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Cotton is remarkable among our major crops in that four species
were independently domesticated, two allopolyploids and two
diploids. In each case thousands of years of human selection
transformed sparsely ﬂowering, perennial shrubs into highly productive crops with seeds bearing the vastly elongated and abundant
single-celled hairs that comprise modern cotton ﬁber. The genetic
underpinnings of these transformations are largely unknown, but
comparative gene expression proﬁling experiments have demonstrated up-regulation of proﬁlin accompanying domestication in all
three species for which wild forms are known. Proﬁlins are actin
monomer binding proteins that are important in cytoskeletal
dynamics and in cotton ﬁber elongation. We show that Gossypium
diploids contain six proﬁlin genes (GPRF1–GPRF6), located on four
different chromosomes (eight chromosomes in the allopolyploid).
All but one proﬁlin (GPRF6) are expressed during cotton ﬁber development, and both homeologs of GPRF1–GPRF5 are expressed in
ﬁbers of the allopolyploids. Remarkably, quantitative RT-PCR and
RNAseq data demonstrate that GPRF1–GPRF5 are all up-regulated,
in parallel, in the three independently domesticated cottons in comparison with their wild counterparts. This result was additionally
supported by iTRAQ proteomic data. In the allopolyploids, there This
usage of novel should be ﬁne, since it refers to a novel evolutionary
process, not a novel discovery has been novel recruitment of the
sixth proﬁlin gene (GPRF6) as a result of domestication. This parallel
up-regulation of an entire gene family in multiple species in response to strong directional selection is without precedent and suggests unwitting selection on one or more upstream transcription
factors or other proteins that coordinately exercise control over
proﬁlin expression.
polyploidy
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ith its highly exaggerated, unicellular seed hairs (trichomes),
cotton provides the world’s most important source of renewable natural ﬁber. The origin of cultivated cotton is notable
among our major crop plants in that four Gossypium species were
independently domesticated, in different geographic regions, by
separate prehistoric cultures (1). This parallel domestication process involved two allopolyploid (AD genome) species from the New
World, Gossypium hirsutum (the source of “Upland” cotton) and
Gossypium barbadense (the source of “Pima” or “Egyptian” cotton), and two diploid (A genome) species from the Old World,
Gossypium arboreum and Gossypium herbaceum. As a consequence
of thousands of years of human-mediated selection and agronomic
improvement, each of the cultivated species underwent a series of
phenotypic modiﬁcations, including transformation from perennial
shrubs and small trees to more compact annual plants, loss of
photoperiod sensitivity, reduction in seed dormancy, and most
importantly, morphological transitions in ﬁbers that dramatically
enhanced ﬁber yield and quality. At present, the genetic bases of
these possibly contemporaneous transformations are unknown.
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In contrast to the wild progenitors, which have relatively short
and coarse, tan-colored ﬁbers, modern cultivars possess much
longer, ﬁner, stronger, and whiter ﬁber (Fig. 1). This similarity
among the end-products of strong human directional selection
raises a general question about the level and details of the processes governing the evolutionary transformations from wild to
domesticated forms. It is of interest to understand the nature of
this evolutionary parallelism at various levels of biological organization, from morphology to genotype. With respect to the former, analyses of ﬁber growth curves reveal that cotton domestication at both the diploid and allopolyploid levels is associated
with a prolonged period of ﬁber elongation (2). As to the genomic
underpinnings of ﬁber evolution, a number of recent studies are
generating insights and a rich data set based on comparative
transcriptome proﬁling of ﬁber development in wild vs. domesticated cotton (3–6), and from ongoing comparative proteomic
analyses (7). Rapp et al. (2010), for example, reported thousands
of genes that are differentially expressed in developing ﬁber between wild and domesticated G. hirsutum, many associated with
key developmental processes presumed to play important roles in
primary and secondary wall synthesis and in modulation of reactive oxygen species (3, 5, 6). Thus, the evolutionary process
associated with strong directional selection practiced by aboriginal
domesticators appears to be extraordinarily complex, at least insofar as perturbation of the transcriptional network, especially in
the early stages of ﬁber development (4).
Because ﬁber length per se is an agronomically important
property, much attention has been focused on the molecular
mechanisms of ﬁber elongation (8–10). In plants, a highly dynamic actin cytoskeleton has emerged as a key determinant of
cell morphology. Numerous studies have demonstrated that dynamic actin is essential for cell expansion in tip-growing cells,
such as root hairs, pollen tubes, and the protonemata of mosses
(11–13). Furthermore, actin is also required for expansion of
trichomes (14, 15), a category that includes cotton “ﬁber.”
The dynamic rearrangement of actin ﬁlaments involves maintaining a proper balance between ﬁlamentous and monomeric
actin, which is controlled by a number of actin-binding proteins.
Proﬁlin is one of the most abundant actin monomer binding
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proteins and has been extensively characterized in vitro and in vivo
(11, 16, 17). The role of proﬁlin in regulating actin dynamics may
be to help maintain a pool of actin monomers competent to polymerize at the fast-growing end of the actin ﬁlament (18–21). This
is achieved, in part, by the interaction of proﬁlin with the formin
class of actin nucleators to promote actin polymerization and
elongation (22–24). However, proﬁlin also binds to phosphoinositides and other proteins (25, 26), suggesting that it plays a broad
role in modulating the actin cytoskeleton.
Proﬁlin has been shown to affect tip growth in moss, root
hairs, pollen tubes, and cotton ﬁber (15, 27–29). Proﬁlin is
expressed during early cotton ﬁber development (14, 15), and on
the basis of the observation that overexpression in transgenic
tobacco cells produced elongated cells with thicker and longer
microﬁlament cables, Wang et al. (15) suggested that proﬁlin
plays a role in the rapid elongation of cotton ﬁbers by promoting
actin polymerization.
In previous investigations of cotton domestication based on
microarray data, proﬁlin genes ranked among the most highly
differentially expressed genes (4, 14, 30), suggesting that they, or
one or more upstream regulators, were targets of human selection.
Moreover, this observation was repeated for three different, independently domesticated cotton species. Here, we study this
evolutionary parallelism in more detail, describing the cotton
proﬁlin gene family and its expression in ﬁber collected from all
three of the domesticated species for which wild forms are known.
A total of six proﬁlin gene members (12 homeologs) were identiﬁed
in Gossypium, and all but one of these are expressed during cotton
ﬁber development. Remarkably, all ﬁve of the genes expressed in
ﬁber are up-regulated in all three independently domesticated
cottons in comparison with their wild counterparts, a result congruent with proteomic data. This parallel up-regulation of a gene
family, instead of a single gene, is without precedent and suggests
commonalities in the upstream targets of human-mediated directional selection among three species of domesticated cotton.
Results
Characterization of the Cotton Proﬁlin Gene Family. To understand
the gene family structure of proﬁlin in Gossypium, we ﬁrst
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analyzed proﬁlin genes in other plants. Proﬁlin is a protein of
130–134 aa encoded by a small gene family. Plant proﬁlins fall
into two classes, one thought to be constitutively expressed and
the other predominantly expressed in anthers or pollen (31–34).
The size of the proﬁlin gene family varies among plants. Only
one proﬁlin gene is annotated in algae (Chlamydomonas reinhardtii and Volvox carteri), whereas 2–14 gene members have
been detected in land plants. No length variation among genes is
revealed in Physcomitrella (132 aa for four genes), Selaginella
(132 aa for two genes), or monocots (131 aa for three genes in
Oryza and ﬁve genes in Zea), but most eudicot genomes encode
proﬁlin proteins of varying lengths. In Arabidopsis, for example,
the ﬁve proﬁlin genes encode protein products with either 131 or
134 aa, the length difference reﬂecting a three-codon indel in the
ﬁrst exon. At the same position, a two-codon indel is apparent in
other eudicots (such as Ambrosia, Carica, Glycine, Gossypium,
Lotus, Manihot, Medicago, Ricinus, and Vitis).
PCR ampliﬁcation followed by cloning and sequencing in
Gossypium led to the identiﬁcation of six proﬁlin gene family
members (GPRF1–GPRF6) in all diploid cotton species surveyed. For each of these six genes in the allopolyploids, both
copies from the two resident genomes were recovered, as
expected; thus, a pair of homeologs exists for each of GPRF1–
GPRF6, denoted by subscripts representing their genome of
origin (AT deriving from the A-genome progenitor and DT deriving from the D-genome progenitor).
All six proﬁlin genes share a similar structure, including three
exons and two introns (Fig. S1). Gene lengths vary widely; although from 569 to 1623 bp, this variability is due mostly to intron size variation. Both introns of GPRF1 and GPRF6 are much
shorter (65–96 bp) than introns of the other four proﬁlins (382–
633 bp); the longest intron (633 bp), in GPRF3, is almost 10-fold
longer than the shortest one (65 bp in GPRF6). Interestingly, this
level of variation in proﬁlin intron sizes has not been detected in
other plants. Alignment of protein sequences (Fig. S1) revealed
that a 6-bp indel in the ﬁrst exon is responsible for the longer
protein products of GPRF1 and GPRF6 (134 aa) than of the
other four genes (132 aa). As described above, this indel was also
observed in other eudicots, suggesting that the co-occurrence
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Fig. 1. Morphological differences between cultivated cottons (from Left to Right: G. hirsutum, G. barbadense, and G. herbaceum) and their wild counterparts (from Left to Right: G. hirsutum, G. darwinii, and G. herbaceum).

of long and short proﬁlin types originated early in eudicot evolution. Amino acids required for interaction with actin (35), polyL-prolines (36) and PI(4,5)P2 (37) are conserved in the six
Gossypium proﬁlin genes.
GPRF1 and GPRF6 are more similar to each other than they
are to the remaining four genes, structurally and with respect to
composition, although they differ signiﬁcantly at the nucleotide
level (e.g., Ka = 0.075; Ks = 0.401 for the A-genome paralogs)
(Table S1). Intergenic comparisons within the A- and D-genome
diploids show that all six genes are divergent from one another at
the nucleotide level, although they retain 75–95% amino acid
identity (Table S1). Nonsynonymous differences (Ka) among the
six proﬁlin genes vary 8- (A genome) to 10-fold (D genome)
within a species. GPRF2 and GPRF5 have higher amino acid
identity to one another than either does to GPRF3 and GPRF4,
with the latter gene being the most divergent of this group of
four proﬁlin genes containing long introns. Paralleling this distinction is the observation that the GPRF4 introns are substantially shorter than those of GPRF2, GPRF3, and GPRF5.
Synonymous substitution rates (Ks) between A and D orthologs
fall within the range typically observed in cotton (38), ranging
from rather slowly evolving genes (GPRF2 and GPRF5; Ks =
0.015) to faster-evolving genes (GPRF3, Ks = 0.099). Sequence
divergence is similar between the parental diploid species and
their respective genomes in the allopolyploids; that is, orthologs
from diploids (A vs. D) have Ks values similar to those of
homeologs (AT vs. DT) in the allopolyploids, consistent with
previous observations in Gossypium (38).
To investigate the history of gene duplication events that led
to the observed proﬁlin gene family structure, we constructed
a maximum likelihood tree of proﬁlins from sequenced plant
genomes and data from other plants (Fig. S2). Rooted with the
green alga sequences (Chlamydomonas and Volvox), sequences
partitioned into two major clades (I and II, Fig. S2), a pattern
suggestive of a duplication event early in angiosperm evolution.
Six Gossypium genes, four long intron, 132 aa (i.e., GPRF2–
GPRF5), and two short intron, 134 aa (GPRF1 and GPRF6), fell
into these same two clades, as did sequences from other eudicots
and monocots. These data indicate that the two major clades of
proﬁlins originated from a duplication event before the divergence of monocots and eudicots. For Gossypium, phylogenetic analysis yielded the topology expected, with no evidence of
gene conversion (39).
We mapped all of the proﬁlin genes on the Gossypium raimondii
genome sequence and linked these to the tetraploid map (Table
S2). The mapping results showed that we identiﬁed all genomic
copies, and that the six proﬁlin genes (GPRF1–GPRF6) are located
on four different chromosomes (eight in the allopolyploid, i.e., both
homeologs) (Table S2). Notably, tandem pairs of Gossypium proﬁlin genes, each containing one gene from the two basal clades (I
and II) are located on two different chromosomes (9 and 6), indicating a second round of gene duplication.
Proﬁlin Expression in Cotton Fiber. Reverse transcriptase PCR
(RT-PCR) analysis indicated that GPRF6 was not transcribed in
ﬁber from any Gossypium species studied. Additionally, GPRF1
was not detected in ﬁbers from the D-genome diploid, but was
expressed both in the A genome and the allopolyploid species
(Fig. S3). In all allopolyploids, both homeologs of GPRF1 to
GPRF5 (10 sequences total) were identiﬁed by ampliﬁcation,
cloning, and Sanger sequencing and through Illumina “RNASeq” transcriptome sequencing.
Gene-speciﬁc (although not homeolog-speciﬁc) primers for
GPRF1–GPRF5 were used to assess relative expression levels of
proﬁlins between wild and domesticated cottons using real-time,
quantitative RT-PCR. Cultivated accessions of both diploid and
allopolyploid species exhibited up-regulation relative to their
wild counterparts of not just one proﬁlin gene but all ﬁve genes
21154 | www.pnas.org/cgi/doi/10.1073/pnas.1115926109

(GPRF1–GPRF5) in each of the three species studied (Fig. 2). The
magnitude of up-regulation varied among genes and species,
ranging from 2- to 106-fold, 11- to 390-fold, and 1.5- to 5.2-fold in
G. barbadense (Pima S-6 vs. PW45), G. hirsutum (TM1 vs. Tx2094),
and G. herbaceum (Wagad vs. A1-73), respectively (Fig. 2 A–C).
Thus, there was far greater proﬁlin up-regulation in the allopolyploids than in the diploid. We estimated the proportional expression of each of the ﬁve proﬁlin genes in each sample (Fig. 2D). In G.
barbadense and its wild relative Gossypium darwinii, the highest
expression was found for GPRF3 (28–35% of total), whereas
GPRF2 and GPRF5 were the most highly expressed proﬁlins in
cultivated and wild G. hirsutum (29% of total). In G. herbaceum,
GPRF5 is the most highly expressed gene (∼25% of total).
Fiber transcriptome RNAseq datasets yield data (Table 1)
congruent with the results from quantitative RT-PCR: (i) Expression of GPRF6 was not detected in ﬁbers; (ii) GPRF1 was
expressed at low levels, especially in the wild forms; and (iii)
convergent up-regulation of proﬁlin genes was observed in domesticated cottons, with the sole exception that GPRF5 was
more highly expressed in G. barbadense accession K101 than in
Pima S-6. GPRF1 was expressed at a low level compared with the
other proﬁlins, but still was up-regulated by domestication (3.9fold and 420-fold) in G. barbadense and G. hirsutum, respectively
(Fig. 3 and Table 1).
In addition to estimating expression using transcriptomic
estimates, we also estimated proﬁlin expression during ﬁber
development using iTRAQ proteomic analysis, which allows simultaneous protein identiﬁcation and comparative quantiﬁcation of multiple samples. From the G. hirsutum ﬁber proteomic
data, peptides corresponding to proﬁlin gene family members
were detected. Among those, gene member-speciﬁc peptides
were identiﬁed for GPRF1 and GPRF4, respectively, which
allowed the expression analysis for these two proﬁlin genes. For
GPRF2, GPRF3, and GPRF5, only peptides corresponding to
their conserved region were detected, which were used to measure the combined expression of the three proteins as GPRFX.
As shown in Table 2, all numbers are greater than 1, indicating
greater protein expression in ﬁbers from domesticated than in
wild G. hirsutum. Ratios varied among stages and genes, from
near parity to a 4.6-fold increase. Accordingly, and also because
of high variance in some cases among different peptides of the
same protein, statistical signiﬁcance was not obtained in every

Fig. 2. Quantitative RT-PCR estimates of expression for ﬁve proﬁlin genes
in cotton ﬁber. (A) Comparison between domesticated G. barbadense (Pima
S-6) and its wild counterpart, G. darwinii (PW45). (B) Comparison between
domesticated (TM1) and wild (Tx2094) G. hirsutum. (C) Comparison between
domesticated (Wagad) and wild (A1-73) G. herbaceum. (D) Relative expression of each gene in each accession.
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Table 1. Count reads and ratios for proﬁlin genes of domesticated and wild cottons at 10-dpa ﬁber cDNA libraries

Maxxa vs. Tx2094

Pima-6 vs. K101

Proﬁlin gene

Domesticated count

Wild count

Total domesticated

Total wild

Ratio of domesticated to wild

GPRF1
GPRF2
GPRF3
GPRF4
GPRF5
GPRF1
GPRF2
GPRF3
GPRF4
GPRF5

448
4,391
4,630
3,405
1,446
439
3,728
2,952
3,417
700

1
2,564
2,340
1,793
1,065
129
3,487
3,032
3,528
1,505

8,343,842
8,343,842
8,343,842
8,343,842
8,343,842
4,863,645
4,863,645
4,863,645
4,863,645
4,863,645

7,823,250
7,823,250
7,823,250
7,823,250
7,823,250
5,515,575
5,515,575
5,515,575
5,515,575
5,515,575

420.0482*
1.6057*
1.8552*
1.7806*
1.2730*
3.8593*
1.2124*
1.1041*
1.0984*
0.5275*

comparison. Notably, and with the exception of GPRF1, for
which only a single read was recorded in the RNAseq data in
wild cotton (leading to a spuriously high domesticated-to-wild
transcript ratio), these protein expression ratios closely mirror
the transcript expression data (proteomic and transcript data are
positively correlated; r = 0.999, P < 0.01).
Transcript Levels of Other Proteins Involved in Actin Cytoskeleton
Remodeling. We examined the RNAseq data for expression of

other proteins implicated in regulating actin or actin-mediated
processes. Contigs detected are listed in Table S3, and total
expression for several genes is shown for G. hirsutum in Fig. S4.
The expression of actin was the highest in both 10-d postanthesis
(dpa) and 20-dpa ﬁbers of G. hirsutum, followed by proﬁlin, and
then actin-depolymerizing factor (ADF), whereas cyclase-associated protein (CAP) was expressed at relatively lower levels.
Discussion
Proﬁlin Gene Family in Gossypium. Here we describe six proﬁlin

genes (GPRF1–GPRF6) from ﬁve species of Gossypium; four of
these are newly recognized, but GPRF1 and GPRF3 were reported
earlier from G. hirsutum (14, 15, 30, 40). All six cotton proﬁlin
genes in all species share high amino acid sequence identity (75–
95%), gene structures (two introns and three exons), and conserved
motifs, but fall into two distinct and ancient clades. In one clade
(containing GPRF2–GPRF5), the ﬁrst exon is missing two amino
acids and has longer introns, whereas in the other clade (containing
GPRF1 and GPRF6) the ﬁrst exon is longer but the genes have
shorter introns. Phylogenetic analysis further shows that these two
classes of proﬁlins are descendants of an ancient duplication that
occurred early in angiosperm evolution, perhaps before the separation between eudicots and monocots (Fig. S2).

Plant proﬁlins generally are classiﬁed into two groups by their
expression patterns. Kandasamy et al. (41) characterized the
regulation of ﬁve Arabidopsis proﬁlins in different organs and
during microspore development, reporting that PRF1, PRF2, and
PRF3 are expressed constitutively in all organs, whereas PRF4
and PRF5 are expressed speciﬁcally in pollen. As shown here,
these two classes of Arabidopsis proﬁlin genes fall into two
clades, grouping with different cotton proﬁlins. PRF1–PRF3 are
grouped with GPRF2–GPRF5, whereas PRF4 and PRF5 are
grouped with GPRF1 and GPRF6. This topological structure
implies a possible functional correlation between these classes in
Arabidopsis and Gossypium. Recently, Wang et al. (30) identiﬁed
a proﬁlin homolog, GhPFN2 (same as GPRF3 in the present
study), from a cultivated variety of G. hirsutum. They found that
GhPFN2 was expressed constitutively in multiple organs and
preferentially in ﬁber cells. Expression was signiﬁcantly induced
during the period of rapid ﬁber elongation and secondary wall
synthesis. Our expression analysis reveals that this class of four
proﬁlin genes, including GPRF2–GPRF5, are all expressed in
ﬁbers from three different cotton species.
The second class of cotton proﬁlin genes (GPRF1 and GPRF6)
differs from the other cotton proﬁlins in expression. RT-PCR and
RNAseq results show that GPRF6 is not transcribed in 10-dpa ﬁbers.
Similarly, with the exception of G. herbaceum, GPRF1 is either not
expressed or is weakly expressed in developing ﬁbers from wild
cottons, although it is up-regulated in the domesticated allopolyploids (Figs. 2 and 3). Combined with the phylogenetic analyses,
which indicate a homology between these two cotton genes and the
pollen-speciﬁc genes of Arabidopsis, we speculate that little to no
expression in ﬁbers is ancestral for this group of proﬁlins, and this is
largely reﬂected in wild cottons. However, Ji et al. (14) recovered
a proﬁlin gene that was signiﬁcantly up-regulated early in cultivated
cotton (G. hirsutum) ﬁber development that corresponds to our
GPRF1. This gene was later shown (15) to be predominantly
expressed in rapidly elongating cotton ﬁbers and that transcript
abundance declined sharply with the onset of secondary wall synthesis. Our data indicate that GPRF1 has become associated with
ﬁber cell elongation in cultivated but not wild cotton, suggesting
novel gene recruitment associated with domestication.
Table 2. Protein ratios of proﬁlins in ﬁber extracts from
domesticated and wild Gossypium hirsutum

Fig. 3. Relative expression counts for ﬁve proﬁlin genes based on ∼16 million
Illumina reads per accession. Maxxa and Tx2094 are cultivated and wild forms
of G. hirsutum, whereas Pima S-6 and K101 are cultivated and primitive
accessions of G. barbadense, respectively. The y axis is expressed in gene counts
per million reads, and (*) represents signiﬁcant expression divergence between
domesticated and wild accessions (Fisher’s exact test; P < 0.01).
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GPRF1
GPRFX
GPRF4

5 dpa

10 dpa

20 dpa

25 dpa

1.1323
1.1559
1.2253

2.4878*
1.0140
1.1013

4.6008*
1.7368
1.3937**

2.0378
1.4000
1.1334

Dpa, days postanthesis.
*P value <0.05; **P value <0.01 (Student’s t test).
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Ratio of domesticated to wild = (domesticated count/total domesticated count)/(wild count/total wild count).
*P value <0.01 (Fisher’s exact test).

Expression Alteration of Other Cytoskeletal Proteins. Actin binding
proteins regulate the dynamics of the actin cytoskeleton by
controlling the balance between monomeric, ﬁlamentous, and
bundled actin. On the basis of RNAseq data derived from ongoing studies of the ﬁber transcriptome in wild and domesticated
cotton, several proteins involved in actin cytoskeleton dynamics
demonstrated up-regulation in parallel with the proﬁlins, including actin, ADF, and CAP (Fig. S4). Interestingly, proﬁlin,
ADF, and CAP are important for regulating the concentration of
actin monomers. These data suggest that upon up-regulation of
actin, control of the actin monomer pool is critical for the dramatic expansion in cotton ﬁbers in domesticated cotton.
Parallel Up-Regulation of a Gene Family Under Domestication. As a
specialized unicellular trichome with a greatly exaggerated length,
cotton ﬁber represents a masterpiece of human domestication,
made all the more remarkable by its parallel, independent origin in
four cultivated species (three studied here). Little is known about
the genetic, genomic, or metabolomic transformations that mediate these independent transformations, although insights are
emerging from comparative expression proﬁling experiments (3–
6). The present study sheds light on one aspect of this general
question, implicating the up-regulation of the proﬁlin gene family
concomitant with strong directional selection under human domestication. Not only was the same protein family up-regulated by
aboriginal domesticators in multiple species, but the effects have
been widespread across the proﬁlin gene family members, as opposed to affecting a single gene in each domesticate. Gene expression data revealed that expression of ﬁve genes was significantly enhanced in all cultivated cottons in comparison with their
wild counterparts, including novel gene recruitment associated
with domestication.
To our knowledge this observation of up-regulation of a gene
family is without precedent in evolutionary biology, let alone parallel up-regulation in multiple species. Insights into the genetic
basis of morphological change in nature are often facilitated using
crop models, as Darwin famously noted in the introduction to On
the Origin of Species when he wrote “At the commencement of my
observations it seemed to me probable that a careful study of domesticated animals and of cultivated plants would offer the best chance of
making out this obscure problem.” Since Darwin’s time, numerous
mutations have been identiﬁed that control traits selected by
humans during the domestication process, including loss-of-function alleles, changes in coding sequence, or altered levels or
domains of expression (42–46). Notwithstanding these striking
discoveries, relatively little is understood about the downstream
effects on domestication mutations or transcriptional and physiological networks, nor how these are propagated into the phenotypes
being subjected to directional selection. Here we have illustrated
one likely dimension of this process involved the altered regulation
of a suite of related proteins, which simultaneously and in parallel
in multiple species become up-regulated.
An exciting prospect for future work will be to isolate the
causative lesions responsible for proﬁlin gene family up-regulation,
which likely comprise the hidden targets of human selection. In
principle, these unknown targets of selection likely comprise one
or more upstream transcription factors or other proteins that coordinately exercise control over proﬁlin expression. It will be of
considerable interest to reveal the degree of parallelism experienced in each species (47) and the effects of each species-speciﬁc
mutation (or mutations) on the underlying transcriptional, proteomic, and metabolomic architecture of cotton ﬁber development. Insights into these and related questions will likely derive
from a combination of forward genetic (e.g., introgression lines),
population genetic (e.g., testing for selective sweeps), and genomic
(e.g., expression proﬁling) approaches.
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A ﬁnal aspect of our results that merits highlighting is the extent
to which the different proﬁlin genes were up-regulated in each
domesticated species. For example, in cultivated G. hirsutum, each
of the ﬁve genes GPRF1–GPRF5 contributes substantially and
relatively equitably to the total proﬁlin transcriptome (18, 29, 21,
10, and 22%, respectively), whereas in the wild form of the same
species, there is more variation among genes (1, 23, 28, 19, and
29%, respectively; Fig. 2D). The relative proportions and responses to selection in G. barbadense and G. herbaceum each present rather different patterns from this. When more is understood
about the causative lesions in each species, it will be of considerable interest to study the complex rewiring of the transcriptional
network that has responded similarly, but differently among these
three species.
Materials and Methods
More detailed descriptions of all methods are provided in SI Materials and
Methods. We used one domesticated and one wild accession for each of the
three cotton species. The modern domesticated lines chosen were Pima S-6
(elite cultivar of G. barbadense), Texas Marker Stock 1 (TM1, the genetic and
cytogenetic standard of G. hirsutum), and Wagad (an Indian cultivar of G.
herbaceum). Choice of wild accessions was based on previous morphological
and molecular evidence (48): for G. barbadense, because truly wild rather than
feral forms are difﬁcult to verify, its sister taxon from the Galapagos Islands G.
darwinii (accession PW45) was chosen, as it previously was treated as conspeciﬁc with G. barbadense (49); for G. hirsutum, an unambiguously wild,
sprawling shrub from the north coast of the Yucatan Peninsula, var. yucatanense accession Tx2094 (US Department of Agriculture GRIN accession PI
501501), was used; and for G. herbaceum, we chose a wild form from Botswana, G. herbaceum subsp. africanum (accession A1-73). We also included the
best living model of the D-genome diploid progenitor, G. raimondii.
Using proﬁlin genes from GenBank and Gossypium as query sequences, we
searched our EST assemblies to design degenerate PCR primers (Table S4) to
amplify proﬁlin genes from Gossypium. PCR reactions were performed as
described (50), and amplicons were cloned, sequenced (deposited in GenBank
under accession numbers HM484221–HM484292), and mapped as described
(SI Materials and Methods). Protein annotation and identiﬁcation of conserved domains were facilitated using the Conserved Domains Database (51).
We conducted phylogenetic analysis using species with available genome
sequence, including 10 eudicot species, two monocots, Selaginella moellendorfﬁi and Physcomitrella patens, and using two algae as the outgroup.
Additionally, 66 plant proﬁlins with annotations of sequence and functional
information were also included in the analysis. Sequences were aligned using
Jalview 2.5.1 (52). Maximum likelihood analysis was conducted using the
default option as implemented in PhyML_3.0 (53). Conﬁdence of the tree
topology was assessed by a bootstrap set of 1,000 replicates. Estimation of
nonsynonymous (Ka) and synonymous (Ks) substitution rates was performed
within and between Gossypium species using DnaSP version 5 (54).
Fibers were harvested at 10 dpa because microarray data from G. hirsutum (4)
showed that the expression level of proﬁlin transcripts peaks at this stage. Total
RNA was extracted as described (55). Proﬁlin cDNA sequences were submitted
to GenBank (HM543080–HM543138). To estimate transcript accumulation levels, we used quantitative real time RT-PCR analyses and Illumina RNAseq data.
For the latter, we used ﬁber transcriptome data from 10- and 20-dpa ﬁbers from
wild and domesticated representatives of both domesticated polyploids (National Center for Biotechnology Information Sequence Read Archive Study
SRP001603). We estimated expression levels for other actin binding proteins
involved in actin cytoskeleton dynamics, including actin, ADF, and CAP using
published cotton and Arabidopsis genes as queries and RNAseq data.
Total proteins were extracted from developing cotton ﬁbers (56) using
a liquid nitrogen/glass beads shearing method (57). Isolated proteins from
wild and domesticated G. hirsutum were subjected to a comparative proteomic analysis using isobaric tags for relative and absolute quantiﬁcation
(iTRAQ) followed by strong-cation exchange fractionation and tandem mass
spectrometry (10). The resulting mass spectrometry data from three replicates were processed and statistically analyzed using the ProteinPilot 4.0
software suite (AB SCIEX).
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