs of root tips under
both CF and AWD without Cd addition showed well-
structured cytoplasmic matrix with smooth and con-
tinuous cell walls and bigger nucleus as compared
to those with Cd addition (Fig. S1A-B). The ultra-
structure of roots tips of plants grown under CF with
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Cd addition showed a number of changes including
swelling of mitochondria, distorted cristae, the disap-
pearance of vacuoles and damaged nuclear membrane
(Fig. S1C). The Cd addition showed pronounced neg-
ative effects on the ultra-structure of root tips under
AWD; the nucleus, nucleolus, mitochondria, and
other cell organelles were completely disappeared in
the cytoplasmic matrix (Fig. S1D).

Endogenous indole acetic acid (IAA) level in roots

Increasing Cd levels decreased the concentration of
TAA in roots significantly (P <0.05) (Table 1). After
24 days of flooding, the concentration of IAA in roots
decreased by 4, 42, and 54% at 2, 5, and 10 mg Cd
kg~!, respectively, as compared to the nil-Cd con-
trol. After 56 days, the root IAA concentration was
significantly lower under AWD as compared to CF.
For example, root IAA decreased by 32, 43, and 66%
under AWD and by 24, 25, and 45% under CF at 2, 5,
and 10 mg Cd kg~!, respectively, leading to a signifi-
cant Cd x water interaction (P <0.01) (Table 1).

The concentration of N in shoots and roots

The Cd contamination significantly (P <0.01)
decreased the concentration of N in shoots and roots
with the decrease being greater in the AWD than CF
after 56 days of plant growth. Shoot N concentration
of the plants grown at 10 mg Cd kg~! was 2.03% and
2.68% after 56 days of AWD and CF, respectively
(Table 1). Similarly, the concentration of N in the root
at 10 mg Cd kg_lwas also lower under AWD (0.54%)
than under CF (0.89%) after 56 days (Table 1).

Effect of Cd on the abundances of the amoA and 16S
rRNA genes

The addition of Cd significantly decreased the amoA
gene number in rhizosphere (Table S2). The copy
number of archaeal amoA genes was 60% higher than
bacterial amoA in rhizosphere under both CF and
AWD conditions, and was significantly (P<0.01)
decreased with increasing Cd levels, and slightly
decreased over time (Fig. 2). The abundance of
archaeal amoA was significantly decreased (P <0.01)
by Cd as compared to bacterial amoA in rhizosphere
(Fig. 2A-B). In comparison, the copy number of bac-
terial amoA genes was generally higher under CF than
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Fig. 2 The abundances of
archaeal (A) and bacte-
rial (B) amoA genes in

the rhizosphere of rice 10" (A)
plants grown for 24 days 10
of flooding (24d), and o a ab be ¢
56 days of continuous E 10° 9
flooding (56d-CF) and 7 10° 4
alternate wetting and drying = 10° -
(56d-AWD) at Cd levels of Tm: ;
0/(Cd0), 2 (Cd2), 5 (Cd5) ¢ ']
and 10 mg kg~" (Cd10). 10"
. x
Different lower-case letters 2 10° 4
indicate significant differ- s
ence (P <0.01) among the S 10
different Cd levels, and E .
Cd x water interaction. £107(B)
Error bars indicate + stand- g 107 -
ard error of the mean of 2 .
three replicates S 1074
10°
10"
10"
10°
10'

under AWD. Under CF condition for 56 days, there
was no significant difference in the abundance of bac-
terial amoA gene when Cd addition increased from 2
to 5 mg kg™!, but significantly (P<0.01) decreased
when Cd level further increased to 10 mg kg~!
(Fig. 2B). However, bacterial amoA gene abundances
were significantly decreased at all Cd levels than the
control after 56 days of AWD (Fig. 2B). In addi-
tion, the copy number of archaeal amoA genes in
rhizosphere decreased with time but was still higher
than that of bacterial amoA genes by Day 56. In our
experiment, the copy number of 1 amoA gene was sig-
nificantly (P<0.01) decreased in rhizosphere under
AWD as compared to CF with all Cd levels as com-
pared to the control (Fig. 2A).

The addition of Cd (5 and 10 mg kg™') decreased
(P<0.01) the abundance of the 16S rRNA gene
in the endosphere of the plants grown for 56 days
under CF and ADW as compared to the respec-
tive controls (Fig. 3A). Overall, the abundances
of 16S rRNA gene in the endosphere and in rhizo-
sphere were significantly (P<0.01) lower under
AWD than under CF (Fig. 3). The effect of Cd was
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56d-CF 56d-AWD
Time (Days)

more prominent in the AWD condition as compared
to CF conditions.

After 24 days, increasing Cd levels decreased
the copy number of the 16S rRNA gene observed in
rhizosphere (Fig. 3B). There was no significant dif-
ference after 56 days in the abundance of 16S rRNA
gene in the rhizosphere at Cd levels of 2, 5 and
10 mg kg™! under CF (Fig. 3B). However, a signifi-
cant (P <£0.01) difference among the Cd levels of 2, 5
and 10 mg kg~! in the abundance of 16S rRNA gene
in rhizosphere after 56 days of AWD condition were
observed (Fig. 3B).

Two-way ANOVA results showed that Cd addi-
tion significantly decreased copy numbers of 16S
rRNA, AOA and AOB amoA genes in rhizosphere
and endosphere after 24 days of flooding treat-
ment. After 56 days, the abundances of AOA and
AOB amoA genes were significantly affected by
combined water and Cd treatments but AOA amoA
genes were more affected by AWD (P <0.01) and
Cd together (P £0.05) (Table S2). There was a sig-
nificant interaction between water regime and Cd
on root-IAA and Cd concentrations. Increasing Cd
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Fig. 3 The abundance

of bacterial 16S rRNA
genes in the endosphere
(A) and rhizosphere (B)

of rice plants grown for

24 days of flooding (24d),
and 56 days of continu-
ous flooding (56d-CF) and
alternate wetting and drying
(56d-AWD) at Cd levels of
0 (Cd0), 2 (Cd2), 5 (Cd5)
and 10 mg kg~! (Cd10).
Different lower-case letters
indicate significant differ-
ence (P <0.01) among the
different Cd levels, and

Cd x water interaction.
Error bars indicate + stand-
ard error of the mean of
three replicates

Fig. 4 Concentrations of
indole acetic acid (IAA)
(A) and Cd (B) in the roots
of rice plants grown at Cd
levels of 0 (Cd0), 2 (Cd2),
5 (Cd5) and 10 mg kg™!
(Cd10) after 24 days of
flooding (24d), and 56 days
of continuous flooding
(56d-CF) and alternate wet-
ting and drying (56d-AWD)
conditions. Different lower-
case letters indicate signifi-
cant difference (P <0.01)
among the different Cd
levels, and Cd X water
interaction. Error bars indi-
cate + standard error of the
mean of three replicates
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Fig. 5 Principal component analysis (PCA) of rice grown
under continuous flooding (CF) and alternate wetting and
drying conditions. Root dry weight (RWD), shoot dry weight

level decreased the concentrations of root-IAA and
increased Cd concentrations in roots and shoots
with the effects being greater under AWD than
under CF (Table 1, Fig. 4). Positive correlations
were recorded among of OsNTRs, NH4+-N, rhizo-
sphere soil Cd, and root Cd accumulation under
both water regimes. Furthermore, microbial gene
abundances were correlated positively with root-
IAA concentration while negatively with the con-
centrations of bioavailable Cd in the rhizosphere
and Cd in the roots (Fig. 5).

Phylogenetic analysis of AOA and AOB amoA genes

In the present study, the archaeal and bacterial nitri-
fiers were changed under different treatments. The
AOA community at Cd10 under CF adopted the same
node at the tree and classified as uncultured Thaur-
marchaeote and Archaeon. However, at the same Cd
level (Cd10), under AWD, the AOA community was
closely related to Crenarchaeote. Overall, AOA was
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(SWD), Pht (plant height), 16S E (16S rRNA of endosphere),
and 16S R (16S rRNA of rhizosphere)

related to Nitrosopumilus sp, Candidatus and Nitroso-
marinus (Fig. 6). Similarly, the AOB community was
also changed under different Cd and water treatment.
The AOB under AWD at Cd10 was related to Nitros-
opira and Nitrosovibrio tenuis. In addition, AOB is
closely related to Xanthomonas citri and Nitrosopira
under CF at Cd10.

Correlations of Cd with nitrification, rhizospheric,
endospheric and rice nitrate translocation genes

Under the CF condition, soil Cd bioavailability cor-
related negatively (P<0.01) with concentrations of
DON, NO;™-N, AOA, AOB amoA and 16S rRNA
gene abundances in the rhizosphere and endosphere,
and root-IAA level, but positively with NH,*-N
after 24 days. Rice OsNTR2.1 and OsNTR2.2
(Fig. S2) were significantly negatively correlated
with NO;™-N after 24 and 56 days of treatment under
the CF condition. After 56 days, the available Cd
in soil was positively correlated with NH,*-N and
negatively with NO;™-N concentration. NO;™-N was
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positively correlated with the abundance of AOA and
AOB amoA genes after 24 and 56 days under the CF
condition. Endospheric (R?=-0.99) and rhizospheric
(R?=-0.94) bacterial abundances were negatively
correlated with nitrate transporter gene in plants
(Fig. S3). Root-IAA concentration correlated posi-
tively and root Cd concentration negatively with the
abundances of endospheric and rhizospheric 16S
rRNA genes under both CF and AWD conditions
while root-IAA concentration negatively correlated
with root Cd concentration.

After 56 days of AWD conditions, the concentra-
tions of DON, NO;™-N and the abundances of 16S
rRNA, AOA and AOB amoA genes in rhizosphere
showed significant negative correlations with the con-
centrations of bioavailable Cd in soil and plant Cd
uptake. In addition, 16S rRNA in the rhizosphere and
root-IAA also showed significant negative correlation
with the concentrations of bioavailable Cd in soil and
plant accumulated Cd. The abundance of microbial
16S rRNA gene was positively correlated with DON
(P<0.01). The concentrations of plant accumulated
Cd, correlated significantly positive with the expres-
sion of OsNTR2.1 but not OsNTR2.2. In addition, a
strong negative correlation (P<0.01) was observed
between OsNTRs and soil NO;™-N after 24 and
56 days of treatment under the AWD condition. A pos-
itive correlation was observed between concentrations
of NH,*-N and available Cd in soil. The endospheric
bacterial abundance showed a strong positive correla-
tion (P=0.01, R>=0.93) with root-IAA concentration
but a negative correlation (P=0.01, R?=-0.84) with
root-Cd concentration (Fig. S4).

Discussion

Water treatment effects on Cd availability and Cd
toxicity to plants

This study showed that the concentration of
CaCl,-extractable Cd was lower under CF than
under AWD. Similarly, Vink et al. (2010) also
reported that Cd solubility in paddy soil decreased
under CF conditions. Under water-saturated con-
ditions, reduced organic substances (i.e., acetate,
formate and other organic acids) produced which
increased metal-organic complexes and the sur-
face charges of soil, and hence increased the

adsorption of metal ions in soil (Hernandez-Sori-
ano and Jimenez-Lopez 2012; Kinniburgh et al.
1999). Another reason for the low availability
of Cd under the CF condition was the low redox
potential in soil which promoted the conversion of
sulfates to S°7, leading to the formation of insol-
uble CdS. Furthermore, reduced soil conditions
also favored the formation of Cd carbonate and
increase in soil pH which is associated with more
sorption sites (de Livera et al. 2011; Kosolsak-
sakul et al. 2014; Wang et al. 2019).

In our present study, Cd addition altered the
ultra-structure of rice roots with the effect of
Cd being larger under AWD than CF condition
(Fig. S1). The addition of Cd significantly affected
the ultra-structure of chloroplast and roots under
both CF and AWD conditions. Previous studies
have reported that Cd accumulation dropped in
rice tissues under CF conditions due to the forma-
tion of non-toxic and non-bioavailable CdS (Afzal
et al. 2019). As a result, the AWD had a greater
effect on the plant ultra-structure than CF due to the
increased accumulation of Cd in roots of rice under
AWD (Fig. SI1C-D). Our results are consistent
with previous observations that plants displayed a
response to Cd stress by changes in the ultra-struc-
ture (Liu et al. 2003; Rizwan et al. 2016).

The main effect on plant growth, physiology,
biochemistry, and biomass could be assigned to
Cd toxicity to the plant. Increasing Cd addition
decreased the N uptake and plant biomass produc-
tion (Table 1 and Fig. S2) with the effects being
more pronounced under AWD than under CF,
which is associated with the higher bioavailability
of Cd. The toxicity of Cd to rice plants resulted
in leaf chlorosis and stunted growth (Srivastava
et al. 2014). The uptake of Cd by rice plants could
alter the leaf and root ultra-structure, which dam-
aged the rice photosynthetic apparatus in a previ-
ous study (Wang et al. 2014) and our present study.
In addition, the death of plants was also sometimes
reported due to severe Cd toxicity (Srivastava et al.
2014). However, along with direct Cd toxicity,
other factors such as the lower abundances of amoA
and 16S rRNA genes under AWD (Table S2) might
also contribute to the decreasing plant growth
and biomass indirectly. These decreased micro-
bial abundances might decrease the recruitment of
soil bacteria in the rhizosphere and colonization of
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«Fig. 6 Phylogenetic analysis of AOA community under con-
tinuous flooding (circles) and alternate wetting and drying
(inverted triangles) conditions after 56 days. Note; empty cir-
cle: CdO, black filled circles: Cd10 under continuous flooding,
and black filed inverted triangles Cd10 under alternate wetting
and drying

endophytic bacteria inside the roots. A decrease in
plant IAA might cause the decrease in surface areas
of the roots to a greater extent under AWD than
under CF. The role of endophytic IAA in increas-
ing root surface areas to absorb nutrients from soil
by over-production of root hairs and lateral roots
has been reported (Davies 2010). Abundances of
endophytic bacteria in the present study decreased,
which further supported this proposition that Cd
decreased the endophytic IAA decreasing uptake of
nutrients. Most of the endospheric and rhizospheric
microbial communities play their roles in nutrient
acquisition by plants through increasing the availa-
bility of nutrients such as N, P and Fe in the rhizo-
sphere (Marschner et al. 2011). The decreased copy
number of endospheric and rhizospheric 16S rRNA
along with a decreased abundance of amoA genes
might be another possible reason along with direct
Cd toxicity for the decreased N uptake of rice in
our study.

Cd effect on microbial genes, nitrification, and N
uptake

Ammonia oxidizing archaeca (AOA) and bacteria
(AOB) communities were changed in the rhizos-
phere of plant (Figs. 6 and 7). Similar results have
also been reported in paddy soil under different
water and different levels of Cd (Afzal et al. 2019).
Crenarchaeota was the dominated species during
AWD. Due to drop in rhizospheric pH, and rhizos-
pheric effect increased Cd availability which led to
the domination of Crenarchaeota in the AWD. Pre-
vious study has indicated a significantly positive
correlation of Crenarchaeota with the environmen-
tal factors such as pH and heavy metals (Cu, Pb, and
Zn) (Wang et al. 2018a). However, the Nitrosopumi-
lus representatives were also dominated under CF,
because of its dominancy in flooding and slightly
alkaline pH condition (Nacke et al. 2017). In the
present study, pH was slightly lower under AWD
than CF condition. Nitrosopira and Nitrosovibrio

tenuis which were responsible for nitrification pro-
cess were more active with lower pH (Gieseke et al.
2006). Therefore, Nitrosopira and Nitrosovibrio
tenuis were the dominated AOB in the rhizosphere
under AWD.

The concentration of Cd in soil was inversely
proportional to nitrification in the rhizosphere of
rice plants via the effect on the abundances of AOA
and AOB which actively participated in nitrification
(Fig. 2). Recent studies reported that Cd contami-
nation decreased the taxonomic species and altered
the composition of the microbial community in
soil (Afzal et al. 2019; Feng et al. 2018). A similar
effect of Cd on the abundance of amoA genes was
previously reported (Liu et al. 2014; Wang et al.
2018b). The effect of Cd on AOA was greater under
AWD as compared to CF (Table S2) with a direct
effect on ammonium oxidation that led to low con-
version of NH,* to NO;™ under AWD (Fig. 1C-D).
In addition, we also observed high level of expres-
sion of plant nitrate transporter genes OsNTRs due
to low level of NO;™ in the soil. Cerezo et al. (2001)
and Sorgona et al. (2011) reported that OsNRT2.1
was briefly expressed in response to nitrate defi-
ciency. Despite its low expression level, OsNRT2.2
expression seemed to follow the same regulation
in response to nitrate availability (Noguero and
Lacombe 2016). We assume that during treatments
the bioavailability of other heavy metals such as As
was not significantly changed (Table S4) and the
toxicity was assigned to Cd in the rhizosphere for
microbes.

The higher bioavailability of Cd under AWD
than CF might result in the greater decrease in the
abundance of amoA genes under Cd contamination.
As a result, both the physiological and biochemi-
cal changes in plant and microbes led to decreases
in the concentration of N in roots and shoots under
AWD when the plants were grown at 10 mg Cd
kg~! (Table 1). In other studies, irrigation practices
in paddy fields changed soil redox potential and
microbial activities (Afzal et al. 2019). Aeration in
soil occurred during drainage of water which in turn
regenerated the electron acceptors like ferric ions
and sulfate for the respiration of microorganisms
(Ratering and Conrad 1998), which could explain
the lower copy number of amoA genes under AWD
as compared to CF.
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Fig. 7 Phylogenetic
analysis of AOB com-
munity under continuous
flooding (circles) and
alternate wetting and drying
(inverted triangles) condi-
tions after 56 days. Note;
empty rhombus: Cd0, black
filled circles: Cd10 under
continuous flooding, empty
inverted triangles: Cd0, and
black filed inverted trian-
gles Cd10 under alternate
wetting and drying
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Endophytes and rhizospheric bacteria are ben-
eficial for normal plant growth along with the nitri-
fier community in the rhizosphere. In the present
study, the addition of Cd decreased rhizospheric and
endospheric bacterial abundances. The copy number
of the 16S rRNA genes was lower under AWD condi-
tion as compared to CF condition (Fig. 3, Table S2).
This low copy number of 16S rRNA in the rhizo-
sphere and endosphere reflected the 27% higher
amount of bioavailable Cd in the rhizosphere, and
a sixfold increase in Cd concentration in plant roots
under AWD than CF (Fig. 1A, Table 1).

About 25% lower concentration of IAA in the
roots was observed at 10 mg Cd kg™! under AWD
than under CF (Fig. 4). Most of the endophytes pos-
sess the ability to produce IAA which has multi-
ple functions during plant growth cycle from plant
growth hormone to microbial invasion and subsid-
ing the plant defense system during bacterial colo-
nization inside the roots (Spaepen et al. 2007). The
recruitments of rhizospheric microbes also depend
upon the root exudation which increases when
endophytes release IAA. The increased concentra-
tion of endophytic IAA favors cell-wall loosen-
ing and hence the growth of plant roots, which
increases the total amounts of root exudates and
rhizospheric bacteria (Chi et al. 2005). A recent
study reported that the inhibition of IAA synthesis
in maize roots was associated with 66% decrease in
the colonization of endophytic bacteria while the
combined application of endophytes and exogenous
IAA increased the endophyte colonization in roots
by up to 90% (Mehmood et al. 2018). Our present
study showed that Cd contamination decreased the
level of TAA in roots more under AWD than CF,
which could be another reason for the decreased
abundances of the endospheric and rhizospheric
bacteria under AWD.

Our results demonstrated that water manage-
ment practices for rice cultivation showed different
effects on Cd bioavailability and nitrification in the
rhizosphere along with the bacterial abundance in
the rhizosphere and endosphere. The addition of
Cd affected the plant growth more under AWD than
under CF condition, which was associated with the
higher Cd availability, the decreased abundances
of endophytes, rhizospheric microbes, AOA and
AOB, and root-IAA level, and with the decreased
nutrient uptake and increased Cd uptake under

AWD condition. The decreased uptake of N under
AWD was mainly due to a high bioavailability of
Cd which altered the ultra-structure of plant roots
and leaves, causing poor plant growth (Fig. S1).
The results imply that appropriate water manage-
ment and rhizospheric engineering in Cd-contami-
nated paddy fields may be important approaches to
decreasing plant Cd uptake and improve rice growth
in Cd-contaminated paddy fields.
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