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Abstract 14-3-3s are a class of conserved proteins in
eukaryotes involved in almost all cellular processes.
Published studies have shown that this family plays a role
in response to stress conditions. In this study, comparative
genomics identified thirty-one 14-3-3 cDNAs encoding 25
unique proteins with transcripts that were sufficiently
divergent in the coding regions to define different 14-3-3
members. Phylogenetic analysis indicated that the cotton
14-3-3 family was similar to the family in the plant model
species Arabidopsis and rice. The multiple copies of 14-3-3
genes in cotton are suggested to be the result of a recent
duplication event after the divergence of cotton from its
progenitor species. 14-3-3s are differentially expressed in a
range of cotton organs as well as under different environ-
mental conditions. Salinity and drought stress significantly
induced the altered expression of 14-3-3 genes, suggesting
that 14-3-3s play a role in cotton response to environmental
abiotic stress. The 14-3-3 gene CGF14-4 was more
sensitive to both drought and salinity stress with a 10.2-
fold change under 1% of PEG treatment, while other 14-3-
3s responded only to either drought or salinity stress. These
results implied that specific isoforms of 14-3-3s play
different regulatory roles in stress response besides their
role in development. 14-3-3s were more sensitive to
abiotic stress in roots than in leaves, suggesting that the
root is more sensitive to stress treatment than leaves.
The differential expression pattern of 14-3-3s also
suggests the occurrence of functional divergence among
specific isoforms.
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Introduction

Cotton is one of the most important industrial crops because of
its natural textile fiber and edible oil. The huge economic
value of cotton drives scientists to improve the economic
character of cotton, such as its fiber quality and yield at
different environmental conditions, including stresses. Among
the four cultivated species of Gossypium, upland cotton
(Gossypium hirsutum) is the most widely planted species and
accounts for about 95% of world cotton production (Chen et
al. 2007). Therefore, upland cotton is most often the focus of
research among all of the cotton species. G. hirsutum is
allopolyploidy (AADD, 2n=4x=52), and the haploid ge-
nome size (x=13) is estimated to be approximately 2.5 Gb
(Chen et al. 2007; Hendrix and Stewart 2005). The genome
size and the complexity of cotton have hindered whole
genome sequencing (Chen et al. 2007), but studies from
different research groups have accumulated over 268,786
expressed sequence tag (EST) sequences in GenBank.

In almost all eukaryotic species, 14-3-3 genes exist as
multiple isoforms, with two in yeast, seven in most
mammals, and more than a dozen in plants (van Heusden
2005). Monocotyledon rice (Oryza sativa) contains eight
genes, and each of them is expressed (Chen et al. 2006; Yao
et al. 2007). Dicotyledons such as Arabidopsis thaliana and
soybean (Glycine max) have 15 and 18 genes, with 12 and
16 shown to be expressed (Rosenquist et al. 2001),
respectively. The 14-3-3 protein sequences are about 250-
amino acid long and usually form homodimers or hetero-
dimers. Up to now, 14-3-3 proteins have been reported to
interact with diverse proteins, over 300 proteins in

G. Sun : F. Xie : B. Zhang (*)
Department of Biology, East Carolina University,
Greenville, NC 27858, USA
e-mail: zhangb@ecu.edu

Funct Integr Genomics (2011) 11:627–636
DOI 10.1007/s10142-011-0242-3



Arabidopsis, by regulating the activity of the proteins in
phosphoserine-dependent and phosphoserine-independent
manners (Chang et al. 2009), and thus are involved in
almost all known cellular process as regulators, such as
signal pathways, transcriptional regulation, protein subcel-
lular localization, development, and stress response (van
Heusden 2005).

Although high sequence similarity exists among multiple
copies of 14-3-3s, the protein isoform specificity has been
implicated under the observation of different subcellular
localization, tissue-specific expression, and dynamic regula-
tion in response to environmental change (Kjarland et al.
2006). It has been demonstrated that several 14-3-3 genes are
involved in response to environmental stress in tobacco
(Nicotiana tabacum; Chen et al. 1994), A. thaliana (Jarillo et
al. 1994), and rice (O. sativa; Chen et al. 2006). Currently,
nine cDNAs encoding 14-3-3 proteins have been reported in
cotton (Shi et al. 2007; Zhang et al. 2010), two of which may
be involved in salt stress response (Wei et al. 2009).
Interestingly, the constitutive expression of the Arabidopsis
14-3-3 lambda isoform in transgenic cotton enhances the
tolerance to salt stress (Yan et al. 2004). However, there is no
systematical study on identifying the transcripts of 14-3-3s in
cotton; as a result, there have been no systematical
investigations on the expression and function of 14-3-3
genes under stress conditions. Here, we systematically
identified 14-3-3 genes in cotton at the genome-wide level
by assembling the ESTs using a rigorous method, and we
also investigated the gene expression of the representative
members of this gene family under salt and drought stress.

Materials and methods

Identification of 14-3-3 genes

The homolog identification of 14-3-3 genes was performed by
two rounds of BLAST searching. In the first round of BLAST
searching, pre-assembled ESTs of G. hirsutum using the
Contig Assembly Program (CAP3; Huang and Madan 1999)
were downloaded from the cotton EST database (http://www.
leonxie.com) and were used as a local database; protein
sequences annotated as “14-3-3” were downloaded from
GenBank and were used as queries. All of the hits with score
values more than 50 were retrieved and were used as queries
in the second round of BLAST searching against the
GenBank non-redundant (nr) database. Only the genes with
14-3-3 genes as the top hits were kept as candidates.

The reassembly of the ESTs for 14-3-3 genes was
performed using MIRA (Chevreux et al. 2004) in two
different ways based on the results of the pre-assembled
ESTs by CAP3. These two ways differ in using two
different datasets as the input files of MIRA. One way is

to use all of the ESTs in each contig of GAP3, and in this
case, MIRA was run for each of contig. Another way is to
use all of the ESTs of all the contigs of GAP3. After
obtaining these two assembly results of MIRA, we
manually checked each of them using SeqMan gene
analysis software (DNASTAR Inc., Madison, WI, USA).
Only the consensus sequences supported by no less than
two ESTs were kept for further detailed analyses. For the
consensus sequences that still contain more than one gene,
we carried out manual assignment for the polymorphism
sites. Because we reassembled them two times using the
same two datasets, the resulting consensus sequences
contain multiple redundant sequences. To remove the
redundancy of assembly, we considered the following two
aspects: (1) out of consensus sequences in which 100%
identities were present with each other, the longer one was
kept and (2) consensus sequences derived from the same
ESTs were checked carefully and only the reliable sequence
was retained. To make sure that each of the assembled
sequences comes from real genes, we also excluded the
shorter sequences that show less than two nucleotide site
differences in the coding region with the corresponding
ones. The coding region (CDS) and untranslated region
(UTR) were determined by blastx against the GenBank nr
database and the CDSs were manually retrieved with ORF
Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). All of
the consensus sequences and their corresponding ESTs are
available on our web site (http://www.leonxie.com).

Phylogenetic analysis

To investigate protein isoform diversity of cotton 14-3-3s,
phylogenetic analysis was conducted on the putative cotton
protein sequences and the homologs from A. thaliana, O.
sativa, and humans. Because 6 of the 31 cDNAs obtained
by our cDNA assembly show 100% identity in amino acid
sequences, only the 25 divergent protein sequences were
used in our phylogenetic analysis. Other sequences were
retrieved from GenBank using their accession numbers
published in previous studies (Li and Dhaubhadel 2011).
Multiple sequence alignments were performed using Clus-
talX (Thompson et al. 1997), and gaps and ambiguously
aligned sites were removed manually. The JTT model with
four gamma distribution rates was chosen as the most
appropriate protein substitution matrix by ModelGenerator
(Keane et al. 2006). A maximum likelihood method using
PHYML (Guindon and Gascuel 2003) was used to conduct
the phylogenetic analysis with 100 pseudo-replicates.

Cotton treatments and sample collection

The seeds of G. hirsutum cv.TM-1 were collected and hulled
before surface sterilization. The seeds were then treated with
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70% (v/v) ethanol for 60 s, 6% (v/v) bleach for 6–8 min, and
sterile water washed four times. The sterilized seeds were
grown on 1/2 Murashige and Skoog medium (pH 5.8)
containing 0.8% agar under a 16-h light/8-h dark cycle
at 24°C for 5 days. For salt and drought treatments, the
medium was supplemented with 0.1%, 0.25%, 0.5%,
and 1% NaCl and 1%, 2.5%, and 5% PEG, respectively.
Roots and leaves were collected from the sterile seed-
lings and immediately stored in liquid nitrogen and then
stored at −80°C until RNA extraction.

RNA isolation and real-time RT-PCR analysis

Total RNAwas isolated from the grinded samples using the
mirVanaTM miRNA Isolation Kit (Ambion, Austin, TX,
USA). The procedure followed the manufacturer’s protocol,
except that a sonication step for 15–20 s was added just
after lysis of the cells. The quantity and quality of total
RNAwere assessed using a Nanodrop ND-1000 (Nanodrop
Technologies, Wilmington, DE, USA). The mirVanaTM

miRNA Isolation Kit is designed for small RNA extraction
as well total RNA extraction; it has been well used in our
lab for extracting great quality of both mRNAs and small
RNAs (Frazier et al. 2011; Zhang et al. 2008). Quantitative
real-time RT-PCR (qRT-PCR) was used to identify the
expression patterns of selected 14-3-3 gene members in
different cotton tissues (leaves and roots) under different
stress conditions (salinity and drought). Firstly, reverse
transcription was carried out using the TaqMan® MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) and a poly-T tail primer. Secondly, qRT-PCR and
gene-specific primers (Table 2) were used to verify the
expression of selected genes. All the reactions were run on
an Applied Biosystems 7300 Sequence Detection System
according to the manufacturer’s protocol. The expression of
selected14-3-3 genes were normalized using the mean value
of eight commonly used housekeeping genes: eIF-5, histone
3, actin, UBQ7, ubiquitin, cydophilin, GAPDH, and alpha-
tubulin. The expression levels were calculated using the
ΔΔCt method. Three biological replicates were run for each
gene at each stress treatment condition. Analysis of variance
of single factor was used to compare the expression
differences of the selected 14-3-3s under different salt and
drought treatments in leaves and roots.

Results

Identification and nomenclature of 14-3-3 gene family
in G. hirsutum

To find all potential 14-3-3 genes in cotton, we used all the
currently available 1,472 sequences of 14-3-3 proteins in

GenBank (as of December 10, 2010) as queries to search
against the assembled EST database by GAP3 (Fig. 1).
Among the 28,432 contigs in G. hirsutum that include
25,371 for consensus and 3,061 for singletons, 30 contigs
were found with score values more than 50, and all of
them were used as queries to search the GenBank nr
database to check whether they really encode 14-3-3
genes. This second round of BLAST search showed that
19 of them hit 14-3-3 genes with high similarities. We
viewed several assembled contigs and found that almost
all of them contain three or more polymorphic sites
representing two or more different transcripts supported
by at least two ESTs (Fig. 2), which indicates that each of
them should come from different real mRNAs rather than
due to sequencing errors.

Considering that GAP3 might have less power in the
assembly of sequences with polymorphic sites, we utilized
MIRA, which can split contigs into transcripts based on
single-nucleotide polymorphisms, to reassemble these ESTs
using recommended settings. We tried the assembly in two
different ways. One is based on contigs resulted from
GAP3. In this way, we only split each contig of CAP3 into
specific transcripts using the ESTs in each contig as input
files of MIRA. The other way is to use all the ESTs for 14-

Fig. 1 Flowchart diagram of identification and reassembly of 14-3-3
transcripts in cotton
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3-3 genes as the input file of MIRA. As for each assembly
result of these two ways, we manually reassembled every
specific transcript with SeqMan software and removed the
fragments that might be due to sequencing error or come
from less than two ESTs, which produced 35 and 39
contigs, respectively. Because these two assembly methods
use the same dataset, the following two steps were adopted
to eliminate the repeat-specific transcripts: (1) for the
consensus sequences with 100% identities, the longer ones
were retained and (2) for the consensus sequences
assembled from the same ESTs, we carefully rechecked
the assembly and only kept the reliable ones. Thus, we
obtained 37 consensus sequences that exhibit polymorphic
sites in the whole cDNA region.

To ensure that the consensus sequences are from
different gene entities, the following points were consid-
ered. (1) Because the non-coding regions of mRNAs from
one gene might present variant sites, only the coding
regions of these 37 consensus sequences were compared
and five pairs of sequences were found possessing 100%
identities or only one nucleotide difference. Therefore,
these five sequences were removed due to the possible
post-transcription processing and sequencing error in ESTs.
(2) Two sequences are partial and correspond to the 5′ and
3′ ends, respectively, and multiple sequence alignments
show that they are closely related and might be from one
transcript. Blast searches against the original ESTs fortu-
nately revealed one EST sharing both of the polymorphic
sites. Therefore, these two partial sequences were merged
into one. (3) Finally, we obtained 31 consensus sequences
with each of them representing one real mRNA (Table 1).
Given that 24 of 31 cDNAs are full-length cDNAs, these
mRNA probably are not derived by alternative splicing. Six
pairs of these 31 cDNAs show 100% identity in the amino

acid level. This means that these 31 cDNAs code for 25
different proteins.

Currently, the 14-3-3 genes in one species are named in
alphabetical order if they represent real gene loci in the
haploid genome. Nine mRNA sequences of G. hirsutum,
obtained from cDNA libraries, have been submitted to
GenBank and are named 14-3-3a to 14-3-3h and 14-3-3L.
We compared our 31 mRNAs with the nine previously
reported sequences. The result indicated that 9 of the 31
sequences show 100% identities in the nucleotide level with
the corresponding ones. Given that the nine public mRNAs
show relative high divergence and no indels are found
within them, they are unlikely to be a result of alternative
splicing or different allele genes but rather come from
different gene loci. Therefore, it is reasonable to name them
by following existing nomenclature for constancy. Each of
five genes—14-3-3d, 14-3-3e, 14-3-3f, 14-3-3h, and 14-3-
3L—has one additional cDNA sequence that is divergent in
the nucleotide level but not in the amino acid level.
Numbers were added to the current names to reflect the
100% identity with each other, such as 14-3-3d1 and 14-3-
3d2. The remaining 17 mRNAs were named CGF14_1-16.
Among them, CGF14_3.1 and CGF14_3.2 were named to
indicate their shared 100% identity in the amino acid
sequences.

Phylogenetic analysis of 14-3-3 gene family in G. hirsutum

To investigate the sequence divergence and the potential
functional difference of cotton 14-3-3 proteins, we per-
formed phylogenetic analysis with the reported homologs
from A. thaliana and O. sativa, which may represent dicots
and monocots. Previous phylogenetic analysis on 14-3-3
proteins from Dictyostelium, plants, and animals demon-

Fig. 2 Fragment of one assembled contig by GAP3 showing three
polymorphic sites (263, 274, and 300). The three polymorphic sites in
red present two patterns, one is “T,” “A,” and “A”; the other is “C,”

“G,” and “G”. Each of them is supported by multiple EST sequences.
This indicates that these transcripts represent real mRNAs as they are
produced in G. hirsutum rather than sequencing errors
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strated that this family has ε and non-ε two distinct groups
in plants (Ferl et al. 2002). These two groups are also
revealed in our phylogenetic tree (Fig. 3). The non-ε group
includes at least two subgroups for each of the three
species. The non-ε group presents three subclades, and
subclade II contains more than one branch in cotton and
only one branch in A. thaliana and O. sativa. To investigate
the functional divergence of the new discovered 14-3-3
genes, we chose six genes in each of the subgroups as
representatives to evaluate the response of cotton 14-3-3
genes to salt and drought stress in young cotton seedlings
by qRT-PCR. Two previously reported genes encoding 14-
3-3L and 14-3-3f were also investigated.

Transcriptional profile of selected cotton 14-3-3 genes
under salt and drought stress

Because of the high sequence similarity among the 31
cotton 14-3-3 genes, it is hard to design gene-specific
primers in each cluster, although efforts had been made. We
designed four newly identified genes in this study and also
used two previously reported primer pairs encoding 14-3-3f1
and 14-3-3L1 (Table 2). Inspection of the potential
amplification products showed that four of the six primer
pairs—14-3-3L1, CGF14_4, CGF14_5, and CGF14_10—
are gene-specific, and the other two primer pairs designed
to amplify 14-3-3f1 and CGF14_13 may amplify 14-3-3f2

Table 1 Putative 31 cDNAs encoding 14-3-3 genes in cotton (G. hirsutum)

Gene
names

EST
numbers

cDNA
length (nt)

Coding region
length (nt)a

Amino
acid length

Most similar
sequences

Nucleotide identity with
most similar sequence

Amino acid identity with
most similar sequence

14-3-3a 18 1,037 756 251 CGF9 743/756 (98.3%) 248/251 (98.8%)

14-3-3b 7 1,031 807 268 CGF1 800/807 (99.1%) 265/268 (98.9%)

14-3-3c 10 1,107 786 261 CGF6 771/787 (98.0%) 258/261 (98.9%)

14-3-3d1 36 978 786 261 14-3-3d2 780/786 (99.2%) 261/261 (100%)

14-3-3d2 16 1,151 786 261 14-3-3d1 780/786 (99.2%) 261/261 (100%)

14-3-3e1 4 1,029 789 262 14-3-3e2 595/600 (99.2%) 199/199 (100%)

14-3-3e2b 10 822 600 199 14-3-3e1 595/600 (99.2%) 199/199 (100%)

14-3-3f1 25 1,011 759 252 14-3-3f2 496/501 (99.0%) 166/166 (100%)

14-3-3f2b 21 735 501 166 14-3-3f1 496/501 (99.0%) 166/166 (100%)

14-3-3g 6 866 789 262 CGF16 781/789 (99.0%) 259/262 (98.9%)

14-3-3h1 5 823 777 258 14-3-3h2 762/766 (99.5%) 255/255 (100%)

14-3-3h2 2 814 768 255 14-3-3h1 762/766 (99.5%) 255/255 (100%)

14-3-3L1 30 1,040 762 253 14-3-3L2 754/762 (99.0%) 253/253 (100%)

14-3-3L2 23 993 762 253 14-3-3L12 754/762 (99.0%) 253/253 (100%)

CGF1 11 1,016 807 268 14-3-3b 800/807 (99.1%) 265/268 (98.9%)

CGF2 16 1,088 786 261 CGF5 774/786 (98.5%) 258/261 (98.9%)

CGF3.1 32 1,156 786 261 CGF3.2 778/786 (99.0%) 261/261 (100%)

CGF3.2 22 1,160 786 261 CGF3.1 778/786 (99.0%) 261/261 (100%)

CGF4b 3 758 597 198 14-3-3e1 553/602 (91.9%) 185/198 (93.4%)

CGF5 19 1,091 786 261 CGF2 774/786 (98.5%) 258/261 (98.9%)

CGF6 19 1,113 786 261 14-3-3c 771/787 (98.0%) 258/261 (98.9%)

CGF7b 2 652 603 201 CGF8 598/603 (99.2%) 198/201 (98.5%)

CGF8b 2 675 626 208 CGF7 598/603 (99.2%) 198/201 (98.5%)

CGF9 23 1,012 756 251 14-3-3a 743/756 (98.3%) 248/251 (98.8%)

CGF10 6 898 759 252 14-3-3f1 406/414 (98.1%) 136/138 (98.6%)

CGF11b 2 415 414 138 CGF10 406/414 (98.1%) 136/138 (98.6%)

CGF12 6 823 747 248 CGF13 730/748 (97.6%) 241/248 (97.2%)

CGF13 6 1,015 810 269 CGF12 730/748 (97.6%) 241/248 (97.2%)

CGF14 12 984 777 258 14-3-3b 679/773 (87.8%) 234/257 (91.1%)

CGF15b 11 714 669 223 CGF16 661/669 (98.8%) 218/223 (97.8%)

CGF16 6 894 789 262 CGF15 661/669 (98.8%) 218/223 (97.8%)

a Available coding region length for the currently obtained cDNAs
b The cDNA sequence is truncated due to lack of data
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and CGF13_12, respectively. The two products amplified
by 14-3-3f1/f2 only show 1°C difference in the melting
temperature (Tm), which exceeds the detection limit of this
method and only presents one peak in the dissociation

curves (data not shown). As expected, the products
amplified by CGF14_12/13 show two peaks, and each
product amplified by the other four primer pairs show one
peak in the melting curves (data not shown).

Fig. 3 Molecular phylogenetic tree of 14-3-3 genes. The sequences in
cotton are indicated in red letters. Sequence names beginning with
AtGF and OsGF indicate that they are from A. thaliana and O. sativa,

respectively. The red dots after the cotton sequence names indicate the
gene expression profile by qRT-PCR performed in this study
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The expression of 14-3-3 genes in cotton

Except 14-3-3f1, all of the other detected 14-3-3 genes
showed higher expression levels than those of the reference
gene. Among the highly expressed 14-3-3 genes, 13-3-3L1
is 1.5- to 2-fold that of the reference gene, while CGF14_4,
CGF14_8, CGF14_10, and CGF14_14 exhibit near 50-fold
or more that of the reference gene. For the individual 14-3-
3 genes, CGF14_13 expresses higher in leaves than that in
roots, and the expression of 14-3-3f1 and 14-3-3L1 in roots
is about 1.5-fold that in leaves; the expression of the other
14-3-3 genes in roots is more than 6-fold that in leaves
(Fig. 4).

14-3-3 genes response differently in leaves and roots
under salinity and drought stress

In leaves, the expression of 14-3-3f1/f2, 14-3-3L1, CGF14_4,
and CGF14_10 under salt stress declines with the increase of
NaCl concentration (Fig. 5); the expression of CGF14_5 and
CGF14_12/13 increases under low NaCl concentration and
reaches the control level in high NaCl concentration, with the
highest transcription level at 0.25% NaCl in CGF14_5 and at
0.1% NaCl in CGF14_12/13. The expression of CGF14_10
is significantly downregulated in leaves under 0.5% NaCl
concentration compared with those under low NaCl concen-
tration. Under drought stress, the expression of CGF14_10 is
significantly upregulated in leaves under 1% PEG concen-
tration. The expression of other selected 14-3-3 genes also
increases, except that the expression of 14-3-3f1/f2,
CGF14_4, and CGF14_10 is inhibited at certain PEG
concentrations, with 14-3-3f1/f2 at medium PEG concen-
trations (2.5%), CGF14_4 at high PEG concentrations (5%),
and CGF14_10 under medium and high PEG concentrations
while increased under other PEG concentrations. The
expression of CGF14_12/13 in medium PEG concentrations
(2.5%) is inhibited, although it increases under salt stress.

In roots, all of the 14-3-3 genes exhibit increased
expression levels (Fig. 5). However, the expression of 14-
3-3f1/f2 and 14-3-3L1 is inhibited under high NaCl (0.5%)
and high PEG concentrations (5%), the expression of
CGF14_12/13 is inhibited under medium NaCl concentra-
tion (0.25%), and the expression of CGF14_5 under high
PEG concentrations and CGF14_13 under low PEG
concentrations is also inhibited.

Roots are more sensitive than leaves under salt
and drought stress

Salt and drought treatments result in more significantly
enhanced expression of all the studied 14-3-3s in roots than

Table 2 Cotton 14-3-3 qRT-PCR Primers

Primer IDs Sequences Length (bp) Tm (°C) Amplicon size (bp)

14-3-3f1/f2 F: GCTTGACACGCTGGGAGAAGAG 22 59.6 244
R: TAGAGTATAGCATCATGCCATG 22 51.4

14-3-3L1 F: GCAGATGAACCTCAGGCTGAGAG 23 59.2 240
R: GTCATAAAGACTATAAAGTGTAAC 24 47.9

CGF14_4 F: TTGTTGAACTTGCTCCTACT 20 50.1 233
R: ATCCGTGATGTCAGATGTC 19 49.8

CGF14_5 F: CGCTCCAACTCATCCTAT 18 48.5 303
R: TACTAACTCGAAGATTACGG 20 47.4

CGF14_10 F: GCTGCCGAAGATACTATGT 19 49.9 337
R: GATGAAGAATAGGACCAACAC 21 50.0

CGF14_12/13 F: AACTCAGCGTCGAGGAAC 18 52.2 313
R: TCGGCTCCAGTCTTGAAC 18 51.7

Fig. 4 Expression analysis of cotton 14-3-3 genes in leaves and roots
by qRT-PCR. Error bars indicate standard error of three biological
replicates
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in leaves (Fig. 5). Under high salinity conditions, the largest
fold change in roots were observed in CGF14_10 with a
13.1-fold upregulation after exposure to 0.25% NaCl; under
drought conditions, the largest fold change was observed in
CGF14_4 with a 10.2-fold upregulation at 1% PEG
concentrations. However, the highest fold change in leaves
under salt stress was observed in CGF14_13 with a 2.6-fold
upregulation at the 0.1% concentration. Under drought
stress, the largest 3.8-fold change in leaves was observed in
CGF14_10 after being exposed to 1% PEG. In total,
CGF14_10 shows a 29-fold change in roots than that in

leaves under the same salt stress conditions and shows
about a 14-fold change in roots than that in leaves under the
same drought stress conditions.

The expression of 14-3-3 genes is dose-dependent
under salt and drought stress

The expression changes of 14-3-3 genes in roots and leaves
were dose-dependent and exhibited one of two trends in
roots as the increase of PEG concentrations in the media
(Fig. 5): (1) an increase in expression at low or medium

Fig. 5 Expression analysis of
six 14-3-3 genes in cotton leaves
and roots under NaCl (A) and
PEG (B) treatment by qRT-PCR.
Error bars indicate standard
error of three biological
replicates. Fold change is
normalized against the mean
value of eight reference genes
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PEG concentrations followed by a decrease in expression at
high PEG concentrations or (2) a decrease in expression at
medium PEG concentrations between an increase in
expression in low and high PEG concentrations. 14-3-3
genes that fell into the first category included 14-3-3f1/f2,
14-3-3L1, CGF14_5, and CGF14_10 under salinity and
drought conditions, and CGF14_4 under drought con-
ditions, with the largest fold change at low PEG
concentrations in CGF14_4 and CGF14_4 and the
largest fold change at medium NaCl or PEG concen-
trations in other genes.

Discussion

Multiple copies of 14-3-3 transcripts and their evolutionary
history in cotton

Although no cotton genome sequencing data are available,
the abundant resource of ESTs allows us to investigate the
transcripts of 14-3-3 gene family at the transcriptome level.
Using two EST assembly softwares, manual inspection, and
a rigorous standard to determine real transcripts with
polymorphic sites, we identified 31 transcripts with
divergence in protein coding regions. Some of these 31
transcripts may represent different gene loci, some may
come from different allelic genes, and some may stand for
different alternative splicing transcripts of the same gene.

Generally, the gene number within one species is
determined by calculating how many genes are present in
the haploid genome. Because the cotton genome contains
duplication of large DNA segments within homolog
chromosomes (Wang et al. 2007) and the identical genes
from different gene loci would only present one transcript,
it is hard to quantify the total gene number of 14-3-3s in
this species with complex genome organization. However,
the current data have not hindered us from making an
approximate estimate on the gene number of this family
since the identical transcripts from different gene loci most
likely come from very recent gene or DNA segment
duplication and therefore exhibit similar or identical
transcriptional patterns.

Considering that G. hirsutum is allopolyploidy (AADD),
we speculate that the obtained 31 cDNAs might come from
the A and D genomes, with each of them containing about
16 transcribed genes. This is almost exactly consistent with
the 16 transcribed genes in the soybean, G. max. The six
pairs of cDNAs that show 100% identity in the amino acid
level may indicate that sequence divergence has not
happened between the genomes A and D. Investigation of
diploid cotton, such as Gossypium arboretum, Gossypium
herbaceum, or Gossypium raimondii, would help us verify
this speculation.

Although cotton contains multiple transcript copies of
14-3-3s, our phylogenetic analysis indicated that the
evolutionary history of this family is very similar to those
of the homologs in A. thaliana and O. sativa, including
recent gene duplication within each subgroups after the
split of these three species. The additional one branch in
subclade II of the ε group may imply potential novel
functional specialization in cotton.

Different response properties of 14-3-3s in the transcript
level reflect the occurrence of function divergence
within this family

14-3-3s regulate many cell processes including stress
response and plant nutrient signaling (Ferl et al. 2002; Shin
et al. 2011). Although the important regulatory roles of 14-
3-3 have been recognized, the isoform specificity has not
been fully realized given the high identity among 14-3-3s.
It is reported that the fine tuning in plants exposed to stress
conditions often involves expression of specific 14-3-3
isoforms (Shin et al. 2011). The transcript levels of 14-3-3b
and 14-3-3c were shown to increase in roots under salinity
conditions in a previous study (Wei et al. 2009). Whether
the other identified 14-3-3 genes show similar expression
patterns, especially in different tissues, is unknown.

In this study, we used NaCl and PEG to simulate salinity
and drought conditions, respectively, and investigated the
expression level of 14-3-3 genes in different tissues under
stress environments. The occurrence of functional divergence
among 14-3-3 isoforms can be reflected in the following three
aspects. Firstly, the expression of specific isoforms under
stress conditions varies with different tissues. For example,
expression of 14-3-3f1/f2, 14-3-3L1, and CGF14_10 is
inhibited in leaves at the three tested salinity conditions, while
it is enhanced in roots in most salinity conditions. Secondly,
the expression of different isoforms changes in the same
tissue. For example, in roots, at least two trends were observed
under drought conditions. Thirdly, the expression of 14-3-3
genes alters in a dosage-dependent manner especially in
drought conditions. The expression changes of 14-3-3 genes
suggest their roles in differential regulation under salinity and
drought conditions. Studies on their subcellular localization
and target partners may facilitate our understanding about the
role of this family in cotton and other organisms.
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