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Abstract

Background: Soil salinity is one of the primary causes of yield decline in rice. Pokkali (Pok) is a highly salt-tolerant landrace,
whereas IR29 is a salt-sensitive but widely cultivated genotype. Comparative analysis of these genotypes may offer a better
understanding of the salinity tolerance mechanisms in rice. Aithough most stress-responsive genes are regulated at the
transcriptional level, in many cases, changes at the transcriptional level are not always accompanied with the changes in
protein abundance, which suggests that the transcriptome needs to be studied in conjunction with the proteome to link
the phenotype of stress tolerance or sensitivity. Published reports have largely underscored the importance of transcriptional
regulation during salt stress in these genotypes, but the regulation at the translational level has been rarely studied. Using
RNA-Seq, we simultaneously analyzed the transcriptome and translatome from control and salt-exposed Pok and IR29
seedlings to unravel molecular insights into gene regulatory mechanisms that differ between these genotypes.

Results: Clear differences were evident at both transcriptional and translational levels between the two genotypes even
under the control condition. In response to salt stress, 57 differentially expressed genes (DEGs) were commonly upregulated
at both transcriptional and translational levels in both genotypes; the overall number of up/downregulated DEGs in IR29
was comparable at both transcriptional and translational levels, whereas in Pok, the number of upregulated DEGs was
considerably higher at the translational level (544 DEGs) than at the transcriptional level (219 DEGs); in contrast, the number
of downregulated DEGs (58) was significantly less at the translational level than at the transcriptional level (397 DEGs). These
results imply that Pok stabilizes mRNAs and also efficiently loads mRNAs onto polysomes for translation during salt stress.
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evident in the salt-sensitive 1R29.

Conclusion: Under salt stress, Pok is more efficient in maintaining cell wall integrity, detoxifying reactive oxygen species
(ROS), translocating molecules and maintaining photosynthesis. The present study confirmed the known salt stress-
associated genes and also identified a number of putative new salt-responsive genes. Most importantly, the study revealed
that the translational regulation under salinity plays an important role in salt-tolerant Pok, but such regulation was less

Keywords: Gene regulation, Polysomal RNA-Seq, Rice, RNA-Seq, Salt stress, Transcription, Translation

Background

Soil salinity is one of the primary causes of yield decline in
rice. An estimated 20% of cultivated land and 33% of irri-
gated agricultural land are afflicted by high salinity [1].
Furthermore, soil salinity has increased at an alarming rate
worldwide, including in south and southeast Asian coun-
tries, where rice is widely grown. Salinity has a negative ef-
fect on crop production: even moderate salt stress can
reduce crop yield substantially. The adverse effects of sal-
inity on plants include Na" toxicity, osmotic and oxidative
stresses as well as imbalance in ionic homeostasis, particu-
larly K* and Ca** [2-4]. Understanding the molecular
basis of salt tolerance is a prerequisite for developing
salt-tolerant rice varieties. Rice is endowed with rich gen-
etic diversity [5]. Among diverse salt-tolerant rice geno-
types, Pok is widely used as one of the best genotypes for
dissecting salt tolerance in rice. On the other hand, IR29
is a modern, high-yielding cultivar but highly salt-sensitive
genotype [6, 7]. Comparative analysis of these rice geno-
types may lead to a better understanding of the salt toler-
ance mechanism at the molecular level.

The regulation of gene expression in a cell operates at epi-
genomic, transcriptional, translational and post-translational
levels [8]. Although most stress-responsive genes are regu-
lated at the transcriptional level, in many cases changes at
this level are not often reflected with a change in protein
abundance, which suggests that transcriptional regulation
does not always account for altered protein accumulation
[8—13]. These observations also suggest that analysis of
proteomic changes in addition to the transcriptome under
stress is almost indispensable to link the phenotype with
stress tolerance or sensitivity. Mass spectrometry-based ana-
lyses of the proteome is widely used to measure protein ex-
pression at the global scale. Alternatively, the translatome
(mRNAs associated with polysomal fractions) could mimic
the proteome component in cells [14—17]. Furthermore, high
throughput sequencing of the translatome can identify genes
with low expression that might be missed by proteomic ana-
lysis [18].

Previous studies have apllied microarray analysis to
identify differentially expressed genes (DEGs) in Pok and
IR29 genotypes exposed to salt stress [19-22]. However,
the sensitivity of microarray-based profiling is low for

identifying genes with low expression and yet differentially
responding to stress. RNA-Seq is highly sensitive and can
identify genes that are low-abundantly expressed as well
as novel genes, besides distinguishing the alternatively
spliced variants. Besides the transcriptome, the analyses of
proteome component is critically important to understand
overall changes in protein regulation during stress. In this
study, we used RNA-Seq to analyze transcriptome as well
as translatome (mimicking the proteome component) of
Pok and IR29 under salt stress. The transcriptome and
translatome profiles revealed distinct differences between
Pok and IR29 without salt stress (basal expression). Im-
portantly, under salt stress, Pok seemed to stabilize
mRNAs of the stress-adaptive genes and also efficiently
load mRNAs onto the polysomes for translation. The
overrepresented Gene Ontology (GO) terms for DEGs of
Pok compared to IR29 include maintaining cell wall integ-
rity and photosynthesis, translocating molecules, and de-
toxifying ROS under salt stress.

Results and discussion

A comprehensive view of the sequenced transcriptomes
and translatomes

Comparative transcriptome (mRNA) and translatome
(RNA associated with polysomes [PS-mRNA]) profiles in
salt-tolerant Pok and salt-sensitive IR29 genotypes
should elucidate transcriptional and translational differ-
ences between these contrasting genotypes. To profile
gene expression changes, 24-day-old Pok and IR29 seed-
lings grown on Yoshida medium were exposed to 150
mM NaCl for 24h or continued to grow on Yoshida
medium as a control. Total mRNA and mRNA associ-
ated with the polysomes were isolated from the control
and salt-treated seedlings and used for constructing
RNA-Seq libraries. We generated eight RNA-Seq librar-
ies, four libraries each for Pok and IR29 (mRNA and
mRNA-associated with the polysomes from control and
salt-treated samples for each genotype) (Fig. 1). Upon se-
quencing these libraries by using the single-end Illumina
platform, 937,066,680 reads of 50- to 51-nt long were
obtained. The sequencing depth ranged from 67 to 170
million reads for each library. The raw sequences were
inspected, and low-quality reads were discarded. The
remaining 731,604,828 reads (78% of total raw reads)
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Fig. 1 Schematic representation of RNA-Seq libraries sequenced from IR29 (salt-sensitive genotype) and Pokkali (Pok; salt-tolerant genotype)

Pokkali (Pok)
(Salt-tolerant genotype)

/SN

Control Salt stress
mRNA Polysomal mRNA  Polysomal
mRNA mRNA
(Poke) (Poke_PS) (Poks) (Poks_PS)

that ranged from 58 to 121 million reads for each library
(Table 1) were mapped to the rice genome (Oryza sativa
subsp. japonica; MSU genome and transcriptome
annotations — v6.1). They covered about 77% of the an-
notated genes of the genome. Most of the uniquely
mapped reads were aligned to the exons (57%), followed
by intergenic regions (33%), whereas a small fraction
was mapped to splice junctions (6%) and introns (4%)
(Fig. 2). Mapping of a very high proportion of the reads
to exonic regions indicates the high quality of RNA-Seq
libraries.

After mapping the sequenced reads to the rice gen-
ome, 89,715 transcripts were assembled from the eight
sequencing libraries; 64.2% belonged to the annotated
genes, 22.4% to the alternatively spliced transcripts, and
3.5% to the novel transcripts in intergenic regions
(Additional file 1: Table S1). Identifying significant per-
cenetage of alternatively spliced transcripts suggests that
the annotated genes may have a sizable number of alter-
natively spliced gene products. To quantify the differ-
ences in gene expression profiles in response to salt
stress, the gene expression level was normalized by using
Fragments Per Kilobase of transcripts per Million
mapped reads (FPKM). We exclude the assembled tran-
scripts of <5 FPKM in all eight libraries from further
analyses and the remaining 12,622 annotated transcripts
were clustered by subjecting them to K-Means Cluster-
ing by using Euclidian distance measures with Genesis

v1.8.1 [23]. The results revealed a distinct expression
pattern between IR29 and Pok for clusters 7, 10, 14 and
15, whereas most genes had similar expression patterns
for clusters 1, 2, 3, 5, 6, 11 and 16. Remerkably, cluster
10 with 142 genes, had higher expression in IR29 com-
pared to Pok, whereas cluster 14 with 62 genes, had
higher expression in Pok compared to IR29 (Additional
file 2: Figure S1).

Distinct differences in gene expression profiles of Pok
and IR29 without salt stress

Differences in gene expression profiles of the transcrip-
tome and translatome without salt stress could offer in-
sights into the contrasting salt tolerance characteristics
of Pok and IR29. Therefore, we compared the transcrip-
tome and translatome of plants grown under control
conditions. In identifying DEGs we used the following
criteria: log, fold change =1, at least FPKM =5 in one
sample for each comparison, and false discovery rate
(FDR) <0.05. This analyses revealed variations between
the genotypes (Fig. 3). Without stress, a total of 1630
unique genes showed greater expression in Pok than in
IR29 (Fig. 3; Additional file 3: Table S2). Of these, 215
genes were shared between the transcriptome and trans-
latome, whereas 751 and 664 genes were specific to the
transcriptome and translatome, respectively. On the
other hand, a total of 985 genes showed greater expres-
sion under control conditions in IR29 than in Pok; 265

Table 1 Summary of RNA-Seq and Polysomal RNA-seq reads sequenced from control and salt-stressed Pok and IR29

IR29c_RNA IR29s_RNA POKc_RNA POKs_RNA IR29¢_PS IR29s_PS POKc_PS POKs_PS
Raw reads 96,100,081 85,472,491 101,585,264 67,036,814 170,629,357 157,045,640 148,401,455 110,795,578
Filtered reads 78,181,515 70,361,944 83,082414 58,994,184 121,305,093 119,567,766 116,502,326 83,609,586
cDNA 64,774,078 56,675,885 69,259,043 46,680,420 104,283,746 80,032,608 54,405,711 47,522,099
Exons 58,116,153 50,855,521 63,980,331 43,862,264 94,258,549 71,885574 49,107,464 43,386,281
Junctions 6,657,925 5,820,364 5278712 2,818,156 10,025,197 8,147,034 5,298,247 4,135,818
Introns 3,444,625 2,926,711 6,002,251 3,081,373 4,601,871 4,001,816 2,295,597 1,813,751
Intergenic regions 30,074,168 25/475,468 43,686,405 31,329,140 55,664,740 38,593,396 27603916 24,192,773

IR29¢ RNA and IR29s denotes the RNA-Seq libraries of IR29 under control and salt stress conditions, respectively. The columns ending with PS denotes the

polysomal RNA-Seq libraries (translatome)
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genes were shared between the transcriptome and
translatome, and the remaining 460 and 260 genes were
specific to transcriptional and translational levels,
respectively (Fig. 3 and Additional file 3: Table S2). In-
deed, 36.6% of the transcriptionally abundant genes
showed a higher abundances at the translational level;
however, about half of the highly translated genes did
not have a relatively high transcription in IR29. For
Pok, 22% of transcriptionally abundant genes showed a
higher expression at the translational level but intri-
guingly, 75.5% of the highly translated genes did not
have a relatively high transcriptional regulation. These
data revealed a low correlation between transcriptional
and translational regulation in both the genotypes
under non-stress conditions. More importantly, the
transcriptional and translational gene expression pro-
files were distinct between the two genotypes even
without salt stress.

To evaluate whether the observed differences in gene
expression profiles without stress were biased toward
specific functions, we performed GO analysis with
agriGO. To remove the redundant GO terms and
visualize only the GO differences between the two geno-
types, enriched GO categories with FDR < 0.05 were sub-
mitted to REVIGO. By using the Uniprot database as a
background and the default semantic similarity measure-
ment (SimRel), a clear difference in GO terms was no-
ticed in these genotypes (Fig. 4). Terms overrepresented
in Pok include regulation of metabolism, gene transcrip-
tion, translation, cellular carbohydrate metabolism and
DNA conformation. However, terms overrepresented in
IR29 were photosynthesis, response to stress, cell wall
macromolecule metabolism and organization, transport,
and aminoglycan metabolism (Fig. 4). Thus, IR29 and
Pok genes differed in certain biological functions when
they were not subjected to salt stress. These differences

985 highly expressed genes in IR29

1630 highly expressed genes in Pok

TL

Fig. 3 Genes with high basal expression in IR29 and Pok under control conditions. Left: Genes with high expression in IR29 with at least two-fold
higher expression and false discovery rate (FDR) < 0.05 as compared with Pok. Right: Genes with high expression in Pok as compared with IR29.
TC, transcriptional level; TL, translational level
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in gene expression profiles between the two genotypes
under control conditions might have arisen from the in-
herent genotypic differences evolved during the domesti-
cation process.

Salt stress-responsive genes in Pok and IR29

One of the major objectives of this study was to explore
the transcriptional and translational differences when
the contrasting salt-tolerant genotypes were exposed to

salt stress. To identify salt stress-responsive DEGs at the
transcriptional and translational levels in Pok and IR29,
we used the same criterion described above (log2 fold
change =1, at least FPKM 25 in one sample of each
comparison and FDR <0.05). This scrutiny has identified
2237 DEGs responding to salt stress in these genotypes
(Fig. 5). A complete list of DEGs responding to salt
stress in Pok and IR29 at the transcriptional and transla-
tional levels is provided (Additional file 4: Table S3).
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Fig. 5 Number of up- and downregulated genes in IR29 and Pok at
the transcriptional and translational levels

In IR29, the number of upregulated salt stress-
responsive genes was similar at the transcriptional (n =
428) and translational (n=426) levels, and more than
half of these genes (n=267) were shared between the
transcription and translation. Although the number of
downregulated genes was much less than that of upregu-
lated genes, the number was approximately similar be-
tween transcriptional (7 =89) and translational (n =76)
levels. Of these, 28 genes were shared between the tran-
scriptome and translatome (Fig. 5). By contrast, in Pok,
the number of upregulated genes differed between the
transcription and translation, with more upregulated
genes at the translational level (n=544) than the tran-
scriptional level (1#=219). Among the downregulated
genes, fewer genes were responsive at the translational
level (n=58) than at the transcriptional level (1 =397)
(Fig. 5). These observations unambiguously suggest a
greater number of upregulated genes were regulated at
the translational level in Pok under salt stress. Notably,
most of these translationally upregulated genes were un-
responsive at the transcriptional level, implying that
these genes were more efficiently loaded onto the poly-
somes for translation. Most of the transcripts in clusters
8 and 15 shown in Additional file 2: Figure S1 belong to
this category.
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Among the 397 transcriptionally downregulated genes, 14
were common between the transcriptional and translation
levels in Pok (Fig. 5). Most of the transcriptionally downregu-
lated transcripts (n=196) did not respond to salt stress at
the translational level (log2 fold change vary from -1 to 1).
Interestingly, 26 of these transcriptionally downregulated
genes were upregulated at the translational level (log2 fold
change >1); 11 of these including three photosynthesis-
related genes (Os01g58038, 0s02g24628, Os05g38400), two
nicotianamine synthases (0s03g19427 and Os03g19420) and
two stress-related genes (Os07g24830, Os05g06500) were
significantly upregulated (Additional file 5: Table S4),
suggesting that these mRNAs could be stabilized in Pok
and/or could be efficiently load onto polysomes for transla-
tion despite these were downregulated at the transcriptional
level. In fact, differences in polysomal loading between ozone
resistant and sensitive Medicago genotypes upon ozone
stress was reported earlier [24]. Transcripts shown in cluster
7 and some in cluster 16 in Additional file 2: Figure S1 be-
long to this category. Overall, these results confirmed the
previous observation that the changes at the transcriptional
level do not always reflect changes in protein level [8—13].
This finding in turn emphasizes that the proteome or trans-
latome analysis especially under stress conditions is import-
ant to understand the complete portrait of gene regulation
programs.

Upregulated genes that are shared between
transcriptional and translational levels in Pok and IR29
To identify upregulated genes that were shared between
the genotypes under stress, DEGs at the transcriptional
and translational levels were compared (Additional file 6:
Figure S2). This analysis revealed at least 57 genes that
were commonly upregulated both in the transcriptome
and translatome of both genotypes in response to salt
stress (Fig. 6). Some of these genes belong to the same
gene families, and therefore have been grouped into three
clusters. The first cluster consisted of three members of

-

POK_RNA
IR29_RNA

IR29_PS

Upregulated

Downregulated genes

Fig. 6 Venn diagram of DEGs at the transcriptional and translational levels between IR29 and Pok genotypes. A: Upregulated genes; b:

POK_RNA

IR29_PS

Downregulated
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the cupin domain-containing protein (CDP) family
(Os03g48760, Os03g48770 and Os03g48780), the second
cluster included three dehydrin genes (Os11g26570,
Os11g26580 and Os11g26590) and the third cluster had
five different transcripts of the late embryogenesis abun-
dant protein family (Fig. 7). In addition, a putative low
temperature and salt-responsive protein (Os03g17790), a
putative universal stress protein domain-containing pro-
tein (Os05g07810), a calcium/calmodulin dependent pro-
tein kinases (0s09g25090), a NAC domain-containing
protein (Os11g03300), two AWPM-19-like membrane
family proteins (Os07g24000 and Os05g31670), 9-cis-
epoxycarotenoid dioxygenase (Os07g05940) and hsp20/
alpha crystallin family protein (Os02g54140.1) were com-
monly induced at the transcriptional and translational
levels in both the genotypes (Additional file 7: Table S5).
Most of these genes are well characterized as general
stress-responsive genes, and the degree of their induction
was often associated with stress tolerance [2]. Consistently,
the extent of upregulation of these 57 genes differed be-
tween Pok and IR29 (Fig. 7 and Additional file 7: Table S5).
The well-known osmotic stress-responsive genes such as
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Fig. 7 Expression patterns of the 57 upregulated genes that were
shared between IR29 and Pok at both the transcriptional and
translational levels during salt stress
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the late embryogenesis abundant proteins, dehydrins,
AWPM-19-like membrane family protein, hsp20/alpha
crystalline family protein, and mitochondrial import inner
membrane translocase subunit Tim17 were more strongly
upregulated (2- to 7-fold higher) especially at the transla-
tional level in Pok compared to IR29. Furthermore, a pro-
tein disulfide isomerase (PDI, Os01g58194) and another
four unannotated genes were highly upregulated in Pok.
Most intramolecular disulfide bond formation in the endo-
plasmic reticulum is catalyzed by PDI family proteins and
functions in multiple biological processes such as oxidative
folding of nascent proteins, molecular chaperoning, degrad-
ation of abnormal proteins, and redox signaling [25]. The
high-level translation of PDI in the Pok genotype may assist
in proper protein folding during salt stress.

By contrast, none of the downregulated genes (tran-
scriptionally and translationally) were shared between
the genotypes under salt stress (Fig. 6). This finding is
similar to a previous study reporting only two downreg-
ulated genes shared between IR29 and FL478, a tolerant
RIL derived from crossing between Pok and IR29 [21].
The analysis also found 20 DEGs with an opposite regu-
lation pattern between Pok and IR29 upon salt stress
(Table 2).

Opposite regulation of salt stress-responsive genes in Pok
and IR29

Because Pok and IR29 are distinctly different in their re-
sponse to salt stress, DEGs that display opposite regula-
tion between them could be expected. The analysis has
identified 20 DEGs that displayed an opposite regulation
pattern in the two genotypes. Eight genes induced in
IR29 at the transcriptional and/or translational level
were downregulated in Pok. By contrast, three genes
downregulated in IR29 at the translational level were up-
regulated at the transcriptional or translational level in
Pok (Table 2). Similarly, nine of 10 genes downregulated
in IR29 at the transcriptional level were upregulated at
the translational level in Pok. For instance, two nicotia-
namine synthase (NAS) genes were repressed at the
transcriptional level but upregulated at the translational
level in Pok during salt stress. In plants, NAS can catalyze
and synthesize niacinamide (NA), which participates in iron
ion transportation, distribution and storage, as well as
transportation of other heavy metal ions [26]. Overexpres-
sion of OsNASI in Brassica napus enhanced the protein
level of five salt stress-related genes, including dehydrogen-
ase, glutathione S-transferase, peroxidase, 20S proteasome
beta subunit, and ribulose-1,5-bisphosphate carboxylase/
oxygenase, and significantly improved the plant salt toler-
ance [26]. On the similar lines, NAS could play important
roles in Pok exposed to salt stress. The expression pattern
of a NAS gene (Os03g19724) was confirmed by qRT-PCR
(Fig. 8).
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Response to salt stress of genes highly expressed under
control conditions

Without salt stress, a unique set of genes in Pok and
IR29 displayed greater abundance both in the tran-
scriptome and translatome, therefore we examined
their response to salt stress. Such genes were repre-
sented by 215 and 265 in Pok and IR29, respectively
(Fig. 3). Of the 215 high basal expressed genes in
Pok, only six were altered at the translational level in
Pok; two were upregulated (iron/ascorbate-dependent
oxidoreductase-Os06g08041.1, and expressed protein-
0s12g13910.1) and four were downregulated (RAN
GTPase-activating protein 1-Os05g46560.1, LTPL122-
0s04g46830.2, nucleoside-triphosphatases -Os11g2526
0.1 and Os11g25330.1). Similarly, of the 265 genes

with high expression in IR29 under control condi-
tions, 30 were regulated at the translational level in
response to salt stress; five genes were upregulated (a
proteinase inhibitor II family protein, three SCP-like
extracellular proteins and one wound-induced protein)
and 25 were downregulated; 17 of these were signifi-
cantly downregulated at the transcriptional level.
Most of these downregulated genes were stress-
associated or cell wall-associated genes such as the
copper/zinc superoxide dismutase (Os07g46990), peroxid-
ase, glycine-rich cell wall protein, LTP protein and
plastocyanin-like protein (Additional file 8: Table S6).
Surprisingly, of the 265 high basal expression genes in
IR29, 63 were significantly upregulated in Pok at the
translational level (Additional file 9: Table S7). A notable
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example is thionin proteins, which are small cysteine-rich
peptides potentially involved in plant pathogen responses
[27]. Approximately 10 thionin or thionin-like peptides
were highly expressed in IR29 under non-stress conditions
and their expression was unaltered or slightly suppressed
upon salt stress in IR29. In contrast, these thionin genes
were significantly upregulated in Pok at the translational
level, which suggests that they may have a role in salt tol-
erance. Contrastingly, only two genes with high basal ex-
pression in Pok were induced by salt stress at the
translation level in IR29: one was heat shock protein Dna]
(0Os01g42190.1), and the other was an expressed protein
(0s04g06520.1).

Translational differences between IR29 and Pok under
salt stress

The mRNAs associated with polysomes represent the
translation step of protein synthesis and are therefore a
good predictor of protein abundance. To identify transla-
tional differences between the genotypes, the DEGs at the
translational level were compared. Among the 896 total
DEGs, 123, accounting for ~13.7% of the total DEGs,
were annotated as expressed proteins or hypothetical pro-
teins, similar to a recent report [28]; how these expressed
proteins contribute to salt tolerance needs further study.
Overall, 203 DEGs were shared between IR29 and Pok,
whereas 299 and 399 were specific to IR29 and Pok, re-
spectively (Additional file 6: Figure S2). To assess the dif-
ferences in the GO enrichment of the translatome in Pok
and IR29, batch SEA analysis with agriGO was used. This
analysis showed a sharp difference in GO terms between
the genotypes (Fig. 9). The GO terms such as the carbohy-
drate metabolic process, glycolysis, protein tyrosine kinase
activity, regulation of biosynthetic process and hydrolase
activity were enriched in IR29, whereas response to stress,
transporter activity, apoplast, extracellular region and re-
sponse to water were enriched in Pok (Fig. 9). To further
envision the pathways affected by salt stress in IR29 and
Pok, we visualized the functional classification of DEGs at
the translational level by using MapMan. Overall, the dif-
ferences between Pok and IR29 were apparent in terms of
the pathways related to photosynthesis, cell wall synthesis,
and secondary metabolism especially at the translational
level (Fig. 10). However, a caution needs to be exercised
when extrapolating the gene expression regulation to bio-
logical function as suggested by the guilt by association
analyses [29], and the identified gene networks and path-
ways needs further/functional validations.

The effect of salt stress on photosynthesis was less severe in
Pok

A previous study showed that genes associated with
photosynthesis were downregulated within minutes of
salt stress but stabilized immediately (within 30 min) in
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Pok, whereas IR29 almost wilted after 24 h [30]. Consist-
ently, we found the genes associated with photosynthesis
were less severely affected in Pok than in IR29 during
salt stress (Fig. 10). For example, chlorophyll A-B bind-
ing proteins (Os11g13890, 0Os01g52240.1), ribulose
bisphosphate carboxylase small chain (Os12g17600) and
plastocyanin-like domain containing proteins (Os07g014
40, Os07g35860, Os04g53710) were significantly down-
regulated in IR29 (Additional file 4: Table S3). Similarly,
the genes associated with tetrapyrroles synthesis, light
reaction, and Calvin cycle were more repressed in IR29
compared to Pok. FtsH-like chloroplast proteins associ-
ated with the attenuation of adverse impacts of Na* on
the photosynthetic electron transport chain were accu-
mulated in maize under salt stress [31]. Consistently,
this protein (0s02g43350 and Os05g38400) was specific-
ally upregulated in Pok. Another worth pointing gene
that is exclusively induced in Pok was transketolase
(0Os04g19740), which transfers a residue with two carbon
atoms from fructose-6-phosphate to glyceraldehydes-3-
phosphate, thereby producing ribulose-1,5-bisphosphate
(RuBP); this process is important for RuBP regeneration
and photosynthesis. The exclusive induction of trans-
ketolase at the protein level was consistent with a recent
report [28]. Taken together, translationally increased
FtsH and transketolase in salt-tolerant Pok likely ensures
that the photosynthesis is less affected in Pok under salt
stress.

Better maintenance of cell wall integrity in Pok under salt
stress

Being the first barrier to environmental stress, the cell
wall should respond fast by modulating its structure and
composition. Therefore, cell wall integrity plays an im-
portant role during stress conditions [32, 33]. Different
genotypes can share a common mechanism; for example,
a similar number of SCP-like extracellular proteins was
upregulated by salt stress in Pok and IR29 genotypes
(i.e., nine vs ten), which indicates the essential role of
SCP-like protein in keeping the cell wall integrity (Add-
itional file 4: Table S3); however, other mechanisms can
vary depending on the genotype and its ability to toler-
ate salinity. Overall, the GO terms cell wall component
and organization, and extracellular region were enriched
in Pok. The genes associated with cell wall structure
were downregulated more in IR29 compared to Pok.
The expression of pectin, xyloglucan endotransglucosy-
lase/hydrolase, cellulose and hemicellulose was severely
repressed by salt stress in IR29 at the translational level,
whereas translation of these genes in Pok was less af-
fected (Fig. 10). Other cell wall-related genes such as the
expansin precursor, hydroxyl proline-rich glycoprotein,
glycine rich cell wall structural protein, and CDP were
exclusively induced in Pok.
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Fig. 9 Comparative analysis of enriched GO terms for DEGs in IR29 and Pok at the translational level
A

Expansins are cell wall proteins that provide the re-
quired strength for plant growth and development.
Recently, it was shown that the expansins could improve
plant stress tolerance [34]. Furthermore, the expansins
tend to increase their abundance in salt-tolerant
compared to salt-sensitive maize [35]. Consistent with
these observations, three expansins (Os01g14650,
0s02g16730, Os05g19570) were highly upregulated in
Pok under salt stress, whereas at least one expansin

(0s06g01920) was repressed in IR29. The gene encoding
arabinogalactan protein (Os06g21410) was upregulated in
Pok, which is consistent with a previous report [21]. Three
glycine-rich proteins (Os04g56040, Os10g31620, Os01g063
10) were upregulated in the translatome of Pok, whereas
three other related glycine-rich cell proteins (Os10g31530,
0Os10g31710, Os10g31660) were repressed in IR29. Cupin
domain-containing protein (CDP) possesses biochemical
activities associated with the cell wall. The induction of



Li et al. BMIC Genomics 2018, 19(Suppl 10):935

Page 106 of 193

Starch
synthesis

A Misc. Glycolysjs

Pectin-esterases minor' GHO

Starch
breakdown

Photosynthesis

Ascorbate, Glut

em|pd /=

spidi
LT
:;5:

wsljoqedn oz

Set  pre
™ Ll Gy Ty

Ors

e

i
B
¥

shown in the scale on the right

45
[425
<0
g [:5
£ 45
-
§'
$a
3
2
3
a
£
#
% Carbonic anhydrases
Terpenes ~__
HH i NO,3
ik > i
N
: R
E Metab
g Ei tides
i
/ \ o
Flavonoids G Mo Ve s me W gn M e S e e i
Ay M B On T Ao e w On T nth"
henyl, TN S L e s synthesis
ylprop
Amino acid synthesis Amino acid breakdown Breakdown
B 2 5 z
Y g f
E B =
- g 8 T _
L] minorCHO & 2 Ascorbate, Glutathione  Light =
2 Reactions [

Fig. 10 Mapman visualization of salt stress-responsive genes assigned to metabolism at the translational level. A: Salt stress-responsive genes in
IR29 at the translational level. B: Salt stress-responsive genes in Pok at the translational level. In panels A and B, the grids represent individual
genes. The up- and downregulated genes are indicated in blue and red, respectively. The color brightness represents the degree of difference, as

Starch

Mito. Electron Transport

Carbonic anhydrases

CDP3.1 and CDP3.2 was suggested to improve seed ger-
mination and seedling growth under salt stress [36], and
consistent with this, more CDP proteins (eight in Pok but
only four in IR29) were upregulated in the translatome of
Pok as compared with IR29 (Additional file 4: Table S3);
the upregulation of three CDPs was confirmed by
qRT-PCR (Fig. 8). The basal expression of peroxidase

precursors (Os05g04490.1, Os05g06970.1, Os04g34630.1
and Os10g02070.1) was higher in IR29 compared to Pok;
however, their expression was unaltered by salt stress in
IR29 but was upregulated in Pok at the translational level.
The peroxidase is critical for lignin biosynthesis, and in-
duced expression of peroxidase could contribute to in-
creased lignin accumulation, which could promote cell wall
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rigidity during salt stress. Overall, these results suggest that
Pok can maintain better cell wall plasticity than IR29 under
salt stress.

Transporter genes responding to salt stress

We found many transporter genes responding to salt stress
in Pok and IR29; however, the GO term transport
(GO:0006810) was enriched only in Pok. A metal trans-
porter gene (Os02g03900) was exclusively upregulated in
Pok, which infers a role in salt tolerance, as reported earlier
[37]. Pok showed upregulation of amino acid permease
protein (Os04g35540), ammonium transporter protein
(0s02g40730), heavy metal-associated domain-containing
proteins (Os01g61070, Os01g74490), trafficking protein
particle complex subunit (Os06g04900, Os07g27150), two
major facilitator superfamily antiporters (Os01g16260,
Os11g04104), and mitochondrial import inner membrane
translocase subunit Tim17 (Os01g19770) (Additional file 4:
Table S3). Aquaporins are known as pore-forming
membrane proteins that belong to a large family of major
intrinsic proteins (MIPs) that transport water and low-
molecular-weight neutral compounds across the mem-
brane. Rice has 33 aquaporin genes that include 11
plasma-membrane intrinsic proteins (PIPs) [38]. In
rice, salt stress-induced regulation of aquaporins may
be associated with salt tolerance [39]. The overexpres-
sion of PIP aquaporins can confer tolerance to vari-
ous abiotic stresses in rice [40, 41]. In our study,
IR29 showed downregulation of an aquaporin gene
(Os02¢g51110), but Pok showed upregulation of two
aquaporins (0s02¢g41860 and Os01g8660) in the trans-
latome (Additional file 4: Table S3). These results in-
dicate that Pok is more active than the IR29 genotype
in translocating molecules across the membranes.

Increased antioxidant systems in Pok under salt stress

Like most abiotic stresses, salt stress induces oxidative
stress by increasing ROS accumulation, which negatively
affects cellular processes [2]. ROS in the form of Oy,
H,0,, and *OH can damage almost all macromolecules
of the cell and can lead to cell death. To decrease the in-
tensity of oxidative stress, plant cells increase both en-
zymatic (catalase, superoxide dismutase, ascorbate
peroxidase, glutathione reductase, and glutathione-
S-transferase) and non-enzymatic antioxidant (alpha-to-
copherol, B-carotene, glutathione, and ascorbate)
systems [42]. The downregulation of copper/zinc super-
oxide dismutase (Os07g46990) and peroxidases observed
in IR29 at the translational level indicates that IR29 has
decreased ability to reduce oxidative stress (Additional
file 8: Table S6), which is consistent with the finding in
IR64, another salt-sensitive rice genotype [28]. In the
present study, four glutathione S-transferase (GST)
genes (0s06g12290, 0Os10g38340, 0Os01g49720, Osl
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0g38360) were commonly upregulated in both IR29 and
Pok at the translational level. This finding is consistent
with a previous study reporting similar responses in rice
exposed to salt stress [43]. Additionally, six GSTs
(Os01g25100, Os01g49710, Os01g72160, Os01g72150,
0s01g72170 and Os10g38350) were exclusively upregu-
lated in Pok (Additional file 4: Table S3). Plant GSTs are
known to detoxify xenobiotics and hydroperoxides and
function in abiotic stress responses [44]. Overexpression
of rice GST genes in Arabidopsis confers tolerance to
salt and other abiotic stresses [45, 46]. Upregulation of a
greater number of GST genes at the translational level
could aid Pok in decreasing oxidative stress levels. Fur-
thermore, metallothioneins (Os03g17870 and Os12g380
10), also known for their ROS scavenging activity, were
specifically upregulated in the translatome of Pok. In-
deed, overexpression of the metallothionein OsMT1-eP
has been shown to enhance tolerance to abiotic stresses
including salinity [47]. Another key enzyme specifically
induced in Pok at the translational level was iron/ascor-
bate-dependent oxidoreductase (Os06g07941, Os06g08
041). Taken together, the upregulation of major anti-
oxidant genes in Pok at the translational level sug-
gests its robust antioxidative capacity during salt
stress, whereas such responses were lacking or min-
imal in IR29.

Transcription factors responding to salt stress

The transcription factors (TFs) play a crucial role in
regulating the expression of stress-responsive genes. The
expression of several TFs such as the MYB, bHLH,
NAC, ERF, WRKY and bZIP factors is altered under salt
stress [48]. In our study, 59 TFs were identified as DEGs
responding to salt stress in IR29 and Pok at the transla-
tional level. TFs such as MYB, WRKY, AP2 and NAC
were represented by the highest numbers (Table 3).
Approximately 24 TFs, including seven MYBs, three
WRKYs, three homeobox associated leucine zippers, two
AP2 genes, four NAMs and two NACs, were commonly
regulated in both IR29 and Pok. Meanwhile, 16 and 19
TFs were uniquely regulated in IR29 and Pok, respect-
ively (Table 3). Two ethylene-responsive TFs, an Auxin
response factor, and one heat-stress TF were uniquely
regulated in IR29 (Additional file 10: Table S8); one
bZIP, one Auxin-responsive Aux/IAA gene family mem-
ber, and three HBP-1b (leucine-zipper type) TFs were
specifically regulated under salt stress in Pok (Additional
file 10: Table S8). The regulation pattern of AP2
(0s09g39850), WRKY (0Os01g09080), Auxin-responsive
factor (Os06g07040) and bHLH (Os05g06520) were con-
firmed by qRT-PCR (Fig. 8). The upregulation of these
TFs may be significant in regulating the downstream salt
stress-responsive genes [48-51].
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Table 3 Transcription factors responding to salt stress in IR29
and Pok at the translational level

Transcription factor family ~ Shared  IR29-specific ~ Pok- Total
specific  number

AP2 domain containing 2 4 2 8

proteins

Auxin response factors 0 1 0 1

Basic helix-loop-helix 2 0 2 4

proteins

bZIP transcription 0 0 1 1

factors

Ethylene-responsive 0 2 0 2

transcription factors

Heat stress transcription 0 1 0 1

factors

HSF-type DNA-binding 1 0 3 4

domain containing

proteins

Homeobox associated 3 0 1 4

leucine zipper

MYB family transcription 7 2 0 9

factor

NAC domain transcription 2 1 0 3

factor

No apical meristem 4 2 3 9

protein

Aux/IAA gene family 0 0 1 1

members

WRKY transcription factors 3 3 3 9

Transcription factor 0 0 3 3

HBP-1b

Total 24 16 19 59

Other stress-responsive genes

Abscisic stress-ripening (ASR) was reported to be upreg-
ulated in response to abiotic stress; in the present study,
two ASRs (0s01g72910.1 and Os01g72900.1) were ex-
clusively upregulated in Pok at the translation level,
which is consistent with previous reports [30, 52].

Salt stress-responsive genes localizing to the known salt-
tolerant quantitative trait loci (QTL)

Salt tolerance is a quantitative trait, and mapping studies
using Pok and IR29 inbred populations identified SalTol
as a major QTL that regulates Na-K balance in shoots of
seedlings [53]. To gauge the link between DEGs of the
translatome and salt tolerance, we mapped these genes
to the known QTL of salt tolerance (www.gramene.org).
In total, 36 and 43 DEGs could be localized to the 11
salt-related QTL for IR29 and Pok, respectively; 18 were
shared between the genotypes, whereas 18 and 25 were
specific to IR29 and Pok, respectively (Additional file 11:
Table S9). In this Saltol QTL region, methyltransferase
(Os01g20206), pectinesterase (Os01g20980) and gluta-
thione S-transferase (Os01g25100) were among the
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commonly upregulated genes in IR29 and Pok; two
jacalin-like lectin domain-containing proteins (Os01g2
4710, Os01g25280) were exclusively induced in IR29 but
not in Pok (Additional files 11 and 12: Tables S9 and
S10). These results are similar to previous results [21].
OsHKT1 (Os01g20160) functions as a low-affinity Na*
transporter especially under saline conditions and is a
major candidate gene underlying major QTL (SalTol)
[19]. Cotsaftis et al. [20] reported that OsHKTI1 was
highly induced by salt stress in roots of IR29 compared
to Pok, whereas Walia et al. [22] showed higher induc-
tion of OsHKTI in FL478, a salt-tolerant RIL derived
from a IR29 and Pok cross. In our study, OsHKT1 ex-
pression was almost unaltered in response to salt stress
in both genotypes at the transcriptional level. OsHKT1
expression was slightly repressed in IR29 by salt stress,
but was highly upregulated at the translational level in
Pok. The discrepancies between different studies may re-
sult from differences in tissue sources (whole seedlings
were used in this study whereas Walia et al. [22] used
shoots and Cotsaftis et al. [20] analyzed root tissue), de-
velopment stages, growth conditions, severity and dur-
ation of salt stress.

The DEGs of the translatome were also mapped to
QTL derived from Pok and IR29 mapping populations
[54, 55]. In total, 83 and 87 DEGs were found for IR29
and Pok, respectively; 39 were shared between IR29 and
Pok (Additional file 12: Table S10). The QTL on
chromosome 1 (Qsncl, Qske, gsnkl, qrkcl and qrnkl)
control root and shoot Na’/K' ratio. An ATPase
(Os01g19260) and mitochondrial import inner mem-
brane translocase subunit Tim17 (Os01g19770) coding
genes were mapped on these QTL and were exclusively
upregulated in Pok. Another QTL (qrnk9, gsnk9 and
gses9) controls root and shoot Na"/K" ratio. Two F-box
domain-containing proteins (OsFBX319 and OsFBX322)
exclusively mapped onto this QTL were upregulated in
Pok during salt stress (Additional file 12: Table S10).
These observations interconnect the genetic mapping re-
sults with the RNA-Seq results of the present study and
further support the salt tolerance trait of Pok.

Validation of RNA-Seq analysis using quantitative RT-PCR
To validate the expression profiles obtained by
RNA-Seq, we used quantitative RT-PCR (qRT-PCR). The
regulation pattern of a randomly selected 19 DEGs was
validated. In most cases, the results were consistent be-
tween the RNA-Seq and qRT-PCR, which indicates that
the RNA-Seq data were largely reliable and truly
reflected the transcription and translation profiles. In
general, upregulated genes were more consistent and
comparable to RNA-Seq data than were downregulated
genes (Fig. 8).
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Identification of novel transcripts and alternative splice
variants
RNA-Seq can identify novel transcripts that are tran-
scribed in the genome. In both RNA-Seq (transcriptome)
and polysomal RNA-Seq (translatome) libraries, thou-
dands novel regions that were transcribed were scored.
The sequence and blast information of these novel tran-
scripts are shown in Additional file 13: Table S11. In the
IR29 transcriptome, a total of 1250 novel loci/genes were
detected. Using the same criteria described for identifying
DEGs, 35 salt-responsive novel transcripts were found. In
the Pok transcriptome, 838 novel transcripts were de-
tected; 38 were responsive to salt stress. In the transla-
tome of IR29, 878 novel transcripts were detected; 31
were responsive to salt stress. Similarly, in the Pok transla-
tome, 539 novel transcripts were detected; only nine
responded to salt stress (Additional file 1: Table S1).
Alternative splicing is another important gene regula-
tory mechanism associated with plant stress responses
[56]. The TFs and other genes associated with stress toler-
ance were reported to undergo alternative splicing in
Arabidopsis and other plants [20, 26, 57, 58]. In rice, salt
stress has been reported to change the expression of alter-
natively spliced AOX [20, 59]. Similarly, several TFs such
as OsDREB2B are alternatively spliced and undergo ex-
pressional changes under salt, temperature and drought
stress [60]. In the present study, more than 7000 alternate
splicing events were detected within the assembled tran-
scripts of IR29 and Pok. At least eight alternatively spliced
transcripts (two beta-expansin precursor isoforms, a dehy-
drin, a wound-induced protein precursor, and a photosyn-
thesis related photosystem II polypeptide) were regulated
by salt stress (Additional file 14: Table S12). Dehydrin is
an important stress-associated gene family, and a dehydrin
isoform (Additional file 15: Figure S3A) (TCONS_
00081900, Os11g26790.1) was upregulated in IR29 and
Pok at both transcriptional and translational levels. Inter-
estingly, the induction level was comparable between IR29
and Pok at the transcriptional level but was 13-fold greater
at the translational level in Pok compared to IR29.
Beta-expansins are important in mediating growth, and
their abundance has been found to differ between
salt-tolerant and salt-sensitive genotypes of maize [61]. In
the present study, two isoforms of beta-expansin precur-
sor (0s09g29710) were upregulated at the transcriptional
and translational levels in response to salt stress in IR29,
however, no significant induction was detected in Pok
(Additional file 14: Table S12). A splice variant of
wound-induced protein precursor (TCONS_00079570,
0Os11g37970.1) was upregulated at the transcriptional level
but not at the translational level in both IR29 and Pok.
Similarly, a splice variant of photosystem II 10 kDa poly-
peptide (Os07g05360.1) (Additional file 15: Figure S3B)
showed differential abundance in only Pok in response to
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salt stress (Additional file 14: Table S12). A list of alterna-
tively spliced genes, including structural genes ([-expan-
sins) and stress-associated genes identified in the
transcriptome and translatome of Pok and IR29 adds to
the alternatively spliced gene database of rice and is also
an important resource for investigating their roles in salt
tolerance.

Conclusions

Salt stress is a complex process involving many genes re-
lated to biological, molecular and cellular pathways. The
identification of genes that are regulated in response to
salt stress would provide a better understanding of the
molecular processes and useful for improving the salt
tolerance of rice via molecular breeding and/or trans-
genic strategies. Although many salt stress-responsive
genes have been identified by transcriptome analysis in
Pok and IR29, however, whether all of these transcrip-
tionally regulated genes translate into proteins or not is
unkown in these contrasting rice genotypes. The pro-
teins are direct effectors of plant stress responses. Pro-
teins include enzymes and also components of
transcription and translation; they regulate plant stress
responses at both mRNA and protein levels [62]. Previ-
ous studies have demonstrated that changes at the tran-
scription level do not often correspond to changes at the
protein level [63, 64]. Polyribosomal loading of tran-
scripts is the most important step in the translation initi-
ation process. By examining transcriptome and
translatome, the qualitative and quantitative differences
in the transcriptional and translational profiles of Pok
and IR29 even without salt stress was noted in this
study. Furthermore, upon salt stress, translational regu-
lation sharply differed between the Pok and IR29; Pok
showed the highest number of upregulated genes, and a
far less number of downregulated genes than that for
IR29 at the translational level. These findings suggest a
potential yet unknown mechanism contributing to the
stability and efficient loading of the mRNAs in Pok; this
distinct regulation was less evident in IR29.

The present study also has identified a set of shared
genes that are responding to salt stress regardless of
genotype and also identified a number of genes that are
not known to differ in their regulation during stress
treatment. For instance, protein disulfide isomerase,
NAS genes, thionins, and several uncharacterized pro-
teins could be added to the category of stress responsive
genes in plants. This study also identified many novel
transcripts and alternative splice variants that respond to
salt stress.

Overall, sequencing of polysome-associated RNA of-
fered major differences in gene regulation operating at
the translational level between IR29 and Pok. These
findings suggest that the salt tolerance of Pok could be
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attributed to its upregulation of genes, especially at the
translational level, associated with cell wall synthesis,
ROS scavenging, translocating molecules, and TFs, and
better maintenance of photosynthesis-related genes.

Methods

Plant materials and salt stress treatment

Rice genotypes IR29 and Pok seeds were germinated be-
tween moist paper towels and the germinated seedlings were
transferred to 96-well PCR plates with the bottom cut off
and placed to float on Yoshida medium [65]. Rice seedlings
were grown in a controlled growth chamber (22—24 °C) with
a 16-h/8-h (day/night) photoperiod and 300 yumolm™*s™*
light intensity. Approximately 24-day-old seedlings were sub-
jected to salt stress with supplementation of 150 mM NaCl
for 24-h, and control samples remained on Yoshida medium.
Whole seedlings of control and salt stress-treated samples
were harvested and used for isolation of polysomes as well
as the total RNA.

Isolation of the polysomal fractions

The polysomal fractions from the Pok and IR29 samples
were isolated as described [66]. Briefly, rice seedlings
were ground into a fine powder with liquid nitrogen.
Approximately 500 L. powder was transferred to a 2-ml
tube containing 1250 uL. polysome extraction buffer
(200 mm Tris (pH 9.0), 200 mm KCl, 26 mm MgCl,, 25
mM EGTA, 100 um 2-mercaptoethanol, 50 ug ml™ 'cyclo-
heximide, 50 pygml = chloramphenicol, 1% (v/v) Triton
X-100, 1% (v/v) Brij-35, 1% (v/v) Tween-40, 1% (v/v)
non-iodent P-40, 2% (v/v) polyoxyethylene 10 tridecyl
ether, 1% (v/v) deoxycholic acid) and thoroughly mixed
by using a spatula and placed on ice for 10 min with oc-
casional mixing by inverting tubes. The mixture was
spun for 2 min at 14000 rpm (4 °C) and the supernatant
was passed through a QIA shredder (QIAGEN) column
by centrifugation for 1min at 14000 rpm (4°C). Ap-
proximately 600 pL of the sample was layered on top of
the sucrose density gradients (20—-60% sucrose, w/v) and
centrifuged for 120 min at 40,000 rpm (275,000xg) in a
Beckman OPTIMA LE-80 centrifuge. The optical dens-
ity (OD) of the samples was measured by using a UA-5
detector and a Gradient Fractionator (model 640, ISCO)
reading absorbance throughout the sucrose gradient at
254 nm. Fractions with more than two ribosomes were
pooled and used for RNA isolation with Trizol reagent.

Total RNA isolation and poly (a) RNA purification

Total RNA from the Pok and IR29 samples was isolated
by using Trizol Reagent according to the manufacturer’s
instructions (Invitrogen). RNA quality was tested by
using BioAnalyzer (Agilent). Equal quantities of RNA
from three biological replicates were pooled for each
treatment. Poly (A) RNA was isolated from 10 pg each
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of total RNA and polysomal RNA by using the Micro-
Poly (A) Purist kit (Ambion).

mRNA-Seq library construction and sequencing
mRNA-Seq libraries were generated by following the
[lumina mRNA Sequencing Sample Preparation Guide.
Briefly, poly (A) RNA was fragmented into small pieces
by using divalent cations at 94°C for 5min. The frag-
mented mRNA was converted into ¢cDNA by using
random-primers and reverse transcriptase; after
2nd-strand ¢cDNA synthesis, end repair and A-tailing,
pair-end adaptors were ligated to ¢cDNA ends. Ligated
DNA was separated on a 2% agarose gel and DNA in
the 200-bp (+25 bp) range was excised, gel-purified and
enriched by PCR amplification with 15 cycles. After PCR
product purification and quality testing by using BioA-
nalyzer (Agilent), mRNA-Seq libraries were sequenced
by Hlumina HiSeq 2000. In total, eight mRNA-Seq li-
braries were generated and sequenced (IR29c, IR29¢-ps,
IR29s, IR29s-ps, POKc, POKc-ps, POKs and POKs-ps,
representing samples of IR29 control, polysomal frac-
tions of IR29 control, IR29 salt stress, polysomal frac-
tions of IR29 salt stress, Pok control, polysomal fractions
of Pok control, Pok salt stress and polysomal fractions of
Pok salt stress, respectively).

Computational analysis of sequencing libraries

A self-written program was used to choose reads with <5
low-scored nucleotides (< 10) and simultaneously with <5
unspecified nucleotides (marked as “N” in the raw data)
among the 50- to 51-nt sequencing reads, which were dis-
carded. The remaining reads were analyzed with Cufflinks
[67]. Briefly, TopHat [68] was used to align the reads to
the genome of rice (MSU v6.1) with option “-G”. Then,
Cufflinks was used to assemble the alignments from
TopHat, and assembled transcripts from the individual li-
braries were merged by using Cuffmerge. Cuffcompare
was then used to compare the combined transcripts to an-
notated transcripts in the MSU Rice Genome Annotation
Database (v6.1). Finally, Cuffdiff was used to compare the
transcript levels in the control and salt stress libraries.
The transcripts simultaneously satisfying the following cri-
teria were defined as differently expressed genes (DEGs):
(1) sufficient mapped reads (marked as “OK” by Cuffdiff);
(2) absolute value of log2 fold change =>1; (3)
FDR-corrected P -value < 0.05; and (4) at least 5 FPKM in
one condition of each comparison. The cDNA, exon, in-
tron and intergenic sequences were downloaded from the
MSU Rice Genome Database (v6.1). The filtered reads
were also aligned to different categories of molecules with
SOAP2 [69] by allowing at most 2 mismatches. The align-
ment results of SOAP2 were then used to calculate the
number of reads mapped to cDNAs, exons, introns and
exon-intron junctions.
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GO enrichment analysis

DEGs were used for Gene Ontology enrichment analysis
with agriGO v2.0 (http://systemsbiology.cau.edu.cn/agri-
GOvV2/) [70] and REduce and Visualize GO (REVIGO)
(http://revigo.irb.hr/) [71]. To thoroughly visualize the
metabolic pathways responding to salt stress at the
translational level in IR29 and Pok, we further mapped
the DEGs obtained in the translatome to terms in the
MapMan database and inspected for significantly
enriched pathway terms compared to the genome back-
ground [72].

Validating the gene expression profiles by using
quantitative RT-PCR

Quantitative RT-PCR was performed to validate DEGs
in the same RNA samples used for the RNA-Seq ana-
lysis. The isolated total RNA was treated with DNase I
and reverse transcribed by using an oligo-dT primer and
Superscript II reverse transcriptase (Invitrogen) accord-
ing to the manufacturer’s instructions. Primers were de-
signed to amplify ~ 150-bp fragments. Quantitative PCR
was carried out using Maxima SYBR Green qPCR Mas-
ter Mix (Thermo Scientific) and 7500 Real-Time PCR
System (Applied Biosystems). All samples were run in
triplicate and each cDNA sample was run in dupli-
cate; actin was used as the reference gene, and the
mean -AACt values were plotted with standard
deviation. Primers used in this study are listed in
Additional file 16: Table S13.

Additional files

Additional file 1: Table S1. Distribution of assembled transcripts to
different categories. (XLSX 11 kb)

Additional file 2: Figure S1. Overview expression patterns of
transcriptome and translatome of IR29 and Pok under control and salt
stress conditions. The purple line represents the mean expression level of
the genes in the same cluster; grey lines represent the expression of each
gene in the cluster. Transcripts were divided into 16 clusters (cluster 1 to
16) based on their expression level by using k-Means Clustering (KMC).
The vertical axis represents the gene expression value (log2 FPKM), and
the horizontal axis represents the 8 samples (in order from left to right:
IR29c_RNA, IR29s_RNA, Pokc_RNA, Poks_RNA, IR29¢_PS, IR29s_PS,
Pokc_PS and Poks_PS).Most genes in clusters 1, 2, 3, 6 and 16 had similar
expression in IR29 and Pok but were not responsive by salt stress. Cluster
5 represents genes that were moderately upregulated by salt stress,
cluster 9 represents genes that were strongly upregulated by salt stress in
both IR29 and Pok at the transcriptional and translational levels, and
cluster 13 represents genes were repressed by salt stress in IR29 and Pok
at both transcriptional and translational levels. Cluster 10 represents
genes with higher abundances at both transcriptional and translational
levels in IR29 but extremely low abundance in Pok, whereas cluster 14
represents genes with very low expression at both transcriptional and
translational levels in IR29 under both control and salt stress conditions
but higher transcriptional and translational levels in Pok; these genes did
not respond to salt stress. Cluster 7 represents genes that did not
respond to salt stress at the transcriptional level in Pok but were highly
upregulated at the translational level. Clusters 8 and 15 represent genes
highly upregulated by salt stress in IR29 at the transcriptional and
translational levels but only upregulated in Pok at the translational level.

Page 111 of 193

Cluster 11 represents genes with relatively higher expression in Pok than
in IR29 at the transcriptional level. Cluster 12 represents genes with lower
translation than transcription. (JPG 129 kb)

Additional file 3: Table S2. Highly expressed genes of Pok and IR29
under control conditions. (XLSX 17980 kb)

Additional file 4: Table S3. Expression of salt stresss responsive genes
in IR29 and Pok at transcriptional and translational levels. (XLSX 277 kb)

Additional file 5: Table S4. Genes downregulated at the transcriptional
level but upregulated at the translational level in Pok. (XLSX 14 kb)

Additional file 6: Figure S2. Comparative analysis of DEGs between
IR29 and Pok at the transcriptional level (A) and translational level B). JPG
65 kb)

Additional file 7: Table S5. 57 commonly upregulated genes in Pok
and IR29 both at the transcriptional and translational levels. (XLSX 22 kb)

Additional file 8: Table S6. The salt stress-responsive translational
regulation of the highly expressed genes at basal level in IR29. (XLSX 16 kb)

Additional file 9: Table S7. The salt stress-responsive translational
regulation of genes in Pok which were highly expressed at basal level in
IR29. (XLSX 21 kb)

Additional file 10: Table S8. Transcription factors differentially regulated
by salt stress in IR29 and Pok at the translational level. (XLSX 27 kb)

Additional file 11: Table S9. DEGs within the salt tolerant quantitative
trait loci (QTL) (www.gramene.org). (XLSX 636 kb)

Additional file 12: Table $S10. DEGs within QTL identified from IR29/
Pok population. (XLSX 20 kb)

Additional file 13: Table S11. Details of novel intergenic transcripts.
(XLSX 635 kb)

Additional file 14: Table S12. Significantly regulated alternative splice
variants in IR29 and Pok. (XLSX 15 kb)

Additional file 15: Figure S3. Novel alternate splice variants of

dehydrin (Os11g26790) (A) and photosystem Il 10-kDa polypeptide,
chloroplast precursor (0s079g05360) (B). (JPG 112 kb)

Additional file 16: Table S13. Primer sequences used for qPCR
validation. (XLSX 10 kb)
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