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Abstract

Background: Cotton (Gossypium spp.) is one of the major fibre crops of the world. Although it is classified as salt
tolerant crop, cotton growth and productivity are adversely affected by high salinity, especially at germination and
seedling stages. Identification of genes and miRNAs responsible for salt tolerance in upland cotton (Gossypium
hirsutum L.) would help reveal the molecular mechanisms of salt tolerance. We performed physiological experiments
and transcriptome sequencing (mRNA-seq and small RNA-seq) of cotton leaves under salt stress using Illlumina
sequencing technology.

Results: We investigated two distinct salt stress phases—dehydration (4 h) and ionic stress (osmotic restoration; 24 h)—
that were identified by physiological changes of 14-day-old seedlings of two cotton genotypes, one salt tolerant and the
other salt sensitive, during a 72-h NaCl exposure. A comparative transcriptomics was used to monitor gene and miRNA
differential expression at two time points (4 and 24 h) in leaves of the two cotton genotypes under salinity conditions.
The expression patterns of differentially co-expressed unigenes were divided into six groups using short time-servies
expression miner software. During a 24-h salt exposure, 819 transcription factor unigenes were differentially expressed in
both genotypes, with 129 unigenes specifically expressed in the salt-tolerant genotype. Under salt stress, 108 conserved
miRNAs from known families were differentially expressed at two time points in the salt-tolerant genotype. We
further analyzed the predicted target genes of these miRNAs along with the transcriptome for each time point.
Important expressed genes encoding membrane receptors, transporters, and pathways involved in biosynthesis
and signal transduction of calcium-dependent protein kinase, mitogen-activated protein kinase, and hormones
(abscisic acid and ethylene) were up-regulated. We also analyzed the salt stress response of some key miRNAs
and their target genes and found that the expressions of five of nine target genes exhibited significant inverse
correlations with their corresponding miRNAs. On the basis of these results, we constructed molecular regulatory
pathways and a potential regulatory network for these salt-responsive miRNAs.

Conclusions: Our comprehensive transcriptome analysis has provided new insights into salt-stress response of upland
cotton. The results should contribute to the development of genetically modified cotton with salt tolerance.
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Background

High soil salinity, a devastating environmental stress,
typically causes major reductions in crop productivity
and quality [1]. Over 800 million hectares, equivalent to
6.5% of the world’s total land area, are currently estimated
to be impacted by high salt concentration [2]. In China,
approximately 100 million hectares distributed over 16
provinces have been affected by increased salinity [3]. To
stabilize global crop production, the problem of salinity
must be urgently addressed.

Salt stress generally induces a combination of dehydra-
tion/osmotic-related effects and damage as a consequence
of excess sodium ions that greatly affect plant growth and
crop production [4]. Osmotic stress and Na' stress are
considered to be the two major components of the plant
salt-stress response [5]. Plants employ various mecha-
nisms to deal with salt stress; these mechanisms include
minimization of the amount of salt taken up by roots and
its partitioning at tissue and cellular levels to avoid buildup
of toxic concentrations in the cytosol of functional leaves
[6,7]. Much effort has been devoted to revealing the mo-
lecular mechanisms of plant salt tolerance, with the ultim-
ate goal of improving salt tolerance of crop plants.

Cotton (Gossypium hirsutum L.) is not only the world’s
leading textile fiber, but is also a major oil crop. Although
cotton is the second most salt-tolerant herbaceous crop
[8,9], its growth and productivity are adversely affected
by high salinity, especially at germination and the young
seedling stage [10]. Salinity suppresses primary root
growth [11], inhibits the length and numbers of second-
ary roots [12], and limits photosynthesis and respiration,
flowering, boll and fiber quality, and ion uptake in
cotton, resulting in significant yield losses [13]. Salt
stress has also been found to regulate the expression
level of many genes in different bio-processes and path-
ways, including morphological adaptation, maintenance
of ion homeostasis, cell signal transduction, and oxida-
tive stress mitigation [14-16]. Identifying salt-tolerance
genes is an important component of the breeding of
salt-tolerant crop plants through genetic engineering.
Although many genes controlling response to high
salinity have been identified in model plants, only a few
salt stress-inducible genes, such as NHX1 (GENHXI)
[17], DREB (GhDREBI) [18], ERF (GhERF2- GhERFG6)
[19-21], NAC (GhNACI-GhNAC6) [22], metallothio-
nein (GhMT3a) [23], GRMPK2 [24], GhMKKI [25], and
CCCH-type zinc finger (GhZFPI) [26] have been docu-
mented in cotton. With recent advances in genomic
sequencing and transcriptome mapping (microarray and
high-throughput sequencing), some salt-related genes
and regulatory factors have been identified in cotton on
a large scale at the genome-wide level [27-33]. Neverthe-
less, the molecular basis of cotton tolerance to salt stress
remains to be discovered.
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Small RNAs are important post-transcriptional regu-
lators of gene expression. miRNAs are a highly con-
served class of endogenous, non-coding RNAs that
range in length from 19 to 25 nucleotides (nt) [34]. In
plants, cleavage or translational repression of target
mRNA appears to be the prevalent method of post-
transcriptional regulation [35,36]. Current findings that
some plant miRNAs respond to stress conditions and
that some miRNA targets are stress-related genes suggest
that miRNAs play important roles in plant stress response.
miRNA expression profiles in response to salt stress
have been analyzed in Arabidopsis thaliana [37], Oryza
sativa [38], Zea mays [39], Gossypium hirsutum [40], and
Caragana intermedia [41]. In addition to studying the ef-
fects of stress on miRNAs, the identification of miRNA
targets is important. Among cotton cultivars, however,
some miRNAs related to salt tolerance have been found
to differ [42-45]. Little is known regarding their expres-
sion profiles in response to salt stress, and their roles in
salt adaptation remain unclear.

Transcriptome (mMRNA-seq and small RNA-seq) ana-
lysis has recently emerged as a powerful approach to
excavate large numbers of genes and miRNA sequences
[45,46]. Although some differentially expressed salt-related
genes have been identified by this technique after short-
or long-term salt treatment, comparative transcriptional
changes in response to salt stress between early and late
periods have not been reported. An additional limitation
is that most reported gene expression profiles related to
salt resistance have been derived from a single genotype
[47-49]. In those studies, it was consequently difficult to
accurately distinguish true salt tolerance-related genes
from salt-responsive ones. Furthermore, most research for
salt stress focused on root [31,46]. However, the previous
results show that when subjected to salt stress in upland
cotton, mostly absorbed Na' accumulated in the shoot
through the roots, and the root of K transport to the
leaves to maintain high K"/ Na® in the leaves [9].
Otherwise, in our study, Na' concentration in leaf also
showed significant difference between two lines (Figure 1E),
lower Na" concentration could reduce the damage of
leaf photosynthesis, further improved the salt tolerance.
These results indicated that the shoot, especially the
leaves of salt tolerant cotton must have some special
mechanisms to alleviate Na* toxicity under salt stress,
therefore, we chose the leaf as object of study. Thus,
comparative analyses of gene and miRNA expression in
seedling leaves during two stages of salt stress may fur-
ther elucidate molecular mechanisms of salt tolerance
in cotton.

To obtain insights into the initial transcriptional regula-
tion and differential expression of functional genes in re-
sponse to high salinity, we exposed two cotton genotypes
(salt-tolerant Earlistaple 7 and salt-sensitive Nan Dan Ba
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Figure 1 Physiological analysis of Earlistaple 7 and Nan Dan Ba Di Da Hua in response to various durations of salt stress. (A) Leaf
relative water content (RWC) levels; (B) Leaf relative electrical conductivity (REC); (C) Leaf chlorophyll-a and chlorophyll-b content; (D) Root Na™
concentration; (E) Leaf Na* concentration; (F) Ratio of leaf K*/Na* concentration in 200 mM NaCl-treated and non-treated samples. Data represent
means + SE of three independent experiments (n=3 or 9); * P<0.05; ** P<0.01; *** P<0.001.

Di Da Hua) to salt stress for 0-72 h. We then compared
dynamic changes in ion accumulation and osmotic
adjustment between Earlistaple 7 and Nan Dan Ba Di
Da Hua and analyzed the expression profiles of respon-
sive genes and miRNAs. According to their expression
patterns, salt stress-inducible genes could be broadly
discerned as early-, late-, and sustained-induced regulated
genes, and their functional significance was characterized.
We also identified and characterized conserved miRNAs
in the two genotypes at two time points (4 and 24 h)
under salt stress. Putative target genes of these miRNAs
were predicted from the transcripts by computational
methods. We established a model of the miRNA-mediated
regulatory network by combining the mRNA-seq and
small RNA-seq information. Our comprehensive physio-
logical- and molecular-level analysis of salt stress responses
should facilitate illumination of the mechanisms of salt
stress tolerance in G. hirsutum.

Results

Physiological differences between salt-sensitive and
salt-tolerant genotypes under salinity stress

Genotypes Nan Dan Ba Di Da Hua and Earlistaple 7
were subjected to short-term salinity stress (200 mM
NaCl) at the seedling stage for 4, 24, 48, and 72-h. Seed-
ling response to salt was evaluated based on leaf relative
water content (RWC), relative electrical conductivity
(REC), and chlorophyll and ion (Na" and K") content of
leaves and roots (Figure 1).

Highly significant (P < 0.001) differences were observed
in leaf RWC and chlorophyll content between the two
genotypes after 48- and 24-h salt treatments, respect-
ively, although these values were sharply decreased in
both genotypes after 4 h of exposure to NaCl compared
with controls (Figure 1A, C). After 4 and 24 h of treat-
ment, the REC of Nan Dan Ba Di Da Hua was highly
significantly (P<0.001) increased throughout the dur-
ation of stress, while that of Earlistaple 7 was maintained
at a lower level. After 48 h, however, the RECs of the
two genotypes were similar (Figure 1B). As shown in
Figure 1D-F, leaf and root Na" concentrations increased
in both genotypes under salinity stress. Characteristically,
Nan Dan Ba Di Da Hua roots accrued less Na* as com-
pared with Earlistaple 7 (Figure 1D), whereas Earlista-
ple 7 contained a significantly lower level of leaf Na*
(Figure 1E, F). This difference can probably be attributed to
the higher Na* absorption capacity of roots of salt-tolerant
Earlistaple 7 compared with salt-sensitive Nan Dan Ba Di
Da Hua, which prevents the transport of excessive Na* to
the seedling shoots.

Visual damage owing to salinity stress appeared on the
leaves of Nan Dan Ba Di Da Hua beginning approxi-
mately 24 to 72 h after 200-mM NaCl treatment. After
0.5 h, distinct wilting and dehydration caused by osmotic
stress [50] was observed on leaves of both genotypes. By
4 h, both genotypes showed more severe wilting, which
was followed by gradual recovery to an upright position
(24 h). The restoration of Earlistaple 7 was obviously
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better than that of Nan Dan Ba Di Da Hua, which expe-
rienced slight wilting of cotyledons and old leaves, and
dry necrosis of leaf edges. After 48 h, these phenomena
were markedly more noticeable in both genotypes, al-
though plants of Earlistaple 7 were in much better con-
dition than those of Nan Dan Ba Di Da Hua. According
to the above results, significant physiological and mor-
phological differences were observed at different salt-
treatment time points in response to salt stress, which
was accordingly divided into two typical phases: dehy-
dration stress (4 h) and ionic stress (24 h). We therefore
selected these two time points for further study.

De novo mRNA-seq assembly and annotation of
non-redundant unigenes

Six ¢cDNA and six small RNA libraries were constructed
from total RNA extracted from 14-day-old seedling
leaves of two upland cottons (cultivars Nan Dan Ba Di
Da Hua and Earlistaple 7) treated with 200 mM NaCl
(or water as a control) for 4 and 24 h.

Sample data from the six different libraries are summa-
rized in Table 1. After quality control, approximately
169,850,000 valid reads and roughly 7.9 Gb of nucleotides
were obtained. The overall data retention rate was high
(average of 82.72%), and the data quality was acceptable.
Because the whole-genome sequence of upland cotton is
currently not publically available, the valid reads from the
six libraries were merged for de novo assembly (Table 1).
After removal of repeats from the spliced sequences,
415,429 transcripts with lengths >200 bp were obtained.
The total length of all transcripts was approximately
236 Mb. The longest transcript for each locus was taken
as the unigene, resulting in 143,080 unigenes comprising
about 54 Mb of nucleotides (Table 2). The length of these
assembled unigenes ranged from 200 to 2,000 bp. The
overall length distribution and GC content of the spliced
unigenes are presented in Additional file 1.
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Table 2 Length distribution of the transcripts and
unigenes clustered from the de novo assembly

Category Transcript Unigene
All (>=200 bp) 415429 143,080

> =500 bp 273,632 56,929
>=1000 bp 181,131 30,038
N50 1,747 1,239

N9O 497 277

Total length 236,414,577 53,791,217
Max length 14,995 14,995
Min length 201 201
Average length 111161 707.9

Note: The N50 size is computed by sorting all transcripts from largest to
smallest and by determining the minimum set of transcripts whose sizes total
50% of the entire transcript and unigene was the same; N90 was counted in
the similar way.

Functional annotation of transcripts was mainly based
on BLAST (Blastx tools) homology searches against
various public protein databases (Table 3). Of the 143,080
non-redundant unigenes, 60,714 (42.43%) showed a sig-
nificant similarity to known proteins in the NR database
and 33,992 (23.76%) had significant hits in the SWISS-
PROT database. These results suggested an abundance of
newly discovered unigenes. Gene Ontology (GO) analysis
classified most of the 143,080 annotated unigenes into
GO functional categories of biological process, cellular
component, and molecular function (see Additional file 1).

Identification of salt-responsive, differentially expressed
unigenes

To identify genes displaying significant expression changes
during NaCl treatment, differentially expressed unigenes
(DEUs) were analyzed by comparing 4- and 24-h libraries
with the control library for both Nan Dan Ba Di Da Hua
and Earlistaple 7 (Table 4). Salt-sensitive and salt-tolerant

Table 1 The data quality of mRNA-seq and the transcripts in two genotypes

Summary Nan Dan Ba Di Da Hua Earlistaple 7

CK 4h 24 h CK 4 h 24 h
Raw data Read 19,277,194 12/479,678 12,479,678 17,969,500 17,969,500 21,602,254
Raw data Base 1,927,719,400 1,247,967,800 1,247,967,800 1,796,950,000 1,796,950,000 2,160,225,400
Valid data Read 16,097034 10,492,532 10,492,532 15,026,640 15,026,640 18,100,020
Valid data Base 1,497,064,827 977,315,799 977,315,799 1,396,615,990 1,396,615,990 1,685,347,764
Valid data Average length 93 93.14 93.14 9294 9294 93.11
Valid data Valid ratio 83.50% 84.08% 84.08% 83.62% 83.62% 83.79%
MapData Number 13,688,457 12,721,295 8,976,783 10,560,871 12,677,667 15,465,674
MapData Data% 85.04% 84.29% 85.55% 84.58% 84.37% 85.45%
ExpTranscript Number 374,204 372,440 358,476 367,228 374,490 381,094
ExpTranscript Sum. 809418.58 803094.61 78510061 819293.67 80554343 79219363
ExpTranscript Transcript% 87.97% 87.56% 84.28% 86.33% 88.04% 89.59%
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Table 3 The numbers and distribution rate of unigenes in the databases of NR, SWISS-PROT, TrEMBL, CDD, PRAM, KOG

and KEEG

Unigene no. NR SWISS-PROT TrEMBL CcDD PFAM KOG KEGG

143080 60,714 33,992 62473 29,641 54,865 17,958 20,241
42.43% 23.76% 43.660% 20.72% 38.35% 12.55% 14.15%

Note: Comparison of the all unigenes with public databases like Non-redundant nucleotide database (NR), SWISS-PROT ((UniProt), TrEMBL and PFAM, KOG and

KEGG, respectively, functional annotation was done through gene similarity >30% and e-value <1e™.

genotypes showed very similar expression patterns. As the
salt treatment duration lengthened, an increasing number
of gene expression changes were observed in both geno-
types. In addition, the number of up-regulated genes in
the salt-tolerant genotype (Earlistaple 7) was more than in
salt-sensitive genotype.

Transcription factors (TFs) play key roles in modulating
the acclimation response of plants to severe environments.
In our study, 2.2% (3,172) of the 143,080 unigenes encod-
ing TF family members in Earlistaple 7 and Nan Dan Ba
Di Da Hua were responsive to 4- and 24-h treatments
with 200 mM NaCl. These unigenes were classified into
52 TF families and 1 group of putative TFs (see Additional
file 2), including several key regulatory gene families in-
volved in response to abiotic and biotic stress, such as
AP2-EREBP (311), ARF (106), bHLH (254), bZIP (104),
C2C2-Dof (90), C2H2 (94), DBP (163), GRAS (130), HB
(136), MYB (225), NAC (170), and WRKY (222). Among
these TFs, AP2-EREBP, MYB, NAC, and WRKY members
unigenes were mostly up-regulated under salt stress,
while bHLH and C2C2 families were represented by a
balanced number of up- and down-regulated members
(see Additional file 2). Many identified TFs belonged to
AP2/EREBP, and most were involved in stress response.
These results imply that AP2/EREBP family members
play an important role in regulation of salt stress tolerance
in G. hirsutum. MYB, NAC, and WRKY were also highly
enriched during 4- and 24-h salt stress (Figure 2).

Dynamic change analysis of co-expressed unigenes

To understand dynamic expression patterns of DEUs
under salt stress at different time points, the various gene
expression modes in Earlistaple 7 were identified. The
most representative significantly DEU expression mode
was then selected for further analysis. To uncover the
mechanisms underlying salt sensitivity in Nan Dan Ba Di

5

Da Hua, we used Short Time-series Expression Miner
(STEM) software to analyze abundance changes of differ-
entially expressed TF unigenes and other significant func-
tional unigenes filtered by different genotypes at different
time points. The analytical procedure used is outlined in
Additional file 3.

The functional enrichment of genes with distinct pat-
terns (among co-expressed gene clusters) in Earlistaple
7 was also analyzed using STEM software. Seven signifi-
cant expression profiles (P < 0.001) were identified. As
shown in Figure 3A, significantly different profiles were
represented by different background colors (red or
green). According to the background color, the seven
most representative expression patterns were divided
into two clusters, one containing four and one containing
three profiles. Unigenes within the same cluster were con-
sidered to be co-expressed genes following the same
expression pattern. Differentially expressed unigenes of
Earlistaple 7 at two time points (4 and 24 h) were selected
from the two clusters and subjected to GO category gene
enrichment analysis. The two unigene set comparisons
(Earlistaple 7 at 4 vs. 0 h [E4/EQ] and Earlistaple 7 at 24
vs. 0 h [E24/EQ]) that were enriched (P < 0.01) for certain
GO categories (at a level of 3 or below in the GO hier-
archy) are shown in Figure 3B. The 18 most abundant GO
terms into which E4/EO and E24/E0 unigene sets were dis-
tributed included many abiotic stress-related categories,
such as “transferase activity”, “nucleic acid binding”, “nu-
cleotide binding”, and “ion binding”. In addition, several
GO terms showed significant differences in enrichment
between 4- and 24-h salt treatments, with “Response to
stress”, “regulation of biological process”, “transcription
factor activity”, and “structural constituent of ribosome”
most prominent. It is increasingly clear that stress and
metabolic signaling networks interact, and that this inter-
action is important in plant response to abiotic stresses

Table 4 The numbers of all differentially expressed unigenes (DEUs) at different salt-stressed time points of two

genotypes
Items Nan Dan Ba Di Da Hua Earlistaple 7

0 versus 4 h 0 versus 24 h 0 versus 4 h 0 versus 24 h
Total 66,803 71,267 62,928 71,311
Up-regulated 32,789(49%) 31,423(44%) 33,790(54%) 40,131(56%)
Down-regulated 34,014(51%) 39,844(56%) 29,138(46%) 31,180(44%)

Note: Number of DEUs (P < 0.05 and |log,Ratio| > 1) under NaCl stress for 4-h and 24-h as compared to their respective control samples.
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[51]. The remaining clusters were not enriched for GO
categories because of the many unannotated genes in the
transcriptome, suggesting that numerous pathways involved
in stress tolerance are yet to be revealed.

All differentially co-expressed unigenes were classified
into three categories according to the significantly dif-
ferent expression patterns identified (Table 5). We also
performed a STEM cluster analysis of all DEUs from the
Earlistaple 7 genotype (Table 6), which revealed six dis-
tinct groups: early-stage up-regulated genes (Group I),
late-stage up-regulated genes (Group II), continuously up-
regulated genes (Group III), early-stage down-regulated
genes (Group IV), late-stage down-regulated genes (Group
V), and continuously down-regulated genes (Group VI).
GO categories were assigned to DEUs in the six data sets
(i.e., unigenes expressed in both genotypes at 4, 24, and
both 4 and 24 h, and unigenes specifically expressed in
Earlistaple 7 at 4 , 24, and both 4 and 24 h) (Figure 4).
In the biological process category, GO classification of
DEUs in the three data sets of expressed unigenes that
were common to both genotypes at 4, 24, and both 4 and
24 h was similar, but the number of commonly expressed
unigenes between the two genotypes at 4 h was less than
the number at 24 and both 4 and 24 h (Figure 4A). In the
molecular function category, the four most abundant sub-
categories in the three data sets of Earlistaple-7-specific
unigenes were nucleic acid binding, nucleotide binding,
transferase activity, and ion binding (Figure 4B).

Analysis of salt stress-responsive TFs and other salt
tolerance-related functional genes

Although expression patterns of many unigenes were
similar between Earlistaple 7 and Nan Dan Ba Di Da Hua,
78.2% of salt-responsive unigenes identified in Earlistaple

7 were more or less differentially expressed (Nominal false
discovery rate (FDR) < 0.001) in Nan Dan Ba Di Da Hua at
one or more time points (Table 5). TFs are important
regulators of gene expression. The related the expression
abundance and annotation information of TF unigenes in
the six data sets by STEM analysis were obtained (see
Additional file 2C-H).

An overlap was only observed in TF unigenes responsive
to NaCl stress between Earlistaple 7 and Nan Dan Ba Di
Da Hua at the 4-h time point, with 55 TFs transcriptionally
up-regulated and 60 down-regulated (Table 6). These dif-
ferentially expressed TFs belonging to AP2-EREBP family
were followed in abundance by WRKY, NAC, MYB, and
C2H2 under 4- and 24-h NaCl treatment (see Additional
file 2C—E). It should be noted that all of these DEUs were
expressed in the salt-tolerant genotype Earlistaple 7, but
were repressed, weakly induced, or not induced at all in
salt-sensitive Nan Dan Ba Di Da Hua (see Additional file 21
and Figure 3C). Some of these weakly/non-induced genes,
such as GENAC4, GhNAC5, GhWRKY2, GhERFS5, and
GhDREBIL, play very important roles in salt tolerance of
cotton (Table 7).

Under NaCl stress, most of the salt-responsive TF uni-
genes exhibited genotype specificity. We identified 129
TF unigenes whose expressions were specific to Earlista-
ple 7, of which 85 were up-regulated and 44 were sup-
pressed under salt stress (see Additional file 2 F-H).
These 129 TF unigenes, which corresponded to 1.6% of
the 8,127 salt-responsive genes of Earlistaple 7, were
only expressed during either early or late stages of salt
stress. We note that some TF unigene families expressed
under both 4- and 24-h salt stress were identical to the
above-mentioned TF families commonly expressed in
both genotypes, but the expressed TF was different. The
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the same scale; (B) Gene Ontology categories assigned to differentially expressed unigenes (DEUs) in response to 200 mM NaCl stress for 4 and 24 h.
The x-axis represents the percentage of unigene numbers, and the y-axis shows the GO subcategories (at a level of 3 or below in the GO hierarchy);

* P<005; ** P<001; (C) Comparison of salt-responsive transcription factor unigene co-expressed in NaCl-stressed Nan Dan Ba Di Da Hua and Earlistaple 7
leaves from the two clusters using hierarchical cluster analysis. The log, Ratio values of salt responsive DEUs were used for hierarchical cluster analysis with
the R pheatmap package. Unigene expression values are scaled ranging from +5 (magenta) to —5 (green). Red represents up-regulated unigenes, green
represents down-regulated unigenes, and black indicates no significant difference in unigene expression. Details of annotated unigenes shown on the
right are provided in Additional file 2I.
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Table 5 Summary of the numbers of differentially co-expressed unigenes from the cluster 1 and cluster 2 by STEM

analysis
Categories ck, 4 h ck, 24 h ck,4h,24h Total
N-E common 16,180 24,137 32,602 72,919(78.2%)*
unigenes number? Cluster 1 3,459(55)¢ 5311(121) 5,051(315) 13,721(491)
Cluster 2 4,102(60) 7,069(105) 7,922(163) 19,193(328)
E-specific 5619 6,754 7918 20,291(21.8%)
Unigenes number® Cluster 1 997(15) 1,365(40) 1,095(30) 3,457(85)
Cluster 2 1,331(27) 1,394(8) 1,54109) 4,266(44)
All 21,799 30,891 40,420 93,210
Unigene numbers Cluster 1 4,.456(70) 6,6767(161) 6,146(345) 17,178(576)
Cluster 2 5433(87) 8463(113) 9/463(172) 23,339(372)

Note: °N-E common unigenes means the common differentially expressed unigenes between Nan Dan Ba Di Da Hua and Earlistaple 7.

PE specific unigenes means the specific DEUs expressed only in the Earlistaple 7.
“Numbers in parentheses indicate the number of TF unigenes.

9The percentage of differentially expressed unigenes in both genotypes before STEM analysis.

expression trend of the WRKY TF unigene (homologous
to PtWRKY25) was different at the two time points—de-
creasing at the beginning and then increasing, while that
of others, such as AP2-EREBP, MYB, HB, NAC, WRKY,
and bHLH family members, experienced a continual rise.
Many other salt tolerance-related unigenes encoding
transporters, Ca>* binding protein, heat-shock proteins
(HSPs), detoxificants, and dehydration-response proteins
were differentially expressed under 4- and 24-h salt
stress (see Additional file 4). Several differentially expressed
genes encoded transporters contributing to the re-
establishment of ionic and osmotic homeostasis under
salt stress, such as ABC transporters (i.e., ABC trans-
porter B, C, and G family members), sodium/hydrogen
exchanger (NHX1), ATPases (Ca>*-ATPase, H*-ATPase,
and V-type H'-transporting ATPase), potassium trans-
porter, and nitrate transporter. Genes encoding some Ca**
sensors, namely CML and CPK, and one CBL-interacting
protein kinase (CIPK) gene were identified in the different
libraries. Two cotton CBL genes (GhCBLI and GhCBLS)
were highly expressed under 4- and/or 24-h salt stress in

Earlistaple 7. Unigenes encoding CDPK and CIPK mem-
bers were up-regulated under 4- and/or 24-h salt stress in
both genotypes. Genes from several HSP families (e.g.,
HSP20, HSP70, Hsp90, and Dan]) as well as genes related
to reactive oxygen species (ROS) scavenging and de-
toxification (CAT, POD, GPX, ALDH, and RBOH) and
dehydration response (LEAs and RING/U-box domain-
containing protein/XERICO) were highly up-regulated at
different salt-treatment time points either in Earlistaple 7
or Nan Dan Ba Di Da Hua (see Additional file 4). Finally,
genes involved in salt-stress tolerance pathways, such as
CDPK, starch and sucrose metabolism, carbohydrate me-
tabolism, and MAPK signal pathways, were found to be
induced at different time points. These identified unigenes
are potentially salt-induced genes and may serve as a sup-
plementary resource for salt-tolerance gene mining.

To further validate the results of mRNA sequencing,
26 transcripts were randomly selected along with their
specific primers for quantitative real-time PCR (qRT-PCR)
analysis (see Additional file 5A). Eleven of the 26 tested
transcripts had expression patterns identical to those

Table 6 The classification and expression pattern of the identified differentially co-expressed unigenes

Groups 1ck,4 h Il ck,24 h

Ill ck,4 h,24 h

IV ck4 h V ck,24 h VI ck,4 h,24 h

Expression pattern

Definition Early induced  Late induced

up-regulated up-regulated  up-regulated
N-E common unigenes® no.  3,459(55)¢ 5311(121) 5051(315)
E specific umgenesb no. 997(15) 1,365(40) 1,095(30)

Continuous induced

Continuous induced
down-regulated

7,922(163)
1,541(9)

Late induced
down-regulated

7,069(105)
1,394(8)

Early induced
down-regulated

4,102(60)
1,321(27)

“N-E common unigenes means the Nan Dan Ba Di Da Hua and Earlistaple 7 are common to differentially co-expressed unigenes.
PE special unigenes means the differentially co-expressed unigenes expressed only in the Earlistaple 7 genotype.

“Numbers in parentheses indicate the number of TF unigenes.
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Figure 4 Gene Ontology (GO) classification of six differentially expressed unigene (DEU) data sets in response to 200 mM NaCl stress
for 4 and 24 h. (A) Distributions of Nan Dan Ba Di Da Hua and Earlistaple 7 commonly DEU sets identified in four comparisons into GO
biological process categories; (B) Distributions of Earlistaple 7-specfic responsive DEU sets identified in four comparisons into GO molecular

100%

observed in the mRNA-seq experiments (Figure 5A).
Expression levels measured by qRT-PCR were strongly
correlated with those of DEUs identified by mRNA-seq
(r=0.793 and 0.877 under 4- and 24-h salt stress, respect-
ively), demonstrating the reliability of the mRNA-seq re-
sults (Figure 5B and Additional file 5D).

Deep sequencing of small RNAs and identification of
conserved miRNAs under salt stress

To characterize differences between Nan Dan Ba Di Da
Hua and Earlistaple 7 at the miRNA regulatory level and
to identify conserved miRNAs in cotton under salt
stress, we constructed and analyzed six small RNA librar-
ies of the two genotypes. A total of 48,585,151 sequence
reads ranging in length from 17 to 35 nt were generated.
After removing adapter sequences, low-quality tags, and
reads shorter than 18 nt, we obtained 22,681,645 clean
reads, which corresponded to more than 2 million unique

sequences for each sample (see Additional file 6A). As
shown in Additional file 6B, most small RNAs were
20-24 nt in size; the 24-nt class was the most heavily
represented (50.56%) in the Nan Dan Ba Di Da Hua
small RNA control library, followed by 23-nt (7.37%),
21-nt (10.27%), and 22-nt classes (7.14%).

The six libraries of clean reads were compared against
tRNAdb, SILVA rRNA, and NONCODE v3.0 databases,
allowing for mismatches. Detailed results of this compari-
son are shown in Table 8. After annotation and removal of
non-coding small RNAs, 320 conserved miRNAs were
identified and grouped into 37 miRNA families, with those
belonging to unknown families designated by “NA”
Comparison of the six libraries against the miRbase19.0
database, which contains 39 known ghr (G. hirsutum)
miRNAs, identified 21 conserved miRNAs belonging to
17 families, including three families that are cotton-specific:
miR2948 (ghr-miR2948-5p), miR2949 (ghr-miR2949a-5p,
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Table 7 The specific transcription factor unigenes response to salt stress in Earlistaple 7

Unigene ID Accession Annotation E-value Earlistaple 7 Log2 ratio
4 h 24 h
comp1995_c0_seq1 QI9FWX2 NAC domain-containing protein 7 7E-51 —-2.00 -152
comp105823_c0_seqT Q39261 Zinc finger protein 2 9E-22 -1.63 -1.39
comp100893_c1_seq] Q97WM9 AP2/ERF and B3 domain transcription factor RAV 8E-78 -1.01 —-1.65
comp109426_c0_seq4 Q9FLX8 Probable WRKY transcription factor 27 9E-58 -0.56 -2.14
comp1104709_c0_seq] Q39265 Zinc finger protein 6 2E-25 0.00 -1.53
comp534425_c0_seq BOSUH9 CCAAT-binding transcription factor. Putative 2B-11 0.00 —1.58
comp94181_c0_seq1 Q688R3 Zinc finger CCCH domain-containing protein 33 1E-16 1.05 2.14
comp105064_c1_seq? QIXEE6 Zinc finger CCCH domain-containing protein 29 6E-79 1.07 2.10
comp77518_c0_seq1 E2FGB5 Homeodomain-leucine zipper protein HD2 GhHB2 1E-53 1.92 329
comp103962_c0_seq] Q6VYO1 Putative dehydration responsive GhDREBTA 3E-53 2.26 362
comp87977_c0_seq1 QILR65 Probable protein phosphatase 2C 1 1E-69 247 235
comp64928_c0_seq BOGYM6 Ethylene-responsive transcription factor ERF105 6E-07 218
comp97922_c0_seq1 QIXEE6 Zinc finger CCCH domain-containing protein 29 4E-91 2.08
comp96688_c0_seq1 Q8LCG7 Nuclear transcription factor Y subunit C-2 NFYC2 3E-26 1.98
comp72703_c0_seq Q9sSV15 Probable WRKY transcription factor 11 78-27 1.98
comp108958_c0_seqT BOSRT4 WRKY transcription factor. Putative 1E-65 1.89
comp74963_c0_seq?2 Q9XJ60 MADS-box transcription factor 50 1E-30 1.85
comp106969_c0_seq Q6X719 WUSCHEL-related homeobox 4 5E-60 -1.2
comp67684_c0_seq1 Q9FJV5 Probable transcription factor KAN4 3E-09 —148
comp81996_c0_seq1 A4L9W4 Auxin response factor 3 GhARF3 9E-16 -2.14
comp114981_c0_seq? Q9FHH8 Zinc finger protein CONSTANS-LIKE 5 3E-23 -2.15
comp426377_c0_seq]1 A9PL22 Homeobox protein GhHB1 1E-58 —2.88
comp79059_c0_seq] Q9SK55 NAC domain-containing protein 42 3E-77 —4.11
comp60998_c0_seq1 Q681X4 Zinc finger protein ZAT5 6E-16 -2.55
comp71059_c0_seq1 080933 Scarecrow-like protein 9 S5E-41 —245
comp107981_c0_seq] BOSMN9 Transcription factor. Putative 7E-33 —241
comp98436_c0_seq1 D3XFF8 TT2 like MYB transcription factor 2E-77 -2.26
comp398_c0_seq1 004291 Homeobox-leucine zipper protein ATHB-14 3E-25 -2.15
comp108793_c0_seq] Q8LAP8 Dof zinc finger protein DOF4.6 2E-38 =21
comp2403_c0_seq Q9SB61 ZF-HD homeobox protein At4g24660 2B-41 -1.84
comp55428_c0_seq1 G7JVA8 Zinc finger protein-like Ser/Thr protein kinase-like protein 5E-75 —144
comp69223_c0_seq1 Q9LHJ9 Probable protein phosphatase 2C 38 2E-142 1.63
comp67435_c0_seq1 BORA11 Transcription factor. Putative 2E-26 1.71
comp60938_c0_seq1 E6Y3E2 WRKY transcription factor PmWRKY110 (Fragment) 1E-11 1.96
comp798487_c0_seq] Q4ZJA9 BZIP-like protein Gossypium hirsutum 2E-19 2.5

ghr-miR2949a-3p, and ghr-miR2949b), and miR3476
(ghr-miR3476-5p) (see Additional file 7).

The number of identified miRNAs and the abundance
of miRNA families are listed in Additional file 6C-D and
Additional file 7. The reads for each miRNA family were
normalized as “reads per million mapped reads” (RPM).
Among miRNA families, miR166 exhibited the highest
abundance (3,909,410 RPM). Other highly expressed

families, including miR396, miR482, miR159, miR1697,
miR394, and miR156, were represented by approximately
100,000 RPM, whereas miR319, miR2118, miR858, miR828,
miR829 and miR1310 families had less than 100 RPM. Dif-
ferences among miRNA families were also revealed by the
number of members they contained (see Additional file 6D
and Additional file 7). miR166 was the largest family, with
29 members, while miR159, miR396, miR171, and miR156
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Figure 5 Quantitative RT-PCR validation of randomly selected unigenes. (A) gRT-PCR validation of the expression patterns of 11 representative
unigenes from different comparisons. The y-axis represents qRT-PCR relative expression levels from three independent biological replicates
(left x-axis) and the log, fold-change of the unigene (right x-axis). (B) Correlation analysis of 26 highly differentially expressed unigenes in
leaves under salt stress for 4 and 24 h based on qRT-PCR and mRNA-seq data; Pearson correlation coefficients (r) are 0.7937 and 0.8767,
respectively (P < 0.001).

Table 8 Distribution of sequence reads among different RNA categories in six libraries of cotton

Sample All rRNA snoRNA tRNA snRNA miRNA Unanotation
Unique sRNA number NO 440,466 325745 153.5 283 235 626(0.14%) 406,594
N4 431,000 36,940 166 297 249 650(0.15%) 392,698
N24 339,460 36,430 101 272 257 508(0.15%) 301,892
=] 237,949 25,002 94 176 107 479(0.20%) 212,091
E4 365,569 34,035 133 198 253 449(0.12%) 330,501
E24 807,866 33,293 64 134 90 376(0.05%) 773,909
Total SRNA number NO 4,226,267 1,073,632 1705 3596 1165 320,413(7.58%) 2,825,756
N4 4,208,092 1,207,710 1812 3603 1065 335,427(7.97%) 2658475
N24 4,821,011 1,395,936 1782 3923 1656 379,404(7.87%) 3,038,310
=] 2,378,551 626,216 8135 2138 368 327,868(13.78%) 1,421,148
E4 2,999,177 814,357 1250 2197 918 335,427(11.18%) 1,845,028

E24 4,048,547 461,580 236 1702 234 73,340(1.81%) 3,511,455
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possessed 28, 26, 23, and 20 members, respectively.
Different family members also displayed drastically dif-
ferent expression levels (see Additional file 7). In the
miR156 family, for instance, RPM of ghr-miR156a was
308 in the control Nan Dan Ba Di Da Hua library,
while the RPM of cca-miR156b was only 2.6.

We identified miRNAs that were differentially expressed
(P <0.05 and |log, Ratio| > 1) between treatment and con-
trol (RPM of 4- and 24-h NaCl treatment compared with
RPM of control) from 37 families (see Additional file 8).
As shown in Figure 6A, the differentially expressed miR-
NAs were transcriptionally regulated at different time
points in the two genotypes under salt stress. We detected
both congruously and oppositely regulated miRNAs as
well as those that were genotype-specific (Figure 6B and
Additional file 8). Further analysis revealed that most
differentially expressed miRNAs displayed different ex-
pression patterns between the two genotypes or the two
time points (see Additional file 9A, B). These results dem-
onstrate that miRNA expression changes in cotton under
early-(4 h) and late-stage (24 h) salt stress are similar, and
that differential regulation of miRNAs may be respon-
sible for the distinct salt sensitivities of the two cotton
genotypes.

Combined analysis of conserved miRNAs and their target
genes under salt stress

To discover salt tolerance-related miRNAs in cotton, we
used the analytical approach shown in Additional file
9C. We uncovered 108 differentially expressed miRNAs
and compared their expressions in the two genotypes
(see Additional file 8E). At least one comparison (E4/EQ
or E24/E0) showed significant changes at the P < 0.05
level. By incorporating the transcriptome sequencing
results into the comparisons E4/E0Q and E24/EQ for all
108 differentially expressed miRNAs under salt stress,
we detected 761 and 1,016 miRNA-target pairs, re-
spectively. Generally, microRNAs negatively regulate
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the accumulation of their target mRNAs therefore when
they are expressed in common tissue, their expression
profiles should show negative correlation [34]. But [52]
found an equal number of positively and negatively corre-
lated miRNA /target pairs indicating that positive correl-
ation is more frequent than previously thought [52]. In
our research, we attempted to reveal the molecular
regulation mechanism of salt tolerance in upland cot-
ton, microRNA might played an important role during the
response process. Therefore, the first step was to found
out the correlationship between miRNA expression and
target mRNA expression, we calculated Pearson correl-
ation coefficients (PCCs) between miRNAs and their
targets. The PCCs between all 761 and 1,016 miRNAs
and their target pairs were —0.0362 and 0.0007 at 4-h
and 24-h in Earlistaple 7, respectively, indicating no
correlations (Figure 7A, D). Then we found these miRNA
were grouped into three categories: positively correlated,
negatively correlated, and not correlated according to their
target gene expression. It is obviously the no significant
correlation between total miRNAs and their targets maybe
result from the opposite effects of the positively and nega-
tively correlation of the miRNA/target pairs. Therefore,
we should separate the positively correlated and negatively
correlated miRNA/gene pairs for further analysis based on
the previous studies [52], The PCC and linear regression
analysis of the positively and negatively correlated miRNA/
gene pairs were shown in Figure 7B, C, E, F. These results
suggested that negative correlation is similar to the positive
correlation and complex regulatory networks exist between
miRNAs and their targets in cotton under salt stress.
Finally, after excluding unannotated target unigenes
from E4/E0 and E24/E0 comparisons, we respectively
obtained 65 and 101 negative miRNA-target gene rela-
tionships to further analysis (see Additional files 9D
and 10A,C). When GO categories were assigned to these
targets, six molecular function categories predominated;
among these, “hydrolase activity”, “nucleoside binding”,
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Figure 6 Abundances of differentially expressed conserved miRNAs identified in the two genotypes under 4- and 24-h salt stress. (A)
Number of differentially expressed miRNAs (P < 0.05 and |log, Ratio| 21) compared with their respective control samples; (B) Venn diagram
illustrating the number of congruously and oppositely regulated miRNAs between Nan Dan Ba Di Da Hua and Earlistaple 7 in response to salt
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and “nucleotide binding” were the most highly repre-
sented. Fourteen biological processes were identified,
the most frequent being “cellular metabolic process”
and “primary metabolic process”. With respect to cel-
lular components, seven classes were uncovered, with
“intracellular part” and “cell part” the most abundant
(see Additional file 9E). These classifications suggest
that miRNA targets associated with salt tolerance are
primarily related to binding, catalytic activity, cellular
metabolic, and other metabolic processes.

To elucidate the potential regulatory roles of miRNAs
in cotton under salt stress, we analyzed differential expres-
sion profiles of 108 miRNAs in Earlistaple 7 and Nan Dan
Ba Di Da Hua (see Additional file 11). According to the
results of hierarchical cluster analysis, 57 of these repre-
sentative conserved miRNAs exhibited significant differ-
ential expression during salt stress and were selected six
clusters (a, b, ¢, d, e, f) were selected from a whole sub-
branch by hierarchical cluster analysis which indicated
they presented a very similar expression pattern (Figure 8).
To better understand the functions of the 57 representa-
tive conserved miRNAs and seven specifically expressed
conserved miRNAs, we predicted their putative targets
(see Additional file 11C,D,E).

We integrated information about the 64 conserved
miRNAs into the E4/E0 and E24/E0 miRNA-target pair

comparisons, which yielded 75 miRNA-target pairs for
40 conserved miRNAs from the six groups (Additional
file 11C). The miRNA-target regulatory networks inferred
at different time points (4 and 24 h) are shown in Figure 9.
Several conserved miRNAs (including miR156, 164, 166,
171, 172, 393, 396, and 397) were predicted to target
potential TF genes such as those encoding squamosa
promoter binding protein (SPL5), an NAC-domain tran-
scription factor (NACO021), a bZIP protein (ABIS5), an
MYB transcription factor, Scarecrow-like protein (SCL6),
AP2 domain-containing protein, Basic helix-loop-helix
(bHLH?78), an WRC domain (C3H), ethylene-responsive
transcription factor (RAP2-7), and protein phosphatase 2C
(P2C60). A total of 19 and 34 target genes related to 33
conserved miRNAs were induced in the salt-tolerant line
Earlistaple 7 after 4 and 24 h of salt stress, respectively
(Figure 9 and Additional file 11).

The expression patterns of nine conserved miRNAs
were validated by stem-loop RT-PCR (Figure 10A and
Additional file 5B). As expected, the stem-loop RT-PCR
data showed a high degree of consistency with the ex-
pression profiles obtained by small RNA sequencing.
These data also revealed that two miRNA targets were
negatively regulated by their miRNAs. As shown in
Figure 10B, at-miR393a expression increased between 4
and 24 h of salt treatment, whereas comp105131_c0_seql
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Figure 8 Complete linkage hierarchical cluster analysis of 108 differentially expressed miRNAs in salt-tolerant Earlistaple 7. Log, Ratio
was indicated on a color scale from magenta (high) to green (low). miRNA names are on the right side of the figure, and the five comparisons of
both genotypes under 4- and 24-h of salt stress were at the bottom; The separated 57 representative conserved miRNAs were divided six clusters

as following a, b, ¢, d, e, f to further analysis. The miRNA name, log2 Ratio for each cluster are presented in Additional 118.

(homologous to AthHLH?7S8) expression decreased, with its
transcript levels negatively correlated with the accumula-
tion of at-miR393a. Relative expression of ptc-miR164f
was reduced to low levels at 4 and 24 h of salt treatment,
while the expression level of its target gene (homologous
to AtNACO021) remained unchanged, compared with the
controls, during this period.

Discussion

Prerequisites for identification of candidate salt
tolerance-related genes and miRNAs in cotton

Two main factors are responsible for salt stress-induced
inhibition of plant growth: osmotic stress and ionic
stress [50]. Different mechanisms control development

at different time points in plants exposed to salinity. In
this study, we monitored the physiological responses of
two cotton genotypes with differing salt tolerances at
two distinct phases. We found that these phases were
characterized by increases or decreases of clusters of dif-
ferentially expressed genes and miRNAs.

The positive relationship between water content and
Na" concentration causes ions to accumulate in vacuoles,
which lowers water potential, increases the driving force
for water uptake, and increases turgor [53]. Maintenance
of K" and Na" homeostasis is crucial under salt stress
[54]. Our study results suggest that after being taken up
by the roots, Na+is transported to shoots through the
stems and the roots of salt-tolerant genotype Earlistaple 7
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normalized to U6 snRNA or Actin levels.

Figure 10 Expression profiles of nine cotton salt-responsive miRNAs and their potential corresponding targets detected by sequencing,
stem-loop RT-PCR, and qRT-PCR assays. (A) Stem-loop RT-PCR verification of the expression patterns of nine conserved miRNAs in Nan Dan Ba Di
Da Hua and Earlistaple 7 leaves after 4- and 24-h salt stress. The upper bar chart shows the relative expression of conserved miRNAs obtained by
sequencing; the lower electropherogram indicates the relative expression levels of miRNA based on RT-PCR. (B) A combined view of inverse expression
between a miRNA and its potential target in Earlistaple 7 under salt stress for 4 and 24 h according to qRT-PCR and stem-loop RT-PCR. miRNA
expression (left side) was validated by sequencing of small RNAs isolated from control (ck) and salt-treated (4 and 24 h) samples. The miRNA targets
(right side) were validated by transcriptome sequencing, and their expressions were checked by gRT-PCR. Up- or down-regulation in expression was

were able to retain more Na* than Nan Dan Ba Di Da Hua
(Figure 1D, E). To avoid excessive ion accumulation in
roots owing to continued Na* uptake, compensatory de-
creases in other cations occurred in the roots at 24 h. Shoot
leaves accumulated Na* in addition to the cations already
present, with the tolerant genotype thereby experiencing
the strongest ionic stress beginning at 24 h (Figure 1F).

By examining these dynamics, we gained insights into
physiological responses of the NaCl-acclimation process,
which consisted of an initial dehydration phase in leaves
(0-4 h) and subsequent NaCl accumulation (4-24 h)
followed by restoration of osmotic homeostasis at a new
ionic stress level (24 h) and either final adjustment to a
steady ion balance or ion-induced damage (24-72 h and
beyond). The timing of these adaptive responses differed
between roots and leaves. In previous studies, either
roots or leaves were used to identify differences between
early and late transcriptional responses to salt treatment
in cotton [31-34]. Our study of two genotypes with con-
trasting salt tolerances revealed that Na® accumulated
mainly in shoots, and that significant physiological and
morphological differences occurred at different time
points under salt stress: 4 h (owing to dehydration
stress) and 24 h (owing to ionic stress). These two im-
portant time points thus corresponded to the two typical
phases of plant growth response to salt stress.

In some studies, genes differentially expressed in re-
sponse to salt treatment have been identified using a
single plant genotype [47-49]. Two or more genotypes
with contrasting salt tolerance have only been used in
a few reported investigations [46,55-57]. To identify
genes responsible for salt tolerance, analysis of geno-
types with similar genetic backgrounds and contrasting
salt tolerances is preferable. Identification of common
genes that are differentially expressed under stress
conditions between tolerant and sensitive genotypes
with different genetic backgrounds has been suggested
as an alternative approach [58]. As pointed out in [58],
it is impossible to isolate stress tolerance-related genes
from stress-responsive ones unless transcriptional-level
differences are compared between tolerant and sensitive
genotypes under stress conditions [58]. Genes related to
salt tolerance can thus be identified in genotypes with dif-
ferent genetic background and contrasting tolerances by

comparative analysis of differentially expressed genes and
miRNAs at different salt-treatment time points. We there-
fore used a pair of salt-tolerant and salt-sensitive geno-
types in this study to identify differentially expressed
genes and miRNAs.

Abundance of differentially expressed TF unigenes in
response to salt stress in tolerant and sensitive

genotypes

To govern necessary transcriptional regulation in response
to developmental and environmental conditions, plant ge-
nomes encode a large number of TFs. In the present
study, we identified 3,202 TF unigenes (see Additional
file 2A) by global TF classification of DEUs. Many TFs
in the AP2/EREBP family, followed to a lesser extent by
WRKY, MYB, NAC, DBP, bHLH, C2H2, C3H, C2C2,
and CCAAT family members, were up-regulated during
salt stress (Figure 2 and Additional file 2B). Some mem-
bers of these families have been reported to participate
in abiotic stress response, suggesting their roles in plant
adaptation to stress [18,59-62]. Seven unigene clusters
were significantly assigned as comprising co-expressed
genes according to STEM (Figure 3A). The mechanism
responsible for these gene co-expression clusters is un-
clear, although the co-expression of clustered genes may
be partially regulated by the interaction of common ele-
ments and TFs [63]. A previous promoter analysis has
suggested that some of these co-expressed genes may be
regulated by common TFs [64]. In light of the above
views, we separated out the differentially co-expressed
unigenes from all differentially expressed genes encoding
TFs to identify the types of TFs regulating response to 4-
and 24-h salt stress (Table 5 and Additional file 2C—H).

Salt-responsive TF unigenes in the two cotton genotypes

Dramatic changes were observed in TF unigene abun-
dance and types (common and specific) at 4- and 24-h
salt-stress time points in the two contrasting genotypes.
Among these changes, 478 TF unigenes (groups III and
IV in Table 6) exhibited similar patterns of altered ex-
pression between the two genotypes. This dramatic
variation is consistent with the plant switching from nor-
mal growth and development to stress-specific responses.
Our observation is the first reported up-regulation of
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GhbZIB GhDREBIC, GhKMYB, GhMYB2, and GhWAKY
under 4- and 24-h salt-stress treatment. AfRAP2-12 and
AtRAP2-3, homologs of cotton genes GHERT and GDERF2,
are reported to increase rapidly in Arabidopsis under salt
stress [65,66]. Our results illuminate the roles of these
genes in response to salt stress (in addition to abiotic
stresses). In an earlier study, bHLH family member
GhbHLH1 was transitorily induced in leaves by abscisic
acid (ABA) and polyethylene glycol treatments [67]. In
our study, GhbHLH1 was significantly up-regulated (see
Additional file 2E), indicating its additional involvement
in cotton salt-stress response. Seven TF genes (three
GhNAC, two GhHB and two GhMYB genes) were iden-
tified at 4- and 24-h salt-stress time points, suggesting
that their protein products may play an important role
in salt-stress response in addition to the involvement in
ABA signaling uncovered in previous research [22,68,69].
Transcripts encoding C2H2-type zinc finger proteins
(ZAT10) that have been implicated in salt stress tolerance
were up-regulated under 4- and 24-h salt stress. Overex-
pression of C2H2-type zinc finger proteins (STZ/ZATI10
homologs) has been shown to induce the expression of
several stress genes related to salt tolerance, dehydration,
and cold stress [70,71]. GhMADS?7 exhibited higher ex-
pression levels in the two cotton genotypes upon 4 and
24 h of salt treatment. Although GhMADS?7 is a well-
known participant in cotton fiber elongation, salt-stress
response is a novel function for this TF; alternative spli-
cing may have altered its cellular role [72].

Although 115 “osmotic stress”-specific TF unigenes
were observed after 4 h of stress treatment, most of the
226 “salt stress”-specific TF unigenes appeared to be
ion-specific at 24 h (groups [, II, IV, and IV in Table 5).
These two salt-stress treatment phases clearly triggered
very different responses in the two contrasting geno-
types. Another finding of our study was that 37 uni-
genes belonging to the AP2/EREBP family of TFs were
also related to salt tolerance. DREB/CBF subfamily
genes, such as DREB2A [73,74] and DREB2B [75], are
reportedly involved in osmotic (4 h) and ionic (24 h)
stress. Interestingly, we also found that some type-B
ARRs (e.g., AtPRR?7) were induced or repressed at 4- and
24-h time points (Additional file 2C, D). These general
salt-responsive genes identified at 4 h (osmotic stress) are
thus similar to those identified at 24 h (ionic stress). Be-
cause those unigenes were expressed in both tolerant and
sensitive genotypes, they may not be directly responsible
for salt tolerance.

Salt-responsive TF unigenes in the salt-tolerant cotton
genotype

We detected 129 unigenes—48 at 4 h, 42 at 24 h, and
39 at both time points (Table 5 and Additional file 2 F,
G, H)—that were differentially expressed under NaCl
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treatment in the salt-tolerant genotype but not in the
salt-sensitive one. In addition, unigene expression in
the tolerant line Earlistaple 7 differed dramatically be-
tween 24- vs. 4-h salt stress (Table 5). One possible ex-
planation for this temporal variation is that the expression
of upstream response genes (including TFs) was gradually
reduced during osmotic stress recovery, with the upstream
cascade genes then activated during ionic stress. Other
putative TFs related to salt tolerance that were identified
in this study included AP2-EREBP, MYB, C2C2-Dof, bZIP,
and bHLH (see Additional file 2). Previous research has
also demonstrated that some differentially expressed TF
genes are associated with plant salt tolerance, including
GhHB2 [68], GhDREBIA [76], AtC3H29 [59], AtPP2C66
[77], and OsC3H33 [78]. The discovery in this study of
many TFs in various families indicates that a complicated
transcriptional regulation network is involved in response
to high salinity in cotton.

Differentially expressed regulators and functional unigenes
in tolerant and sensitive genotypes under salt stress
When a plant experiences sudden salt stress, salinity
perception occurs via ionic and osmotic stress signaling.
These signals are first sensed by receptors present on
plant cell membranes, with a large number of cell-
membrane transport pathways, including ion channels
and ion carriers, also participating in this signal trans-
duction. Many of these receptors and transporters have
been characterized at the gene level, revealing that the
uptake and distribution of particular ions may involve
some of the genes and gene families identified in our
study (see Additional file 4 and Figure 11). Plant cyclic
nucleotide-gated ion channels (CNGCs) are mainly in-
volved in developmental processes, plant-pathogen in-
teractions, and initiation of cytosolic Ca”**-dependent
signal transduction. In our study, GECNGC was identi-
fied and differentially expressed under 4- and 24-h salt
stress in the salt-tolerant genotype. CNGC3 has only
limited involvement in long-term Na® uptake, as re-
vealed by an earlier study that found that short-term up-
take of Na* was greater in the cnge3 mutant relative to
the wild type, but uncovered no significant differences
in Na* content after prolonged periods [79]. Several
other key ABC transporter and H'-transporting ATPase
genes, such as ABCB21, ABCC10, ABCG39, AHAI, AHAS,
and VAMP722, were significantly up-regulated at 4 and/or
24 h of salt treatment. Extracellular stress signals are first
perceived by membrane receptors, which then activate a
large and complex intracellular signaling cascade that in-
cludes the generation of second messengers such as Ca®".
This increased cytosolic Ca®* initiates the stress signaling
pathways required for stress tolerance [80].

CDPK, SOS, and MAPK pathways are important sig-
naling pathways associated with salt stress response [81].
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expressed under salt stress are listed in Additional file 4.

Figure 11 Overview of genes differentially expressed under salt stress at 4 and 24 h in Gossypium hirsutum. Up-regulated genes (wathet
blue and green) expressed at various stages (4 and 24 h) are indicated in the boxes. Receptor, kinase, TF, and effector genes that were differentially
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CaMs/CMLs, CDPKs, and CIPKs represent the three
major classes of plant Ca®* sensors that are involved in
many developmental and stress-induced signal transduc-
tion pathways [82]. In the present study, CDPKs (homolo-
gous to AtCPK7and AtCPK30) were mainly up-regulated
at 4 and 24 h in the salt-tolerant genotype, with their
expression remaining at low levels over 24 h of salt stress
in the salt-sensitive genotype. We also found that a CPK5
gene, homologous to PtCPKS5, was up-regulated at 4 and
24 h. GhCDPK32, homologous to AtCPK32, was identified
and exhibited peak expression at 24 h of treatment
(see Additional file 4). AtCPK32 overexpression has
been reported to affect the expression of several
ABF4-regulated genes and to be involved in ABA/salt-
stress response [83]. Furthermore, a GhCPK5 gene was
cloned and found to be responsive to salt tolerance [84].
Overexpression of OsCPK7 and AtCPK30 enhances toler-
ance to cold and to salinity and drought [85,86]. The
observed up-regulation of MEKK1-MPK4/6 at 4 and 24 h
of salt treatment indicates that the MAPK signaling path-
way mediates salt-stress signaling in cotton (Figure 11). In
addition, GhEMPK6 was up-regulated under salinity at two
time points in the salt-tolerant genotype, while its expres-
sion remained unchanged in the salt-sensitive genotype.
GhCATI was also over-expressed both at 4 and 24 h in
the salt-tolerant genotype (see Additional file 4). The
genes in the MAPK signaling pathway likely exist in cot-
ton as well. The role of the MEKK1-MKK2-MPK4/MPK6
cascade in cold- and salt-stress signaling has been demon-
strated in Arabidopsis [87]. Luo et al. [88] have suggested
that GEMPK6 plays a major role in ABA-induced CAT1
expression and H,O, production. Although GhMPK7 has
an important function in salicylic acid (SA)-regulated
broad-spectrum resistance to pathogen infection [89], it
was a novel MAPK involved in salt-stress response. The
expression of genes involved in MAPK and Ca** signaling
pathways, along with other kinases, at various time points
under salt stress suggests that the induction of signaling
pathways can activate responsive targets for adaptation to
salt stress in cotton.

Plant hormones such as ABA, ethylene (ET), SA, and
jasmonate (JA) are essential for plant adaptation to abi-
otic stress conditions [90]. In our study, cotton unigenes
associated with ABA and ET signaling pathways showed
differential expression at different time points under salt
stress (Figure 11 and Additional file 4). Four genes
homologous to AtNCED3, AtHVA22A, AtHVA22E, and
AtEDL3, which are related to ABA synthesis or regulation,
were up-regulated after 4 and 24 h of salt treatment in the
salt-tolerant line. Up-regulation of PLC2, ABII1/2, and
HABI/2 at 4 and 24 h, PLC4 at 4 h, and PLCI at 24 h in
the salt-tolerant genotype implied that ABA signaling
pathway induction occurred under salt stress (Figure 11).
As one of the main plant hormones, ABA regulates

Page 20 of 28

numerous developmental processes and adaptive stress
responses in plants. Recent studies have shown that 9-
cisepoxycarotenoid dioxygenase (NCED3) is the key
enzyme involved in ABA biosynthesis [91]. AtHVA22 is
differentially regulated by ABA, cold, dehydration, and
salt stresses [92]. In A. thaliana, strong and rapid
induction of the EDL3 gene has been observed under
osmotic stress and high salinity [93]. Phospholipase C
(PLC) and protein phosphatase 2C (PP2C) are involved
in the ABA signaling pathway [94]. During salt stress
(between 4 and 24 h), genes related to ET biosynthesis
(homologs of ACSI, ACS12, ACOI, and ACO3) were
also up-regulated. ET receptor (ETR1, ETR2, and EIN4), ET
signaling pathway (EIN3, ERF1, ERF2, and MEKKI-MKK2-
MPK4/6 kinases), and feedback mechanism (CTR1) genes
were also up-regulated at 4- and/or 24-h time points
(Figure 11 and Additional file 4). ET regulates stress and
defense responses along with many key events of plant
growth and development. It binds to membrane protein re-
ceptors (ETR1, ETR2, ERS1, ERS2, and EIN4) and activates
the MAPK cascade (MKK9-MPK3/MPK®6) which, in turn,
stabilizes the EIN3 protein. EIN3 activates the expression of
ERF1 involved in secondary transcription in the signaling
pathway, while CTR1 (belonging to MAPKKK) acts as a
negative regulator and degrades EIN3 [95]. In our study,
only AtMPK6 was detected. We suspect that additional
genes exist that were undetected. An earlier study also re-
vealed that ET is involved in drought-stress tolerance as
well as cotton fiber development [96]. Our results suggest
the occurrence of multiple-hormone cross-talk in response
to osmotic and salt stresses at different time points.

Some salt-responsive downstream genes, especially those
involved in antioxidant system and transport functions (ion
translocations across plasma and vacuolar membranes),
may also provide a well-characterized clue to understanding
the mechanisms responsible for salt tolerance. Under salt
stress, several transporters of toxic metal ions, lipids, water,
and sugar molecules were differentially expressed, such as
ABC transporters, H'-ATPase, sucrose transport, inositol
transporter, gated channel, sulfate transporter, NHX1, H*
antiporter, chloride channel, and potassium channel pro-
teins. Another aspect of salt tolerance is the regulation of
ROS to protect membranes and macromolecules. In our
study, several genes related to detoxification were
up-regulated at various time points under salt stress.
These expressed genes were homologous to AOMI, ALDH,
NMTI1, ANNI, ALA1, AAP3, VAKP722, POD, CAT, RBOH,
GR/GPX, and GST [97-99].

Mediation of a potential regulatory network via conserved
miRNAs in the G. hirsutum salt-tolerant genotype

Over the past few years, miRNAs have been reported to
be prominent gene regulatory factors in plant tolerance
to environmental stresses such as drought, cold, heat,
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and high salinity [100]. Much effort has been devoted to
understanding their role in salt-stress responses of various
plants including Zea mays [39], Populus euphratica
[101], Gossypium hirsutum [40], and Thellungiella
salsuginea [102].

In our study, salt-responsive miRNAs were detected in
both cotton genotypes. A majority of the responsive
miRNAs were either detected only in the salt-tolerant
genotype or had distinct and inverse expression trends
at 4- or 24-h time points between the two cotton geno-
types (Figure 8B; Additional file 9A). This dichotomy
suggests that common-regulated miRNAs may be part
of the fundamental mechanism of salt-stress adaptation,
while differentially expressed miRNAs are responsible
for the distinct salt sensitivities between the two cotton
genotypes (see Additional file 10). Our results are con-
sistent with a previous hypothesis that highly expressed
miRNAs are primarily responsible for control of basic
cellular and developmental pathways common to most
eukaryotes, whereas lower-expressed miRNAs are in-
volved in regulation of lineage-specific pathways and
functions [103].

Because miRNAs regulate the specific genes targeting
mRNAs for degradation or translation inhibition, identi-
fication of the potential target unigenes of miRNAs is
crucially important for understanding miRNA-mediated
processes such as salt tolerance in plants. According to
the PCC and linear regression analysis, the candidate
negative correlation miRNA/target genes were further
analyzed (Figure 7). It is noted that there is four clumps
along the X-axis obviously: miRNA strongly down, slightly
down, slightly up, and very strongly up (Figure 7B, E).
Since some miRNAs were strongly repressed in salt stress
than that in control condition,and some miRNAs were
strongly inducted in salt stress compared with that in con-
trol condition, the log,(E4/EO) and log, (E24/E0) value of
some miRNAs in different treatment were more than 10
or less than —10. These miRNAs may be play an import-
ant role in response to salt stress. The identified differen-
tially expressed miRNAs which their log, (E4/E0) and log,
(E24/E0) value range of -2 ~ -1 and 1~ 4 can regard as
slightly down and slightly up-regulated miRNAs. There-
fore, the data points are separated into four clumps along
the X-axis. There is no doubt that all these candidate
negative correlation miRNA/target genes should be em-
phasized. Here, we found that the differentially expressed,
conserved miRNA targets of salt-tolerant Earlistaple 7
generally encoded TFs, enzymes, and stress response,
transport, and signal transduction proteins (Figure 9).

Many miRNA target genes encode mRNAs of TFs, indi-
cating upstream regulation of miRNAs during develop-
mental processes and environmental responses [104,105].
Some miRNAs, including miR156, miR164, miR166,
miR171, miR172, miR393, miR396, and miR397, exhibited
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altered expression profiles in at least one genotype in our
study. Based on transcriptome data prediction results,
they regulate the expression of TFs (Figure 9). In this
study, three miR156s (bna-miR156a, osa-miR156f-3p, and
gma-miR156q) and one miR172 (zma-miR172a) were up-
regulated and down-regulated, respectively, under 24-h
salt treatment in the tolerant line Earlistaple 7. In
addition, three of the above miRNAs may function by
changing normal levels of downstream gene transcripts
through modulation of SPL5 and RAP2-7 expression
(see Additional file 11). miR156 and miR172 are also
involved in the regulation of flowering time and floral
development in Arabidopsis, which they accomplish by
negatively regulating SBP-LIKE proteins (SPLs) and
AP2-like factors, respectively [106]. These results suggest
that the three conserved miRNAs may play significant
regulatory roles in shoot maturation and the vegetative- to
reproductive-phase transition. The NAC family is involved
in embryo and shoot meristem development, lateral root
formation, auxin signaling, and defense and abiotic stress
responses [107]. The conserved miRNA ptc-miR164f,
which was verified by stem-loop RT-PCR to target the
NAC domain-containing protein (NAC021/AtNACI), was
highly down-regulated at 4 and 24 h of salt stress in
Earlistaple 7 (see Additional file 11 and Figure 10B).
We observed that the CUP-SHAPED COTYLEDON 2
gene (comp81541_cO_seql; homologous to AtNAC09S),
which is targeted and negatively regulated by at-miR164a,
was especially down-regulated only at 24 h in Earlistaple 7
(see Additional file 11 and Figure 9). This result suggests
that the different miRNA164s may negatively regulate
different NACs during at the early stage of salt stress of
salt stress. The No Apical Meristem (NAC) protein is in-
volved in plant hormonal control and defense [108,109].
In Arabidopsis, AtNACI-overexpressing lines are bigger
than the wild type, with larger leaves, thicker stems, and
more abundant roots [108], suggesting that NAC1 may be
an early auxin-responsive gene. CUP-SHAPED COTYLE-
DON 2 (a NAC family member) and at-miR164A are
transcribed in overlapping domains at the margins of
young leaf primordia, with transcription gradually re-
stricted to the sinus where the Arabidopsis leaf margins
become serrated [110]. Most often, the regulatory pathway
consisting of miR393 that targets TIR1, a negative regu-
lator in auxin signaling, may participate in lateral root
development in Arabidopsis [111]. The other target was
a bHLH transcription factor, which was involved in
many biological processes, but there were no phenotypic
changes and functional mechanisms owing to miR393/
bHLH interaction in Arabidopsis [112]. In our study, all
miR393s (ath-miR393a, osa-miR393a, csi-miR393, and
osa-miR393b-5p), which were highly expressed at 4 and
24 h of salt stress in salt-tolerant Earlistaple 7 but were
unaffected or down-regulated in salt-sensitive Nan Dan
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Ba Di Da Hua, targeted and tested as negatively related to
a bHLH78 homolog unigene (compl05131_c0_seql) by
stem-loop RT-PCR (see Additional file 11 and Figure 10B).
Induction of miR393 at the early stage of salt stress (4 and
24 h in the salt-tolerant genotype) suppressed the expres-
sion of its target AtbHLH7S.

In our proposed miRNA-mediated regulatory network
based on miRNA-TF interactions (Figure 9), one miRNA
may regulated more than one TF gene. In addition, dif-
ferentially expressed conserved miRNAs may also target
non-TF genes. Comparison of target genes of conserved
miRNAs illustrated in the regulatory network suggests
that the same miRNA response to salt stress at different
time points may regulate the same or different genes to
exert different functions. Nevertheless, these putative in-
teractions need to be confirmed by experimental data.

Conclusions

In this study, we first generated a global transcription
map of genes and miRNAs expressed in leaves of salt-
tolerant cotton under salt stress. We detected 29,136
and 33,492 unigenes exhibiting differential co-expression
after 4 and 24 h of salt stress, respectively. GO annotations
demonstrated that unigenes belonging to a wide range of
functional categories are involved in salinity defense re-
sponse at the two different time points. We also identified
320 miRNAs conserved across the two genotypes. Of
these, 108 members of miR156, miR159, miR164, miR167,
miR171, miR172, miR393, miR396, miR397, and miR482
families were differentially expressed at 4 and 24 h under
salt stress in the salt-tolerant genotype. Some miRNA tar-
gets were predicted to encode abiotic stress-responsive
TFs and enzymes. Expressions of some selected differen-
tially regulated miRNAs and their targets were found to
be negatively regulated. Comparative transcriptome ana-
lysis of salt-tolerant and salt-sensitive genotypes indicated
that essential salt tolerance-related genes and miRNAs
were differentially expressed and were only weakly or
non-responsive to salt stress in the salt-sensitive cotton.
Finally, we have provided a list of salt tolerance-related
genes that will facilitate candidate gene discovery and mo-
lecular marker development for salt-tolerant breeding in
cotton.

Methods

Plant materials and NaCl treatments

Plant materials comprised two upland cotton (G. hirsutum)
genotypes: salt-tolerant Earlistaple 7, which was selected
from Earlistaple 808 and introduced by the AR-SEA-
USDA Pee Dee Experiment Station in the United States in
1982, and salt-sensitive Nan Dan Ba Di Da Hua, intro-
duced from Guangxi Province, China, before 1978. Seeds
of the two cotton genotypes were available in the National
Mid-term Genebank of the Institute of Cotton Research,
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Chinese Academy of Agricultural Sciences (ICR-CAAS)
after signing the Material Transfer Agreement (MTA)
[113]. Seedling cultivation and all experiments were car-
ried out at the State Key Laboratory of Cotton Biology,
Anyang, China.

Hand-selected seeds (120 of each genotype) of Nan Dan
Ba Di Da Hua and Earlistaple 7 were surface-sterilized in
70% (v/v) ethanol for 15 s and 4% (w/v) sodium hypo-
chlorite for 15 min, and then rinsed several times with
sterile distilled water. The seeds were submerged in sterile
water for 12 h at room temperature and then sown in ster-
ile silica sand. After 3 days, germinated seedlings were
transferred to hydroponic containers (600 x 350 x 120 mm)
containing half-strength Hoagland’s solution (pH 6.0) [114]
and grown in a phytotron (KR-III; Zhengzhou Henan
Ke-rui Inc.). Growth conditions were 28/22 day/night
temperature, 60—80% relative humidity, and a 14 h/10 h
light/dark cycle under 450 pumol-m 2s light intensity.
The culture solutions were changed after about 14 days,
when seedlings had produced three leaves. Seedlings
showing normal growth were randomly divided into two
groups; one group was placed into tanks filled with a
200 mM solution of NaCl, and the remaining seedlings
were transferred to tanks filled with plain water to serve
as control. After exposure to the two solutions for 4, 24,
48, and 72 h, seedlings of control and treated Nan Dan
Ba Di Da Hua and Earlistaple 7 were harvested directly
into liquid nitrogen and stored at —80°C until used for
RNA extraction.

Leaf RWC, REC, chlorophyll content, and ion
measurements

Plant fresh weight (FW) was measured immediately after
harvest. The leaves were floated on deionized water for
8 h at 4°C. The turgid leaves were quickly weighed (T'W)
and their dry mass (DW) was measured after oven-drying
at 105°C for 10 min followed by 80°C for 24 h. RWC was
calculated as follows: RWC (%) = (FW -DW) / (TW -
DW) x 100 [115]. For REC, 0.5 g of fresh leaves were
rinsed 3 times with ddH,O and were placed in an Erlen-
meyer flask containing 40 mL of ddH,O incubated at
room temperature for 4 h. The electrical conductivity of
the solution (C1) was measured using an EM38 conduct-
ivity meter (ICT international, Armidale, NSW, Australia).
The solution was boiled for 10 min and cooled to room
temperature, and electrical conductivity (C2) was re-
measured. REC was calculated as C1 / C2 x 100% [116].
To measure leaf chlorophyll, 0.2 g of seedling leaves were
incubated in 80% acetone in darkness at 4°C overnight.
After centrifugation at 5000 x g for 5 min at 4°C, the ab-
sorbance of the supernatant was measured at 663 and
645 nm with a DU8S0O spectrophotometer (Beckman
Coulter, Brea, CA, USA). Chlorophyll content was calcu-
lated as described by Porra (1989) [117]. Concentrations
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of Na" and K" in roots and leaves were determined by in-
ductively coupled plasma-optical emission spectrometry
(ICP-OES) (Optima 2100 DV; Perkin-Elmer, Wellesley
USA) according to the manufacturer’s instructions. Fifteen
shoots per genotype were analyzed (3 from control and 12
from salt-treated plants). To ensure more accurate mea-
surements, five independent plants were pooled as a sam-
ple (about 0.2-0.6 g) to reduce the effects of biological
variation. For the Na* and K" determinations, the samples
were completely digested in 12 mL 65% HNO; and then
analyzed on the ICP-OES spectrometer against National
Institute of Standards and Technology traceable standards
and controls. For the physiological experiments, three or
more independent biological replicates of each control
and time-treated sample were performed.

RNA extraction and gRT-PCR
Total RNA was isolated from cotton leaf samples treated
with either 200 mM NaCl or water (as a control) for 4
or 24 h using a modified CTAB method and purified using
Qiagen RNeasy columns (Qiagen, Hilden, Germany).
First-strand ¢cDNA was synthesized using a PrimeScript
RT reagent kit with gDNA eraser (Takara, Dalian, China)
according to the manufacturer’s instructions. Primers are
listed in Additional file 5A. qRT-PCR was performed on a
7500 Fast Real-Time PCR system (Applied Biosystems,
Inc., California USA). The 20-uL reaction solutions con-
tained 10 pL SYBR Green Premix Ex Tag (Takara), 1 ng
c¢DNA sample, and 0.2 pM gene-specific primers. Three
replicate PCRs were run per cDNA sample, and three
c¢DNAs from different samples were used as biological
replicates. Relative expression levels were calculated by
the 2724 method [118] using GhActin (GI: AY305733) as
an internal standard to normalize cDNA content [119].
The expression profiles of 10 salt-responsive mature
miRNAs were assayed by stem-loop RT-PCR. Stem-loop
reverse-transcription primers were designed following
the method described by Chen et al. [120] and
Varkonyi-Gasic et al. [121]. Their 3" ends, which were
complementary to the 6-nt 3" end of the miRNA, were
combined with the 44-nt sequence 5'-GTCGTATCCA
GTGCAGGGTCCGAGGTATTCGCACTGGATACGA
C-3’ (Additional file 5B) to constitute the primer. Subse-
quent PCRs used a 5" primer matching the ~18 nt at the
5" end of the target miRNA. The 3" primer was a univer-
sal reverse-transcription primer. The stem-loop reverse
transcription reactions were performed using a Prime-
Script RT reagent kit with gDNA eraser (Takara) accord-
ing to the supplier’s manual. U6 snRNA was used as a
reference for miRNA expression validation. Stem-loop RT
primers and miRNA-specific PCR primers are listed in
Additional file 5B, C. As in the qRT-PCR analysis, the
2722 method was used to calculate relative expression
levels of salt-responsive mature miRNAs.

Page 23 of 28

Transcriptome sequencing and de novo assembly

Poly(A) mRNA was isolated from 10 pg total RNA of
each leaf sample using oligo (dT) beads. The mRNA was
sheared into short fragments with fragmentation buffer
and selected for construction of Illumina RNA-Seq librar-
ies according to the described protocol. Each library had
an insert size of approximately 200 bp and was sequenced
on a HiSeq 2000 system (Illumina, California USA). Leaf-
sample read lengths were 90 bp. The raw image data was
transformed by base-calling into sequence data and stored
in FASTQ format. To control for the influence of error
rate in the Solexa data results, quality pretreatment of the
raw data was performed: the sliding window method was
first used to remove low-quality fragments (quality thresh-
old =20, error rate = 1%, window size =5 bp, and length
threshold = 35 bp), followed by removal of partial (<35 bp)
sequences containing “N” from the reads. After filtering
of low-quality and dirty raw reads, transcriptome
de novo assembly was carried out using the paired-
end assembly method as implemented in Trinity
(http://sourceforge.net/projects/trinityrnaseq/files/; tri-
nityrnaseq_r2012-10-05) [122]. After removal of re-
peats from the spliced sequences, transcripts were
obtained of the expected length and size. The longest
transcript in each locus (“comp * _ * _c”; Chrysalis
Clusters module) was taken as the unigene. To assign
possible annotations, all unigene sequences were
searched using Blastx (e-value < 107%) against the fol-
lowing protein databases: NR (in NCBI), SWISS-
PROT (UniProt), TrEMBL (http://www.bioinfo.pte.hu/
more/TrEMBL.htm), CDD (in NCBI http://www.ncbi.
nlm.nih.gov/cdd/), PFAM (http://pfam.janelia.org/),
and KOG (http://www.ncbi.nlm.nih.gov/COG/). GO
functional annotations were obtained using the Blas-
t2GO program [123], and all unigenes were assigned
into GO functional categories of molecular function, bio-
logical process, and cellular components using WEGO
software [124]. To identify possible TFs in the transcripts,
we used the BLAST tool, sequence information in the
PlantTFDB database (http://planttfdb.cbi.pku.edu.cn), and
annotations from the SWISS-PROT and NR databases.

Identification and functional analysis of DEUs

To identify genes displaying significant expression changes
during NaCl treatment, differentially expressed transcripts
were analyzed by comparing 4- and 24-h libraries with the
control library, with the number of reads in all six libraries
normalized to reads per kilobase of exon model per mil-
lion mapped reads (RPKM) [125]. For better accuracy,
only unigenes longer than 200 bp were included in the dif-
ferential unigene expression analysis. Using Bowtie v0.12.8
software and the single-end mapping method, each read
per unigene was counted as 1/n by permitting alignment
of one read on multiple unigenes. RPKM were calculated
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according to the formula RPKM =10°xC / 10 x N x L,
where C is the number of reads uniquely aligned to the
unigene, N is the total number of reads uniquely aligned
to all unigenes in the specific sample, and L is the number
of nt in the unigene. The P-value corresponding to a
differentially expressed unigene in two samples was deter-
mined from Audic’s algorithm [126], with the FDR
method applied to determine the P-value threshold in
multiple tests. To determine whether a unigene was differ-
entially expressed between two samples, we therefore used
threshold criteria based on the FDR statistical method and
the ratio of RPKM, i.e., FDR < 0.001 and |log, Ratio| > 1.

Gene expression patterns uncovered during the inves-
tigated two time points were analyzed and interpreted
using STEM v1.3.8 [127]. GO enrichment analyses for
differentially co-expressed unigenes were performed with
the differential and full unigene sets treated as prospect
and background, respectively, using the hypergeometric
distribution algorithm “phyper” in STEM. P-values (<0.05
or 0.01) were calculated between the prospective uni-
gene and selected GO subcategories, followed by FDR
adjustment.

Small RNA sequencing and identification of conserved
miRNAs

For small RNA library construction, total RNA was sep-
arately extracted from the leaves of the same six samples
used for generation of mRNA-seq libraries. After con-
firming RNA quality by agarose gel electrophoresis
(28S5:185>1.5) and on an Agilent 2100 bioanalyzer
(RNA Integrity Number > 8.0), the extracted RNA was
separated by 15% denaturing polyacrylamide gel elec-
trophoresis (PAGE) to recover the population of small
RNAs (size range 17-35 nt) present. The small RNAs
were ligated at their 5" and 3" ends to a pair of Solexa
adapters, and the resulting ligation products were gel-
purified by 10% denaturing PAGE and reverse tran-
scribed. The cDNAs obtained in this fashion were
sequenced on an Illumina HiSeq 2000 system (Illumina,
California USA). After removal of low-quality reads and
adapter sequences from the Solexa sequencing reads,
unique sequences of 17-35 nt were used for further ana-
lysis. First, the unique sequences were queried against
ribosomal and transfer RNAs from tRNAdb (http://trna.
bioinf.uni-leipzig.de/DataOutput/Search), SILVArRNA
(http://www.arb-silva.de/), and NONCODE v3.0 (http://
www.noncode.org/ NONCODERv3/; plant database only,
single-nt mismatches allowed) databases to obtain match-
ing rRNA, tRNA, snRNA, and snoRNA sequences. Any
small RNA sequences having exact matches to these se-
quences were removed from the analysis. The remaining
unique small RNA sequences were then BLASTn-searched
against the conserved plant miRNAs in the miRBase
database (miRBase 19.0; www.mirbase.org/) to identify
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conserved miRNAs. Only perfectly matched sequences
were considered to be conserved miRNAs. Because we
were only conducting a combined analysis of transcrip-
tome and conserved miRNA data, we did not perform a
novel miRNA prediction on the content.

Analyses of conserved miRNA differential expression,
target unigene prediction, and miRNA-target pair
functional regulatory relationships

A high-throughput sequencing abundance profile analysis
was performed based on the sequence reads in each library.
miRNA expression abundance in each library was calcu-
lated as RPM (reads per million) according to the formula
RPM = mapped reads x 10° / total reads. Calculation of
P-values for comparing the miRNA expression between
salt-treated samples and the control sample was based
on previously established methods [126,128]. Specifically,
we used the following log, Ratio formula: log, Ratio = log,
(miRNA reads in the salt treatment / miRNA reads in the
control). Differential expression of miRNAs in the com-
parisons N4/NO (where N is Nan Dan Ba Di Da Hua and
E is Earlistaple 7), N24/NO, E4/EO, and E24/EQ0 were
screened based on the chi-square test with filters of
P <0.05 and |log, Ratio| = 1.0.

To search target genes, the conserved miRNA sequences
were matched against the cotton transcriptome unigene
database using psRNATarget (http://plantgrn.noble.org/
psRNATarget/). Sequences with less than 3 nt mis-
matches compared with the query miRNA sequences were
selected.

Statistical analysis

Each data point represented the mean of three or more
replicated treatments, with each treatment consisting of
at least five plants. Physiological data statistical analyses
were performed by Tukey’s method of two-way ANOVA
using IBM SPSS Statistics v19.0 (SPSS Inc., Chicago, IL,
USA). P-values less than 0.05 were considered as statisti-
cally significant. R software (www.r-project.org) was used
for the calculation of Pearson correlation coefficients be-
tween miRNAs and their targets and for the construction
of a heatmap of co-expressed TF unigenes and miRNA
expression profiles.

Additional files

Additional file 1: Summary of de novo assembled mRNA-seq
transcriptome data. (A) Mapping of the length distribution of all
unigenes; (B) GC content of all unigenes; (C) Functional classifications of
GO-annotated unigenes.

Additional file 2: The characteristic of salt-responsive transcription
factor (TF) unigenes in different comparisons. Eight charts are
included. (A) Annotation of 3,172 TF unigenes from all samples; (B)
Numbers of differentially expressed unigenes (up and down-regulation)
in each transcription factor family for four comparisons; (C) TF unigenes
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commonly differentially expressed in N-E only at 4 h; (D) TF unigenes
commonly differentially expressed in N-E only at 24 h; (E) TF unigenes
commonly differentially expressed in N-E both at 4 and 24 h; (F) TF
unigenes differentially expressed only in E at 4 h; (G) TF unigenes
differentially expressed only in E at 24 h; (H) TF unigenes differentially
expressed only in E both at 4 and 24 h.

Additional file 3: Flowchart analysis of all differentially co-expressed
unigenes.

Additional file 4: Differentially expressed unigenes at 4- and 24-h
of salt stress in Earlistaple 7 (also shown in Figure 11).

Additional file 5: Specific primer information of unigenes
(including 9 miRNA targets) for gRT-PCR and 9 conserved miRNAs
for stem-loop RT-PCR. (A) 26 pairs of transcript-specific primers for
gRT-PCR; (B) 9 miRNA primers for stem-loop RT-PCR; (C) 9 miRNA gene
primers for real time PCR analysis; (D) 26 represented unigenes QRT-PCR
data and mRNA-seq data in four comparisons.

small RNA unique reads; (C) Number of detected members of each miRNA
family; (D) Abundance of conserved miRNA families.

hirsutum conserved miRNAs in six libraries.

Additional file 8: Differentially expressed conserved miRNAs at
4- and 24-h of salt stress in Nan Dan Ba Di Da Hua and Earlistaple 7.

Additional file 9: Venn diagram illustrating the numbers of
differently up- and down-regulated miRNAs between Nan Dan Ba

(B) 24 h; (C) Flowchart analysis of differentially expressed miRNAs
and combined analysis with their target genes; (D) Procedure for
screening of negative miRNA-target unigene relationships related

miRNA targets identified in salt-tolerant Earlistaple 7 at 4 and 24 h
of salt treatment.

Additional file 10: Detailed information for potential targets of
conserved miRNAs at 4- and 24-h of salt stress in Earlistaple 7.
(A) Negatively correlated miRNA-target pairs in Earlistaple 7 at 4-h;
(B) Positively correlated miRNA-target pairs in Earlistaple 7 at 4-h;

(C) Negatively correlated miRNA-target pairs in Earlistaple 7 at 24-h;
(D) Positively correlated miRNA-target pairs in Earlistaple 7 at 24-h.

Additional file 11: Detailed information on differentially expressed
conserved miRNAs in different comparisons. (A) RPM values of 108
differentially expressed conserved miRNAs at 4- or 24-h time points in
five comparisons; (B) The genotype-specific salt-responsive conserved
mMIRNAs at 4- or 24-h time points of salt-stress in five comparisons;

(C) Seventy-five negatively correlated miRNA-target pairs in salt-stressed
Earlistaple 7 at 4- and 24-h time points; (D) Matching of 75 negatively
correlated miRNA-target pairs; (E) The salt-responsive differentially
expressed conserved miRNAs and their target genes at different
treatment time points (relationship shown in Figure 9).

Additional file 6: Summary of small RNA sequencing data. (A) Statistical
summary of data before and after quality pretreatment. (B) Size distribution of

Additional file 7: RPM values of (A) all identified and (B) Gossypium

Di Da Hua and Earlistaple 7 in response to salt stress at (A) 4 h and

to salt-treatment response; (E) Gene Ontology analysis of conserved
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