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ABSTRACT Allopolyploidization is accompanied by changes in gene expression that are thought to contribute to phenotypic diversification.
Here we describe global changes in the single-celled cotton fiber proteome of two natural allopolyploid species (Gossypium hirsutum and
G. barbadense) and living models of their diploid parents using two different proteomic approaches. In total, 1323 two-dimensional gel
electrophoresis spots and 1652 identified proteins by isobaric tags for relative and absolute quantitation were quantitatively profiled during
fiber elongation. Between allopolyploids and their diploid A- and D-genome progenitors, amounts of differential expression ranged from
4.4 t0 12.8%. Over 80% of the allopolyploid proteome was additively expressed with respect to progenitor diploids. Interestingly, the fiber
proteome of G. hirsutum resembles the parental A-genome more closely, where long, spinable fiber first evolved, than does the fiber
proteome of G. barbadense. More protein expression patterns were A-dominant than D-dominant in G. hirsutum, but in G. barbadense,
the direction of expression-level dominance switched from the D-genome to the A-genome during fiber development. Comparison of
developmental changes between the two allopolyploid species revealed a high level of proteomic differentiation despite their shared
ancestry, relatively recent evolutionary divergence, and similar gross morphology. These results suggest that the two allopolyploid species
have achieved superficially similar modern fiber phenotypes through different evolutionary routes at the proteome level. We also detected
homeolog-specific expression for 1001 proteins and present a novel approach to infer the relationship between homeolog-specific and
duplicate expression patterns. Our study provides a proteomic perspective on understanding evolutionary consequences of allopolyploidization,

showing how protein expression has been altered by polyploidization and subsequently has diversified among species.
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OLYPLOIDY is now recognized as a fundamental process

in plant evolution, and all flowering plant genomes are
known to have experienced several or more rounds of genome
doubling in their evolutionary history (Jiao et al. 2011). Com-
pared to the intraspecific genome duplication of autopoly-
ploidy, the formation of allopolyploids entails the merging
and doubling of diverged genomes, which has been proposed
as an important mechanism of functional and phenotypic evo-
lution driven by structural and regulatory divergence between
parental genomes and the attendant duplication of genetic
materials (Wendel 2000; Wendel and Doyle 2004; Comai
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2005; Doyle et al. 2008; Leitch and Leitch 2008; Soltis and Soltis
2009; Finigan et al. 2012; Madlung 2013; Madlung and Wendel
2013; Ainouche and Wendel 2014).

A large and growing body of literature has demonstrated
that allopolyploidy is accompanied by a series of non-
Mendelian interactions and processes, including chromosomal
rearrangement and variation (Ramsey and Schemske 2002;
Szadkowski et al. 2010; Xiong et al. 2011; Chester et al.
2012), DNA sequence elimination (Shaked et al. 2001; Ozkan
et al. 2003; Blanc and Wolfe 2004; Han et al. 2005; Skalicka
et al. 2005; Anssour et al. 2009; Buggs et al. 2009; Tate et al. 2009;
Schnable et al. 2011), recombination between homeologous
chromosomes (Gaeta et al. 2007; Szadkowski et al. 2010) and
genes (Salmon et al. 2010; Flagel et al. 2012), epigenetic
modification (Madlung et al. 2002; Salmon et al. 2005; Bottley
et al. 2006; Chen 2007; Gaeta et al. 2007; Kovarik et al. 2008;
Ni et al. 2009; Bottley 2014), and differences in small RNA
regulation (Kovarik et al. 2008; Ha et al. 2009; Kenan-Eichler
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et al. 2011; Ng et al. 2011; Woodhouse et al. 2014). With
respect to gene expression, a common observation is that the
increase of genetic information in allopolyploids leads to dif-
ferent transcriptomic repatterning relative to parental species
(Grover et al. 2012a). In particular, nonadditive expression
has been studied in allopolyploid species from the perspec-
tives of expression-level dominance, transgressive expression,
and homoelog expression bias (reviewed in Yoo et al. 2014).
The first two phenomena describe the total expression of
a homeolog pair and up-/down-regulation relative to the dip-
loid parents, whereas homeolog expression bias quantifies
cases of unequal contribution of two homeologs to total gene
expression (Grover et al. 2012a; Yoo et al. 2014).

The advent and subsequent widespread use of micro-
array and next-generation sequencing technologies have led
to a rapid increase in exploration of gene expression at the
transcriptional level (Adams et al. 2003; Hegarty et al. 2005;
Bottley et al. 2006; Wang et al. 2006; Gaeta et al. 2007; Flagel
et al. 2008; Hovav et al. 2008; Chaudhary et al. 2009; Rapp
et al. 2009; Buggs et al. 2010a; Buggs et al. 2010b; Chague et al.
2010; Chelaifa et al. 2010; Flagel and Wendel 2010; Koh
et al. 2010; Bardil et al. 2011; Chelaifa et al. 2013; Yoo
et al. 2013). However, the transcriptome itself is insufficient
for understanding the end products of gene expression and
phenotypic outcomes (Rose et al. 2004; Thelen and Peck
2007; Karr 2008; Vogel and Marcotte 2012; Ponnala et al.
2014). Because proteins are the major catalysts of cellular
activities, the phenotype of an organism arguably may be
more directly related to protein abundance and function than
to transcriptional abundance (Karr 2008; Diz et al. 2012).
Thus, comparative proteomics offers an important perspective
on evolutionary processes.

Only a few studies have examined the outcome of gene
expression at the protein level in allopolyploids with respect to
their diploid progenitors. Using a two-dimensional gel elec-
trophoresis (2-DE) approach or isobaric tags for relative and
absolute quantitation (iTRAQ), interspecific comparisons of
protein presence and abundance have been performed in
wheat (Bahrman and Thiellement 1987; Islam et al. 2003),
Brassica napus (Albertin et al. 2006, 2007), Arabidopsis (Ng
et al. 2012), Tragopogon (Koh et al. 2012), and cotton (Hu
et al. 2011) that demonstrated examples of nonadditive ex-
pression at the protein level. In cotton seeds (Hu et al. 2011),
a high degree of proteomic variation was found among diploid
and allopolyploid proteomes, with a biased accumulation of
seed storage proteins from one of the two progenitors. iTRAQ,
a gel-free method, was used to investigate proteomic variation
with respect to polyploidy in Arabidopsis (Ng et al. 2012) and
Tragopogon (Koh et al. 2012) and to study evolutionary
changes accompanying two independent cotton domestication
events (Hu et al. 2013, 2014). The 2-DE and iTRAQ methods
are known to produce complementary results (Rose et al. 2004;
Thelen and Peck 2007). For example, only proteins within
a narrow range of molecular mass, isoelectric point (pI), and
hydrophobicity can be resolved by 2-DE analysis, and identify-
ing proteins is time-consuming and often insufficient to assign
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functional annotations to the expression patterns of interest. In
iTRAQ analysis, protein quantification is based upon MS signals
of labeling tags attached to peptides, which allows quantitative
comparisons between differentially labeled samples but leaves
relative protein abundance within the same sample difficult to
measure. It is not clear, for interspecific comparisons in evolu-
tionary studies, how these technical differences between the
two approaches would affect proteomic inferences in a manner
comparable to those described for transcriptomic studies.

Our goal in this study was to use both 2-DE and iTRAQ
proteomic methods to investigate the effects of genome
doubling on allopolyploid cotton proteomes. One key advan-
tage of this system is that we could select a relatively simple
morphologic structure for evolutionary analysis, namely, the
single-celled epidermal trichome colloquially termed cotton
“fiber.” A second advantage is that we were able to simulta-
neously study two natural allopolyploid species, Gossypium
hirsutum (AD;) and G. barbadense (AD,), that diversified
from the same polyploidy event approximately 1-2 million
years ago (Grover et al. 2012b; Wendel et al. 2012) and that
were independently domesticated in parallel at least 5000
years ago (Wendel et al. 2012). These allopolyploids were
studied in parallel relative to models of their diploid progen-
itors, the A-genome species G. arboreum (A,) and the D-genome
species G. raimondii (Ds). This work offered us the opportunity
to determine the proteomic consequences of polyploidization
and generated a rich database to potentially provide insights
into proteomic underpinnings of cotton fiber development.

Materials and Methods
Plant materials and protein extraction

Four Gossypium species were used in this study, including two
natural allopolyploids, G. hirsutum (AD;) cultivar Acala
Maxxa and G. barbadense (AD,) cultivar Pima S-6, and
models of their diploid progenitors, the A-genome species
G. arboreum (A,) and the D-genome species G. raimondii
(Ds) (Figure 1A). Three plants per species, as biological
replicates, were grown in the Bessey Hall Greenhouse at
Iowa State University. Flowers were tagged at anthesis,
and developing bolls were harvested at 10 and 20 days
postanthesis (dpa), representing the key developmental
stages (Kim and Triplett 2001; Wilkins and Arpat 2005;
Haigler et al. 2012) of primary wall synthesis and fast elon-
gation (10 dpa) and the transition to secondary wall synthe-
sis (20 dpa). Collected bolls were dissected immediately
after harvest, and ovules were frozen in liquid nitrogen
and stored at —80°.

2-DE and iTRAQ proteomic analyses

Total proteins were isolated from fiber tissues as described in
Hu et al. (2013), and proteomic experiments were performed
using both the gel-based 2-DE (Figure 1, B and C) and LC-based
iTRAQ (Figure 1D) techniques (Hu et al. 2014). The 2-DE
experiments were carried out as described in Hu et al. (2011,
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Figure 1 Comparative proteomics of diploid and allopolyploid cotton fibers. (A) Phylogenetic framework of diploid and allopolyploid Gossypium illustrating
the evolutionary history of allopolyploid AD-genome cottons that diversified from a common polyploidization event between the A- and D-genome diploids. A
representative image of a single seed with attached fibers is shown for each species. (B) For sample preparation, total proteins were extracted from 10- and
20-dpa fibers in each species for 2-DE and iTRAQ analyses, and in addition, the diploid A- and D-genome protein extracts were mixed to a ratio of 1:1 for
coelectrophoresis in 2-DE analysis. (C) The extracted proteins and diploid protein mixtures were separated in 2-DE experiments with a nonlinear IEF range of
pH 3-10, and the resulting gels were subjected to image analysis for spot detection and protein quantification based on spot volumes. (D) In iTRAQ analyses,
extracted proteins were separately digested and labeled with iTRAQ tags, and the combined peptide mixture was subjected to liquid chromatography (LC)
coupled with tandem mass spectrometry (MS) analyses. The iTRAQ reagents allow simultaneous identification and quantitation of proteins in eight different

samples.

2014). Comparative quantification of spot volumes was con-
ducted to assess differential expression for contrasts of interest.
Significant changes were identified based on an ANOVA with
a P-value of <0.05 and a fold-change cutoff of >1.2 or <0.8.

iTRAQ analysis was conducted using the iTRAQ Reagents
8plex Kit according to the manufacturer’s instructions (AB
Sciex, Foster City, CA). The diploid A, proteins were labeled
with iTRAQ tags 113 (10 dpa) and 114 (20 dpa), Ds proteins
were labeled with tags 115 (10 dpa) and 116 (20 dpa), AD,
proteins were labeled with tags 117 (10 dpa) and 118 (20
dpa), and AD, proteins were labeled with tags 119 (10 dpa)
and 121 (10 dpa), respectively. After labeling, the peptides were
fractionated with strong cation exchange (SCX) using an
Agilent HPLC System 1260 with a polysulfoethyl A column
(2.1 X 100 mm, 5 pm, 300 A; PolyLC, Columbia, MD), and
12 final fractions were lyophilized and analyzed using a
quadrupole time-of-flight QSTAR Elite MS/MS system
(AB Sciex), as described previously (Hu et al. 2014). Protein
identification from the MS/MS data was performed by a thor-
ough database search considering biological modifications

and amino acid substitutions using the Paragon search algo-
rithm in the ProteinPilot version 4.5 software (AB Sciex), with
the cutoff set to a confidence level of 95% and the global false
discovery rate (FDR) under 1.0% (Supporting Information,
Figure S1, Table S1). Proteins were quantified with at least
three spectra based on peak intensities of iTRAQ labeling tags
coupled with normalization and bias correction, as described
previously (Hu et al. 2014). An expression change was con-
sidered to be significant only when the protein fold change
was quantified as >1.2 or <0.8 with P < 0.05 in at least two
of three biological replicates, along with a Fisher’s combined
probability of <0.05 (Fisher 1948).

Protein functional analysis and hierarchical clustering

Identified fiber proteins were annotated with gene ontology
categories using Blast2GO (Conesa et al. 2005) and assigned
to protein families using PANTHER (Mi et al. 2010). Func-
tional enrichment analyses were performed using the Single
Enrichment Analysis (SEA) tool of agriGO (Du et al. 2010).
For SEA, a list of proteins of interest was compared to the
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reference list of identified Gossypium proteins to acquire
enriched GO terms using Fisher’s test with P < 0.05 and
a minimum of five mapping entries. Hierarchical clustering
with regular bootstrap probability (BP) and approximately
unbiased bootstrap (AU) P-values was performed using the
R software package pvclust (Suzuki and Shimodaira 2006),
specifying average linkage and Pearson’s correlation distance
metric with 10,000 iterations.

Differentiation of protein orthologs and homeologs

Three protein databases were used for iTRAQ protein identi-
fication, including a nonredundant Gossypium protein database
and two separate A- and D-genome diploid databases, as de-
scribed by Hu et al. (2013). To comprehensively identify fiber
proteins from multiple cotton species, the MS/MS data were
first searched against the nonredundant Gossypium protein
database. This step provided identification of protein orthologs
in A- and D-genome diploids and their counterparts in allo-
polyploids representing the combined expression of homeolog
pairs (A and Dy, where the subscript indicates the specific
genome in the allopolyploid). The derived data were used to
analyze the total expression level of homeolog pairs for a given
protein in allopolyploids relative to expression levels in the
parental diploids in parallel to 2-DE analyses.

To distinguish the expression patterns between homeologs
in allopolyploids, i.e., homeolog-specific expression, the MS/
MS data were subsequently searched against separate diploid
A- and D-genome databases using the same ProteinPilot param-
eters described earlier. Based on the amino acid difference
between protein orthologs in the diploid protein databases,
A- or D-specific peptides were identified by comparing the
separately generated peptide lists. For an A- or D-specific pro-
tein in allopolyploids, i.e., the Ay or Dt homeolog, expression
ratios were calculated based on only the peptides specific to
the corresponding diploid genome; to be considered differen-
tially expressed significantly between sample conditions, a
protein homeolog needed to be diagnosed with at least three
genome-specific peptides from at least two of the replicates
and a fold change # 1 with P < 0.05 using Student’s t-test.

Additivity test and categorization of expression
patterns in allopolyploid proteomes

The hypothesis of additive expression in the allopolyploids
was tested using 2-DE data only, where a spot was considered
additive if its expression in the allopolyploid genome was
statistically equivalent to the average of expression levels in
the parental A- and D-genomes. Coelectrophoresis of a 1:1
mixture of A, and Ds proteins was conducted to obtain the
average expression of the diploid parents (Figure 1B, below
dash line). To ensure the reliability of this experiment,
coelectrophoretic values were compared to the arithmetic av-
erage of parental values by Student’s t-tests (P < 0.05). Any
protein expression in allopolyploids that significantly devi-
ated from the coelectrophoretic value was considered to be
nonadditive in the form of up- or down-regulation relative to
the average parental values.
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For both 2-DE and iTRAQ data, protein expression in
allopolyploids was categorized into six possible patterns based
on their expression levels relative to the diploid parents
(illustrated in Figure 5). First, conserved expression was
inferred if the expression level in the allopolyploid was sta-
tistically equivalent to that in both diploid parents; if it was
equivalent to the value of only one parent, expression-level
dominance was inferred in the direction of this parent irre-
spective of whether expression was increased or decreased
relative to the other parent, as in Grover et al. (2012a).
For protein expression levels that were significantly differ-
ent from both parental values, median or transgressive ex-
pression was inferred depending on whether the expression
in the allopolyploid statistically fell between or outside the
range of the two diploid parents.

Results

Comparative proteomics of cotton fibers using 2-DE and
iTRAQ methods in parallel

To establish a comparative fiber proteome database, cotton
fibers were examined in two natural allopolyploids, G. hirsu-
tum (AD;) and G. barbadense (AD,), and representatives of
their diploid progenitors, G. arboreum (A;) and G. raimondii
(Ds), using two key developmental stages per species—10
and 20 dpa—representing fast fiber elongation and the tran-
sition from primary to secondary wall synthesis, respectively.
For the twenty-four 2-DE gels using a nonlinear isoelectric
focusing range (IEF) of pH 3-10, a total of 1323 protein spots
was detected and reproducibly cross-matched (Figure S1 and
File S1). The log;¢-transformed spot-volume distribution was
near normal for each sample condition, and its dynamic range
represented proteins spanning approximately three orders of
magnitude of expression within cotton fiber cells (Figure S2).
The quantitative 2-DE spot profiles were used for intra- and
interspecific comparisons of global protein features in the sub-
sequent analyses (File S2).

To complement the 2-DE approach, iTRAQ was carried out
for protein identification and quantification (Figure 1D). A total
of 1652 fiber proteins was identified (95% confidence level)
with a less than 1% FDR (Table S1, File S3, and File S4),
among which 1001 proteins were diagnosed with ortholog-
specific peptides with respect to A- and D-genome diploid spe-
cies, as well as homeolog-specific (Ar, Dr, or both) peptides in
allopolyploid species, accounting for 60% of their fiber pro-
teome characterized. The identified fiber proteins represent al-
most all PANTHER protein functional families encoded in the
Gossypium genome, with over a third of the proteins classified
into oxidoreductase (12.4%), nucleic acid-binding protein
(11.5%), and hydrolase (11.0%) categories (Figure S3).

Differential protein expression during
fiber development

To study the developmental profiles of cotton fiber proteins,
we first performed pairwise comparison between 10- and
20-dpa fibers to assess the proteome dynamics during fiber
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development within each of the four species studied. Based on
2-DE spot profiles, 4.5-9.6% of the fiber proteomes were dif-
ferentially expressed during fiber development from 10 to 20
dpa depending on the species, with more developmental
changes observed in both diploids (A,: 127 spots; Ds: 97 spots)
and in G. hirsutum (AD;: 100 spots) than in the other allopoly-
ploid cotton, G. barbadense (AD5: 59 spots; P < 0.05, Fisher’s
exact test). Using the iTRAQ approach, a similar level of pro-
teomic dynamics was detected, with 4.1-9.9% of identified
proteins being differentially expressed from 10 to 20 dpa; how-
ever, contrary to the 2-DE results, AD, exhibited the highest
number of expression changes (163 proteins), with fewer
changes observed in the other three species (AD;: 68 proteins;
A,: 67 proteins; Ds: 116 proteins; P < 0.05, Fisher’s exact test).
When comparing the lists of differentially expressed proteins
across species, both proteomic approaches revealed only small
overlaps of the fiber-developmental variation; expression
changes of only about 1% of fiber protein features were shared
between two diploid species or between the two allopolyploid
species (Figure 2, A and B). This demonstrates that proteome
differences during fiber development are mostly unique to each
species.

cell and tissue development

epidermis development and epidermal cell differentiation

dpa. Venn diagram shows the numbers
of differentially expressed proteins be-
tween species using (A) 2-DE, and (B)
iTRAQ. (C) Functional enrichment analy-
sis revealed important biological pro-
cesses during fiber elongation within each
species. Detailed GO terms and enrichment
tests are listed in File S5.

cell maturation
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regulation of cell size and cell growth

protein folding
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cellular respiration
phenylpropanoid synthesis

toxin related process

zinc and cadmium ion
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To gain insight into the cellular functions and biological
processes associated with fiber development in the different
cotton species, functional enrichment analyses were performed
for differentially expressed proteins from iTRAQ analysis
(File S5). As shown in Figure 2C, comparisons of the signifi-
cantly enriched GO terms showed that proteins related to cell
wall organization or biogenesis were differentially regulated in
both the diploid species and AD,, but not in AD,, despite more
GO terms being enriched in AD, from 10 to 20 dpa. Among the
cellular and developmental processes, interestingly, epidermis
development and epidermal cell differentiation were repre-
sented by AD, and its D-genome progenitor, which has short,
nonspinable fiber. Therefore, the rapid fiber growth and elon-
gation from 10 to 20 dpa, as the signature phenotype for both
domesticated allopolyploid species, is likely to be related to
proteins of cell and tissue development and regulation of cell
size and cell growth, which were enriched in both AD; and
AD,. Among metabolic processes, AD, and its A-genome pro-
genitor exhibited functional enrichment of alcohol biosynthetic
process, monosaccharide biosynthetic process, and hexose bio-
synthetic process, which are known to play essential roles in
energy production and to supply building blocks for cell wall
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synthesis. In the category of cellular response to stimulus,
proteins involved in various stress responses were differen-
tially regulated in all four cotton species, including cold (A,
and AD,), metal ion (D5 and AD,), oxidative stress (AD), and
heat, salt, and sucrose stimulus (AD5).

Based on the log,-transformed expression ratios of 20-10
dpa within each species, hierarchical clustering analysis
revealed a cluster of A, and AD; proteomes (over 95% BP
values) using both the 2-DE and iTRAQ data sets (Figure 3).
This higher level of developmental similarity between G. hirsutum
and its diploid A-genome progenitor G. arboreum also was
confirmed by pairwise concordance tests, where the most
significant positive correlations were consistently detected
between A, and AD; (Figure S4). These results suggested
that the proteomic changes during fiber development vary
substantially among different cotton species, even between
the allopolyploid species that trace to the same allopolyploid
event 1-2 million years ago. Compared to the allopolyploid
AD, species G. barbadense, the protein-level changes in de-
veloping fibers of G. hirsutum are more similar to those of
the A-genome diploid progenitor G. arboreum.

Proteomic variation among diploid and
allopolyploid cottons

To explore variability of protein expression patterns among
diploid and allopolyploid cotton fibers, we directly compared
proteomes of different species at the same developmental time
point. As shown in Figure 4, A and B, 2-DE profiling revealed
183 (13.8%) and 141 (10.7%) spots that were differentially
expressed between the diploid progenitors at 10 and 20 dpa,
respectively, a higher level of proteomic divergence than that
between the two allopolyploid species, where 108 (8.2%) and
97 (7.3%) proteins were differentially expressed at 10 and 20
dpa, respectively (P < 0.05, Fisher’s exact test). For each allo-
polyploid, similar amounts of differential expression were found
relative to the two diploid progenitors; for example, at 10 dpa
(Figure 4A, upper triangle), statistically equivalent amounts of
AD; proteins were differentially expressed compared to A, and
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Figure 3 Hierarchical clustering of dip-
loid and allopolyploid cotton according
to developmental expression changes.
Log, fold changes of 20 vs. 10 dpa were
analyzed for 2-DE and iTRAQ data sets.
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Ds (11.6 vs. 12.1%, respectively; P > 0.05, Fisher’s exact test).
As such, according to the 2-DE results, the allopolyploid pro-
teomes were symmetrically different during fiber development
from the two parental diploid proteomes.

The proteomic variations resulting from iTRAQ analysis
exhibited several differences relative to the 2-DE results, as
shown in Figure 4, C and D. For example, the percentages of
differential expression between parental diploids and between
the two allopolyploids were statistically equivalent at 10 dpa
(8.6 vs. 9.2%, respectively; P > 0.05, Fisher’s exact test)
(Figure 4C), whereas at 20 dpa, more differentially expressed
proteins were found between parental diploids than between
the two allopolyploids (11.8 vs. 6.8%; P < 0.05, Fisher’s exact
test), in agreement with the 2-DE patterns (Figure 4, A and B).
For both allopolyploids, the amounts of differential expression
relative to diploid parents were unbalanced or asymmetrical
(P < 0.05; Fisher’s exact test); i.e., global expression patterns
in allopolyploids were biased toward one parental diploid.
The proteomic expression of allopolyploid AD; was closer to
that of A, than to that of Ds at both time points. Interestingly;
the directional bias changed for AD, during fiber develop-
ment; i.e., overall protein expression more closely mirrored
Ds at 10 dpa but switched toward A, at 20 dpa.

GO enrichment analyses of differentially expressed pro-
teins were performed for the iTRAQ data (File S5). Between
the two diploid species, differentially regulated biological
processes were related to cell death, cellular homeostasis,
phenylpropanoid biosynthesis, and various responses to
stimulus at 10 dpa, while biological processes of cell develop-
ment, epidermal cell differentiation, transport, secondary
metabolism, stress, and stimulus response were enriched at
20 dpa. Interestingly, all these biological processes also were
overrepresented between the two allopolyploid species AD;
and AD, at 10 dpa, in addition to primary metabolism of
protein, carbohydrate, and nucleotide. At 20 dpa, far fewer
GO terms were enriched [17 vs. 93 biological processes (P) in
File S5], related to phenylpropanoid biosynthesis, glycolysis,
cell wall organization, and response to stress and metal ion.
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These results suggest a high degree of functional divergence
between the two allopolyploid species with respect to fiber
development, especially at 10 dpa. When comparing the allo-
polyploid proteomes to those of their diploid parents, more
biological processes in AD; were different relative to Ds than
to A, (10 dpa: 38 vs. 6; 20 dpa: 99 vs. 5) (File S5), in agree-
ment with the asymmetrical pattern of differential expression
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Figure 4 Number of proteins
differentially expressed among
diploid and allopolyploid species.
Bold text indicates the total num-
ber and percentage of proteins
differentially expressed in each
comparison. The total number
of proteins is partitioned into
both directions using bold text;
e.g., of the 153 proteins differen-
tially expressed between G. hir-
sutum and G. arboreum in A,
69 and 84 were up-regulated in
the former and latter species, re-
spectively. For 2-DE comparisons
at 10 (A) and 20 dpa (B), percen-
tages were calculated based on
a total of 1323 spots detected
on gels. For iTRAQ comparisons
at 10 (C) and 20 dpa (D), percen-
tages were calculated based on
1652 nonredundant proteins. Us-
ing coelectrophoresis as control,
additivity of protein expression in
allopolyploids was tested at 10 (E)
and 20 dpa (F) for 2-DE data.

(Figure 4, C and D), suggesting that the developing fiber
proteome of G. hirsutum is functionally more similar to that
of its A-genome diploid progenitor. In contrast to AD;, more
GO terms were overrepresented between AD, and A, than
between AD, and Ds at 10 dpa, and the numbers of enriched
GO terms were similar at 20 dpa (10 dpa: 48 vs. 23; 20 dpa:
16 vs. 14) (File S5). As expected from the high degree of
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functional divergence between AD; and AD,, only a few bi-
ological processes in allopolyploid cotton were commonly al-
tered relative to each of the diploid species, and they were
related to response to chemical stimulus, including reactive
oxygen species and inorganic substances.

Additivity test and expression-level dominance in
allopolyploid cotton

As a prelude to test the additivity of parental contributions to
the allopolyploid proteome, coelectrophoreses of 1:1 A, and
Ds proteins were compared to the average of their indepen-
dent 2-DE values; only three spots were significantly different
using this comparison at 10 dpa, and no differences were
found at 20 dpa, much lower than expected by chance at
a 1% FDR (13 of 1323 spots). These results justify the use
of coelectrophoretic patterns as a control to detect spots in
allopolyploids that deviate significantly in abundance from
the average of the parental diploids, i.e., to detect nonadditive
protein expression. As shown in Figure 4, E and F, approxi-
mately 13% of the spots were detected as nonadditive in AD,
at both time points, while the percentage of nonadditive spots
in AD, decreased from 10.6% at 10 dpa to 7.6% at 20 dpa;
these nonadditive expressions were equally distributed in the
direction of up- and down-regulation relative to the parental
average (P > 0.05, Fisher’s exact test).

Regardless of protein expression relative to the average of
parental diploids, categorization of expression patterns in
allopolyploids was applied to 2-DE and iTRAQ data sets in
parallel with respect to each of the diploid parents. Thus, we
binned proteins into six possible categories as follows: most of
the fiber proteins, accounting for more than 70% of the
allopolyploid proteomes, displayed conserved expression with
levels in both parents (Figure 5, category VI), while fewer than
1% displayed expression values that were intermediate to but
statistically different from those of both parents when the two
parents exhibited differential expression (Figure 5, category
III). Expression-level dominance of either parental genome
(Figure 5, categories I and II) was evident for 4.1-7.8% of
the proteins expressed in allopolyploid fibers when statistical
equivalence of expression levels was diagnosed between the
allopolyploid and only one of its diploid progenitors. According
to both the 2-DE and iTRAQ data sets, AD, exhibited higher
amounts of expression-level dominance in the direction of the
A-genome than the D-genome (P < 0.05, Fisher’s exact test);
following Grover et al. (2012a), expression-level dominance
displayed by AD, was unbalanced toward the A-genome par-
ent. Likewise, unbalanced expression-level dominance of AD,
was suggested by iTRAQ data only, the direction of which,
however, was toward the D-genome at 10 dpa but switched
to the A-genome at 20 dpa. Novel expression patterns of trans-
gressive up-regulation (Figure 5, category V) or down-regulation
(Figure 5, category IV) were identified for 0.8-3.8% of the
proteins in allopolyploid fibers. The remaining proteins that
were statistically excluded from these categories were grouped
together (Figure 5, category VII), accounting for a higher per-
centage of 2-DE spots than iTRAQ proteins, which may reflect
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the variable sensitivities of differential expression analysis of
these two methods owing to their technical differences.

Homeolog-specific expression in allopolyploid cotton

Among the 1001 proteins identified with genome-diagnostic
peptides with respect to at least one of the two diploid
parental genomes, 423 proteins in allopolyploids had di-
agnostic peptides detected for both homeologs (Ar and D)
in the fiber proteomes. For each identified peptide, iTRAQ
analysis enabled relative quantification of expression levels
in fiber proteins from diploid and polyploid species (File S6).
For example, a D-genome-specific protein can be detected in
the diploid D-genome and allopolyploid fibers, with their
quantitative comparison represented by expression level of
a Dt homeolog in allopolyploid relative to that of the parental
protein in the diploid D-genome (i.e., Dy/D); likewise, the
Ag/A ratios can be calculated for an A-genome-specific pro-
tein. Because an A- or D-genome-specific protein, in principle,
does not exist in the other diploid genome, unexpected false
expression of the genome-diagnostic peptides (measured as
Agse/D = 1 or Deggee/A = 1; P < 0.05, Student’s t-test) can
be used to filter out problematic proteins, whose iTRAQ sig-
nals were possibly affected by background noise and/or in-
accurate A vs. D amino acid differences present in the current
diploid protein databases.

To enable the statistical inference of Ar/A and Dy/D ratios,
an orthologous and homeologous protein was considered only
when at least three genome-diagnostic peptides were mea-
sured from at least two of the three biological replicates.
A total of 37 proteins that met these criteria was examined
for their homeolog-specific expression patterns (Figure 6, left
heat map). Notably, the Ar/A and D1/D ratios were mostly
below 1 (green in heat map), suggesting lower expression
levels for homeologs relative to their parental proteins in the
diploids. This observation was expected given that the total
expression of a protein in allopolyploid cotton is the summed
value of Ay and Dy expression and that equal amounts of fiber
proteins were studied from diploid and polyploid cotton spe-
cies. Interestingly, a few cases were found with ratios above 1
(red in heat map), indicating at least a twofold up-regulation
of the corresponding homeologs based upon the additivity
hypothesis in allopolyploids.

For proteins that had both Ar and Dt homeologs detected
(Figure 6A), even when differential homeolog-specific reg-
ulations were apparent with unequal Ar/A and Dy/D ratios
(e.g., Gorai.002G107200, third row from top), their total
expression in allopolyploids was mostly “conserved” with
respect to equivalent diploid expression (Figure 6A, light
gray in right columns). Only three proteins exhibiting un-
equal parental expressions (marked by black dots and
squares) also were detected with expression-level dominance.
Interestingly, the total expression of a glycosyl hydrolase pro-
tein (Gorai.013G202800) was A-dominant in G. barbadense,
while its homeologs appeared to be down-regulated more to
achieve a significantly lower expression in G. hirsutum,
which was D-dominant.


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.174367/-/DC1/genetics.115.174367-7.xls

1. . 1. V. V. Vi
A-expression | D-expression Median Transgressive [ Transgressive Conserved
level level expression up-regulation down- expression
dominance dominance regulation
Figure 5 Categorization of protein
’ /'. / h v -0 expression in allopolyploid proteomes
at each developmental stage. Possi-
A AD D A AD D A AD D A AD D A AD D A AD D ble patterns of allopolyploid (AD) ex-
Categories VIl. Others p. . P .yp. . (AD)
pression relative to their diploid parents
» \-. \ A v (A and D) were tabulated for each
A ABD RS o P 2 s Hhb B ;ategow. Results based on Z-DE ahd
iTRAQ data sets are presented in pairs.
A v For example, for the developmental
stage 20 dpa within G. barbadense
A AD D A AD D (AD,), 33 and 82 proteins estimated
by 2-DE and iTRAQ analyses, respec-
e 55/55 32/27 2/15 2/5 23/9 968/1438 | 219/103 tAy et Qanaly f P |
11093 400 /33% | 24%/1.6% | 02%/09% | 1.8%/03% | 1.7%/0.5% | 73.2%/87.0% | 16.6%/6.2%| UVEY,Tallinlo expression category |,
30/100 24727 9/5 26/21 16/11 981/ 1366 237/122 which accounts for 2.5% of 1323
- 0 i
AD;20dpa | 5300 610, | 1.8%/16% | 0.7%/03% | 20%/13% | 12%/0.7% | 74.1%/82.7%)| 17.9%/7.4%| 2-DEspotsand5.0% of 1652 iTRAQ
proteins profiled.
LM 33/25 44/63 7/11 17 /36 33/8 969 / 1360 220/ 149
2 10ap 25%/15% | 3.3%/3.8% | 0.5%/0.7% 1.3%/2.2% | 25%/05% | 73.2%/82.3%)| 16.6%/9.0%
AT50 dioa 33/82 42/ 46 7/14 12/16 14 /15 1046 / 1341 169 /138
2 £46P 25%/50% | 3.2%/28% | 05%/08% | 09%/1.0% | 1.1%/09% | 79.1%/81.2%| 12.8%/8.4%

For proteins detected with genome-diagnostic peptides
from only one diploid genome (Figure 6, B and C), non-
conservative patterns including median, A-dominant,
and D-dominant expressions were categorized for over
70% of proteins, which were associated with unequal A- and
D-genome parental expression (marked by black dots and
squares). By examining the Dr-only proteins with higher ex-
pression levels of D- vs. A-genome parents, up-regulation of
Dr relative to its D-genome parent was coupled with trans-
gressive up-regulation, while down-regulation of Dt appeared
to lead to A-dominant or D-dominant expression depending
on the magnitude of down-regulation (illustrated by the right
panel in Figure 6B). In contrast, when the A-genome parent
had a higher expression level than the D-genome parent for
Ar-only proteins, the total expression patterns were associ-
ated with down-regulation of Ay relative to its A-genome
parent at variable magnitudes (right panel in Figure 6C).
One possible explanation for the phenomenon observed in
both cases is that when expression of the homeolog that is
expressed at a lower level in the parental state is negligible,
the alternative homeolog is the determinant of total expres-
sion. In other words, a causal relationship can be proposed
between homeolog-specific and total expression, where the
latter is mainly explained by regulation of the homeolog from
the diploid parent that exhibits higher expression levels.
When genome-diagnostic peptides are detected for both
homeologs (Figure 6A), this causal relationship cannot be
inferred, and accordingly, patterns of total expression are
inferred to reflect regulatory changes of both homeologs.

Discussion

Here we present a comparative approach to investigate pro-
teome modifications in a single-celled structure, the cotton
fiber, caused by allopolyploidization. With the enhanced

analytical power provided by using both 2-DE and the gel-free
iTRAQ methods for proteomic profiling, two natural allopoly-
ploid cotton species were studied in parallel. By demonstrating
the protein-level consequences of gene-expression evolution,
such as expression-level dominance and homeolog expression
bias, our results provide a broad view of proteomic develop-
mental dynamics, evolutionary divergence, and homeolog com-
position in allopolyploids relative to their progenitor diploid
species.

Complementary 2-DE and iTRAQ proteomics
of allopolyploidy

Our 2-DE and iTRAQ analyses each present a quantitative and
interspecific profile of fiber proteomes that includes more
than 1000 protein features. Comparison of the parental
G. arboreum and G. raimondii proteomes revealed that ap-
proximately 10% of the proteins were differentially expressed
between the two diploids, which have diverged for ~5-10 mil-
lion years, during which time they have accumulated ~3.6%
synonymous and 0.9% nonsynonymous nucleotide differences
(Flagel et al. 2012) and ~1.8% amino acid differences between
orthologous genes (Hu et al. 2013). The proteomic divergence
revealed by the profiling experiments reported here is much
lower than that previously observed for cotton seeds, where
only 50% of the protein spots were qualitatively shared by
the two diploids (Hu et al. 2011). In Tragopogon, 3.2% differ-
ential protein expression was reported for leaf proteomes be-
tween the diploids T. dubius and T. porrifolius, which have
about 3.5% synonymous nucleotide divergence (Koh et al
2012). These results suggest that protein expression differences
vary largely across tissue types and are hard to predict from
genetic divergence alone, especially when comparisons are
made across tissue or organ types that vary in their cellular
complexity. Compared to differences between the two diploids,
fewer differential expression changes were identified between
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observed when the Dt homeolog was down-regulated to different extents, respectively.

two allopolyploid cotton species, G. hirsutum and G. barbadense,
according to 2-DE data, which is in agreement with their
closer evolutionary relationship (1-2 million years of diver-
gence compared to 5-10 million years for the diploids),
whereas this pattern was not shown by iTRAQ analysis because
of technical differences between the two methods. Although
mostly consistent results were derived from 2-DE and iTRAQ
data in our analysis, our data demonstrate that the two plat-
forms offer different and hence complementary perspectives on
proteomic evolution.

In 2-DE analysis, different proteomes are resolved into two-
dimensional spot maps for quantification with the assumption
that each spot represents one protein. However, because of
protein microheterogeneity caused by post-translational mod-
ifications, proteolytic degradation, and other causes, protein
products from one gene may exhibit multiple spots, thereby
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affecting quantitative sensitivity and accuracy (Wu et al. 2006).
As reported previously for cotton seeds, although compositions
of major seed storage proteins were relatively conserved across
species, their numerous isoforms contributed up to 50% of the
interspecific variation (Hu et al. 2011). Besides protein isoforms,
protein comigration (i.e., multiple proteins locating within one
spot) and in silico comigration due to incorrect spot matching
across gels pose an even greater challenge in quantification,
especially for evolutionary studies when proteomes from differ-
ent species are compared. Thus the protein expression change
inferred from 2-DE analyses reflects confounding effects of both
protein abundance and post-translational modifications, which
also provides an opportunity to investigate evolutionary pro-
cesses that modify protein-level-specific properties. In contrast,
protein microheterogeneity is less problematic in iTRAQ analy-
sis, where quantification is assessed at the peptide level.



In the iTRAQ platform, labeling and pooling samples have
a key advantage over single-stain 2-DE gels by reducing
experimental variation and raising confidence in quantitative
assessments of protein changes. A second and critical advan-
tage with respect to the study of allopolyploids is that with
appropriate data from reference genomes, it is possible to
derive information on homeolog-specific protein expression.
The first application of iTRAQ for this purpose was described
recently for allopolyploid Tragopogon (Koh et al. 2012): by
specifying the genome-specific protein sequences between dip-
loid progenitors as well as subgenomes in allopolyploids,
genome-specific peptides for a given pair of homeolog proteins
were examined for differential expression, which identified
two cases of biased expression of a parental homeolog in
the natural allopolyploid T. mirus but not in the F; hybrid
or synthetic polyploid. Since that initial report, homeolog ex-
pression bias has been discovered in developing fiber
proteomes of two allopolyploid cottons, G. barbadense (Hu
et al. 2013) and G. hirsutum (Hu et al. 2014). In this study,
we demonstrate a quantitative method to examine homeologs
relative to parental expression levels (i.e., A/A and D1/D) and
show how homeolog specificity contributes to total expression
in allopolyploid proteomes (see below).

A potential pitfall of iTRAQ analysis results from the same
factors that make this approach so efficient, i.e., relative protein
quantification depending on the ratio of iTRAQ reagents. For
a given protein, between-sample expression ratios are extracted
and subjected to differential expression and other statistical
tests; this is statistically less flexible than comparing direct mea-
surement of expression levels, such as spot volumes in 2-DE
analysis and read numbers in RNA-seq analysis. In our analysis,
for example, only the 2-DE spot volumes were used to test the
additivity of parental contributions to the allopolyploid pro-
teome. Despite the reported application in Arabidopsis (Ng
et al. 2012), the use of iTRAQ ratios for additivity tests is sta-
tistically problematic, and the in silico average of parental ratios
is difficult to justify without validation using values derived
from mixed samples of parental proteins. Taken together,
2-DE and iTRAQ methods provide complementary information
for comprehensive proteomic profiling (Rose et al. 2004; Thelen
and Peck 2007; Diz et al. 2012), with each technology offering
different strengths.

Nonadditive expression and unbalanced
expression-level dominance in fiber proteomes

Our 2-DE data demonstrated that 7-13% of the fiber proteome
in allopolyploid cotton species is differentially expressed relative
to the averaged expression of homeologs from its two progen-
itor diploids. This offers one perspective on proteomic evolution
accompanying diploid divergence of 5-10 million years and
subsequent genomic merger and doubling 1-2 million years
ago. A corollary is that most fiber proteins are additively
expressed. The degree of proteomic divergence for cotton fibers
is lower than that previously observed in Brassica root and leaf
proteomes (25-38%) (Albertin et al. 2006) and for the seed
proteome in cotton (34%) (Hu et al. 2011). This might be the

result of the difference in the complexity of tissues employed. In
contrast to leaf and seed, cotton fiber is a single cell; thus, we
can expect less complexity in the fiber proteome and perhaps
a more narrowly canalized development program.

The term “expression-level dominance,” modified from
the earlier “genome dominance” (Rapp et al. 2009), was
suggested by Grover et al. (2012a) to describe the phenom-
enon in which the total expression level in an allopolyploid
resembles that of one of the two parents. As first described
in cotton for the leaf transcriptome by Rapp et al. (2009),
microarray-profiled gene expression levels in a synthetic allo-
polyploid genome mimicked those in the parental D-genome
more often than those in the A-genome. Using a more sensi-
tive transcriptomic approach (RNA-seq), a similar pattern of
unbalanced expression-level dominance was demonstrated in
synthetic allopolyploid cotton, while the direction was re-
versed in an F; diploid hybrid and two natural allopolyploids
that favored the parental A-genome (Yoo et al. 2013). At the
protein level, the seed proteome in cotton was characterized
for one allopolyploid species using 2-DE, where 16% more
2-DE spots in the G. hirsutum proteome were shared with
those in the D-parent than in the A-parent, and more proteins
exhibited expression-level dominance favoring the D-genome
than the A-genome (Hu et al. 2011).

Here we complement these earlier studies with an ex-
panded experimental design using two different proteomic
approaches as well as two different allopolyploid species. A
consensus observation of this work is unbalanced expression-
level dominance for 10-dpa fibers in the direction of the
A-genome, which leads to the suggestion that there is rapid
change during fiber development in a genomically biased
fashion. Because of the small numbers of fiber proteins
categorized (Figure 5), no cellular function or biological
processes were enriched with respect to these expression
patterns. Nonetheless, the functional significance and un-
derlying regulatory bases of protein expression-level domi-
nance likely are fruitful avenues for future exploration. It is
also worth noting that because fiber traits of modern culti-
vars have been the major target of crop domestication, the
patterns of proteomic evolution observed here reflect the
superimposed effects of natural polyploidization and human-
mediated selection, as discussed further below.

To distinguish the homeologous contributions to duplicated
gene expression in allopolyploids, one common practice in
RNA-seq analysis is parsing the pairs of homeolog-specific
transcripts by single-nucleotide polymorphisms and comparing
the homeolog-specific reads of diploids and allopolyploids
(A/D, A¢/Dry, Ar/A, and Dy/D) to study unequal expression
patterns (i.e., homeolog expression bias) (Grover et al. 2012a)
and the regulation of homeologs. A recent transcriptomic anal-
ysis in allopolyploid cotton showed that homeologs contributed
equally for most genes regardless of the diploid parental states,
while the total expression-level dominance toward one parental
genome is often associated with up- or down-regulation of the
homeolog from the “nondominant” genome (Yoo et al. 2013).
Here, at the protein level, only homeologous expression relative
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to parental state (Ar/A and Dy/D) was examined owing to
the limitation of iTRAQ quantification. Despite this limitation,
expression-level dominance caused by modifying either or
both homeologs was evident at the protein level.

Divergent proteomic development
following allopolyploidization

The two natural allopolyploid species G. hirsutum and
G. barbadense represent divergent branches from a mono-
phyletic allopolyploidization event that occurred 1-2 million
years ago (Wendel and Cronn 2003; Grover et al. 2012b).
With both allopolyploids exhibiting the notable morphologic
trait of long, spinable cotton fibers, it has long been hypoth-
esized that allopolyploid cotton preferentially displays the
physiologic profile and molecular machinery of its A-genome
progenitor because it is in this genomic group that long fiber
first evolved. Fiber elongation rate is dramatically higher in
G. hirsutum and the A-genome diploids compared to fibers
from the D-genome diploid G. raimondii, especially during
primary cell wall synthesis from 10 to 20 dpa (Applequist
et al. 2001). Although the most advanced modern cultivars
of G. barbadense produce longer fibers than G. hirsutum
cultivars at maturity, their growth curves generally overlap
(Chen et al. 2012). The developmental divergence observed
here between these two species at the proteome level, rep-
resented by 5-10% of fiber proteins, is consistent with our
previous work describing developing fiber proteomes in
G. hirsutum (Hu et al. 2014) and G. barbadense (Hu et al.
2013). A notable observation, and one that bears future
study, is that there is little overlap in protein change during
development in the two species (Figure 2, A and B), suggest-
ing that the cellular processes and biological functions spe-
cifically enriched during fiber elongation in G. barbadense
may lead to new understanding of the elite fiber traits found
in the latter species (Figure 2C). Consistent with this, a high
degree of divergence was evident between the two allopoly-
ploid proteomes. An additional intriguing observation is that
the fiber proteome of G. hirsutum resembles the parental
A-genome more closely than does the fiber proteome of
G. barbadense, while the direction of G. barbadense expres-
sion-level dominance switches from D-genome to A-genome
during fiber development (Figure 3 and Figure S4). These
results suggest that following allopolyploidization and par-
allel domestication, the two allopolyploid species have
achieved superficially similar modern fiber phenotypes through
different evolutionary routes at the proteome level, a result
also shown at the transcriptomic level (Zhu et al. 2011; Chen
et al. 2012; Lacape et al. 2012). At present, the relationship
between these interspecific differences and their individual pat-
terns of homeolog usage, if any, remains obscure.

Conclusions

Gene-expression evolution accompanying allopolyploidization,
including expression-level dominance and homeolog expression
bias, has been studied at the transcriptomic level but rarely
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evaluated at the protein level. Only a handful of species
(Brassica, Tragopogon, Arabidopsis, and cotton) have been ex-
amined to date, each using a single proteomic technique. Here
we demonstrate the protein-level consequences of gene regula-
tion using two complementary proteomic strategies, which we
apply to a readily harvested single-celled structure. This enabled
a more comprehensive documentation of fiber proteomes in
response to evolutionary change. Two natural cotton allo-
polyploids of the same origin were used to study the general
consequences of polyploidization, which led to a consensus dis-
covery of A-biased expression-level dominance at the same fiber
elongation stage. Interestingly, divergent paths of proteomic
modification were exhibited by the two allopolyploids, each
domesticated for similar reasons but from different wild progen-
itors. Future work will reveal whether the proteomic distinctions
between the two species reflect the effects of strong directional
selection that unknowingly targeted different components of the
proteomic network or whether, instead, this happened during
evolutionary divergence prior to domestication. Our analyses
also provide a database and framework to identify and charac-
terize key protein and metabolic pathways corresponding to
species evolution and phenotypic diversity in cotton.
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Figure S1 Images of 2-DE gels
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Figure S3 Panther classification of identified fiber proteins by iTRAQ
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Table S1 Protein identification and false discovery rate (FDR) analysis

a. Number of proteins identified at 95% confidence level

run 1 run 2 run 3 Total
Total Spectra 114654 83352 110173
Spectra Identified 54020 (47.1%) 29555 (35.5%) 46871 (42.5%)
Distinct Peptides 19652 10749 17250
Proteins 1483 886 1339 1652

b. Number of proteins estimated according to FDR analysis

Critical FDR Local FDR Global FDR Global FDR from Fit
1.0% 1388|836|1085 1539]935|1359 1543|918|1367
5.0% 1449|853|1270 168310141562 1689]1025|1552

10.0% 1490|887|1331 1817|1102|1687 1830]1111]1699

Protein numbers from triplicated experiments were listed; numbers in bold are close to that from protein identification with
above 95% confidence level.
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