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Abstract Comparative proteomic analyses were per-
formed to detail the evolutionary consequences of strong
directional selection for enhanced fiber traits in modern
upland cotton (Gossypium hirsutum L.). Using two com-
plementary proteomic approaches, 2-DE and iTRAQ LC-
MS/MS, fiber proteomes were examined for four repre-
sentative stages of fiber development. Approximately 1,000
protein features were characterized using each strategy,
collectively resulting in the identification and functional
categorization of 1,223 proteins. Unequal contributions of
homoeologous proteins were detected for over a third of
the fiber proteome, but overall expression was balanced
with respect to the genome-of-origin in the allopolyploid
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G. hirsutum. About 30 % of the proteins were differentially
expressed during fiber development within wild and
domesticated cotton. Notably, domestication was accom-
panied by a doubling of protein developmental dynamics
for the period between 10 and 20 days following pollina-
tion. Expression levels of 240 iTRAQ proteins and 293
2-DE spots were altered by domestication, collectively
representing multiple cellular and metabolic processes,
including metabolism, energy, protein synthesis and des-
tination, defense and stress response. Analyses of homoe-
olog-specific expression indicate that duplicated gene
products in cotton fibers can be differently regulated in
response to selection. These results demonstrate the power
of proteomics for the analysis of crop domestication and
phenotypic evolution.
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Polyploid

Abbreviations
2-DE Two-dimensional gel electrophoresis

iTRAQ Isobaric tag for relative and absolute
quantification

LC Liquid chromatography

MS Mass spectrometry

Introduction

Lint fibers of upland cotton (Gossypium hirsutum L.) pro-
vide the most important natural fibers for the textile
industry, which support the manufacture of diverse
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consumer and industrial products throughout the world. In
addition to their agronomic and economic importance,
cotton fibers provide an excellent single-celled model for
the study of basic biological processes in plants (Haigler
et al. 2012). Each cotton “fiber” is a single, remarkably
elongated cell that differentiates from epidermal cells of
the ovular integument. Following cell differentiation,
which typically occurs 2-3 days before anthesis, fiber cells
become dramatically elongated during the next 20 days
post-anthesis (dpa), followed by cell wall thickening via
secondary wall synthesis (Haigler et al. 2012). At maturity,
fibers of commercial upland cotton lines typically reach
30 mm in length, being one to two thousand times greater
in length than in diameter (http://www.cottoninc.com).
Because they are readily harvested and separated from
other plant cells, cotton fibers provide a superior system for
the study of plant cell wall development, maturation, and
programmed cell death.

The most important commercial cotton species, G.
hirsutum, is an allopolyploid (2n = 4x = 52) descended
from a hybridization and genome doubling event 1-2
million years ago between a diploid, A-genome Gossypium
species from Africa or Asia, and a D-genome diploid
similar to that found in Central and South America
(Wendel 1989). This polyploidy event, occurring after
5-10 million years of evolutionary divergence between the
diploid progenitors, also gave birth to additional allopoly-
ploid species including G. barbadense, whose cultivated
form is often known as Egyptian or Pima cotton (Wendel
et al. 2012). Both G. hirsutum and G. barbadense were
independently domesticated for their seed hairs, and pos-
sibly as oil-seed crops, at least 5,000 years ago in the
Yucatan Peninsula and the inter-montane Peruvian Andes
areas, respectively (Wendel et al. 2010). As shown in
Supplementary material Fig. S1, G. hirsutum has a large
indigenous range encompassing many of the drier regions
of the tropical and subtropical Americas, where it occurs in
a continuum of morphological forms ranging from wild to
domesticated. Truly wild plants, of race yucatanense, are
sprawling perennial shrubs often found as a dominant
component of native beach strand vegetation in the Yuca-
tan Peninsula (Brubaker and Wendel 1994).

In contrast to the modern crop with greatly enhanced
fiber fineness, strength and length, the shorter, coarser, and
unspinnable fibers of the wild plants provide the antecedent
that can be used in a comparative framework to understand
the evolutionary basis of the dramatic morphological
transformation that led to modern, agronomically improved
cotton. Growth curve analyses of cotton fibers from wild
vs. domesticated plants demonstrated that long fibers are
associated with increased growth rate during primary wall
synthesis and a prolonged period of fiber elongation (Ap-
plequist et al. 2001). The modern G. hirsutum cultivar TM1
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reached a maximum growth rate between 10 and 15 dpa,
whereas the wild accession Tx2094 displayed little or no
growth between 10 and 15 dpa, followed by a significantly
increased rate between 15 and 20 dpa. Microscopic
observation indicated that 20 dpa is near the beginning of
secondary wall synthesis for both accessions, and that
domesticated cotton is only slightly ahead of the wild form
in this respect. At maturation, the final fiber length of
Tx2094 is about 60 % of that in TM1 (Rapp et al. 2010).
Comparative expression profiling using early microarrays
demonstrated that the transcriptomes of these examples of
wild and domesticated G. hirsutum were radically altered
by domestication and crop improvement, with nearly a
quarter of genes in the genome being differentially
expressed (Rapp et al. 2010). A more recent study that
included multiple accessions representing wild and
domesticated G. hirsutum using RNA-seq showed that
nearly 5,000 genes have been differentially regulated as a
consequence of cotton fiber domestication (Yoo and
Wendel 2014). These data suggest that the strong direc-
tional selection accompanying domestication of cotton
fibers has entailed a complex alteration of the transcrip-
tional developmental network. A number of different
metabolic pathways have been implicated in this complex
evolutionary process (Chaudhary et al. 2008, 2009; Hovav
et al. 2008; Rapp et al. 2010; Bao et al. 2011; Yoo and
Wendel 2014).

In addition to genetic and transcriptomic analyses, pro-
teomic investigation of fiber development has proven to be
a powerful and complementary approach for the study of
cotton domestication (Hu et al. 2013). Between wild and
domesticated forms of G. barbadense, 190 of 1,317 fiber
proteins sampled were differentially expressed at one or
more stages of fiber development, whereas few of these
expression changes were suggested at the transcriptional
level. It is clear that mMRNA expression levels only partially
predict protein abundances, as well as the cellular and
physiological activities mainly executed by proteins.
Although a two-dimensional gel electrophoresis (2-DE)-
based approach has been established and used to identify
more than 200 proteins that change during fiber develop-
ment in upland cotton (Yao et al. 2006; Li et al. 2007;
Yang et al. 2008; Pang et al. 2010; Zhao et al. 2010; Zhang
et al. 2013), we are aware of no reports of proteomic
transformations accompanying the domestication of G.
hirsutum.

Here, we analyzed the fiber proteomes of wild and
domesticated G. hirsutum at four developmental time
points using two independent proteomic approaches, the
classic two-dimensional gel electrophoresis (2-DE) that
was widely used in cotton proteomic studies and the more
recently developed isobaric tag for relative and absolute
quantification (iTRAQ) technology coupled with LC-MS/
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MS. Using each method, we characterized the global
expression patterns in both wild and domesticated G.
hirsutum, and documented proteins expressed during fiber
development. We identified differentially expressed pro-
teins as candidates for functional analyses that may yield
insight into domestication and future cotton improvement,
and diagnosed homoeolog-specific differences between
duplicated gene products. Finally, we compared the results
produced by each proteomic strategy and the reproduc-
ibility of protein profiling by these methods, a subject of
current interest in proteomics research (Aggarwal et al.
2006; Chong et al. 2006; Wu et al. 2006; Fenselau 2007,
Thelen and Peck 2007; Vercauteren et al. 2007).

Materials and methods
Plant materials, tissue collection and protein extraction

To represent modern upland cotton, we used the genetic
and cytogenetic standard, Texas Marker Stock 1 (TM-1).
For wild G. hirsutum, we chose race yucatanense, acces-
sion Tx2094 (USDA GRIN PI 501501), an unambiguously
wild form (Wendel et al. 2010) that has been used in most
molecular analyses of wild G. hirsutum. Plants from each
accession were grown in the Bessey Hall Greenhouse at
Iowa State University. Flowers were tagged at anthesis and
developing bolls were harvested at 5, 10, 20 and 25 days
post-anthesis (dpa), representing the key developmental
stages of primary wall synthesis and elongation (5 and
10 dpa), and the transition to (20 dpa) and continuation
(25 dpa) of secondary wall synthesis. Bolls were dissected
immediately after harvest and ovules were frozen in liquid
nitrogen and stored at —80 °C. Fiber proteins were
extracted and purified as previously reported (Hu et al.
2013). Three biological replicates per developmental stage
and per cotton accession were prepared. For each replicate,
ovules were harvested and pooled from five plants, and
subjected to protein extraction.

2-DE and image analysis

Extracted proteins were dissolved in isoelectric focusing
(IEF) buffer [8 M urea, 2 M thiourea, 4 % (w/v) CHAPS,
2 9% (v/v) Triton X-100, and 50 mM DTT] at room tem-
perature, and quantified using the 2-D Quant Kit (GE
Healthcare Biosciences, Pittsburgh, PA, USA) with bovine
serum albumin as standard. For each 1 mg of fiber protein,
the final volume was adjusted to 450 pl with IEF buffer
and then 2.25 pl of IPG buffer 3-10 NL (GE Healthcare
Biosciences) was added. After centrifugation at 10,000g for
10 min to remove insoluble materials, the supernatants
were loaded on 24-cm 3-10 NL immobilized pH gradient

(IPG) strips (GE Healthcare Biosciences) for rehydration.
As previously described (Hu et al. 2011), first dimensional
isoelectric focusing (IEF) and the secondary SDS-PAGE
were performed for protein separation with finished gels
stained using a colloidal Coomassie Brilliant Blue G-250
solution.

Finished 2-DE gels were scanned using ImageScanner
(GE Healthcare Biosciences) at a resolution of 600 dpi and
16-bit grayscale pixel depth. Image and statistical analysis
was conducted with the Progenesis SameSpots software
version 4.0 (Non Linear Dynamics, Durham NC, USA),
using standard procedures and default parameters. Briefly,
spot detection, background subtraction, and normalization
were performed following automatic alignment of all
images with manual inspection. Detected spots were 100 %
matched across images, so that all gels contain the same
number of spots without missing values. Differential
expression of spot volumes that represent protein abun-
dances was assessed using the built-in statistical tool in the
SameSpots software for contrasts of interest. Our criteria
for significant changes were based on an ANOVA
P < 0.05 as calculated with a fold change cutoff of >1.2 or
<0.8 (same as applied in iTRAQ analysis below). By
matching our 2-DE gels against a reference spot map of
upland cotton fibers (Zhang et al. 2013), protein identifi-
cation was retrieved for corresponding spots based on a
cross-database approach of gel comparison (Lemkin et al.
2005).

iTRAQ LC-MS/MS, protein identification
and quantification

Extracted protein were dissolved in protein buffer [8 M
urea, 25 mM triethylammonium bicarbonate (TEAB),
0.2 % (v/v) TX-100, 0.1 % SDS (w/v), pH 8.5], and pre-
pared for iTRAQ labeling as described in Hu et al. (2013).
For each sample, 100 pg of protein was reduced, alkylated,
and trypsin-digested using the iTRAQ Reagents 8-plex Kit
according to the manufacturer’s instructions (AB Sciex,
Inc., Foster City, CA, USA). The TMI proteins were
labeled with iTRAQ tags 113 (5 dpa), 114 (10 dpa), 115
(20 dpa) and 116 (25 dpa), and Tx2094 proteins were
labeled with tags 117 (5 dpa), 118 (10 dpa), 119 (20 dpa)
and 121 (25 dpa). After combining labeled samples, the
peptide mixture was fractionated with strong cation
exchange chromatography and analyzed using a quadru-
pole time-of-flight QSTAR Elite MS/MS system (AB Sciex
Inc.), and data were acquired as described previously (Koh
et al. 2012). Reversed-phase C;g chromatographic separa-
tion of peptides was carried out on a pre-packed BetaBasic
C,g PicoFrit column (75 pm id x 10 cm length, New
Objective, Woburn, MA) at 300 nl/min using the following
gradient: 5 % B for 1 min as an equilibration status; 60 %
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B for 99 min as a gradient; 90 % B for 5 min as a washing
status; 5 % B for 10 min as an equilibration status (solvent
A: 0.1 % formic acid in 97 % water, 3 % ACN; solvent B:
0.1 % formic acid in 97 % ACN, 3 % water).

The MS/MS data were processed by a thorough database
search considering biological modifications and amino acid
substitutions under the Paragon™ algorithm (Shilov et al.
2007) and the Pro Group™ algorithm, using ProteinPilot
version 4.5 software (AB Sciex, Inc.). As described in Hu
et al. (2013), three protein databases were used for iTRAQ
protein and homoeolog identification, including a non-
redundant Gossypium protein database and two separate A-
and D-genome diploid databases. Methylthio-cysteine and
amine groups at the N-terminus and lysine were considered
for the fixed modifications and variable modifications were
included for post-translational modifications (PTMs). The
cutoff of protein identification was set to a confidence level
of 95 %. The global false discovery rate (FDR) of identi-
fied protein lists was determined by performing searches
against the reversed protein databases, with estimates
derived from both the conventional approach and a non-
linear fitting method (Tang et al. 2008) as shown in Sup-
porting Information Table S1. The identified proteins were
assigned to protein families using PANTHER (Mi et al.
2010) and functional classes based on the Arabidopsis
functional catalog (Bevan et al. 1998).

For protein quantification, only MS/MS spectra that
were uniquely identified for a particular protein were used
to extract peak intensities of iTRAQ labeling tags, which
were subsequently normalized across samples using the
built-in bias correction function of ProteinPilot (AB Sciex,
Inc.). Relative protein quantification for comparisons of
interest was generated with P values using the software’s
standard procedures. To be identified as being significantly
differentially expressed, a protein must have been quanti-
fied with a fold change of >1.2 or <0.8 and P < 0.05 in at
least two of the biological triplicates, along with a Fisher’s
combined probability of <0.05 (Fisher 1948).

Functional enrichment test and other statistical analysis

The agriGO tool was used to perform Single Enrichment
Analysis (SEA) for differentially expressed proteins
derived from the iTRAQ analysis (Du et al. 2010). Based
upon the supported Gossypium background data, each set
of differentially expressed proteins was compared to the
reference list of all iTRAQ-identified proteins. Gene
Ontology (GO) terms were enriched with multi-test
adjustment of the Benjamini—Yekutieli method (FDR
<0.05) (Benjamini and Yekutieli 2001). Hierarchical
clustering with regular bootstrap (BP) and approximately
unbiased bootstrap (AU) P values were performed using
the R software package pvclust (Suzuki and Shimodaira
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2006), specifying average linkage and Pearson’s correla-
tion distance metric with 10,000 iterations. The bootstrap
P values indicated how strongly each cluster is supported
by the data. For example, for a cluster with P > 95 %, the
hypothesis that “the cluster does not exist” is rejected with
a significance level of 5 %. The branch length represents
the degree of dissimilarity in protein expression among
conditions.

Results

Parallel proteomic strategies applied to developing
cotton fibers

To compare the fiber proteomes between wild and
domesticated G. hirsutum, we chose race yucatanense, the
most likely wild ancestor of upland cotton (Wendel et al.
2010), for fiber proteomic profiling, and the genetic and
cytogenetic standard Texas Marker Stock 1 (TM-1) as a
representative of modern cultivars. Proteins prepared from
cotton fibers collected at four key stages, i.e., 5 (primary
wall synthesis), 10 (fast fiber elongation), 20 and 25 dpa
(the onset and continuation of secondary wall synthesis,
respectively) were analyzed using two independent pro-
teomic approaches (as illustrated in Fig. S2). Electropho-
resis of twenty-four 2-DE gels (Fig. S3) and three eight-
plex iTRAQ experiments were performed in parallel to
profile fiber proteomes in wild (Tx2094) and domesticated
(TM1) cotton accessions. Based on wide-range (pH 3-10)
IPG-IEF separation of fiber proteomes, a high-resolution
2-DE map was established containing 907 detected spots
reproducibly matched across all gels (Table S2). By
matching our spot map to a recently published 2-DE ref-
erence dataset for upland cotton, which identified 235
differentially expressed protein spots during fiber devel-
opment (Zhang et al. 2013), protein identification was
accomplished for 182 spots on our map representing
electrophoretic isoforms of 147 proteins. Using iTRAQ
labeling coupled with LC-MS/MS experiments, a total of
1,199 fiber proteins were characterized (identification
confidence >95 %, FDR <1 %; Table S1 and S3), among
which 558 proteins were diagnosed with homoeolog-spe-
cific peptides (Table S4). Collectively, 2-DE and iTRAQ
analyses resulted in the identification of 1,223 non-redun-
dant proteins (i.e., from unique Gossypium genes), with
113 proteins identified by both methods (Table S2). With
respect to the quantitative expression profiles of these
commonly identified proteins, interestingly, only a small
number of significant changes overlapped between the
2-DE and iTRAQ datasets. One explanation for this
observation is the lack of strict correspondence between the
protein features identified by different methods; for
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example, one single protein is often separated by 2-DE gels
to more than one isoform, while an iTRAQ-identified
protein actually represents a group of homologs sharing the
detected peptides (discussed in detail later). Proteins dis-
playing consistent expression changes during fiber devel-
opment and domestication by both methods include a
fk506 binding-like protein (Gorai.001G230100), transla-
tion elongation factor 2 (Gorai.002G036600), phenyl-
coumaran benzylic ether reductase (Gorai.002G127000),
rhamnose biosynthetic enzyme 1 (Gorai.003G163300),
serine hydroxymethyltransferase (Gorai.011G153900), ran-
binding protein 1 (Gorai.013G269700), one uncharacter-
ized protein (Gorai.004G235700) and two annexins (Go-
rai.007G239000; Gorai.009G237900).

Functional categorization of the identified proteins
revealed that protein families of transferase, isomerase,
chaperone and transfer/carrier protein were over-repre-
sented by 2-DE proteins, while nucleic acid binding pro-
tein, ligase and membrane traffic protein were more highly
represented by proteins identified by iTRAQ (Fig. la).

Fig. 1 Classification and

With respect to physical properties of the identified fiber
proteomes, a wide range of isoelectric points (pls) and
molecular masses were recovered from both 2-DE and
iTRAQ datasets (Fig. 1b, c). Proteins within the pl range
4-7 dominated the pI spectrum, accounting for 86.4 % (2-
DE) and 64.6 % (iTRAQ) of the total identified proteins
from cotton fibers. High pl proteins (above 7) were better
represented by iTRAQ, and notably, 52 proteins, with pl
above 10, were identified outside the separation range of
our 2-DE analysis (Fig. 1b). Neither approach identified
proteins with pl values below 4. Proteins within the mass
range of 10-70 kDa represented 89.1 % (2-DE) and
85.8 % (iITRAQ) of the identified proteins (Fig. 1c). High
mass proteins above 100 kDa were only resolved by
iTRAQ, and the protein with highest mass was identified as
a 566 kDa auxin transport protein (Gorai.001G206500), far
beyond the molecular weight range (10—120 kDa) of 2-DE
gels. These results suggested that iTRAQ is more inclusive
with respect to proteins having high molecular masses and
pls relative to the 2-DE method, despite the fact that only a
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small portion of 2-DE spots was identified. Regardless of
their different throughput efficiencies and coverage in
terms of protein identification, both iTRAQ and 2-DE
methods allow quantitative and comparative profiling of
global protein features.

Quantitative proteomic changes during fiber
development

To study protein expression during fiber development,
proteomic changes were examined between adjacent
developmental stages (5-10, 10-20, and 20-25 dpa), which
revealed that 292 iTRAQ proteins (24.6 % of 1,189 pro-
teins) and 331 2-DE spots (36.4 % of 907 spots; Table S5)
were significantly differentially expressed within wild or
domesticated cotton fibers. Of these, wild (Tx2094) and
domesticated (TM1) cotton displayed nearly identical
levels of developmental expression variation iTRAQ, 202
Tx2094 vs. 203 TM1 proteins; 2-DE, 193 Tx2094 vs. 181
TMI spots), suggesting that domestication has not sub-
stantively changed this feature of protein dynamics during
development.

As shown in Fig. 2a (blue arrows), iTRAQ analysis
revealed that in Tx2094 the highest number of protein
expression changes occurred early during fiber develop-
ment (5-10 dpa, 156 proteins), twofold higher than changes
during later time intervals (10-20 dpa, 45; 20-25 dpa, 55;
P < 0.05, Fisher’s exact test). This pattern differed from
that shown by TM1, where large numbers of changes were
detected through 20 dpa (5-10 dpa, 121; 10-20 dpa, 132
proteins), with fewer changes observed later (20-25 dpa,
29 proteins; P < 0.05, Fisher’s exact test). By examining
the multivariate clustering of these proteins, the paired time
courses of 5-10 and 20-25 dpa were similar for TM1 and
Tx2094 (Fig. 2b), suggesting that developmental changes
during these periods of fiber elongation and secondary wall
synthesis are similar in domesticated and wild cotton. This
was not the case for the period of rapid fiber elongation
during primary wall synthesis (10-20 dpa). Functional
categorization revealed that from 10 to 20 dpa more pro-
teins were differentially regulated in TM1 versus Tx2094
(P < 0.05, Fisher’s exact test), corresponding to functional
activities of “metabolism”, “energy”, “protein synthesis”,
“protein destination and storage” and “signal transduc-
tion” (Table 1). Although no apparent co-expression pat-
terns were identified as being distinct between wild and
domesticated cotton with respect to functional categoriza-
tion, interestingly, the “protein synthesis” class, including
ribosomal protein subunits, translation factors and tRNA
synthetases, was predominantly down-regulated from 5 to
20 dpa in both accessions (P < 0.05, Fisher’s exact test;
Table S5). In addition, functional enrichments based on the
Singular Enrichment Analysis (SEA) revealed that
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ribosomal activities and translation were specifically enri-
ched in TM1 (Table S6), also suggesting the functional
significance of this biological process accompanying
domestication.

Proteomic changes based on 2-DE spot features exhib-
ited similar levels of proteomic variation between early
(5-10 dpa) and late (20-25 dpa) developmental stages
within each accession (TM1, 69 vs 65 spots; Tx2094, 83 vs
75 spots; Fig. 2c, blue arrows). Consistent with results
from the iTRAQ analyses, more proteins were differen-
tially expressed from 10 to 20 dpa in TM1 than in Tx2094
(94 vs 44 spots; P < 0.05, Fisher’s exact test). In addition,
multivariate expression patterns of 2-DE spots also indi-
cated clustering of paired time courses between wild and
domesticated cottons for 5-10 and 20-25 dpa (~80 and
90 % bootstrapping, respectively; Fig. 2d), thereby again
suggesting that the most dramatic rewiring of the fiber
proteome caused by domestication and crop improvement
occurred between 10 and 20 dpa. A total of 82 differen-
tially expressed spots were identified, among which the
identified proteins for 69 spots were also detected in
iTRAQ analyses (Table S2 and S5). In comparison to the
protein functional classes represented by iTRAQ data, no
proteins identified by 2-DE analysis were categorized into
the classes of “transcription”, “intracellular traffic” or
“cell structure” (Table 1).

Differential protein expression between wild
and domesticated G. hirsutum

When comparing protein expression levels between TM1
and Tx2094 at each time point, 240 iTRAQ proteins
(20.2 %) and 293 2-DE spots (32.3 %) were differentially
expressed at one or more developmental stages (Table S5).
As shown in Fig. 2 (brown arrows), the numbers of 2-DE
spots displaying expression change were distributed
equally among the four developmental time points, while
for the proteins profiled by iTRAQ, the highest number of
expression changes occurred early in fiber elongation
(5 dpa, 137 proteins), followed by fewer changes later
during primary wall synthesis (10 dpa, 78 proteins) and the
transition to secondary cell wall synthesis (20 dpa, 100
proteins), with the fewest changes during secondary wall
synthesis (25 dpa, 48 proteins). The distribution of up-
regulation between TM1 and Tx2094 is statistically sym-
metric, except for 2-DE results where more proteins were
up-regulated in TM1 than Tx2094 at 5 dpa, followed by a
switch in direction at 10 dpa (P < 0.05, Chi-squared test).
Functional analysis of these proteins, including all of the
proteins from iTRAQ and those identified from 2-DE,
indicated that all functional categories are involved in the
proteomic differences between TM1 and Tx2094, with
more than half of the proteins belonging to the categories
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Fig. 2 Number of proteins differentially expressed during fiber
development within and between wild and domesticated Gossypium
hirsutum. Differential expression was independently analyzed for
1,189 iTRAQ proteins (a) and 907 2-DE spots (c¢). A representative
image of a single seed with attached cotton fibers is shown for each
accession. Numbers by the end of arrows denote the numbers of
proteins up-regulated for the specified comparison, and numbers by
the beginning of arrows denote numbers of down-regulated proteins.

Arrow thickness is proportional to the number of differentially
expressed proteins in a given comparison. Developmental expression
changes within each accession, represented by log2 ratios between
adjacent time points, were subjected to hierarchical clustering
analysis for iTRAQ (b) and 2-DE (d) datasets, respectively. A
bootstrapping of 10,000 iterations was performed to calculate
bootstrap probabilities (BP) and approximately unbiased bootstrap
probabilities (AU)

Table 1 Functional categorization of proteins differentially expressed during fiber development

Protein numbers iTRAQ? 2-DE
5-10 dpa 10-20 dpa 10-20 dpa Total (%) Total (%)
Up Down Up Down Up Down

Functional category T X T X T X T X T X T X

Metabolism 15 14 5 5 12 3 13 6 4 7 2 5 53 (18.2) 23 (28.0)

Energy 3 6 6 5 1 6 1 2 2 25 (8.6) 8 (9.8)

Cell growth and cytoskeleton 3 6 3 1 1 1 2 10 (3.4) 10 (12.2)

Transcription 1 6 2 2 1 72.4)

Protein synthesis 3 44 25 1 21 4 1 53 (18.2) 2(2.4)

Protein destination 4 5 3 9 5 1 7 1 4 1 3 30 (10.3) 4 (4.9)

Transporter 3 4 7 2 1 1 2 9 (3.1 3 (3.7

Intracellular traffic 1 1 1 2 (0.7)

Cell structure 2 3 4 3 2 5 3 2 2 1 9 3.1

Signal transduction 7 13 1 8 1 1 1 1 22 (7.5) 7 (8.5)

Defense and stress response 5 8 9 7 3 7 4 3 6 1 5 30 (10.3) 7 (8.5)

Secondary metabolism 2 6 2 2 2 4 3 2 3 1 4 11 (3.8) 6 (7.3)

Unclassified 7 11 10 7 6 5 2 5 2 31 (10.6) 12 (14.6)

SUM 292 82

# Up- and down- regulated protein numbers in the domesticated cotton TM1 (T) and the wild accession Tx2094 (X) and were tabulated for the

iTRAQ dataset
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Fig. 3 Differentially expressed proteins in domesticated G. hirsutum
relative to its wild progenitor. Differential expression patterns of 240
iTRAQ proteins and 64 proteins identified from 2-DE are separately
clustered on the vertical axis of the heatmap. Expression ratios of
domesticated versus wild are plotted on a log, scale for each time
point. Up- and down-regulation are shown in green and red colors,
respectively; black corresponds to no significant change. Based on

of “metabolism”, “energy”, “protein synthesis”, “protein
destination”, and “defense and stress response” (Fig. 3).
Co-expression associated with categorized cellular function
was observed for the class of “protein synthesis”, where
most proteins were up-regulated by domestication in 5 dpa
fibers; this observation was confirmed by the SEA
enrichment results (Table S6). In addition, 5 of 7 tran-
scription-related proteins in the “unclassified” class were
down-regulated in domesticated cotton, including a tran-
scription factor (Gorai.004G264900, expression profile
shown in Fig. 3 panel “288. TF3”), a transcription coac-
tivator (Gorai.010G214300) and three RNA binding pro-
teins (Gorai.010G102100, Gorai.004G004300, Gorai.
005G052700).

@ Springer

Bevan et al. (1998), functional category was assigned to each protein,
whose corresponding row is marked black in the central grey
columns. Examples of protein expression profiles are shown on the
right. DHAR dehydroascorbate reductase, SUS sucrose synthase, VIN
vacuolar invertase, PIP plasma membrane intrinsic protein, APX
ascorbate peroxidase, chloroplastic

Homoeolog expression in allopolyploid G. hirsutum

In addition to studying total protein accumulation from
both homoeologs (A7 and Dy, where the subscript indicates
the specific genome in the allopolyploid) of allopolyploid
cotton (which contains Ay and Dy genomes), we also uti-
lized iTRAQ and 2-DE approaches in an effort to sepa-
rately study the protein products of individual
homoeologous copies of duplicated genes. To accomplish
this, protein identification with evidence of genome-of-
origin is necessary, an opportunity afforded by MS-based
proteomics such as iTRAQ analysis which is capable of
diagnosing homoeolog-specific peptides, as shown by Hu
et al. (2013).
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A total of 558 proteins that had genome-diagnostic
peptides were identified by iTRAQ. Of these, 137 proteins
had peptides diagnostic for both homoeologs (Table S4).
Different from the expression profile of total protein
accumulation, homoeolog-specific expression was quanti-
fied based on only the corresponding A7~ or D~ specific
peptides (as opposed to using all peptides). For example,
MS spectra identified for a dehydrin protein (Go-
rai.002G119600), known to play a role in response to cold
and drought stresses (Hanin et al. 2011), were mapped to
five distinct peptides (one to multiple spectra can be
mapped to one peptide), among which two were diagnosed
as specific to D7, one as specific to Az, and the other two
were shared by both homoeologs (Fig. 4a). As shown in
Fig. 4b, measurements specific to A7 and Dy homoeologs
appeared to distribute separately in most comparisons; at
25 dpa, for example, log2 ratios of the Dy homoeolog (blue
spots) were all below zero, suggesting down-regulation of
the protein expression in TMI1 compared to Tx2094,
whereas all values of the A7 homoeolog (red) indicated up-
regulation. Similar distinctions between homoeologs were
also found for Beta-hydroxyisobutyryl-CoA hydrolase 1
isoform 2 (Gorai.004G108600), where only its D7 ho-
moeolog appeared to be differentially regulated during
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measurements plotted as points are labeled for homoeolog-specific
peptides (red Az, blue Dr) and peptides shared by both homologs
(grey). Expression ratios are calculated on log2 scale for comparisons
of TM1 vs. Tx2094 at each developmental time point (i.e., 5, 10, 20
and 25 dpa), and between adjacent time points within both accessions
(e.g., 5-10 denotes 10 vs. 5 dpa)

domestication and fiber development (P < 0.05, Student’s
t test; Fig. 4c). These results provide evidence of differ-
ential expression and variable regulation between protein
homoeologs in allopolyploid G. hirsutum. Using this
comparative framework, homoeolog-specific expression
was also inspected for all proteins for which the appro-
priate data were recovered; this analysis showed that in
general, Ay and D7 homoeologs display indistinguishable
expression patterns. For example, for aspartic proteinase
Al (Gorai.004G031800), the measurements specific to
each homoeolog are intermingled, indicating equivalence
in expression (Fig. 4d).

Among the remaining proteins with diagnostic peptides
detected for only one of the two homoeologs, 230 and 191
proteins had peptides identified that were specific to Ay and
D7 homoeologs, respectively. As suggested and demon-
strated in Hu et al. (2013), the solo detection of one of the
two homoeologs reflects the non-random nature of MS in
detecting high-abundance peptides from the more highly
expressed copy, which, therefore, can be used as an indi-
cator of biased protein expression favoring the homoeolog
detected. Using this logic, the number of A7 and D7 ho-
moeolog expression biases are statistically equivalent
(P > 0.05, Chi-squared test), suggesting that although
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homoeolog expression bias of fiber proteins appears to be
pervasive (421 of 558 proteins), their directions are bal-
anced with respect to genome-of-origin in G. hirsutum. To
increase the statistical power of this analysis, we applied
quantitative threshold (N) to indicate solo detection of
either homolog; that is, the biased expression of one ho-
moeolog was considered only when the identified number
of homoeolog-specific spectra >N. By applying the
N value from 1 to 101 until no biased expression was
allowed, the balanced detection of Ay and D expression
biases was well maintained.

Discussion

Complementary proteomic approaches applied
to cotton domestication

Since the time that “Variation under Domestication” was
published (Darwin 1859), comparative analysis of culti-
vated plants and their wild relatives has been recognized as
a useful approach to generate insights into the evolutionary
consequences of diversifying and directional selection.
Over the past 20 years, much progress has been made to
identify the causal mutations and underlying genetic
architecture that control morphological transformations
during crop domestication and improvement (Doebley et al.
2006; Burke et al. 2007, 2008; Burger et al. 2008; Gross and
Olsen 2010; Olsen and Wendel 2013a, b). As reviewed in
Olsen and Wendel (2013a, b), the increasing application of
genome-scale systems biology approaches (e.g., genomics,
transcriptomics, proteomics, and metabolomics) promises
to shed qualitatively new light on crop plant evolution. Here
we demonstrate the use of advanced proteomic profiling
tools in an elite cotton cultivar and a wild accession to gain
insight into cotton fiber development and evolution for
upland cotton, G. hirsutum. We characterized the devel-
opmental dynamics of fiber proteomes and conducted
intraspecific comparative analyses using 2-DE and iTRAQ
approaches, powerful and complementary techniques to
study complex protein profiles (Rose et al. 2004; Chen and
Harmon 2006; Thelen and Peck 2007).

Following the advent of methodology for the extraction
of proteins from cotton fibers (Yao et al. 2006), a number
of proteomic studies have been performed using the 2-DE
method (Yao et al. 2006; Li et al. 2007; Yang et al. 2008;
Pang et al. 2010; Zhao et al. 2010; Zhang et al. 2013),
which separates proteins into complex maps of spots by
native charge (pI) and molecular mass, followed by char-
acterization of their molecular activities during fiber
growth. Approximately 200 proteins differentially expres-
sed during fiber development typically are identified using
this approach (Yang et al. 2008; Zhang et al. 2013), as

@ Springer

recently reviewed (Zhou et al. 2014). In comparison to
2-DE based studies, our previous iTRAQ analysis charac-
terized 1,317 cotton fiber proteins in G. barbadense (Hu
et al. 2013), a much higher proteome coverage due to the
nature of high-throughput protein identification of MS-
based proteomics (Thelen and Peck 2007; Diz et al. 2012).
In this study, our iTRAQ results not only accounted for
70 % of the characterized 2-DE proteomes, but also pro-
vided a more comprehensive catalog of fiber proteins with
a wider range of pI and molecular mass (Fig. 1b, c). These
data serve as a valuable resource for studying the molecular
mechanisms of fiber elongation and cell wall synthesis.

Despite the limitations of 2-DE in terms of low prote-
ome coverage and data throughput, the ability of this
methodology to resolve protein isoforms as different spots
is a unique advantage relative to other technologies, in that
it provides additional information on post-translational
modifications and other protein-level regulatory mecha-
nisms. For example, differentially modified forms of a
dehydroascorbate reductase (DHAR; Gorai.012G068600)
were detected as separate spots on 2-DE gels, which dis-
played opposite expression patterns in response to
domestication (Fig. 3 panels “Spot 2527” and “Spot
25357). In iTRAQ analysis, the same protein was uniquely
identified, but its expression changes were found to be
mostly intermediate between those of 2-DE isoforms
(Table S5). This discrepancy in protein characterization
can be explained by the peptide-centric nature of iTRAQ
analysis: between different protein isoforms, only a few
peptides bear distinct point modifications or proteolytic
sites, which often are under-represented due to their rela-
tively low abundance, while more abundant and common
peptides are more likely to be identified and grouped
together as a single identification. Thus, various protein
isoforms are less likely to be studied by iTRAQ compared
to 2-DE. Overall, the different strengths of 2-DE and
iTRAQ underscore the importance of technical diversity in
revealing the complexity of biological system and evolu-
tionary studies at protein level.

Fiber proteomic changes accompanying domestication

Over thousands of years of human-mediated selection and
agronomic improvement, wild G. hirsutum underwent
numerous phenotypic modifications to become a modern
crop with dramatically enhanced fiber length and fineness
(Fig. S1). Transcriptomic analyses of wild and domesti-
cated cotton highlight the fact that the molecular networks
of fiber development are highly altered by domestication
and crop improvement (Chaudhary et al. 2008; Hovav et al.
2008; Rapp et al. 2010; Yoo and Wendel 2014). Here we
extend these initial insights to the proteomic level, thereby
providing new perspectives on the molecular basis of
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evolutionary transformations and cotton biology. The level
of proteomic change (20.2-32.3 %) we observed between
wild and domesticated G. hirsutum is in agreement with
that previously reported at the transcriptome level (23.4 %
of 40,430 genes) using the same model accessions (Rapp
et al. 2010). In that previous study, the greatest amount of
differential gene expression was found early in fiber
development (2 dpa), prior to obvious macroscopic dif-
ferences in fiber morphology. It was suggested that the
gene regulatory network was rewired by early develop-
mental events, with these changes propagating through the
transcriptional network during subsequent developmental
periods. At the protein level, the highest amount of
expression change was also observed at the earliest stage
sampled in our study (5 dpa).

One caveat to our study is that only one accession each
of the wild and domesticated G. hirsutum was used for the
proteomic comparison. Therefore, some of the observed
expression changes might be specific to the choice of
accessions, rather than representing the general domesti-
cation process. Future studies would benefit from including
multiple accessions of wild and domesticated cotton for
profiling fiber proteomes, such as recently applied to a
transcriptomic survey of cotton domestication (Yoo and
Wendel 2014). However, G. hirsutum exhibits an extre-
mely narrow gene pool, for both the modern crop cultivars
and truly wild races (Wendel et al. 1992; Brubaker and
Wendel 1994), which suggests that the overall patterns we
observed likely are representative of the proteomic altera-
tions accompanying upland cotton domestication.

In addition to providing a quantitative overview of the
complexity of the proteomic changes during development
and as a consequence of domestication, the data also
implicate key processes altered by these phenomena.
Among the differentially expressed fiber proteins, about
30 % function as catalytic enzymes in biochemical path-
ways of nucleotide, amino acid, fatty acid, lipid, and car-
bohydrate (Table 1; Fig. 3), offering clues into the
regulation of the basal metabolic reactions that sustain fiber
cell growth. In particular, carbohydrate metabolism is
known to be critical for both energy production and for
providing intermediates for cell wall synthesis (Stiff and
Haigler 2012). An important enzyme in this process is
sucrose synthase (SUS), which catalyzes a reversible
reaction but preferentially converts sucrose into fructose
and UDP glucose. Two differentially expressed SUS pro-
teins were identified by iTRAQ, displaying distinct
expression profiles. As shown in Fig. 3 (right panels), SUS
protein 114 (Gorai.010G091800) was up-regulated from
10 dpa and displayed a higher expression level in the wild
accession at 20 and 25 dpa, while protein 561 (Go-
rai.010G092300) was highly expressed at 5 dpa and
decreased later in TMI, in contrast to having static

expression in Tx2094. According to the 2-DE profile,
another SUS protein was represented by two spot isoforms,
with up-regulation in domesticated cotton at 10 dpa (Go-
rai.009G038000; Fig. 3 panels “Spot 563” and “Spot
604”). Consistent with this observation of divergent regu-
lation, it has been shown that SUS gene family members
are actively involved in a wide range of tissues and
developmental processes in cotton (Chen et al. 2012), and
play important roles in fiber initiation (Liu et al. 2012) and
cell expansion for both primary (Ruan et al. 2005) and
secondary cell wall synthesis (Amor et al. 1995; Salnikov
et al. 2003). However, it is not clear how a variety of SUS
enzymes are temporally differentiated while function col-
lectively in developing fibers. We speculate that future
exploration of these SUS homologs could provide clues to
important regulatory machinery governing fiber growth.

The other major route of sucrose degradation in plants is
through the reaction of invertase (also known as B-fructo-
furanosidase), which irreversibly hydrolyzes sucrose to
fructose and glucose. In developing cotton fibers, a vacu-
olar invertase (VIN1) was reported to promote fiber elon-
gation, possibly through osmotic regulation mediated by
the accumulation of hexoses as osmotically active solutes
promoting water influx into the vacuole for turgor-driven
cell expansion (Wang et al. 2010). Here, VIN1 (Go-
rai.008G216800; Fig. 3 panel “80. VIN”) was up-regu-
lated following fiber initiation and remained high through
primary cell elongation in both cotton accessions; notably,
domesticated cotton exhibited higher levels of VINI
expression, especially during the period of fiber elongation.
In response to the elevated turgor pressure, water channel
proteins (aquaporins) are known to play important roles in
cotton fibers by supporting rapid water influx into vacuoles
(Liu et al. 2008). Increased protein abundance of two
plasma membrane intrinsic aquaporins (Go-
rai.004G212800; Gorai.002G002500) was correlated with
fast fiber growth in our data, and maintained at a higher
level at later stages in the domesticated cotton (Fig. 3
panels “142. PIP1-2” and *“392. PIP2”); these data tem-
porally parallel the prolonged period of fiber elongation in
domesticated relative to wild cotton (Applequist et al.
2001). Together, these results suggest that the domestica-
tion process may have altered regulatory networks that
modulate invertase activity and osmotic regulation for
enhanced and/or prolonged fiber elongation.

Parallel domestication of cotton but variable
evolutionary trajectories

As an extension to our previous analysis of crop domesti-
cation in Pima cotton G. barbadense (Hu et al. 2013), the
current proteomic data for G. hirsutum provides a com-
parative data set for the elucidation of key regulatory
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changes that were either exclusively or commonly targeted
by human-mediated selection during these two independent
domestication events, in addition to providing information
that may be relevant to the fiber qualities that are unique to
each species. Taking ribosomal proteins as an example,
domesticated representatives from both species exhibit
peak expression of a variety of ribosomal proteins during
fiber initiation, in contrast to the lower expression levels
observed in their wild progenitors. What makes this case
more interesting is that different original states were
characterized between two wild accessions, seen as down-
regulation from 5 to 10 dpa in G. hirsutum versus up-
regulation in G. barbadense. It appears that the diversified
developmental genetics of ribosomal proteins in different
wild cotton species was later reshaped into congruent
expression by convergent evolution under strong artificial
selection for advanced fiber traits.

With respect to proteomic changes accompanying fiber
development, the most dramatic transformation in G.
hirsutum fibers is the period from 10 to 20 dpa, where over
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twice as many expression changes were found in domes-
ticated than in the wild cotton. In the other major cultivated
cotton species, G. barbadense, regulatory rewiring also
appears to have altered the period of primary wall syn-
thesis, but differs in that the proteomic transition occurs
earlier in the domesticated cotton versus its primitive
progenitor while maintaining a similar amount of expres-
sion change (Hu et al. 2013). Therefore, these results
present quite different evolutionary trajectories in two
independent events of cotton domestication. One potential
hypothesis to explain this divergence, given that fiber
development proceeds with relatively similar timelines
between the domesticated phenotypes, is that the two wild
species exhibit different developmental timing of fiber
growth. Without direct evidence supporting this hypothe-
sis, an alternative but not exclusive explanation is that
regulatory changes selected for improved fiber traits, such
as ROS scavenging (Chaudhary et al. 2009), regulation of
the profilin gene family (Bao et al. 2011) and cytoskeleton
dynamics (Hu et al. 2013), are intermingled with those
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relevant to fiber physical properties unique to each culti-
vated species, as exemplified below.

In a comparative transcriptome analysis between G.
hirsutum and G. barbadense cultivars, Al-Ghazi et al.
(2009) demonstrated several pathways that may play
important roles in determining fiber quality, among which
phenylpropanoid biosynthesis leading to production of a
wide range of secondary metabolic compounds responsi-
ble for developmental signaling, cell wall structure, pig-
ments, plant protection and stress response, was
highlighted. The difference in gene expression and meta-
bolic contents seen between G. hirsutum and G. barba-
dense could directly impact cell wall structure or affect
auxin signaling pathways involved in fiber development
and lead to the various physical and chemical properties
of different cotton fibers (Al-Ghazi et al. 2009; Fan et al.
2009; Tan et al. 2013). Interestingly, differential expres-
sion of proteins from the phenylpropanoid pathway was
observed in both, parallel cotton domestication events, as
shown in Fig. 5. In G. hirsutum (light grey panels), pro-
tein expression of major phenylpropanoid and flavonoid
pathway enzymes was coordinately down-regulated under
domestication. These observations are consistent with
previously reported results at the transcriptome level, and
support the hypothesis that the domestication process may
have reallocated resources from secondary metabolic
pathways to more fundamental processes for fiber growth,
including carbohydrate and fatty acid synthesis (Yoo and
Wendel 2014). However, in G. barbadense (dark grey
panels), the flavonoid pathway was up-regulated during
early fiber elongation and during the transition to sec-
ondary wall synthesis (Hu et al. 2013). In addition to
flavonoid and anthocyanin biosynthesis, the sub-branch of
the phenylpropanoid pathway leading to lignin synthesis
appears to be up-regulated following both domestication
events, but at different developmental stages. Unlike many
other plant cells, cotton fibers are long known to contain
little to no lignin in their secondary cell walls (Fan et al.
2009). By examining the molecular and biochemical
activities of cinnamyl alcohol dehydrogenase (CAD)—a
key enzyme catalyzing the final step of monolignol bio-
synthesis, Fan et al. (2009) pointed out that the previously
overlooked monolignol and lignin compounds are bound
to cell walls and potentially of central importance to wall
mechanical strength and cotton fiber growth; this protein
is inferred to have been differentially affected by
domestication in G. hirsutum and G. barbadense.

Detection and analysis of duplicated gene products
We characterized expression differences between wild and

domesticated cotton at the homoeolog-specific level, as in
our previous work (Hu et al. 2013). Although there were

few cases where Ay and Dy homoeologs displayed strik-
ingly different expression patterns, our data reveal evi-
dence of unequal contributions of homoeologous proteins
to the total protein pool, and how this total may obscure
subtleties at the homoeolog level.

In the context of crop domestication, a wealth of indirect
evidence suggests a role for polyploidization in generating
adaptive plasticity and novel phenotypic variation for
domestication-related traits (reviewed by (Paterson 2005;
Udall and Wendel 2006). Given that all crop plants are
polyploids, one promising application of evolutionary
proteomics described here is to document the modification
pattern of homoeolog-specific protein expression, which
may lead to new evidence that links gene duplication to
functional and phenotypic significance.
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