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Abstract

This study examines the molecular response of upland rice when exposed to different
inorganic arsenic (iAs) species. One-week-old upland rice (Oryza sativa indica
DOURADOAGULHA) seedlings were separately exposed to 100 puM arsenite
[As(I1)] and arsenate [As(V)] in hydroponic culture for 12 h. Genome-wide
transcriptomic analysis revealed that 2983 and 1844 genes were responsive under
As(I11) and As(V) stresses, respectively. There were 915 shared genes between As(l11)
and As(V) treatments. Arsenic stress induced changes in complicated gene regulatory
pathway of upland rice seedlings, including transcriptional regulation, hormone
signaling, redox, transporters and detoxification process. In upland rice separately
exposed to As(I11) and As(V) for 12, 24, 48 and 72 h, qRT-PCR analysis showed that
WRKY4, bHLH and AP2-EREBP associated with transcriptional regulation were
significantly down-regulated, while NAC [NAM (no apical meristem), ATAF
(Arabidopsis thaliana activating factor) and CUC (cup-shaped cotyledon)]
transcription factor was up-regulated. The hormone signaling related gene OZG2, the
redox related genes encoding Prx, GST, oxidoreductase and cytochrome P450, the
transporter process related genes OsABCC9 and ZIP3 were affected under As stress.
Under As(lll) and As(V) treatments for 1 and 3 d, the malondialdehyde (MDA)

contents in upland rice were increased, while catalase (CAT), peroxidase (POD),
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superoxide dismutase (SOD) and glutathione reductase (GR) contents were
significantly declined. In addition, transcriptomic analysis showed that the genes
encoding SOD, Prx, Grx and TrxR were mostly down-regulated. In conclusion, the
combination of transcriptome and physiological response may provide a deeper

understanding about the molecular mechanism in the response to As in upland rice.
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1. Introduction

Arsenic (As) poses a threat to human health in excessive and prolonged exposure.
As the staple food for over half of the world's population, rice (Oryza sativa L.) is a
major dietary source of inorganic arsenic (Carey et al., 2012). Sun et al. (2008)
observed that inorganic arsenic was the dominant form of As in rice grains, whereas
Zheng et al. (2013) revealed that the accumulation of dimethylarsinic acid (DMA) in

rice grains was more than twice that of inorganic arsenic species (iAs).

The main forms of As in soils are inorganic (iAs) including arsenite [As(III)] and
arsenate [As(V)], which affect solubility, mobility and uptake by plants. As(IIl) has
similar physiochemical properties to silicic acid, so it can be taken up by rice roots
through the aquaporins transporter and silicon (Si) transporter system such as Lsi2
(Ma et al., 2008). The rice nodulin 26-like intrinsic membrane proteins (NIP), such as
OsNIP1;1, OsNIP2;1 (Lsil), OsNIP3;1, OsNIP3;2 and OsNIP3;3, were reported to
have an impact on arsenite accumulation (Ma et al.,, 2008; Sun et al., 2018).
Specifically, Ma et al. (2008) found that, although Lsi6 showed permeable ability to
As(Ill), it had no effect on arsenite uptake by rice roots. In addition, Lsi2 was
involved not in the influx of arsenite into roots, but rather in the efflux of arsenite
towards the xylem (Ma et al., 2008). Sun et al. (2018) observed that overexpression of
OsNIP1;1 and OsNIP3;3 in rice restricted As(IIl) loading into the xylem. Duan et al.
(2016) revealed that AtINT2 or AtINT4 mediated As(II) loading into the phloem and

the disruption of these two genes reduced the accumulation of arsenic in the phloem.



In the cytosol, As(III) can react with sulthydryl groups (-SH) of enzymes and proteins,
influencing biochemical functions (Meharg and Hartley, 2002). However, as a
phosphate analog, As(V) was taken up by the phosphate uptake system, such as
OsPT1, OsPT4, OsPTS in rice (Kamiya et al., 2013; Wang et al., 2016; Cao et al.,

2017).

Arsenic exposure can also inhibit plant growth (Chakrabarty et al., 2009).
Tripathi et al. (2013) showed that arsenic affected physiological and metabolic
activities in plants, with both i1As species generating reactive oxygen species (ROS),
resulting in oxygen stress (Requejo et al., 2005). Plants enhance their antioxidant
system under As(V) stress whilst they increase thiol metabolism under As(III) stress
(Srivastava et al., 2007; Mishra et al., 2008; Dave et al., 2013a). After being taken up
by rice roots, As(V) can readily be reduced to As(III) by OsHACI1;1, OsHACI1;2 and
OsHAC4 (Shi et al., 2016; Xu et al., 2017). As(III) can bind phytochelatin synthase
(PCs), then be transported into the vacuoles by OsABCC1 for sequestration (Song et
al., 2014). In particular, a part of As(IIl) can be extruded into the external medium by
ACR3 in plants, thus reducing the As content in plants (Indriolo et al., 2010; Chen et

al., 2017).

At present, many genes have been reported to be responsive to arsenic in plants.
Norton et al. (2008) observed that the genes involved in metabolism, transporter and
glutathione synthesis were responsive to As(V) in rice by using a DNA microarray

chip. Chakrabarty et al. (2009) identified that a large number of genes which related



to plant hormone signaling were differentially regulated in rice seedlings after As(III)
and As(V) exposure. Liu et al. (2012) identified a set of arsenite-responsive miRNAs
including transcription factors and protein kinases. Yu et al. (2012) found that JA
signaling and lipid metabolism may play an important role in response to As(IIl) in
rice by using [llumina sequencing. In Arabidopsis, the phytochelatin synthase AtPCS1
functions in increasing the tolerance of plants to As stress (Li et al, 2004), whereas
transcription factor AtWRKY6 acts to restrict arsenate uptake of the seedlings
(Castrillo et al., 2013). Apart from the above studies, semiquantitative RT-PCR
analysis has also found that a set of genes related to sulphur assimilation pathway and

antioxidant system were responsive to As(IIl) and As(V) stresses (Rai et al., 2011).

To date, the processes of arsenic uptake, transport and detoxification have been
extensively studied in lowland rice varieties, however, the mechanism of how upland
rice response to arsenic stress was rarely reported. On the other hand, in aerobic
condition, As(V) was the main form, and can be absorbed by clay-sized mineral and
oxides such as ferromanganese in soil solutions, thus limiting the movement of
arsenic and reducing the bioavailability of arsenic (Kim et al., 2014). Aerobic
condition, in which upland rice is usually grown, has been found to contribute less to
arsenic accumulation in grains than in flooded condition (Hu et al., 2015). Xu et al.
(2008) also observed that the arsenic uptake and accumulation in rice roots and grain
were much enhanced in flooding conditions compared with non-flooding ones. In

addition, Tan et al. (2016) found that arsenic contents in the grain of all upland rice



cultivars were less than the standard for food security (0.2 mg-kg') under
non-flooding condition (Ding et al., 2017). Therefore, upland rice grown in aerobic
condition seems an appropriate measure to reduce arsenic accumulation in grains, and

ensure the reduced risk from As accumulation and consequent food chain transfer.

The aims of this study were to investigate the effects of arsenite and arsenate on
the molecular mechanisms in upland rice, with particular attention to transcription
regulation, hormone signalling, redox, transport and detoxification mechanisms
regulated under As(IIl) and As(V) stresses. The expression patterns of genes which
affected by both As(Ill) and As(V) were further investigated by qRT-PCR assay. In
addition, we examined the ROS accumulation and the activities of antioxidant system

in upland rice seedlings under As(III) and As(V) stresses.

2. Material and methods

2.1. Seedling cultivation and experimental treatments

The Indica rice variety (DOURADOAGULHA) was selected as the experimental
material and was provided by Shanghai Agricultural Biogene Center (China). After
sterilization with 3% NaClO for 20 minutes and three-fold washing with deionized
water, the seeds were germinated on moist filter paper at 25 °C for 3 days. The
germinated seeds were then transferred to culturing pots (24 rice seeds per pot)
containing 20 mL modified Hoagland’s nutrient solution for 4 days with germinated
seeds floated on netting. The solution was not aerated but was renewed every 2 days.

Each pot was replicated three times.



During preliminary testing we had observed that the growth of upland rice
seedlings was inhibited under 100 uM NaAsO» [As(III)] or Na,HAsO4-7H20 [As(V)]
stress when the seedlings exposed to a series of As(II) or As(V) concentrations from
10 to 100 uM. Uniformly-sized rice seedlings (12 seedlings per pot) were exposed to
100 pM NaAsO: [As(IIT)] and Na;HAsO4-7H20 [As(V)] (Dubey et al., 2014) for 0,
12, 24, 48, 72, and 96 h, respectively. The modified Hoagland’s nutrient solution
contained the following composition (mM): CaCl> (4.00), KNOs3 (6.00), NH4-H2PO4
(1.00), MgS0O4-7H20 (2.00), H3BO3 (0.46), MnCl2-4H>0 (0.09), ZnSO4-7H20 (0.007),
CuSO4:5H20 (0.003), (NH4)6Mo07024-4H20 (0.0002), FeSO4-7H20 (0.10), Na,EDTA
(0.11). The pH of the solution was adjusted to 5.5 using 1 mM HCI or NaOH.
Controls without As(IIT) or As(V) were also included(CK). The seedlings were grown
in a greenhouse at 25 °C, with 16 h light/ 8 h dark photoperiod, light intensity of 115

pmol-m™-s! and relative humidity of 80%.

2.2. RNA extraction and RNA sequencing (RNA-seq) assay

The gene expression patterns are sometimes subject to change in an earlier stage
after upland rice seedlings are exposed to As(IIl) or As(V). One-week old seedlings
were treated with 0, 100 uM As(III) and As(V) respectively for 12 hours. The shoots
of seedlings were harvested and frozen in liquid nitrogen, then preserved at -80°C.
Total RNA was extracted for the three biological replicates from the shoot tissues
collected from four seedlings for each biological replicate (treatments without As(III)

and As(V) were used as blank controls) using Plant Total RNA Isolation Kit (Magent



company, China). The concentration and purity of the total RNA were determined
using a Nanodrop 2000, and the integrity was verified by agarose gel electrophoresis.
RNA-seq was performed by the Macrogen company in Shenzhen, China. In brief, 2
ng total RNA was used for generating an mRNA-seq library by using an mRNA Seq
Kit (Illumina). IluminaHiseq 4000 platform was utilized for high-throughput
sequencing with a read length of Pair-end 150 bp. Genes with more than 2.0-fold
changes with statistically significance (p-value < 0.05) were selected. The Rice
Information GateWay (http://rice.hzau.edu.cn/rice rsl1/) was used for the exchange of
rice ID. Heatmaps were made by the Heml software. The Database for Annotation,
Visualization and Integrated Discovery (DAVID) enrichment was analyzed in website
(https://david.nciferf.gov/tools.jsp). Gene ontology (GO) biological process
enrichment analysis was made by using AGRIGO2 at the following webpage:
http://systemsbiology.cau.edu.cn/agriGOv2/. For GO biological process enrichment

results (p-value < 0.05) see Supplementary materials 2.

2.3. qRT-PCR analysis

In order to prove the accuracy of RNA-seq analysis, qRT-PCR was performed by
using the same sample RNA as that of RNA-seq. Using 1 ug RNA as templates, the
Monad’s reverse transcriptase kit (MonScript ™ RTIII All-in-One Mix with dsDNase)
was utilized for reverse transcription. The reverse transcription was conducted at 37°C
for 2 min and then 55°C for 15 min and finally 85°C for 10 s. The 200 ng of cDNA

was used as the templates for real-time PCR amplification using gene specific primers



(Supplementary materials Table 1) and MonAmp ™ Fast SYBR ® Green qPCR Mix
(None Rox). Each sample was analyzed three times. The qRT-PCR conditions were as
follows: 95°C for 30 s followed by 40 cycles at 95°C for 15 s and 60°C for 35 s. The

2 -AACt

relative gene expression was calculated using the method and normalization

with the rice gene OsActinl (Os03g0718100) (Supplementary materials Table 1).

To further examine the expression pattern of As(IIl) and As(V)-responsive genes,
the seedlings after 0, 12, 24, 48, 72 h As(Ill) and As(V) treatments were collected for
gene expression patterns analysis using qRT-PCR. The seedlings after 0 h (without)
As(IlIT) and As(V) treatments were used as blank control. Information on the gene

specific primers is in Supplementary materials Table 1.

2.4. Physiological assay

Seven-day-old seedlings were treated with 0, 100 pM As(IIl) and As(V) for 24
and 72 h. A total of 0.25 g of roots and shoots were harvested individually, then frozen
in liquid nitrogen, and conserved at -80°C for physiological index analyses. The plant
samples were homogenized in 150 mM PBS buffer (pH 7.4) at 4°C. Homogenate was
centrifuged at 10,000xg for 10 min 4°C. Supernatant obtained was used to measure
the activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and

glutathione reductase (GR).

SOD activity was measured according to the method of Dave et al. (2013b) with
modification. The test tubes containing 5.9 mL of reaction mixture (3.5 mL phosphate

buffer saline (PBS) (pH 7.4), 0.6 mL 130 mM methionine, 0.6 mL 750 pM
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nitroblue-tetrazolium (NBT), 0.6 mL 0.1 mM NaxEDTA, 0.6 mL 20 uM riboflavin)
and 0.1 mL enzyme extract were placed below a light source and after 10 min
absorbance was recorded at 560 nm. POD activity was assayed by taking 1.5 mL
reaction mixture (780 pL 200 mM PBS buffer (pH 6.0), 290 pL
a-methoxyphenolsalicyl methyl ether, 430 puL 30% H>0.) and 15 pL enzyme extract.
The absorbance was recorded at 470 nm. The activity of CAT was measured using 1.5
mL reaction mixture (150 mM PBS buffer (pH 7.4) and 30% H>02) and 30 pL
enzyme extract. The absorbance was recorded at 240 nm. GR activity was measured
by the combination of 1.97 mL reaction mixture (150 mM PBS buffer (pH 7.4), 2 mM
NaEDTA, 10 mM GSSG, 0.15 mM NADPH) and 30 pL enzyme extract, and the

absorbance was recorded at 340 nm.

Malondialdehyde (MDA) was measured according to the method of Dave et al.
(2013b) with modification. A total of 0.25 g plant shoot samples was homogenized in
5 mL of 5% trichloroacetic acid (TCA). Homogenate was centrifuged at 10,000xg for
10 min 4°C. 2 mL 0.67% 4,6-dihydroxy-2-mercaptopyrimidine (TBA) was added to
the 2 mL supernatant. The mixture was heated at 100°C for 30 min. After cooling, the
mixture was centrifuged at 10,000xg for 10 min 4°C again. The absorbance was

recorded at 450 nm, 532 nm and 600 nm.

2.5. Data analysis

The data were subject to analysis of variance (ANOVA) (p< 0.05) using SPSS

22.0 Statistics. Plots were prepared using SigmaPlot 12.5 software.
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3. Results

3.1. Differentially expressed genes (DEGs) analysis

The number of clean reads under the CK treatment was 59845106, 69340856 and
60489846. Under As(IIl) treatment, the number of clean reads was 69845352,
62204260 and 67740720. The number of clean reads under As(V) treatment was
62267932, 51706214 and 64833728 (see Supplementary materials 2). In total, 2983
and 1844 DEGs were obtained from As(IIl) vs CK and As(V) vs CK groups,
respectively (Fig. 1a). A total of 1072 DEGs were up-regulated whereas 1911 DEGs
were down-regulated in As(IIl) treatment, whilst 802 DEGs were up-regulated but
1042 DEGs were down-regulated in As(V) treatment (Fig. 1b). A greater number of
DEGs were observed in the As(IIl) treatment compared to the As(V) treatment (Fig.
1b). There were 915 shared DEGs between As(IIl) vs CK and As(V) vs CK groups.
Among shared DEGs, 36 DEGs were differentially regulated, and the others were

co-regulated with 294 genes up-regulated and 585 genes down-regulated (Fig. 1¢).
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(a)
As(II)_vs CK  As(V) vs CK (©)

As(IlT) vs CK As(V) vs CK
2068 o
(b)

Fig. 1 Differently expressed genes (DEGs) in one-week old upland rice seedlings

Number of DEGs

exposed to As(III) and As(V) treatments for 12 hours. (a), Venn diagram of DEGs that
were unique to, and shared by, plants exposed to As(IIl) or As(V); (b), Numbers of
up- and down-regulated genes in one-week old upland rice seedlings exposed to
As(IlT) and As(V); (c), Heatmap of the relative expression levels of DEGs in rice

exposed to As(III) or As(V).

3.2. DAVID and GO enrichment analysis of DEGs

DAVID enrichment analysis revealed that “Oxidoreductase”, “Flavonoid
biosynthetic ~process” and “Lignin degradation” were the top three
rankingup-regulated genes with exposure to As(III) (Supplementary materials Fig.
la ), and “ABC transporter-like”, “Oxidoreductase” and “Terpenoid synthase” were

the top three ranking in the As(V) treatment (Supplementary materials Fig. 1b). With
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exposure to As(IIl) or As(V), DEGs enrichment score of “Ribonucleoprotein” was the
highest in the down-regulated genes (Supplementary materials Fig. lc, d ). GO
enrichment showed that there were similar biological processes enriched in the rice
shoots exposed to As(II) and As(V), including metabolic processes, biosynthetic
processes, stimulus response, translation, stress response and redox processes
(Supplementary materials 3). In addition, some different biological processes were
enriched in the As(IIl) or As(V) treatment, respectively. For example, regulation of
transcription (G0O:0045449), regulation of biosynthetic process (GO:0009889) and
hormone stimulus response (GO:0009725) were only enriched in the plants exposed
to As(II); However, lipid metabolic process (GO:0006629), oxidative stress response
(GO:0006979) and lipid transport (GO:0006869) were only enriched in the As(V)

treatment (Supplementary materials 3).

3.3. Specific genes responsive to As(III) and As(V) in upland rice seedlings

identified by RNA-seq analysis

Transcriptomic analysis showed that arsenic stress induced changes
incomplicated gene regulatory pathways in wupland rice seedlings, including
transcriptional regulation, hormone signaling, redox, transporters and detoxification
processes. In the process of transcriptional regulation, the genes, encoding bHLH
(basic helix-loop-helix protein), MYB, NAC, WRKY, bZIP, AP2-EREBP, HSF,
GRAS and Dof transcription factors, were affected under As(IIl) and As(V) stresses

(Table 1). In 915 common DEGs, 36 genes were related to gene expression regulation,
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among which, 17 genes were up-regulated, 13 genes were down-regulated, and 6
genes were expressed in opposite directions in response to As(IIl) and As(V),
respectively (Supplementary materials Fig. 2a). In addition, among the 96 regulation
related genes specific to As(IIl) stress, DEGs with upregulation (26 genes) were fewer
than were that of downregulation (70 genes) (Table 1). Most of the genes related to
transcriptional factors were down-regulated under As(IIl) stress. In contrast, among
the 24 DEGs specific to As(V) stress, 15 were up-regulated and 9 were
down-regulated. Furthermore, all of NAC transcription factors were up-regulated
under As(V) stress, indicating that NAC may play a positive regulation role in
response to As(V) exposure. Compared to As(V) stress, more genes related to
transcriptional factors were expressed under As(III) stress, and most of them were
down-regulated, indicating that As(IIl) stress could mainly inhibit the expression of
down-stream genes by inhibiting the expression level of the transcription factors.
These results revealed that As(II) and As(V) treatments may cause differentially

transcriptional regulatory modes in upland rice seedlings.

Table 1 The number of transcriptional factor related genes in rice shoots exposed to

either As(IIT) or As(V) for 12 hours compared to unexposed plants (CK)

As(lll)_vs CK As(V)_vs CK
Gene pathway Gene name
Up Down Up Down
Transcription factors bHLH 4 18 2 2
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MYB 10 14 6 8

NAC 10 7 10 0
WRKY 0 24 5 2
bZIP 6 5 4 3
AP2-EREBP 6 19 7 6
HSF 4 2 2 0
GRAS 1 0 0 1
Dof 2 0 2 0

Under arsenic stress, redox related genes (SOD, Prx, Grx, oxidoreductase,
NADPH, TrxR, cytochrome P450 and GST) were affected (Table 2). Among the
identified redox related genes, 46 were co-regulated by As(IIT) and As(V) stresses,
while 61 and 50 genes were specifically regulated by As(III) and As(V) stresses,
respectively. Among the 46 genes associated with redox that were both regulated by
As(IIT) and As(V), 28 and 16 were up-regulated and down-regulated, respectively
(Supplementary materials Fig. 2b). The other two genes were expressed conversely in
response to As(II) and As(V). Among the 61 DEGs specific to As(IIl) stress, 34 and
27 were up-regulated and down-regulated, respectively, while 23 and 27 genes
differentially expressed specific to As(V) stress were up-regulated and
down-regulated, respectively. Compared to As(V) stress, more genes related to redox
were expressed under As(IIl) stress. Furthermore, the genes, encoding SOD, Prx, Grx

and TrxR were down-regulated under As(II) and As(V) stresses in an early stage.
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However, the genes encoding cytochrome P450 and GST were mostly up-regulated,
indicating GST and cytochrome P450 may play a positive regulation role in

responding to As stress.

Table 2 The number of redox related genes in rice shoots exposed to either As(III) or

As(V) for 12 hours compared to unexposed plants (CK)

As(lll)_vs CK As(V)_vs CK
Gene name
Up Down Up Down
SOD 0 3 0 1
Prx 6 10 5 12
Grx 1 7 1 5
oxidoreductase 5 7 4 6
NADPH 0 1 0 0
TrxR 0 4 0 2
cytochrome P450 41 11 30 17
GST 10 1 12 1

In the process of the hormone signaling, the genes involved with auxin (AUX)
signaling pathway (SAUR, ARP, AUX/IAA and ARF), gibberellin (GA) signaling
pathway (GIDI1L2, GA200x, GA2o0x and CIGR), abscisic acid (ABA) signaling
pathway (PP2C, LEA, ASR and PYL6), cytokinin (CTK) signaling pathway (OZG2,
CKX and RR), ethylene signaling pathway (EIN3 and ACO7) and jasmonic acid (JA)

signaling pathway ((LOX, OPR and JAZ) were affected in upland rice shoots under
17



As(IIT) and As(V) stresses (Table 3). Among the identified genes involved in hormone
signaling, 22 common genes were expressed both under As(IIl) and As(V) stress,
while 35 and 11 DEGs were specific to As(IIl) and As(V) stress, respectively. The
hormone signaling related genes in rice shoots that responded to both As(IIl) and
As(V), 14 genes, included genes encoding protein phosphatase 2C (PP2C), late
embryogenesis abundant protein (LEA), were up-regulated, and 6 DEGs were
down-regulated under As(IIl) and As(V) stress (Supplementary materials Fig. 2c). The
other two genes were expressed in opposite directions in response to As(IIl) and
As(V). Among the 35 DEGs specific to As(III) stress, 14 and 21 were up-regulated
and down-regulated, respectively, while 6 and 5 genes differentially expressed
specific to As(V) stress were up-regulated and down-regulated, respectively.
Compared to As(V) treatment, many more genes related to hormone signaling were
expressed under As(IIl) treatment. Furthermore, AUX hormone signaling related
genes ARP, AUX/IAA and ARF, as well as GA related gene CIGR were only affected
under As(III) stress for 12 h in upland rice shoots, but these genes were not identified
under As(V) stress. However, ABA signaling pathway related gene PYL6 was only
identified under As(V) stress. These results showed As(IIl) and As(V) treatments may

cause differential hormone signaling regulatory modes in rice seedlings.
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Table 3 The number of hormone signaling related genes in rice shoots exposed to

either As(IIT) or As(V) for 12 hours compared to unexposed plants (CK)

As(ll)_vs CK As(V)_vs CK
Gene pathway Gene name
Up Down Up Down
SAUR 1 6 0 2
AUX signaling pathway ARP 0 1 0 0
ARF 1 0 0 0
AUX/IAA 0 2 0 0
GID1L2 3 0 1 0
GA200x 1 0 1 1
GA signaling pathway GA20x 1 1 2 1
CIGR 0 2 0 0
GASRI10 0 1 0 0
PP2C 4 5 6 0
LEA 6 2 6 0
ABA signaling pathway
ASR 1 1 0 0
PYL6 0 0 0 1
CTK signaling pathway 0zG2 5 2 2 2
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CKX 1 1 0 2

RR 0 1 0 0
EIN3 1 0 0 0

ethylene
ACO7 0 1 0 0
LOX 1 2 1 1
JA signaling pathway OPR 2 0 3 1
JAZ 0 1 0 0

Under arsenic stress, transporter related genes, including aquaporin protein,
ATP-binding cassette (ABC) family (ABCB, ABCC and ABCG), metallothionein
family (MT1a, MT1g and MT2a) and MATE efflux family protein were responsive
(Table 4). Among all identified genes involved in transporter processes in the rice
shoots, 13 were responsive to both As(II) and As(V) stress, while 37 were
specifically responsive to As(IIl), and 26 specific to As(V). Among the 13 genes
related to detoxification process that responded to both As(IIl) and As(V) stress, 11
were up-regulated, while two were down-regulated (Supplementary materials Fig. 2d).
Moreover, among the 37 DEGs specific to As(III) stress, 26 and 11 were up-regulated
and down-regulated, respectively. Among the 26 genes specific to As(V) stress, 22
were up-regulated and 4 were down-regulated. Above results showed that most of the

genes related to transporter process were up-regulated under As(I1I) or As(V) stress.

Table 4 The number of transporter related genes in rice shoots exposed to either

As(IIT) or As(V) for 12 hours compared to unexposed plants (CK)

20



As(Il)_vs_CK As(V)_vs_CK
Gene pathway Gene name

Up Down Up Down

ABCB 5 0 3 0

ATP-binding cassette
ABCC 3 0 4 0
(ABC)

ABCG 4 0 7 0

TIP4;2 1 0 0 0

TIP3;1 1 0 1 0

TIP4;3 0 0 0 1

Aguaporin TIP2;1 0 1 0 1

PIP1;3 1 0 0 0

PIP2;4 1 0 1 0

PIP2;3 0 1 0 0

Table 4 (Forward)
As(ll)_vs_CK As(V)_vs CK
Gene pathway Gene name
Up Down Up Down
Phosphate
PHO1;2 1 0 0 0
transporter

Phtl;4 1 0 0 0

PT19 0 0 1 0

Metallothionein MTla 0 0 2 0
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MTlg
Metallothionein
MT2a
heavy metal transport/
detoxification protein
IRT2(Fe)
ZIP1
ZIP3(Zn)
ZIP10(Zn)
NCX15(Na/Ca)

metal HAK1

transport/detoxificati
HAK12(K)

on protein
HAK27
HMAS
ATPase, P-type
Nrampl
ACAB(Ca)
MTP11.1
BOR2(B)

MATE efflux family protein

Plasma membrane H+
AHA1
ATPase




Table 4 (Forward)

As(11)_vs_CK As(V)_vs_CK
Gene pathway Gene name
Up Down Up Down
citrate transporter 1 1 0 0
ZIFL2 0 0 0 1
Major facilitator ZIFL8 0 0 1 0
superfamily protein ZIEL12 0 0 1 0
ENA1 1 0 0 0

To confirm the reliability of RNA-seq results, we randomly chose some genes
related to transcription factors, hormone signaling, redox or detoxification process.
We found the expression modes of genes in RNA-seq analysis were consistent with
those in qRT-PCR results under As(IIl) and As(V) stress (see Supplementary
materials Fig. 3), indicating that RNA-seq results were reliable and could be used for

further analysis.

3.4. qRT-PCR analysis of the dynamic changes of As(IIl) and As(V)-inducible

genes

To further study the regulatory modes of genes related to transcription factors,
hormone signaling, redox and transporter, the genes screened from transcriptome data
were analyzed under As(IIl) and As(V) treatments for 0, 12, 24, 48 and 72 h. Under
arsenic stress, transcription factors related genes Os03g0758900 (WRKY4),

Os08g0471401 (bHLH) and Os03g0182800 (AP2-EREBP) were continuously
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inhibited under As(IIl) and As(V) stresses (Fig. 2). However, the gene Os07g0684800
encoding NAC transcription factor was induced to express. These results indicated
that both As(IIT) and As(V) could affect stress response of upland rice seedlings by

changing the expression modes of different kinds of transcription factors.

In the redox process, the genes, Os03g0235000 encoding Prx and Os0120692100
encoding GST, were induced in an early and middle stage (12 and 48 h) under As(III)
treatment, while both of them were induced only in an early stage (12 h) under As(V)
treatment (Fig. 2). The gene Os10g0525200, encoding cytochrome P450, was induced
in an early stage (12 h) under both As(IIl) and As(V) treatments. However, the gene
Os04g0339400, encoding oxidoreductase was continuously induced under As(III) and
As(V) treatments. These results indicated that both As(III) and As(V) treatments
differentially induced the reaction of the antioxidant system in response to oxidative

stress.

Hormone signaling related gene OZG2 (0s02g0755900), encoding
cytokinin-O-glucosyltransferase 2, was significantly induced under As(IIl) and As(V)
stress at 12 h, but the gene expression was significantly inhibited at 24 h and 48 h,
indicating that arsenic induced the defense reaction mediated by OZG2 of upland rice
seedlings in an early stage. After 72 h under As(Ill) and As(V) treatments, the
expression of OZG2 was up-regulated and down-regulated, respectively. The results
showed that As(IIl) and As(V) caused different a defense reaction mediated by OZG2
in a later stage (Fig. 2).
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The gene OsABCC9 (0Os04g0209200) was induced in an early and middle stage
(12 and 48 h) under As(III) treatment and in an early stage under As(V) treatment (Fig.
2). The gene ZIP3 (Os04g0613000) was induced under As(IIl) and As(V) stresses for
12 h, but the gene was inhibited continuously for 24, 48 and 72 h under both
treatments. The gene Nrampl (Os07g0258400) was induced under As(III) stress for
12, 24 and 48 h, but the gene expression showed no significant change under As(V)
stress. The above results showed that the expression patterns of detoxification related

genes were quite different under As(IIl) and As(V) stresses.

12h 24h  48h 72h  12h 24h 48h 72h

050320758900
050820471401
050320182800
050720684800

050220755900

As(II)_vs CK As(V) vs CK

Fig. 2 Expression profiles of genes in rice shoots exposed to either As(IIl) or As(V)
for 12, 24, 48 and 72 hours compared to unexposed plants (CK). Orange indicates
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regulation related genes; yellow indicates hormone signaling related genes; light
green indicates redox related genes; lightblue indicates transporter and detoxification

related genes.

3.5. Analysis of the antioxidant activity and MDA content of upland rice

seedlings after As(III) and As(V) treatment

To determine the physiological processes that were likely affected by As(IIl) and
As(V), antioxidants and ROS in the roots and shoots were analyzed. The root CAT
contents with As(III) exposure led to a significant reduction of 23.6% on day 1 and
74.9% on day 3, respectively (Fig. 3). The CAT content in roots was significantly
decreased by 34.4% compared to the CK treatment at 3 d exposure to As(V). In shoots
CAT activities were unaffected with As(IIl) and As(V) exposure at 1 d, compared with
CK exposure. However, in shoots CAT content decreased significantly to 35.8% and
22.3% after 3 d exposure to As(IIl) and As(V), respectively. After As(V) exposure for
3 d, CAT activity in roots increased significantly more than three folds compared to

As(IIT) treatment.

A duration dependent reduction in POD activity in roots and shoots (Fig. 3) was
seen in this study. In roots, As(IIl) and As(V) exposure led to a significant reduction
of 26.7% and 9.7% respectively on day 1 and 43.4% and 33.27% respectively on day
3. For shoot POD activity, As(II) and As(V) exposure for 1 d was not significantly
different compared to CK. However, in shoots POD content decreased significantly

by 24.3% and 13.3% on 3 d exposure to As(Ill) and As(V), respectively. Compared
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with As(IIl) treatment, POD activity in roots with As(V) exposure had a significant

Increase.

A duration dependent reduction in SOD activity in shoots was also seen (Fig. 3).
In roots, compared with CK, As(IIl) and As(V) exposure led to a significant reduction
of 34.8% and 36.5% respectively on day 1 and 22.4% and 32.2% respectively on day
3 (Fig. 3). Compared with CK treatment, SOD content in shoots reduced significantly

by 23.8% and 29.6% on 3 d exposure to As(IIl) and As(V), respectively.

Likswise, a duration dependent reduction in GR activity roots and shoots was
also measured (Fig. 3). In roots, As(V) exposure led to a significant increase of
65.19% on day 1. In roots GR content decreased significantly by 59.01% and 63.87%
on 3 d exposure to As(IIl) and As(V) compared to CK, respectively. In shoots, As(III)
exposure led to a significant increase of 21.16% on day 1. In shoots GR content
decreased significantly by 30.90% and 43.40% on 3 d exposure to As(IIl) and As(V)

compared to CK, respectively.

A time-dependent increase in MDA contents under As stress was detected (Fig.
3). Compared with 1 day exposure, MDA contents in As(Ill) and As(V) treatments
with exposure to 3 days increased by 37.8% and 43.7%, respectively. In As(IIl) and
As(V) treatments, MDA contents on day 1 and day 3 were 2.7-3.9 times more than
those in CK treatment. MDA content in As(III) treatment was higher than that in As(V)

treatment on day 1 and day 3.
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Fig. 3 The antioxidant system (CAT, POD, SOD, GR) in roots (A) and shoots (B) and
MDA contents in shoots of 7-day-old upland rice seedlings treated with As(IIl) and
As(V) for 1 and 3 days. Different letters mean significant differences between

treatments at p< 0.05.

4. Discussion

4.1. Transcriptome analysis

Under various abiotic stresses, plants have developed complicated mechanism to
adapt to their local environment (Wang et al., 2019). In the present work, we analyzed
the transcriptome of upland rice in response to As(Ill) and As(V) exposure separately.

We identified more As-regulated genes in upland rice in comparison with other
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studies on rice (for example: Chakrabarty et al., 2009; Huang et al., 2012; Huang et al.,
2019). Chakrabarty et al. (2009) observed that the DEGs (428) under 250 uM As(V)
treatment outnumbered that (171) of 25 uM As(IIl) for 10 days by using a DNA
microarray chip. Furthermore, only 66 (about 29.6%) genes of the 223 up-regulated
DEGs under As(V) treatment that Chakrabarty et al. (2009) found were represented in
our set of 802 As(V)-up-regulated genes, and 22 (about 25.9%) of the 85 DEGs with
upregulation under As(II) treatment was the same as our 1,072 As(II)-up-regulated
genes (Supplementary Table 4a). The main reason for this difference may be that the
bias of the DNA chip in low-intensity genes was higher than that of the RNA-seq
(Robinson et al., 2015) or the difference of rice varieties. Lowland and upland rice
(Oryza sativa L.) represent two of the most important rice ecotypes adapted to
agro-ecosystem. Lowland rice is cultivated in deep-water and paddy systems and
usually possesses shallow and thin roots, while upland rice is cultivated in dry fields,

and usually has deeper and thicker roots (Courtois et al., 2013).

Of the 1,690 genes that Huang et al. (2012) found with > two-fold-increased
change in expression exposed to 25 uM As(V) treatment for 1 and 3 h, only 149
(about 8.8%) were represented in our set of 802 As(V)-up-regulated genes, and there
were 37 (about 2.2%) up-regulated genes were the same as our set of 1,042
As(V)-down-regulated genes (Supplementary Table 4b). Because of the difference of
time treatment (1-3 h vs 12 h), genes with upregulation were likely to be

down-regulated. Arsenic-induced genes associated were with transcriptional
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regulation, hormone signaling, redox, glutathione metabolism and transporters, which
is consistent with previous studies which reported genes involved in heat-shock
proteins, metallothioneins, regulation, transporters in rice under As stress
(Chakrabarty et al., 2009; Dubey et al., 2014; Huang et al., 2019). Gene microarray
chip analysis revealed that the genes involved in glutathione synthesis, metabolism,
and transport were responsive to As(V) stress in rice roots (Norton et al., 2008). In
rice roots subjected to As(III) stress, RNA-seq analysis revealed that the expression of
genes associated with transcription factors, protein kinases, stress responses, and

metabolic process was affected (Liu et al., 2012).

4.1.1. Transcriptional regulation related genes

Transcriptional regulation is an essential molecular mechanism of plant stress
response. Huang et al. (2012) observed that the number of upregulated genes related
to transcription factor was more than twice that of downregulated genes under As(V)
stress, and the 168 upregulated transcription factor genes mainly belong to AP2/ERF
(19.6%) and WRKY (10.1%) and MYB (10.1%) families in rice. However, our data
indicated that significant upregulation of 38 transcription factors genes predominantly
belonged to NAC (26.3%), AP2-EREBP (18.4%) and MYB (15.8%) families in
upland rice. In addition, we observed that all of the NAC transcription factors were
up-regulated under As(V) stress, which indicated that NAC may play a positive
regulation role in response to As(V). This was consistent with other observations that
NAC transcription factor genes with upregulation were more than twice that of
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downregulation under As(V) stress (Huang et al., 2012). Huang et al. (2016) found
that ONACO095 played opposite roles in cold and drought stresses. Therefore, NAC in
plants showed a differential expression model under abiotic stresses (Nuruzzaman et
al., 2015). The WRKY transcription factor family is one of the largest gene families in
plants’ response to various biotic and abiotic stresses (Pandey et al., 2009). It has been
reported that the WRKY6 transcription factor has the ability to restrict As(V) uptake
in Arabidopsis (Castrillo et al., 2013). Interestingly, lots of WRKY transcription
factors, such as WRKY1, WRKY2, WRKY4, WRKY7 were observed except
WRKY6. Therefore, the expression of WRKY6 and the other WRKY transcription
factors in upland rice under As stress should be further studied. For bHLH
transcription factors, it has been reported that bHLH is not expressed in any tissues of
rice (Li et al., 2006). When exposed to As(IIl) and As(V) separately, 22 and 4 DEGs
encoding bHLH transcription factors were responsive in rice shoots, respectively
(Table 1). Chakrabarty et al. (2009) also observed that bHLH transcription factors
were responsive under As stress in rice roots. This suggested that bHLH transcription

factors could be regulated by As(II) and As(V) in rice roots and shoots.

4.1.2. Redox related genes

In this study, DEGs associated with antioxidant system, such as SOD, Prx, Grx,
oxidoreductase, NADPH, TrxR and cytochrome P450, were responsive under As(III)
and As(V) stress. With exposure to As(IIl), most genes encoding cytochrome P450
were up-regulated. Different from previous reports that cytochrome P450 responds
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specifically to As(V) in rice roots (Chakrabarty et al., 2009), cytochrome P450 family
were expressed under both As(II) and As(V) stress. In addition, most of DEGs
encoding SOD, Prx, Grx and TrxR under As(IIl) and As(V) stress were
down-regulated. However, Huang et al. (2019) observed that the DEGs associated
with redox-related enzymes were mostly up-regulated in rice roots under As stress.
This may be due to the different application dose of As. In addition, glutathione
functions as cofactors of antioxidant enzyme, and can directly quench ROS, thus
glutathione plays a very important role under abiotic stress (Fujita., 2012; Lopez-
Climent et al., 2014). In the present study, DEGs encoding glutathione-S-transferase
(GST) were mostly up-regulated under both As(IIl) and As(V) stress in rice shoots
(Table 3). These suggest that the up-regulation of cytochrome P450 and GSTs in rice

shoots may play a crucial role in protecting plants from ROS damage.

4.1.3. Hormone signaling related genes

Phytohormones have proven to be involved in reconfiguration of developmental
patterns under various stresses (Zwack et al., 2015). Srivastava et al. (2013) observed
ABA and JA contents were significantly increased under As stress, indicating that
ABA and JA may be involved in the induction of protective mechanisms against As
toxicity (Biicker-Neto et al., 2017). Jasmonates played an important role in the
perception and response mechanisms to As stress (Srivastava et al., 2009).
Sko'rzyn’ska-Polit et al. (2006) reported that jasmonic acid (JA) and its
biosynthesis-related genes were responsive under metal stress. In the present work,
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the JA related gene OPR was mostly upregulated under As stress, which was
consistent with the previous work of Paulose et al. (2010) in Crambe abyssinica,
suggesting the significance of OPRs in protection against As toxicity. In addition,
cytokinin (CTK) is also an important hormone component in plants adaption to As
stress (Mohan et al., 2016). Under As(III) stress, Yu et al. (2012) observed that JA
related genes LOX, JAZ, AOS and AOC, ABA related genes NCED and GA related
genes GA2o0x3 were all responsive. Huang et al. (2012) observed that JA, ABA, GA
and CTK-related genes in rice were regulated by As(V). In Arabidopsis, there have
been similar results reported by Fu et al. (2014) where ABA, CTK and ethylene
related genes were regulated by As(III). In the present study, we found that the genes
associated with AUX, GA, ABA, CTK, ethylene and JA signaling were responsive
under As(II) and As(V) stress (Table 2). In addition, the genes related to hormone
signaling under As(III) stress were much more than that of As(V) stress. These data
suggested that As stress may change the development processes of upland rice

seedlings via multiple hormonal pathways.

4.1.4. Transporter and detoxification process related genes

With exposure to external stress, the activities of transporters related with
detoxification processes are altered (Pontigo et al., 2015). In the present study, DEGs
associated with ATP-binding cassette (ABC), metallothionein, MATE efflux family
protein and citrate transporter were responsive under As(III) and As(V) stresses in
upland rice seedlings. In total, the up-regulated genes associated with detoxification
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process were much more than the down-regulated genes (Table 4), especially
ABC-family transporter and MATE efflux family protein, indicating an involvement
of ABC-family and MATE transporters in the induction of protective mechanisms
against As toxicity. Huang et al. (2012) also observed ABC-family transporters
induced by As. It has been reported that AtABCCI and AtABCC2 exhibited As
tolerance in Arabidopsis (Song et al., 2010) and OsABCC]I reduces As accumulation
in rice grains (Song et al, 2014), because ABC transporters can transport
As-phytochelatin complexes from the cytosol into vacuoles. Some transporters
involved in As uptake and transport have been verified, such as phosphate uptake
system OsPT1, OsPT4, OsPT8 (Kamiya et al., 2013; Wang et al., 2016; Cao et al.,
2017), NIP transporters OsNIP1;1, OsNIP2;1 (Lsil), OsNIP3;1, OsNIP3;2 and
OsNIP3;3, (Ma et al., 2008; Sun et al., 2018), and silicon transporter OsLsi2 (Ma et
al., 2008). Interestingly, NIP transporters were not identified, but tonoplast intrinsic
protein (TIPs) TIP4;2, TIP3;1, and plasma membrane intrinsic proteins (PIPs) PIP1;3,
PIP2;4 were induced in upland rice exposed to As(Ill) and As(V) (Table 4). The main
reason may be the difference of upland and lowland rice varieties. Mosa et al. (2012)
observed that OsPIP2;4, OsPIP2;6 and OsPIP2;7 were involved in As(III)
permeability in plants. However, there has been a paucity of research on TIPs
involved in As permeability. In the present work, in addition to known transporters,
we observed that OsPHO1;2 and OsPT19 were specifically induced under As(IIT) and
As(V) stress. Previous studies have reported that OsPT19 was induced in rice roots

exposed to As(IIT) (Yu et al., 2012). For metallothionein, in the study, two genes
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(Os11g0704500 and Osi12g0570700), encoding OsMTla, were up-regulated
specifically to As(V) exposure, while one gene (Os01g0149800), encoding OsMT2a,
was down-regulated specifically to As(III), indicating that upland rice with exposure

to As(IIT) and As(V) had a different transporter response mechanism.

4.2. Arsenic may inhibit antioxidant activities from both transcriptional and

translational processes

It has been reported that As exposed plants have generated measurable lipid
peroxidation and reactive oxygen species (Ahmad et al., 2012). MDA contents are
used to measure the level of lipid peroxidation, which is indicative of oxidative stress.
Gupta et al. (2014) observed that MDA contents in rice were increased under As
stresses. In the present study, As stress also significantly increased the MDA contents
(Fig. 3), but reduced the SOD, POD, CAT and GR activities in upland rice (Fig. 3),
which suggested that As treatment may induce severe oxidative stress in upland rice
seedlings. Consistent with the physiological responses, the antioxidant enzyme related
genes, such as SOD, Prx, Grx and TrxR were detected to be down-regulated after
exposure to As(II) and As(V) (Table 2). Previous studies reported that transcription
factors such as NAC may also affect the accumulation of ROS. Xu et al. (2015)
reported that wheat NAC transcription factor TaNAC29 modulated the antioxidant
enzyme activities under salt stress. In the present study, a number of NAC
transcription factors were responsive under As stress (Table 1), which suggested that
As stress may decrease the expression levels of genes related to antioxidant enzymes
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by NAC transcription factors.

Moreover, DAVID enrichment analysis revealed the process related to
ribonucleoprotein was repressed under both As(IIl) stress and As(V) stress (see
Supplementary materials Fig.lc, d), indicating that As may also decrease the
antioxidant activities by inhibiting the translation process. Similarly, Rai et al. (2011)
reported that As stress decreased the ascorbate peroxidase (APX) activity by reducing
its protein level and transcription level in rice cultivar IET-4786. Together, these
findings suggested that As may decrease the antioxidant activities from both

transcriptional and translational processes in upland rice seedlings.

5. Conclusion

This study reports the transcriptome analysis of upland rice under arsenic stress.
In upland rice shoots exposed to As(IIl) or As(V) treatments, most DEGs performed
gene downregulation. Furthermore, the DEGs of upland rice shoots response to As(III)
stress were much greater than those of As(V) stress. A novel set of DEGs associated
with transcription factors, hormone signaling, redox processes and detoxification

processes were responsive under As(II1) and As(V) stress.

Under As(III) and As(V) stress, MDA contents were increased while antioxidant
enzyme activities were reduced, and most of the genes related to SOD, Prx, Grx and
TrxR were down-regulated, which indicated that arsenic stress may reduce the
activities of antioxidant enzymes by repressing these genes expressions. These results

provide new insights into the molecular mechanisms at play within upland rice in
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response to As exposure, and may therefore aid the safer cultivation of rice within As

rich environments.
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