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Abstract: Elucidating molecular mechanisms of rice responses to high manganese (Mn) stress is crucially important to
manganese-resistant gene cloning, functional analysis and other research work. In the present study, we analyzed the gene
expression in leaves of Mn-sensitive rice (Oryza sativa cv. Xinxiangyou 640) exposed to high Mn stress by high-throughput
sequencing. There were about 2831 differently expressed genes [the false discovery rate (FDR) < 0.001 and logzratio(Mn/CK)
> 1] among 21258 genes, in which 1336 appeared to be up-regulated and 1495 appeared to be down-regulated in rice treated
with high level of Mn compared with the normal level of Mn. Under high Mn stress, the differentially expressed genes
were relating to various transcription factors (TFs), large number of transporters, numerous transferase proteins, catalytic
proteins, etc, involving in the major primary and secondary metabolisms. Among the rest, the genes of WRKY family
were all significantly up-regulated whereas all the Aux/IAA genes were strongly down-regulated. Potassium transporters
were also significantly up-regulated whereas sodium transporters were strongly down-regulated. The expression patterns of
representative related genes were further confirmed by fluorescent quantitative real-time reverse transcription-polymerase
chain reaction (RT-PCR). Manganese resistance mechanism in rice is very complex and is a consequence of coordinated
expression of a large number of genes. This data resource contributed substantially to biological and physiological research

on rice genes, and to comparative analysis of Mn-specific responses in plants.
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Introduction

Manganese (Mn) is an essential trace element for plant
growth and development. Mn plays roles in catalyz-
ing the water-splitting reaction as a component of the
oxygen-evolving complex in photosystem II (PSII). Mn
acts as a cofactor that activates ~ 35 different enzymes
(Williams et al. 2010), such as Mn-superoxide dismu-
tase (MnSOD), a principal antioxidant enzyme involved
in protection against oxidative stress in plants. How-
ever, Mn toxicity caused by excess Mn supply is one of
the most limiting factors for crop production on acid
and insufficiently drained soils with low redox poten-
tial (Schlichting & Sparrow 1988; Conyers et al. 1997).
High Mn exposure affects some physiological and bio-
chemical processes associated with plant growth and de-
velopment. High (1.5 mM) Mn treatment significantly
decreased the plant growth in Chinese cabbage (Bras-
sica rapa L. ssp. campestris) (Lee et al. 2011). High Mn
concentrations lead to a reduction in dry weight and a

decline in biomass of Arabidopsis plants (Millaleo et al.
2013). Manganese toxicity can induce oxidative stress
in rice (Li et al. 2012), in barley (Demirevska-Kepova
et al. 2004), in Cucumis sativus (Shi et al. 2005), and in
perennial ryegrass (Ribera et al. 2013). Excess Mn im-
pairs photosynthesis in plants. Rate of photosynthesis
was decreased in both cultivars of Triticum aestivum
(Macfie et al. 1992). High Mn can inhibit the redox
transients of PSI reaction centre (P700) and the abun-
dance of PSI reaction centre polypeptides (PsaA and
PsaB) in Arabidopsis thaliana (Millaleo et al. 2013).
Under excess Mn, quantum yield of PSII (® PSII), elec-
tron transport rate, CO4 assimilation, was decreased in
leaves of perennial ryegrass, particularly in the sensitive
cultivar (Ribera et al. 2013). In addition, Mn toxicity
can also inhibit the uptake and translocation of other
essential elements such as Ca, Mg, Fe (Lee et al. 2011;
Marschner 2012).

Rice is the primary staple food for over two billion
people in Asia, Africa, and Latin America (Salekdeh et
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al. 2002). Manganese stress (> 0.55 mg L™!) reduced
biomass and grain yield in rice (Dube et al. 2002). Mn
toxicity symptoms in rice usually appeared as dark-
brown spots, necrotic lesions, and chlorosis of leaf edges
and tips. Our previous study also showed that high Mn
significantly reduced non-protein thiols and glutathione
concentrations, leading to oxidative damage in cv. XXY
rice cultivar (Li et al. 2012).

In the past decade, gene microarray technology and
particularly second-generation DNA sequencing tech-
nology developed more recently are high-throughput
technology aimed at studying gene structure and func-
tion, promoting the development of functional ge-
nomics and systems biology. More recently, novel high-
throughput deep sequencing technology has dramati-
cally changed the way that the functional complexity of
transcriptomes can be studied. The rice species is con-
sidered to be a model plant because of its small genome
size, extensive genetic map, relative ease of transfor-
mation and synteny with other cereal crops (Sasaki et
al. 2002). The rice transcript map has been a valuable
resource for genetic study, gene isolation, and genome
sequencing at the Rice Genome Research Program and
should become an important tool for comparative anal-
ysis of chromosome structure and evolution among the
cereals (Wu et al. 2002). High-throughput sequencing
technology, will promote the development of functional
genomics research on rice and other crops.

High-throughput sequencing technology are used
in plant responses to heavy metals stresses, such as cop-
per stress in rice (Sudo et al. 2008; Lin et al. 2013),
cadmium stress in rice (Lin et al. 2013) and soybean
(Zhang et al. 2012), lead (Pb) stress in radish (Wang
et al. 2013) and maize (Shen et al. 2013), arsenic (As)
stress in Arabidopsis thaliana (Abercrombie et al. 2008)
and rice (Chakrabarty et al. 2009). However, large scale
microarray-based expression profiling of rice genes in re-
sponses to Mn toxicity has not yet been reported in ref-
ereed publications. By high-throughput deep sequenc-
ing technology, in the present study we investigated ef-
fects of excess manganese on gene expression in leaves
of Mn-sensitive rice (Oryza sativa L. cv. Xinxiangyou
640) to better understand the molecular mechanisms of
rice response to Mn-induced stress and provide a basis
on unearthing and utilizing gene-resistant Mn.

Material and methods

Plant material and growth conditions

Based on these preliminary screening studies (Li et al. 2012),
i.e. cv. Xinxiangyou 640, a manganese-sensitive cultivar was
used in this investigation. Rice seeds were surface-sterilized
with 10% NaClOs for 15 min, followed by rinsing thoroughly
with distilled water, then germinated on moist filter paper in
an incubator in the dark at 28 °C for 3 days. The germinated
seeds were sown in the plastic containers filled with quartz
sand and watered with 1/2-strength Kimura B nutrient so-
lution. The composition of the basic nutrient solution was
in accord with that in previous study (Li et al. 2012). Then
they were grown in a growth chamber under controlled envi-
ronmental conditions at 25-30°C/18-22°C day/night tem-

peratures. The light period was about 12 h. After 7 days,
the seedlings were moved to 4 L plastic pots containing full-
strength nutrient solution (18 plants per pot). The experi-
ment was started at the onset of the fifth leaf stage when
the plants were transferred to solutions with either normal
(6.7 uM) or high (2.0 mM) Mn (added as MnSOy). The nu-
trient solutions were renewed every 3 days. There were two
treatments that were arranged in a randomized, complete
block design with 3 replicates.

The plants were harvested 3 days after the onset of
Mn treatments for analysis of gene expression by high-
throughput sequencing.

Pipeline of experiment

The high-throughput sequencing experimental process in-
cludes sample preparation and sequencing in Huada Ge-
nomics Company, Shenzhen, China. One treatment was
used. The main reagents and supplies are Illumina Gene
Expression Sample Prep Kit and Solexa Sequencing Chip
(Howcell), and the main instruments are Illumina Cluster
Station and Illumina Genome Analyzer System.

Huada Genomics Company extracted 6 pg of the to-
tal RNA and used Oligo (dT) magnetic beads adsorption to
purify mRNA, and then used Oligo (dT) to guide reverse
transcription to synthesize double-stranded cDNA. mRNA
in the total RNA was enriched by beads of OligodT, and
then transferred into double-stranded ¢cDNA through re-
verse transcription. This cDNA was digested by four base
recognition enzyme Nlalll, and Illumina adapter 1 was
linked. Mmel was used to digest at 17bp downstream of
CATG site; [llumina adapter 2 was linked at 3’ end. Primer
GX1 and Primer GX2 were added for PCR. Then, 85bp
strips were regained through 6% TBE PAGE. The DNA
was purified and followed by Solexa sequencing. 2 repeat
treatments were used.

Libraries were sequenced using the standard Solexa
pipeline (version RTA1.6).

Pipeline of bioinformatics analysis:

We identified differentially expressed genes between two
samples referring to “The significance of digital gene expres-
sion profiles” (Monni et al. 2001). To identify statistically
significant differentially expressed genes, a combined crite-
rion of FDR < 0.001 and the absolute value of logzRatio
(Mn/CK) > 1 in the Poisson distribution were adopted.
Mn/CK means multiples of differentially expression.

In gene functional-enrichment analysis, GO and KEGG
were performed to identify differentially expressed genes
(DEGs). Compared with the whole-transcriptome back-
ground, DEGs were significantly enriched in GO terms and
metabolic pathways at corrected P-value < 0.05 using the
formula described in the previous studies (Hao et al. 2011;
Gao et al. 2012).

Confirmation of gene expression patterns by RT-PCR

RT-PCR analysis was employed to confirm expression pat-
terns of selected genes based on their known functions. Gene
Specific Primers (supplementary Table 1) were designed and
synthesized by Baosheng Corporation, China. Total RNA
isolated from rice tissues was first converted to cDNA using
MMLYV reverse transcriptase (Tiangen Corporation, China),
according to the manufacturer’s specifications, with random
hexamer primers from Baosheng. The cDNA products gen-
erated were from three biological replicates for each sample.
Reactions (20 pL) were performed in triplicate in 96-well
plates (TempPlate Scientific, Bio-Rad, China). The program
consisted of a Hot-Start activation step at 95°C for 10 s,
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Fig. 1. The go-enrichment classification of molecular function of differentially expressed genes in rice. A means up-regulated genes. B

means down-regulated genes.

followed by 40 cycles of 95°C for 5 s and 60°C for 30 s. Am-
plification of the actin internal control was performed in the
same 96-well plate as the other genes. Reactions were per-
formed with the iCycler Real-Time PCR Detection System
(Bio-Rad Laboratories INC., USA) employing the two-step
amplification plus melting curve protocol. The values for
threshold cycle (Ct) determination were generated automat-
ically by iCycler software (Bio-Rad Laboratories). Relative
quantitative method delta-delta CT (2742¢T) (Livak et al.
2001) was used to describe expression patterns of selected
genes by comparing the gene expression levels between the
Mn-stressed samples and healthy samples.

Results

Identification of differentially expressed genes under
high Mn stress

There were about 2831 differently expressed genes
among 21258 genes, in which 1336 appeared to be
up-regulated and 1495 appeared to be down-regulated
under high Mn stress by high-throughput sequencing.
Supplementary table 2 lists the some differentially ex-
pressed genes. A set of up- and down-regulated genes
had different molecular functions related to binding,
catalytic activity, transporters, transcription factors,
signal transducer activity and otherwise (Fig. 1).

A large number of genes encoding transcription
factors (TFs) were differentially expressed under high
Mn stress. Among these TFs, eight genes encod-
ing AUX/TAA proteins (LOC_0s08g01780, LOC_Os01
208320, LOC_0s01g53880, LOC_0s05g14180,
LOC_0s07g08460, LOC_0Os01g13030, LOC_0Os03
253150 and LOC_0s05g48590) were all significantly
down-regulated. In contrast to AUX/IAA proteins,
six genes encoding WRKY proteins (LOC_0Os01g14440,
LOC_0s09g25070, LOC_0Os01g61080, LOC_Os01
240260, LOC_0s11g29870, and LOC_0s08g29660) were
all significantly up-regulated. Of genes encoding CoHs

zinc finger proteins, two (LOC_Os03g05690 and
LOC_0s06g48530) were significantly up-regulated,
whereas other two (LOC_0s01g62460 and LOC_Os08
g40560) were down-regulated. Four genes encoding
CCT/B-box zinc finger proteins (LOC_0Os09g06464,
LOC_0s02g39710, LOC_0s06g15330 and LOC_0Os02
br g49880) were significantly up-regulated, whereas
two genes encoding B-box zinc finger family pro-
teins (LOC_0s05g11510 and LOC_0Os04g41560) were
strongly down-regulated. One gene encoding GATA
zinc finger domain containing protein (LOC_Os06
g37450) was down-regulagted, whereas one (LOC_0Os02
g05510) was up-regulated. One gene encoding zinc-
finger C3HC4-type protein (LOC_Os11g18947) was sig-
nificantly up-regulated. Three genes encoding TUB pro-
teins (LOC_0s07g47110, LOC_0s01g48370 and LOC.
0Os05g43850) were all strongly down-regulated. One
gene encoding helix-loop-helix (HLH) DNA-binding-
domain containing proteins (LOC_0s01g01840) was sig-
nificantly up-regulated, while the other one (LOC.
Os11g06010) was down-regulated. Two genes encod-
ing GRAS proteins (LOC_0s05g49930 and LOC_0s07
£39470) were significantly up-regulated. Among genes
encoding MYB family proteins, three genes (LOC_0Os05
£48010, LOC_0s02g46030 and LOC_0s10g41200) were
significant up-regulated, whereas other 17 genes (LOC_
0s09g31454, LOC_0Os11g35390, LOC_0Os06g43090,
LOC_0s04g30890, LOC_0s12g37970, LOC_Os04
g40930, LOC_0Os01g63460, LOC_0s02g47190, LOC.
0s01g59660, LOC_0s05g10690, LOC_0Os05g37730,
LOC_0s07g02800, LOC_Os06g51260, LOC_Os05
g40960, LOC_0Os03g31230, LOC_0s08g25799 and
LOC_0s09g01960) were strongly down-regulated. Two
genes encoding HMG (high mobility group) boxes
(LOC_0s02g27060 and LOC_0Os04g47690) were signifi-
cantly up-regulated, whereas the other one (LOC_0Os06
£51220) was down-regulated. One gene encoding DDT
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Fig. 2. The classification of differentially expressed transporters in rice. Different genes were divided in to amino acid transporter (ACT),
mitochondrial carrier protein (MCP), MFS general substrate transporter (MFST), potassium ion transporte (KTT), UAA transporter
family (UAAT), ABC transporter (ABCT), aquaporin protein (AP), ZIP Zinc transporter (ZIP), triose-phosphate transporter (TPT),
ammonium Transporter Family (AT), xenobiotic-transporting ATPase activity (ATPase), sodium transporter (Na®T), auxin efflux
carrier component (AEC) and others (OT). A means up-regulated genes. B means down-regulated genes.

protein (LOC_0Os01g48180) was strongly down-regula-
ted. One gene encoding TCP family transcription fac-
tor (LOC_0Os05g43760) was strongly down-regulated.
One gene encoding CCAAT-binding transcription fac-
tor (LOC Os12g41880) was significantly up-regulated,
and the other one (LOC_0Os03g48970) was strongly
down-regulated.

A total of 164 genes encoding transporters were dif-
ferently expressed under high Mn stress compared with
the normal Mn level (Fig. 2). Of these 28 genes encod-
ing major facilitator superfamily (MFS) general sub-
strate transporters, half were significantly up-regulated
whereas the others were strongly down-regulated.
Among genes encoding ATP-binding cassette (ABC)
transporters, six (LOC_0s08g45010, LOC_0s01g50100,
LOC_Osl11g05700, LOC_0Os01g07870, LOC_Osl1
g07600 and LOC_Os06g03770) were up-regulated,
whereas other four (LOC_0s09g39910, LOC_Os03
£06139, LOC_0s05g04610 and LOC_0s01g73530) were
down-regulated. Of genes encoding six ZIP zinc trans-
porters, two ZIP zinc transporters (LOC_Os06g41770
and LOC_0Os10g01470) were significantly up-regulated,
whereas others (LOC_0s02g49700, LOC_0s09g29460,
LOC_0s09g35910 and LOC_0s05g41540) were strongly
down-regulated. All six genes encoding sodium trans-
porters were strongly down-regulated (LOC_Os04
g51820, LOC_0s06g48810, LOC_0Os05g02240, LOC._
0s12g07270, LOC_0s12g42300 and LOC_0Os01g45750),
whereas eight genes encoding potassium ion trans-
porters were significantly up-regulated (LOC_Os10
£31330, LOC_0Os01g70490, LOC_Os04g55080, LOC._
0s01g45990, LOC_0s04g40950, LOC_0Os05g13940,
LOC_0s09g27580, LOC_0s02g57240).

Among these transferase proteins, ten genes en-
coding glutathione S-transferase proteins (GSTs) were
differently expressed, of which five (LOC_0Os10g38140,
LOC_0Os10g38150, LOC_0Os10g38580, LOC_Osl0
238710 and LOC_Os10g38610) were down-regulated,
and other five GSTs genes (LOC_0s12g02960, LOC_
0s10g38780, LOC_0s09g29200, LOC_0s07g28480 and
LOC_0s12g10730) were significantly up-regulated.
Nine genes encoding UDP-glucoronosyl and UDP-

glucosyl transferase proteins (LOC_0s02g36830,
LOC_0s04g46970, LOC_0Os03g55030, LOC_0Os04
£12960, LOC _0s04g25490, LOC_0s07g13634,

LOC_0s01g53390, LOC_0Os07g30610 and LOC_Os04
£25440), three genes encoding nucleotidyl transferase
proteins (LOC_0s03g52460, LOC_0s09g12660 and
LOC_0s08g25734), two genes encoding glycosyl trans-
ferases groups (LOC_Os06g06560 and LOC_Os01
£52250), two genes encoding galactosyltransferase pro-
teins (LOC_0s02g06840 and LOC_0s09g27950), one
gene encoding glucanotransferase protein (LOC_Os07
£46790) and one gene encoding gamma-glutamyltrans-
peptidase protein (LOC_0s01g05810) were significantly
affected under high Mn stress.

Cytochrome P450-related genes were also differ-
ently expressed under high Mn stress compared with
the normal Mn level. Among these, twenty genes were
significantly up-regulated, and other ten genes were
strongly down-regulated.

Pathway enrichment analysis for DEGs

Different genes usually co-operate with each other to
exercise their biological functions. Pathway-based anal-
ysis helps us to further understand genes’ biological
functions. There were 26 significantly differentially ex-
pressed genes enriched metabolic pathways (FDR <
0.05) in 118 pathways in the leaves of rice under
high Mn stress (Table 1). A set of common up- and
down-regulated genes belonged to various gene fam-
ilies related to regulatory proteins, growth and de-
velopments and secondary metabolisms. The path-
way analysis showed that Mn-stress response signif-
icantly influenced the pathways relating to the pri-
mary metabolisms such as glycolysis/gluconeogenesis,
citrate cycle (TCA cycle), oxidative phosphorylation,
pentose phosphate pathway, pyruvate metabolism and
so on. High Mn stress affected not only the pri-
mary metabolisms in rice, but also the secondary
metabolisms, which significantly affected the biosyn-
thesis of alkaloids derived from shikimate, ornithine,
lysine, nicotinic acid, histidine, purine, terpenoid,
polyketide and so on. High Mn stress also affected
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Table 1. List of significantly enriched pathway analysis in the leaves of rice under excess Mn stress (FDR < 0.05).

P. Liet al.

Number Pathway DEGs (1732) All genes (21258)  Pvalue FDR Pathway ID
1 Ribosome 80 (4.62%) 457 (2.15%)  4.84E-11 5.71E-09 k003010
2 Biosynthesis of alkaloids derived from 55 (3.18%) 336 (1.58%) 4.92E-07 2.90E-05 ko01063
shikimate pathway

3 Pyruvate metabolism 27 (1.56%) 128 (0.6%) 3.73E-06 1.47E-04 ko00620

4 Glycerolipid metabolism 24 (1.39%) 109 (0.51%) 5.84E-06 1.72E-04 ko00561

5 Glycolysis / Gluconeogenesis 38 (2.19%) 224 (1.05%) 1.20E-05 2.82E-04 ko00010

6 Glutathione metabolism 27 (1.56%) 140 (0.66%) 2.11E-05 4.16E-04 ko00480

7 Biosynthesis of alkaloids derived from 43 (2.48%) 283 (1.33%) 5.30E-05 8.77E-04 ko01064
ornithine, lysine and nicotinic acid

8 Biosynthesis of plant hormones 91 (5.25%) 744 (3.5%) 5.95E-05 8.77E-04 ko01070

9 Ubiquinone and other terpenoid- 13 (0.75%) 47 (0.22%) 6.74E-05 8.83E-04 ko00130
quinone biosynthesis

10 Biosynthesis of alkaloids derived from 39 (2.25%) 258 (1.21%) 0.000129 1.52E-03 ko01065
histidine and purine

11 Biosynthesis of phenylpropanoids 86 (4.97%) 722 (3.4%) 0.0002309122 2.477058e-03 ko01061

12 Citrate cycle (TCA cycle) 16 (0.92%) 79 (0.37%) 0.0005491799 5.400269e-03 ko00020

13 Butanoate metabolism 21 (1.21%) 121 (0.57%) 0.0007397392 6.714556e-03 ko00650

14 Amino sugar and nucleotide sugar 27 (1.56%) 173 (0.81%) 0.0008037268 6.774269e-03 ko00520
metabolism

15 Metabolic pathways 402 (23.21%) 4316 (20.3%) 0.001086438  8.546646e-03 ko01100

16 Phenylalanine, tyrosine and trypto- 15 (0.87%) 79 (0.37%) 0.001612468  1.158335e-02 ko00400
phan biosynthesis

17 Oxidative phosphorylation 31 (1.79%) 218 (1.03%) 0.001668788  1.158335e-02 ko00190

18 Pentose phosphate pathway 14 (0.81%) 73 (0.34%)  0.002062038  1.351780e-02 ko00030

19 Biosynthesis of alkaloids derived from 33 (1.91%) 242 (1.14%) 0.002425511  1.506370e-02 ko01066
terpenoid and polyketide

20 Metabolism of xenobiotics by cy- 20 (1.15%) 125 (0.59%) 0.002684974  1.584135e-02 ko00980
tochrome P450

21 Fructose and mannose metabolism 28 (1.62%) 207 (0.97%)  0.005520845  3.102189e-02 ko00051

22 Galactose metabolism 17 (0.98%) 107 (0.5%)  0.005789762  3.105418e-02 ko00052

23 Endocytosis 23 (1.33%) 162 (0.76%)  0.006302631  3.233524e-02 ko04144

24 Glycerophospholipid metabolism 25 (1.44%) 182 (0.86%) 0.0069338 3.331725e-02 ko00564

25 Arachidonic acid metabolism 8 (0.46%) 36 (0.17%) 0.007341088  3.331725e-02 ko00590

26 Folate biosynthesis 8 (0.46%) 36 (0.17%) 0.007341088  3.331725e-02 ko0079

ubiquinone and other terpenoid-quinone biosynthe-
sis.

Characterization and expression confirmation of se-
lected genes

In order to verify the accuracy of high-throughput se-
quencing data, we selected gene sequencing results re-
lating to the significantly differentially expressed genes
enriched metabolic pathways to perform real-time fluo-
rescence quantitative PCR. The results obtained from
all the genes tested by RT-PCR agreed with the trend
of regulation identified by high-throughput sequencing
testing (Table 2), indicating that the gene expression
profile of information by high-throughput sequencing
had high reliability.

Discussion

Although many previous studies have been conducted
on the effects of excess Mn stress, the precise molecular
mechanisms relating to both the effects of Mn phytotox-
icity and the defense reactions of plants against excess
Mn remain still poorly understood. Excess Mn stress
decreased the chlorophyll content in wheat seedlings
(Moroni et al. 1991) and in pea plants (Rezai et al.
2008). Our studies also showed the contents of Chl
a, Chl b were significantly decreased by high Mn

stress, then we found that LOC_0s03g08730 endoding
HemD was down-regulated that inhibited Chl synthe-
sis metabolism (Li et al. 2015). This can explain at
the molecular level why the chlorophyll content was
decreased significantly under excess Mn. The expres-
sions of the genes (LOC_0s04g58200, LOC_0s08g39840
and LOC_0s12g24650) relating to chloroplast precursor
were significantly up-regulated under high Mn stress.
This may be affected Chl synthesis catabolism.

It was demonstrated that apoplastic water-soluble
peroxidase in the apoplastic washing fluid was enhanced
under excess Mn (Fecht-Christoffers et al. 2003). It
has also been shown that the HyOo-producing NADH
peroxidase in the leaf apoplast plays a major role
in Mn toxicity and Mn tolerance in cowpea (Fecht-
Christoffers et al. 2006). Our results showed that high
Mn stress induced the significantly up-regulated expres-
sion of the precursor of peroxisome (LOC_0s07g48050)
(logaRatio(Mn/CK) = 12.36) (Supplementary Table 1),
suggesting the molecular effects of manganese stress on
antioxidant defense system. Fiihrs et al. (2008) reported
that proteins involved in pathogenesis-response reac-
tions were of lower abundance upon Mn stress in Vi-
gna unguiculata L. We also found the gene expression
of pathogenesis-related protein 10 (LOC_-Os12g36860)
was significantly up-regulated under high Mn stress
(logaRatio (Mn/CK) = 10.94).
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Table 2. Comparison and validation of selected genes related to the significantly differentially expressed genes enriched metabolic

pathways with RT-PCR data in leaves of rice.

log> Ratio(Mn/CK)

Gene Accession Number Description Pathway
High-throughput RT-PCR
sequencing
LOC_0s02g07490 CT832583 glyceraldehyde-3-phosphate dehydro- Glycolysis / 3.64 3.37
genase, putative, expressed Gluconeogenesis
LOC_0Os01g62870 AK103729 oxidoreductase, aldo/keto reductase Glycolysis / 3.21 2.45
family protein, putative, expressed Gluconeogenesis
LOC_0s05g39690 AK102864 oxidoreductase, aldo/keto reductase Glycolysis / 3.04 0.49
family protein, putative, expressed Gluconeogenesis
LOC_0Os01g40870 AK101427 aldehyde dehydrogenase, putative, Glycolysis / 1.92 1.28
expressed Gluconeogenesis
LOC_0Os01g09570 AK121093 6-phosphofructokinase, putative, Glycolysis / 1.74 2.00
expressed Gluconeogenesis
LOC_0s09g33500 CT832669 transketolase, putative, expressed Glycolysis / 1.90 4.64
Gluconeogenesis
LOC_0s03g50130 CT829125 glutathione S-transferase 3, putative, Glutathione 1.31 1.64
expressed metabolism
LOC_0s07g28480 CT828710 glutathione S-transferase, putative, Glutathione 2.14 1.49
expressed metabolism
LOC_0s12g02960 AK240983 glutathione S-transferase, putative, Glutathione 9.92 5.45
expressed metabolism
LOC_0s12g10730 CT832859 glutathione S-transferase, putative, Glutathione 1.48 2.71
expressed metabolism
LOC_0s04g16680 CT833181 fructose-1,6-bisphosphatase, putative,  Glycolysis / -3.39 —1.56
expressed Gluconeogenesis
LOC_0Os06g14510 AK068236 glucose-6-phosphate isomerase, puta- Glycolysis / -1.04 -1.12
tive, expressed Gluconeogenesis
LOC_0s04g33190 AK243122 AMP-binding enzyme, putative, Glycolysis / -1.90 —-0.42
expressed Gluconeogenesis
LOC_0s08g29170 AK069608 dehydrogenase, putative, expressed Glycolysis / -1.31 -0.95
Gluconeogenesis
LOC_0s10g29470 AK069040 dehydrogenase, putative, expressed Glycolysis / -1.77 -1.08
Gluconeogenesis
LOC_0Os06g04510 AK104904 enolase, putative, expressed Glycolysis / -1.50 -1.69
Gluconeogenesis
LOC_0s05g44760 AF372831 hexokinase, putative, expressed Glycolysis / -3.18 -4.21
Gluconeogenesis
LOC_0s06g08670 AK243433 glutathione peroxidase, putative, Glutathione -1.35 -2.70
expressed metabolism
LOC_0Os01g05810 AK120703 gamma-glutamyltranspeptidase 1 pre- Glutathione -2.33 —4.86
cursor, putative, expressed metabolism
LOC_0s07g22600 AKO060916 spermidine synthase, putative, Glutathione -3.13 -3.46
expressed metabolism
LOC_0Os01g27360 CT833497 glutathione S-transferase, putative, Glutathione -1.89 -1.45
expressed metabolism
LOC_0Os10g38140 AF402802 glutathione S-transferase, putative, Glutathione -9.25 —6.90
expressed metabolism
LOC_0Os10g38710 AF402800 glutathione S-transferase, putative, Glutathione -1.25 —4.00
expressed metabolism
LOC_0s10g38580 CT831574 glutathione S-transferase, putative, Glutathione —2.47 —2.58
expressed metabolism

The present study showed that the catalase iso-
zyme (LOC_0s02g02400) was significantly up-regulated
under high Mn stress (logaratio(Mn/CK) = 3.28). This
can explain why CAT activity in rice was 5-fold higher
at the high Mn stress than at the normal Mn level in
our previous study (Li et al. 2012). Our previous study
has shown that high Mn stress significantly reduced
the GSH concentration (Li et al. 2012), which could
be well explained by the strongly down-regulated ex-
pression of the genes relating to glutathione peroxidase
(LOC_0s06g08670 and LOC_0s02g44500) under high
Mn stress.

Transcription factors (TFs) regulate genome ex-

pression in response to environmental and physio-
logical signals and are involved in biotic and abi-
otic stress tolerance, such as heat stress, oxidative
stress, osmotic stress, acidic stress, nitrogen deple-
tion, and amino acid starvation (Wu et al. 2007).
The WRKY gene family represents one of the ma-
jor groups of plant-specific transcriptional regulators.
WRKY proteins are involved in the regulation of plant
responses to environmental stress such as drought
stress (Qiu et al. 2009; Pnueli et al. 2009), osmotic
stress (Wei et al. 2008), hormones stress (Xie et al.
2005; Xie et al. 2006) and phosphate stress (Devaiah
et al. 2007). In the present study, six WRKY pro-
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teins OsWRKY1v2 (LOC_0Os01g14440), OsWRKY62
(LOC_0s09g25070), OsWRKY24 (LOC_Os01g61080),
OsWRKY77 (LOC_0s01g40260), OsWRKY72 (LOC_
0s11g29870) and Os WRKY69 (LOC_0s08g29660) were
all significantly up-regulated under high Mn stress. This
means that the WRKY gene family possibly plays an im-
portant role in response signaling of Mn stress in rice.
Yan et al. (2016) suggested that Mn was affected in Ara-
bidopsis wrky46-1 mutant. However, further studies are
needed to better understand the endogenous biological
function of WRKY gene family in Mn stress signaling.

The Aux/TAA genes are a large gene family, many
of which are induced by auxin. In the present study,
all the Aux/TAA genes were down-regulated, suggesting
that high Mn stress inhibited the formation of auxin
and impeded the endogenous developmental processes.

MYB proteins are a superfamily of transcription
factors that play regulatory roles in developmental pro-
cesses and defense responses in plants. The expression
patterns of several R2R3-type MYB genes involved in
the responses to environmental stress such as drought,
salt and cold were characterized in Arabidopsis (Zhu et
al. 2005; Agarwal et al. 2006; Chen et al. 2006). Over-
expression of OsMYB3R-2 enhanced cold tolerance in
rice (Ma et al. 2009). Overexpression of a RIR2R3
MYB Gene, OsMYB3R-2, increased tolerance to freez-
ing, drought, and salt stress in transgenicArabidopsis
(Dai et al. 2007). Our study showed that most of MYB
transcription factors exposed to Mn stress were strongly
down-regulated in rice, indicating that high Mn stress
inhibited the activities of MYB transcription factors.

bHLH TF opens the way to the improvement of
phosphate or iron deficiency tolerance by manipulat-
ing the whole gene regulatory networks in rice (Ogo
et al. 2006; Ogo et al. 2007; Yi et al. 2005). Evi-
dence suggests that genes from this family played vi-
tal roles in stress response, such as OsbHLHI in cold
stress (Wang et al. 2003), RERJI in wounding and
drought stress (Kiribuchi et al. 2004; Kiribuchi et al.
2005) and OrbHLH2 in tolerance to salt and osmotic
stress. The present study showed that two HLH TF
(LOC_0s01g01840 and LOC_0Os11g06010) were differ-
ently expressed under high Mn stress, indicating HLH
may be involved in tolerance to high Mn stress.

It has been reported that overexpression of some
C2H2-type zinc finger protein genes enhanced tolerance
to salt, cold and drought stresses in rice (Huang et al.
2005, 2007; Xu et al. 2007; Sun et al. 2010). Our study
also showed differential expression among the mem-
bers of C2H2-type zinc finger proteins under high Mn
stress, suggesting that C2H2-type zinc finger proteins
may be contributed to enhancing rice tolerance to high
Mn stress.

Currently studies on Mn-induced gene expres-
sion, particularly on transporters, are relatively weak.
Two transporter gene family ZIP (ZRT, IRT-like pro-
tein) and CDF (Cation diffuse facilitator) have been
characterized and identified in plants (Hirschi et al.
2000; Delhaize et al. 2003; Lopez-Millan et al. 2004).
Among Mn-CDFs, OsMTPS8.1 is an Mn-specific trans-
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porter that sequesters Mn into vacuoles in rice and
is required for Mn tolerance in shoots (Chen et al.
2013). The high-throughput sequencing data offered a
vast reservoir of information of Mn-regulated trans-
porter gene expression on transporters. Twenty-eight
MFS general substrate transporter, ten ABC trans-
porters, six ZIP zinc transporters, seven sodium trans-
porters, eight potassium ion transporters and the others
were significantly affected under high Mn stress com-
pared with the normal Mn level (Fig. 2). AtZIP1 and
AtZIP2 T-DNA transporters play a role in Mn (and
possibly Zn) translocation from the root to in Ara-
bidopsis (Milner et al. 2013). The present study also
showed that ZIP zinc transporters (LOC_Os06g41770,
LOC_0s10g01470, LOC_0s02g49700, LOC_0Os09
229460, LOC_0s09¢35910 and LOC_0s05g41540) were
strongly differently expressed under high Mn stress.
The ABC transporter superfamily is one of the
largest transporter protein families in plants (Rea et
al. 2007). ABC transporters are involved in the mem-
brane transport of endogenous secondary metabolites in
plants and also those mediated the transport of plant
products in heterologous systems as well. Huang et
al. (2009) reported that two ABC transporters were
involved in aluminum tolerance in rice. Moons et al.
(2003) reported that PDR-type ABC transporter, was
induced by Cd and Zn stress in rice roots. Moons et al.
(2008) also showed that PDR~type ABC transporters
were involved in plant growth regulators, redox per-
turbations and weak organic acid stresses. Overexpres-
sion of AtPDRS8 was more resistant to Cd?* or Pb?*
in Arabidopsis (Kim et al. 2007). The present study
showed that high Mn stress induced differential expres-
sion among the eleven members of ABC transporter
proteins. These ABC transporter proteins might play
roles in Mn tolerance in rice. As is well known, Nat
and K+ homeostasis are crucial for plant growth and
development. Our study showed that high Mn stress
significantly up-regulated potassium transporters but
strongly down-regulated sodium transporters, which
maybe destroyed ionic balance, especially the Na™ /K™
ratio, thus impeding rice growth and development.
GSTs catalyze a variety of reactions and accept
endogenous and xenobiotic substrates. GSTs have also
been reported in numerous stress responses such as
pathogenic attack, oxidative stress and heavy-metal
toxicity (Marrs et al. 1996; Kilili et al. 2004; Banerjee
et al. 2010). GST activity was significantly lower in leaf
of calystegia sepium under cadmium stress (Lyubenova
et al. 2007). Norton et al. (2008) reported that a to-
tal of 15 GST genes including LOC_0Os10g38140 and
LOC_0s10g38610 were up-regulated in rice under ar-
senate (As) stress. But our study showed that both
of them were down-regulated under high Mn stress.
This seems to suggest that rice varieties had differen-
tial response to As and Mn stress. The results of RT-
PCR also showed that seven GSTs (LOC_Os06g08670,
LOC_0s01g05810, LOC_0s07g22600, LOC_0Os01g27360,
LOC_0s10g38140, LOC_0Os10g38710 and LOC_Os10
£38580) were down-regulated in glutathione metabolism
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(Table 2), suggesting that high Mn stress inhibited the
activities of “detoxification enzymes”, leading to Mn
toxicity in rice plants.

The cytochrome P450 superfamily (officially ab-
breviated as CYP) is a large and diverse group of en-
zymes. CYPs are involved in many important biolog-
ical responses such as drug metabolism and bioacti-
vation in a variety of organisms. Chakrabarty et al.
(2009) speculated that cytochrome P450 could be used
as an important biomarker for arsenic (As) stress in
rice. It is interesting that thirty CYPs were differently
expressed under high Mn stress compared with the nor-
mal Mn level. Of these CYPS, two-thirds were sig-
nificantly up-regulated, whereas others were strongly
down-regulated, making them candidates for regulators
of biological progress in rice under high Mn stress.

The results of RT-PCR and high-throughput deep
sequencing both showed high Mn stress inhibited
the activities of the key enzyme (LOC_Os06g14510,
LOC_0s06g14510 and LOC_0s05g44760) and dehydro-
genase (LOC_0s08g29170 and LOC_0s10g29470) of
glycolysis pathway, thus impeding the metabolic path-
way that converts glucose into pyruvate. The free en-
ergy released in this process was strongly reduced, in-
hibiting the growth and development in rice.

Conclusions

In the present study, the molecular basis of the response
to Mn stress in rice was comprehensively characterized.
The differentially expressed genes involved various tran-
scription factors (TFs), large number of transporters,
numerous transferase proteins, catalytic proteins, etc.
Six WRKY proteins were all significantly up-regulated
under high Mn stress, whereas all the Aux/TAA genes
were strongly down-regulated. Potassium transporters
were significantly up-regulated whereas sodium trans-
porters were strongly down-regulated. The analysis of
differentially-expressed gene profiles provides valuable
information for the further functional characterisation
of genes associated with Mn stress in rice.
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