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phosphorylation were detected in the rice treated with 
As(III), resulting in the maintenance of P homeostasis 
in the shoots. Zn and Ca binding genes were up-reg-
ulated since excess As inhibited the translocation of 
Zn and Ca from roots to shoots. Increased expression 
of responsive genes including HMA, WRKY, NAC and 
PUB genes conferred As tolerance in the rice plants 
to cope with external As(III) stress. The results sug-
gested that As(III) stress could disturb the uptake and 
translocation of macro and essential elements by rice. 
Plants could regulate the expression of corresponding 
genes to maintain mineral nutrient homeostasis for 
essential metabolic processes.
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Introduction

Rice and its byproducts are the staple food for half 
of the world population (Stone 2008). Compared to 
other terrestrial crops, paddy rice has a tendency to 
accumulate more arsenic (As) from flooded paddy 
fields (Hussain et  al. 2021). Rice consumption was 
considered as one of the important pathways for As 
exposure to human beings (Cubadda et al. 2017). Bio-
toxicity and mobility of As are mainly dependent on 
its chemical species. Inorganic As forms including 
arsenite [As(III)] and arsenate [As(V)] are the most 

Abstract  Ionomics and transcriptomics were 
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tory response to environmental disturbances. Solid 
evidence of the effects of As(III) stress on binding, 
transport or metabolism of P, K, Ca, Zn and Cu was 
obtained in this work. Differentially expressed genes 
(DEGs) in the shoots were identified in three datasets: 
As1 vs CK, As5 vs CK and As5 vs As1. DEGs iden-
tified simultaneously in two or three datasets were 
selected for subsequent interaction and enrichment 
analyses. Upregulation of genes involved in protein 
kinase activity, phosphorus metabolic process and 

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s10534-​023-​00510-z.

G. Lin · X. He · L. Wang (*) 
College of Chemistry and Chemical Engineering, Central 
South University, Changsha 410083, China
e-mail: linwang@csu.edu.cn

L. Ma 
College of Forestry, Henan Agriculture University, 
Zhengzhou 450002, China

J. Tang (*) 
Department of Clinical Pharmacology, Xiangya Hospital, 
Central South University, Changsha 410008, China
e-mail: jietang@csu.edu.cn

http://crossmark.crossref.org/dialog/?doi=10.1007/s10534-023-00510-z&domain=pdf
https://doi.org/10.1007/s10534-023-00510-z
https://doi.org/10.1007/s10534-023-00510-z


1158	 Biometals (2023) 36:1157–1169

1 3
Vol:. (1234567890)

toxic species, of which As(III) is much more toxic 
and mobile than As(V). In contrast, organic As forms 
such as monomethylarsenic acid (MMA), dimethy-
larsenic acid (DMA), arsenobetaine (AsB) and arse-
nocholine (AsC) are less or non-toxic species. In 
rice-soil system, inorganic As is the dominant species 
while As(III) is predominant under anaerobic condi-
tion and As(V) is predominant under aerobic condi-
tion (Hussain et al. 2021).

Uptake of As(III) by rice root was confirmed 
through the aquaporin OsNIP2;1 which is the same 
transport pathway as silicate (Ma et al. 2008). Appli-
cation of Si was able to significantly alleviate As(III) 
toxicity in rice plants through reducing As influx in 
root and inhibiting As transfer from root to shoot 
(Chen et  al. 2021; Wu et  al. 2016). Effects on the 
accumulation of other elements such as P, Zn, Cu, 
Mn and Fe were also observed in the rice plants 
supplied with Si (Banerjee et  al. 2021). Due to the 
similar structure to phosphate, bioaccumulation and 
translocation of As(V) in rice plants were found to 
be mediated by phosphate transporters (Cao et  al. 
2017). However, As stress could not only restrict P 
translocation, the concentrations of Ca, Mg, Mn, Zn, 
Fe and Cu in rice plants were also altered (Shaibur 
et  al. 2016). Meanwhile, treatment with additional 
P would simultaneously alter the contents of As and 
some other elements in plants (Chutia et  al. 2019). 
Due to the fact that plant is an organic integrity, ele-
ments in plant tissues are not independent to each 
other. Plants regulate their element balance to adapt 
external stress. Accumulation of one element such as 
As would inevitably disturb the homeostasis of ele-
ments and subsequently lead to variation of other ele-
ments in the plant (Lin et  al. 2023). Therefore, it is 
necessary to take into consideration all the elements 
as a whole rather than focusing solely on individual 
element.

Ionome is defined as the element composition of 
plant tissue including all inorganic elements (Bax-
ter and Dilkes 2012). Compared to single element, 
ionome of rice plant was proved to be more sensitive 
to external As stress (Du et al. 2020). Distinct sepa-
ration was observed between ionomic profiles of dif-
ferent rice tissues treated with different As species, 
indicating that plant ionomics has good application 
prospects in detecting environmental disturbances 
(Baxter et  al. 2008; Du et  al. 2020). Accumulation 
and translocation of elements in plants are mediated 

by various transporters. One ion can be transferred 
by a series of transporters and one transporter can 
mediate translocation of one or more ions (Cao et al. 
2017). Transporter expressions are regulated by 
correlated genes which response to external stress 
directly. That means ionomic network of plant is 
essentially controlled by the genetic network (Kumari 
et  al. 2018). Moreover, the response of genes to 
environmental stresses can be characterized by tran-
scriptome through RNA sequencing (Di et al. 2021). 
Therefore, revealing the relationship between ionom-
ics and transcriptomics in rice plant will obtain a 
deeper understanding of the molecular mechanism of 
rice plant coping with As stress (Xiao et al. 2021).

In previous studies, transcriptomic analyses were 
performed between control samples and treated sam-
ples under different external stresses, for instance, 
cold stress, salt stress and arsenic stress (Di et  al. 
2021; Guan et  al. 2019; Li et  al. 2018). Thousands 
of differentially expressed genes (DEGs) between 
two groups were identified followed by bioinformatic 
analyses such as Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment. Biological functions and metabolic 
pathways enriched in the bioinformatic analyses were 
considered as the genetic responses to stress or stim-
ulus (Li et  al. 2018; Zhao et  al. 2020). It should be 
noted that the number of correlated genes involved 
in stress response was still too large to recognize rep-
resentative biomarkers. In order to establish the con-
nection between ionomics and transcriptomics, the 
reservoir for stress response genes should be simpli-
fied to match ionomic variation more precisely. In 
the current study, rice plants were categorized into 
three groups treated with different As(III) concentra-
tions. DEGs and elements with significant variation 
obtained from transcriptomic and ionomic analyses, 
respectively, were devoted to further comparative 
analysis.

Materials and methods

Plant growth

The japonica cultivar Nipponbare (Oryza sativa L.) 
was employed for hydroponic cultivation. The mature 
rice seeds were obtained from Assistant Professor 
Zhoufei Luo at the College of Agriculture, Hunan 



1159Biometals (2023) 36:1157–1169	

1 3
Vol.: (0123456789)

Agricultural University, China. After dehusked, steri-
lized in 1% active NaClO solution and washed by 
ultrapure water, the seeds were germinated on moist 
filter paper at 28 °C for 7 days. The germinated seed-
lings with similar shoot lengths were selected and 
transferred into 500-mL cultivating boxes filled with 
Yoshida nutrient solution (Du et  al. 2019). Expo-
sure experiment was categorized into three groups: 
Group CK—nutrient solution without any addi-
tion; Group As1—nutrient solution amended with 
100  μg/L As(III) and Group As5—nutrient solution 
amended with 500 μg/L As(III). The rice seedlings in 
three groups were cultivated in a growth chamber at 
28:20 °C (day:night) with a 16-h light photoperiod. 
The nutrient solutions were renewed every 3 days 
during the growth period. After 30-days growth, the 
rice plants were harvested and rapidly cleaned with 
ultrapure water for further analysis.

Transcriptomic analysis

Once harvested, three rice plants were randomly 
selected from each treatment group and immersed 
immediately into liquid nitrogen for 30 min. The sam-
ples were then stored at − 80 °C until transcriptomic 
analysis. RNA extraction and sequencing assay was 
conducted by Majorbio Biopharm Technology Co., 
Ltd. (Shanghai, China). The detailed procedures are 
provided in Text 1 in Supplementary Materials. In 
brief, total RNA was extracted from pre-homoge-
nized shoot tissue by TRIzol® Reagent (Plant RNA 
Purification Reagent for plant tissue). The RNA 
sample with high quality examined by NanoDrop 
ND-2000 was qualified for following RNA sequenc-
ing. RNA-seq sequencing library was prepared and 
then sequenced on an Illumina HiSeq Xten/NovaSeq 
6000 platform. The raw reads were trimmed to obtain 
clean reads followed by alignment and assembling. 
DEGs between two groups were identified according 
to adjusted p value ≤ 0.05 and |log2(fold change)|> 1 
using DESeq2 (Love et al. 2014). To verify the tran-
scriptomic results, qRT-PCR was carried out using 
a LightCycler® 480 II Real-time PCR Instrument 
(Roche, Switzerland). The primer sequences used for 
qPR-PCR are summarized in Table S1. For each sam-
ple, qRT-PCR was performed in triplicate. Relative 
expression levels of mRNAs normalized to the inter-
nal control gene OsActin1 were determined using the 
2−ΔΔCt method (Livak and Schmittgen 2001). The 

relative expression levels of the selected significant 
DEGs are shown in Fig. S1.

Ionomic analysis

The rest rice plants were pretreated for digestion and 
determination of total elements. The rice roots were 
firstly immersed into ice-cold desorption solution 
containing 1  mM K2HPO4, 0.5  mM Ca(NO3)2 and 
5 mM MES at pH 6.0 for 10 min to removing surface 
binding As. The rice plants were washed by tap water 
thoroughly and rinsed with ultrapure water several 
times. The blotted dry samples were separated into 
shoots and roots. All the tissue samples were freez-
ing-dried. In order to obtain sufficient amount, 4–6 
shoot or root samples were combined as one compos-
ite sample and then homogenized in an agate mortar. 
At least three composite samples were obtained for 
each tissue in each treatment group. Approximately 
0.2 g (for shoot) or 0.1 g (for root) homogenized sam-
ple (precise to 0.001 g) was weighted into a polyte-
trafluoroethylene (PTFE) digestion vessel contain-
ing 9  mL HNO3 and 2  mL H2O2 as digestant. The 
sealed PTFE vessels were digested at 190 °C for 
30 min according to the microwave assisted method 
described in our previous studies (Du et  al. 2018). 
The digested solutions were cooled down to room 
temperature, filtered through 0.45  μm membranes 
and diluted up to 50 mL using ultrapure water. Total 
concentrations of elements including B, Mg, Al, P, K, 
Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sr, Mo, Cd, 
Sb, Ba and Pb were determined using ICP-MS (Agi-
lent 7700x). The operating parameters for ICP-MS 
are listed in Table S2.

Data analysis

One-way analysis of variance (ANOVA) was used to 
evaluate significant differences in element concentra-
tions of rice tissues from different treatment groups. 
Principal component analysis (PCA) was employed to 
characterize ionomic variations between two tissues 
in three groups. ANOVA and PCA were performed 
using R software (4.2.0).

Three datasets of DEGs were constructed as fol-
low: D1 (As1/CK)—Group As1 in comparison with 
Group CK; D2 (As5/CK)—Group As5 in comparison 
with Group CK; and D3 (As5/As1)—Group As5 in 
comparison with As1. Venn diagram was generated 
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based on DEGs using ggplot2 and ggvenn packages 
in R (Wickham 2011). Biological functions of shared 
DEGs were identified through GO enrichment analy-
sis. ClueGO app in Cytoscape was employed to per-
form GO analysis according to default parameters. 
Cluster min #Gene and %Gene was set to 4 and 1.000, 
respectively. Clusters with pV ≤ 0.01 were visualized 
in Cytoscape. Protein–protein interaction (PPI) net-
work was established using STRING (https://​string-​
db.​org/) to evaluate the correlations between DEGs 
which were significantly up-regulated in all three 
datasets. Required score and FDR stringency were set 
to 0.150 and 5%, respectively.

Results and discussion

Element concentrations in the rice plants

Total concentrations of 22 elements in the rice tissues 
from different treatment groups are demonstrated 
in Fig.  1. Significant differences in the rice tissues 
between two groups were identified by ANOVA. The 
concentrations of As in the shoots and roots were 
significantly elevated along with exposed As con-
centration. However, other elements exhibited differ-
ent distribution patterns from As. In consideration of 
rice tissues, the shoots accumulated high contents of 
B, Mg, P, K, Ca and Mn while more Al, Ti, V, Cr, 
Fe, Co, Ni, Cu, As, Sr, Mo, Cd, Sb, Ba and Pb were 
found in the roots. This is because plant roots play 
an important role on sequestering toxic elements and 
preventing them from translocated to arial parts (Du 
et al. 2018; Nocito et al. 2011). For Mg, P, K and Ca 
and B, no significant difference was observed in the 
shoots from different treatment groups. The contents 
of these elements except Ca in the roots had a ten-
dency to decrease when exposure to As(III). Plants 
are readily to translocate essential minerals into 
growing tissues for biochemical functions and bio-
physical balance (Karley and White 2009). Moreover, 
translocation ability of macro elements such as P, Ca 
and Mg were found to be enhanced in the rice seed-
lings exposure to As (Shaibur et al. 2016). It is sug-
gested that uptake of B, Mg, P and K in the rice roots 
was hindered by exogenous As in this work, leading 
to decreasing concentrations of B, Mg, P and K in the 
rice roots treated with As(III). The concentrations of 
Mn in the rice shoots and roots were simultaneously 

reduced when increasing exogenous As. Uptake and 
translocation of Mn as well as Fe and Cu were proved 
to be mediated by Zn transporters based on their 
identical ionic charge and similar chemical proper-
ties (Gindri et al. 2020). Exposure to As disturbed the 
homeostasis of nutrient elements such as Zn, Mn, Fe 
and Cu in rice plants (Khan and Gupta 2018). Trans-
location of Zn was hampered by As stress in this 
work, resulting in lower Zn contents in the rice shoots 
from Group As1 and As5.

Ionomic variations of the rice tissues

PCA was carried out based on the ionomic matrix 
without As to discriminate the tissue samples in 
different groups. As shown in Fig.  2a, the first 
principal component (PC1) could explain 70.4% 
of the total variation while the explanation of sec-
ond principal component (PC2) was 9.1%. All the 
shoot samples were located in positive PC1 with 
high loadings of B, Mg, P, K, Ca and Mn. The root 
samples with high loadings of other elements were 
located in negative PC1, indicating that discrimina-
tion of plant tissues was capable by their ionomes 
(Du et  al. 2020). Differentiation of the shoot 
ionomes from different groups was also exanimated 
by PCA. The shoots in Group As5 located in posi-
tive PC1 and negative PC2 were separated from the 
shoots in other groups as shown in Fig. 2b. Element 
loadings represented that the rice plants exposure to 
500 μg/L As(III) preferred to accumulate more con-
tents of B, Fe, Cu and Mo mineral nutrients. The 
shoots in Group CK inclined to accumulate more 
Zn could be separated from Group As1 to some 
extent. With regard to roots, distinct separation was 
observed among three groups as shown in Fig. 2c. 
The roots in Group CK were mainly located in posi-
tive PC1 with high loading of most nutrient ele-
ments. That means uptake of most nutrients in the 
rice roots were inhibited by As stress. The results 
of PCA exhibited good resolution on discriminat-
ing plant tissues under external As stress through 
ionome. Multi-elements have more sensitivity on 
genomic and environmental factors than single ele-
ment in plants (Baxter 2015). Compared to envi-
ronmental disturbance, genomic composition was 
proved to be the dominant factor on determination 
of plant ionomes (Du et al. 2020; Xiao et al. 2021). 
This can explain the samples were preferentially 

https://string-db.org/
https://string-db.org/
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categorized according to tissue type rather than 
exposed As(III) concentration in this work. Plants 
regulate genomic expressions in response to exter-
nal stress, which simultaneously mediate ion trans-
fer and translocation (Jeyasingh et  al. 2017). Dif-
ferent plants or tissues presented different response 
characteristics, resulting in their specific ionomic 

networks. Due to more responsive genes to external 
stress, plant shoot was suggested to be more sen-
sitive in transcriptomics than root (Li et  al. 2018; 
Yu et  al. 2012). Therefore, transcriptomic analyses 
were conducted on the rice shoots and DEGs were 
identified and classified to evaluate the relationships 
between responsive genes and ionome.

Fig. 1   Element concentrations in the rice shoots and roots 
from three groups a B, b Mg, c Al, d P, e K, f Ca, g Ti, h V, 
i Cr, j Mn, k Fe, l Co, m Ni, n Cu, o Zn, p As, q Sr, r Mo, s 

Cd, t Sb, u Ba, v Pb. The different letters denote values signifi-
cantly different at p < 0.05 by ANOVA
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Global expression profiling

In total, 3154, 2584 and 2330 DEGs (adjusted 
p ≤ 0.05 and |log2(fold change)|> 1) were identi-
fied from As1/CK, As5/CK and As5/As1 datasets, 
respectively. The volcano plots for expressed genes in 

three datasets are illustrated in Fig. S2. Distribution 
of up-regulated and down-regulated DEGs in three 
datasets is shown in Fig. 3a. Up-regulated genes were 
less than down-regulated genes from dataset As1/
CK, while more up-regulated genes were detected 
than down-regulated genes in dataset As5/CK and 

Fig. 2   Score plot and 
loading plot generated by 
PCA, a all samples, b shoot 
samples and c root samples 
from three treatment groups

Fig. 3   Differentially 
expressed genes a detected 
in datasets As1/CK, As5/
CK and As5/As1; b shared 
among three datasets
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As5/As1. Venn diagram shown in Fig.  3b was gen-
erated to demonstrate the DEGs shared among three 
datasets. There were 176 genes (account for 3.3% of 
total DEGs) found to be significantly regulated in 
all three datasets. Except them, dataset As1/CK and 
As5/CK shared 1169 DEGs, accounting for 22.2% of 
total DEGs. The numbers of shared DEGs were 784 
and 497 between dataset As1/CK and As5/As1, and 
dataset As5/CK and As5/As1, respectively. In order 
to establish the connection between transcriptomics 
and ionomics, DEGs identified in the current work 
were classified according to their expressions. The 
classification rules are listed in Table  1. The DEGs 
were selected and classified into three types: As-sen-
sitive, Low-As-responsive and High-As-responsive 
type. As-sensitive gene is defined as gene expres-
sion increased or decreased with external As(III) 
increasing. Low-As-responsive gene was defined as 
up-regulated simultaneously in As1/CK and As5/CK 
but down-regulated or non-significant in As5/As1; or 
down-regulated simultaneously in As1/CK and As5/
CK but up-regulated or non-significant in As5/As1. 
Similarly, high-As-responsive gene was defined as 
up-regulated or down-regulated in As5/CK and As5/
As1 as listed in Table 1.

Functional categories of As‑sensitive genes

Among all the DEGs, only 43 genes were up-regu-
lated and 4 genes were down-regulated in three data-
sets. The detailed information on gene id, name and 
description of As-sensitive genes is listed in Table S3. 
According to the annotations, 4 down-regulated genes 
were irrelevant to ion binding or stress response. 
Therefore, 43 up-regulated genes were chosen for 
functional analysis. Due to the insufficient number 
of As-sensitive genes for GO enrichment analysis, 
protein–protein interaction (PPI) of up-regulated 

As-sensitive genes was analyzed by STRING with 
required score 0.15 and FDR stringency 5% to reveal 
the functions of these genes in response to As(III) 
stress. The PPI network was constructed by STRING 
and visualized by Cytoscape as shown in Fig. 4. The 
coding proteins (n = 38) could be separated into six 
classes according to their biological functions. Nine 
proteins were strongly correlated with ion binding 
and transport. Even though the required score was set 
to low confidence (0.15), there still were 12 proteins 
unconnected to other proteins. OS03T0152000-01, 
OsMYB30 and OsMyb4 were located as the key hub 
nodes of the PPI network.

OS03T0152000-01 with 10 co-expressed pro-
teins is a heavy metal-associated domain contain-
ing protein (HMA). Most of HMA genes in rice have 
been proved to be up-regulated in response to heavy 
metal stress (Cong et  al. 2019). Up-regulation of 
OS03T0152000 as well as other 8 HMA genes was 
confirmed in the rice root and shoot under Cd expo-
sure for 24  h (Oono et  al. 2017). OS03T0152000 
up-regulated in this work made a contribution on 
translocation of As in the rice plants due to its sen-
sitivity to external As(III) stress. Three proteins EL5, 
OsRFPH2-3 and OS06T0192800-01 co-expressed 
with OS03T0152000-01 are zinc-finger proteins 
(ZFPs) involved in metal binding with one or more Zn 
ions (Sun et al. 2019). Increased expression of ZFPs 
in plants conferred tolerance to biotic and abiotic 
stresses including heavy metals (Mukhopadhyay et al. 
2004). Dramatically reduced Zn concentrations in 
the rice shoots exposed to As(III) (Fig. 1o) triggered 
the upregulation of ZFP genes EL5, OsRFPH2-3 
and Os06g0192800 due to their crucial roles in plant 
growth and signal transduction (Sun et al. 2019).

OsMYB30 and OsMyb4 both with 11 co-
expressed proteins were identified as myb proteins 
which were confirmed to be sensitive to cold stress. 

Table 1   Classification of 
As responsive genes

Classification Regulation sign Regulation in datasets Gene number

As1/CK As5/CK As5/As1

As-sensitive Up Up Up Up 43
Down Down Down Down 4

Low-As-responsive Up Up Up No/down 547
Down Down Down No/up 717

High-As-responsive Up No/down Up Up 397
Down No/up Down Down 133
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Increased expression of OsMYB30 would decrease 
cold tolerance in rice (Lv et al. 2017), while OsMyb4 
was up-regulated under cold stress (Vannini et  al. 
2004). Moreover, OsMYB30 as an R2R3-type MYB 
transcription factor was proved to be responsive to 
P starvation in rice (Gu et  al. 2017). Three protein 
kinase domain containing proteins OS05T0545400-
01, OsJ_29018 and OS10T0133600-01 present in the 
PPI network are also correlated with P translocation. 
Referring to the ionomic profiles, it suggested that 
P uptake by the rice roots was inhibited by external 
As, then OsMYB30, OS05T0545400, OsJ_29018 
and OS10T0133600 were up-regulated to enhance P 
translocation and maintain P homeostasis in the rice 
shoots, resulting in significantly lower P contents in 
the roots from Group As1 and As5 than those from 
Group CK (Fig.  1d). Up-regulation of OsMyb4 was 
to counteract the effect of OsMYB30 on cold toler-
ance. OsJ_25242 co-expressed with OsMYB30 is 
an EF-Hand type domain containing protein with Ca 
ion binding site. Up-regulation of OsJ_25242 might 
be due to decreased average Ca concentrations in the 
rice shoots under As(III) stress.

Five proteins OsWRKY69, OsWRKY21, SNAC1, 
ONAC039 and OsMyb4 co-expressed together were 
highly correlated with stress responses. OsWRKY21 
and OsWRKY69 are two WRKY transcription 

factors. The WRKY genes as the regulators in rice 
plants were demonstrated to mediate hormones such 
as abscisic acid and jasmonic acid in response to 
biotic and abiotic stresses (Jeyasri et  al. 2021; Xu 
et  al. 2016). The OsWRKY28 gene was found to be 
involved in regulation of P uptake and As(V) toler-
ance in rice seedlings under As(III) or As(V) stress 
(Chakrabarty et  al. 2009). SNAC1 and ONAC093 
belonged to NAC transcription factors were widely 
investigated due to their connections with plant 
growth against environmental stresses (Singh et  al. 
2021). Two proteins PoxA and PoxN co-expressed 
at high confidence level were identified as peroxi-
dases which are involved in response to oxidative 
stress. Exposure to As has been found to induce the 
production of reactive oxygen species (ROS) in rice 
plants (Kalita et  al. 2018). Expression of peroxi-
dase genes poxA and poxN could scavenge ROS and 
reduce As toxicity. OsJ_10523, OS01T0121500-01, 
OsRhmbd17, OS01T0254850-00 and OsJ_27726 
proteins associated with membrane and cell wall were 
expressed to defense against abiotic stresses such as 
As. There was no direct evidence to establish con-
nection between ionomes and stress response genes. 
However, up-regulation of these genes in the rice 
shoots was the response to external As(III) stress and 
could enhance As tolerance in the rice plants.

Fig. 4   Protein–protein interaction network generated from As-sensitive gene coding proteins. The width of edge represents the con-
fidence level of co-expression between two proteins
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Enrichment of As‑responsive genes

There were 547 up-regulated and 717 down-regulated 
genes assigned as low-As-responsive genes. The 
numbers of up- and down-regulated genes were 397 
and 133, respectively for high-As-responsive genes. 
GO enrichment analysis was performed by ClueGO 
in Cytoscape to reveal the biological functions of 
these genes. The results of GO enrichment are dem-
onstrated in Fig. 5. All the As-responsive genes were 
enriched in 25 GO terms which could be classified 
into 5 GO clusters. The detailed information on GO 
terms and correlated genes is listed in Table S4. Gene 
annotations are summarized in Table  S5. The up-
regulated low-As responsive genes were enriched into 
3 GO clusters consisting of 15 GO terms, while the 
down-regulated low-As responsive genes were only 
enriched into 1 GO cluster including 3 GO terms. The 
up-regulated high-As-responsive genes were enriched 
into 2 GO clusters consisting of 7 GO terms. There 
was no GO term obtained from enrichment analysis 
of down-regulated high-As-responsive genes.

As shown in Fig.  5, GO cluster 1 contain-
ing 1 GO term (GO:0030001) was correlated with 
ion transport. Three HMA genes (Os04g0464100, 
Os04g0667600 and Os02g0584700), 2 potassium 
channel (KAT) genes (KAT3 and Os01g0175100) 
and 1 zinc transporter gene (OsZIP8) were involved 

in “metal ion transport”. GO cluster 2 contained 2 
GO terms (GO:0043169 and GO:0046872) associ-
ated with biological process of ion binding. There 
were 4 ZFP genes (OsRING-1, WZF1, OsDof17 and 
Os05g0444200) and 2 calcium-binding protein genes 
(OsCML31 and OsCML16) involved in “cation bind-
ing” and “metal ion binding”. Heavy metals such as 
Cd, Pb and As are non-essential elements to plants 
and hinder plant growth at very low level. The rice 
plants had to restrict uptake and translocation of As 
through chelation and transport by various HMAs, 
resulting in up-regulation of HMA genes in the shoots 
(Li et al. 2020). K, Ca and Zn are essential elements 
for plant growth and production. Most of the ion 
binding and transport genes were correlated with K, 
Zn and Ca. As mentioned before, translocations of 
Zn and Ca from the roots to shoots were retarded by 
As(III) stress (Fig.  1). The homeostatic mechanism 
stimulated the rice plants to express more Zn2+ and 
Ca2+ binding and transport genes to sustain essential 
metabolic pathways. Increased expression of KAT 
genes were also detected in both rice roots and shoots 
under abiotic stresses (Musavizadeh et al. 2021). PPI 
network revealed the connection between K+ chan-
nel proteins and several metabolic pathways such as 
carbohydrate metabolism and glycerophospholipid 
metabolism (Musavizadeh et al. 2021). It implied that 
external As(III) disturbed biological processes and 

Fig. 5   GO terms and correlated As-responsive genes enriched 
by GO analysis, a up-regulated low-As-responsive genes, b 
down-regulated low-As-responsive genes, and c up-regulated 

high-As-responsive genes. Large circles represent GO terms, 
and small circles represent enriched genes
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upregulated expression of KAT3 and Os01g0175100 
in the rice plants, leading to decreased K concentra-
tions in the rice roots as shown in Fig. 1e.

As shown in Fig.  5a and Table  S4, GO cluster 3 
containing 12 GO terms could be separated into 
3 subgroups according to their molecular func-
tions and biological processes. GO terms “kinase 
activity” (GO:0016301), “protein kinase activity” 
(GO:0004672), “protein tyrosine kinase activity” 
(GO:0004713), “protein serine/threonine kinase 
activity” (GO:0004674) and “phosphotransferase 
activity, alcohol group as acceptor” (GO:0016773) 
in GO cluster 3–1 are associated with catalysis of the 
phosphorylation in a protein. Meanwhile, GO terms 
“phosphorylation” (GO:0016310), “protein phos-
phorylation” (GO:0006468), “phosphorus metabolic 
process” (GO:0006793) and “phosphate-containing 
compound metabolic process” (GO:0006796) in GO 
cluster 3–2 are relevant to phosphate metabolisms. 
The rest three GO terms “macromolecule modifica-
tion” (GO:0043412), “protein modification process” 
(GO: GO:0036211) and “cellular protein modifica-
tion process” (GO:0006464) in GO cluster 3–3 were 
also enriched by down-regulated low-As-responsive 
genes as shown in Fig.  5b. As listed in Table  S5, 
receptor-like cytoplasmic kinases (RLCKs) genes 
were the dominant genes enriched in GO cluster 3 
and 4. RLCKs from plants were proved to partici-
pate in development and stress responses (Vij et  al. 
2008). In this work, expressions of OsRLCK2, OsR-
LCK63, OsRLCK100, OsRLCK152 and OsRLCK203 
were enhanced in the rice shoots under As(III) stress, 
while expressions of OsRLCK64, OsRLCK73 and 
OsRLCK308 were limited. Interestingly, upregula-
tion of OsRLCK2, OsRLCK63 and OsRLCK203 and 
downregulation of OsRLCK2308 were also detected 
in rice plants under cold, dehydration or salt stress, 
indicating differential expression patterns of RLCK 
genes in response to environmental stress (Vij et  al. 
2008). Moreover, U-box type ubiquitin ligase (PUB) 
genes were suggested as regulator to control cellular 
development and stress responses in rice (Kim et al. 
2021). Different from RLCKs, PUB genes OsPUB2, 
OsPUB33 and OsPUB45 differentially expressed in 
the current study were all up-regulated.

As shown in Fig.  5c, GO cluster 5 including 
“carbohydrate metabolic process” (GO:0005975), 
“hydrolase activity, acting on glycosyl bonds” 
(GO:0016798) and “hydrolase activity, hydrolyzing 

O-glycosyl compounds” (GO:0004553) 3 GO terms 
were associated with carbohydrate hydrolysis. A total 
of 9 genes enriched in this cluster belong to glyco-
syl hydrolase (GH) family which is sensitive to biotic 
and abiotic stresses. The GH genes were supposed as 
a role in stress adaptation due to up-regulation of 2/3 
GH genes in stress treatments (Sharma et  al. 2013). 
It indicated that increased expression of GH genes 
might be compensation for disturbance of carbohy-
drate metabolisms by high-level As(III) in this work. 
GO terms in cluster 6 mainly connected to organic 
acid (OA) and ketone metabolic processes. OAs 
in plants play a critical role in cellular metabolism 
which was approved to promote heavy metal toler-
ance and essential mineral acquisition (Panchal et al. 
2021). Increased expression of OA correlated genes 
in the rice shoots should be the response to As(III) 
stress. Moreover, HMA5 enriched in GO cluster 6 
is a copper transporter gene involved in transloca-
tion of Cu from roots to shoots. Targeted knockout 
of HMA5 gene was reported to decrease Cu content 
in the rice shoots accompanied with Cu increasing in 
the roots (Deng et  al. 2013). Predictably, upregula-
tion of HMA5 under high-level As(III) stress eventu-
ally caused accumulation of Cu in the rice shoots as 
shown in Fig. 1n.

Conclusion

The rice ionomes exhibited discriminatory response 
to environmental disturbances. Compared to non-
essential elements, mineral nutrients in the rice plants 
were more sensitive to external As(III) stress. Uptake 
of P was hindered under As(III) stress, resulting in 
decreased P concentrations in the roots. The genes 
involved in protein kinase activity, phosphorus meta-
bolic process and phosphorylation were up-regulated 
under As(III) stress to maintain P homeostasis in 
the shoots for biochemical functions and biophysi-
cal balance. Similarly, KAT genes co-expressed with 
carbohydrate metabolic pathways were up-regulated 
to transport essential K into growing tissues. Trans-
location of Zn and Ca from roots to shoots was inhib-
ited by excess As, stimulating expression of Zn and 
Ca binding genes to sustain essential metabolic path-
ways. The rice plants promoted the expression of 
HMA genes to reduce As toxicity and confer As toler-
ance. Transport of Cu was simultaneously enhanced 
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by HMA genes, resulting in higher Cu contents in the 
shoots from Group As5 than other groups. Upregu-
lation of GH and OA correlated genes indicated that 
carbohydrate metabolic and organic acid metabolic 
processes in the rice had been seriously disturbed 
under high-level As(III). The WRKY, NAC and PUB 
genes were also up-regulated to cope with abiotic 
stress. Close connection has been established between 
transcriptomics and ionomics in the rice plants. Solid 
evidence of the effects of As(III) stress on binding, 
transport or metabolism of P, K, Ca, Zn and Cu was 
obtained in this work. The results suggest that macro 
and essential elements are the dominant composi-
tion of plant ionome. Plants were able to regulate 
the expression of corresponding genes to maintain 
mineral nutrient homeostasis for essential metabolic 
processes.
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