






restored its activity to the level of GhPRE1A (Fig. 6d). Consis-
tently, activity of the GhPRE1A promoter in cotton fiber cells
was greatly reduced when the PRE1-TATA was removed
(Fig. S2b,c). Clearly, PRE1-TATA is indispensable for high
PRE1 promoter activity.

Modifications of cis-elements often lead to expression
changes in spatial patterns or transcription levels of genes, and
this is a key mechanism of adaptive evolution (Wray, 2007;
Carroll, 2008; Grover et al., 2012; Wittkopp & Kalay, 2012;
Lemmon et al., 2014). To examine the correlation between the

PRE1 TATA-box variation and cotton fiber phenotypes, we
surveyed 163 accessions of diploid and allotetraploid cottons
including wild species, semi-wild and domesticated races of
distinct geographical origins (Tables S1, S4). The canonical
TATA-box element is present in the PRE1 promoter of all 20
representative diploid cotton species of different genome types
surveyed (Fig. 6b). However, as noted above, PRE1-TATA is
deleted from PRE1D of five of the six allopolyploid species
studied, the exception being G. tomentosum in which it is
present (Figs 5e, 7).

(a)

(b) (c)

(d) (e)

Fig. 5 Subgenome-biased expression of PACLOBUTRAZOL RESISTANCE 1 (PRE1) in allotetraploid cottons. (a) Schematic representation of PRE1 gene
and nucleotide polymorphisms in the coding region of PRE1 homoeologs (PRE1A and PRE1D) in allotetraploid cottons. P1 and P2 indicate locations of
primers used in pyrosequencing. The single nucleotide polymorphisms (SNPs) used for genotyping the homoeologous pair are indicated by underlining.
Identical sequences are not shown. (b–d) PRE1 shows a striking expression bias toward the At homoeolog in ovules and fibers of (b) Gossypium hirsutum,
(c) G. barbadense and (d) G. darwinii. (e) Both At and Dt copies of PRE1 were expressed in ovules and fiber cells of G. tomentosum, a wild allotetraploid
cotton species endemic to the Hawaiian Islands. All pyrosequencing assays were repeated three times with similar results, and representative results are
shown. The routine technical error of pyrosequencing is c. 5%. DPA, days post-anthesis.
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(a)

(b)

(c) (d)

Fig. 6 TATA-box mediates PACLOBUTRAZOL RESISTANCE 1 (PRE1) promoter activity. (a) Sequence of Gossypium hirsutum GhPRE1A core promoter
fragment. TSS, transcriptional start site. BREd, downstream transcription factor IIB-recognition element. (b) PRE1 core promoter fragments of 32 cotton and
the outgroup (Thespesia populnea), as in Fig. 4. Promoter sequences of 33 cotton PRE1 genes were aligned; dashes indicate deletions and dots represent
identical nucleotides. The 11-bp TATA-box was absent in Dt homoeologous PRE1 promoters of five allotetraploid species but present in G. tomentosum.
(c) Schematic map of GhPRE1A (At) and GhPRE1D (Dt) promoter-luciferase reporters, in which the TATA-box fragment was intact, deleted or added. (d)
Activities of the promoters in (c), determined by transient expression of a luciferase reporter in tobacco leaves; the value of blank (bottom in c) was set to
1. Data were analyzed by one-way ANOVA compared to the GhPRE1A promoter (At): **, P ≤ 0.01. Error bars represent SD (n = 3).
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Thus, G. tomentosum lacks the expression bias (Fig. 5e) and
also the PRE1D TATA deletion (Fig. 6b). These two observa-
tions are not independent, as the TATA-box is indispensable for
PRE1 promoter activity (Fig. 6c,d). It may be that, in this species,
for reasons that are unclear, the two homoeologs are under strong
trans-regulation, thereby upregulating both the At and Dt PRE1
genes. From a phylogenetic perspective, accumulated evidence
indicates that this Hawaiian Islands endemic is not basal within
the polyploid clade, but that it is instead nested within the

polyploids in a position close to the G. hirsutum clade (Grover
et al., 2012, 2015). Thus, the manner in which G. tomentosum
acquired an intact as opposed to deleted TATA element in its Dt
homoeolog is of interest. One possibility is that it reflects simple
inheritance from the D-genome diploid ancestor, but this would
require independent loss of the TATA element in at least two
other allopolyploid lineages and at identical positions; thus we
view this scenario as unlikely. A second alternative related to this
first idea is that of vertical inheritance from the D-genome

Fig. 7 A schematic representation of the TATA-box indel in D-subgenome PACLOBUTRAZOL RESISTANCE 1 (PRE1) of allotetraploid cotton species and
the association of PRE1A expression with spinnable fiber formation. In the cotton genus (Gossypium), the PRE1 gene in all diploid species studied has a
canonical TATA-box in the core promoter. Shortly after allotetraploid (AtDt) formation c. 1–2 Myr ago (Ma), a 11-bp fragment containing the TATA-box
(TATA) of the Dt homoeologous PRE1 (PRE1D) was deleted in the nascent allotetraploid, which was transmitted to its descendants, including most present
day wild allotetraploid cotton species. In G. tomentosum, however, the TATA-box was reinserted, possibly through intersubgenomic conversion from the
At homoeolog. High expression of PRE1A in diploid and allopolyploid cottons is associated with long spinnable fibers. The drawings below the A genome
and the polyploid groups represent cotton fibers (left) and expression of PRE1 homoeologs (right).
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diploid ancestor but that the true phylogeny differs from that
presently indicated by a wealth of data (Grover et al., 2012,
2015); we view this scenario as equally unlikely. A final possibil-
ity is that of ‘gene conversion’; that is, nonreciprocal homoeolo-
gous exchange involving physical contact of the two homoeologs,
such that the indel was ‘corrected’ by the PRE1A copy (Fig. 7).
Interhomoeolog exchange has been described in cotton previ-
ously (Salmon et al., 2010; Flagel et al., 2012; Guo et al., 2014),
and we note other evidence for this process affecting PRE1 genes
elsewhere in this paper (see discussion of G. ekmanianum, in the
results). If, indeed, G. tomentosum acquired its PRE1D TATA ele-
ment via gene conversion, the converted region was quite small,
as it remains flanked by diagnostic D-genome-specific SNPs
(Fig. 6b).

Discussion

PACLOBUTRAZOL RESISTANCE (PRE) proteins in plants
function via protein–protein interactions and act as a hub inte-
grating multiple signaling pathways to regulate cell growth and
development (Lee et al., 2006; Wang et al., 2009; Zhang et al.,
2009; Schlereth et al., 2010). In addition, PRE genes themselves
are also regulated by phytohormones, such as gibberellic acid
(GA) (Park et al., 2013). Our previous investigation showed that
the homeodomain leucine zipper (HD-ZIP) IV transcription fac-
tor Gossypium hirsutum (Gh) GhHOX3 is a core regulator of cot-
ton fiber elongation, it interacts with other HD-ZIP IV factors,
leading to enhanced transcriptional activation of downstream
genes, including GhRDL1 and GhEXPA1, which promote cell
wall loosening (Wang et al., 2004; Xu et al., 2013). The GA sig-
naling repressor DELLA interferes with this process through
competitive binding to GhHOX3, thus transducing GA signal to
cotton fiber growth (Shan et al., 2014). Similar interaction also
functions in Arabidopsis in mediating hypocotyl epidermal cell
growth (Rombola-Caldentey et al., 2014), suggesting that this is
a general mechanism that promotes plant cell growth.

In the present investigation, we identified GhPRE1A from the
GhHOX3 co-suppression lines and its expression was repressed
following GhHOX3 silencing. However, the GhPRE1 promoter
does not contain an L1 cis-element recognized by HD-ZIP IV
factors, and thus the repression may be an indirect effect of
GhHOX3. Similar to the positive role of reported PREs in plant
cell growth (Hyun & Lee, 2006; Lee et al., 2006), GhPRE1 acts
as a positive regulator of cotton fiber elongation, but whether its
function involves the GhHOX3-DELLA complex is not clear at
this time. One possibility is that it acts in bridging hormone
(such as GA and brassinosteroid (BR)) signaling and the cell
autonomous pathways to control fiber cell growth.

Phenotypic novelty in evolution, resulting from either natural
or under strong directional human selection, can target coding
regions or variation in regulatory elements (Wray, 2007; Carroll,
2008; Wittkopp & Kalay, 2012; Lemmon et al., 2014). One
example is of an insertion of a TATA-box in the promoter of an
Iron-Regulated Transporter1 (IRT1) gene in apples, leading to
enhanced tolerance to iron (Zhang et al., 2016). A second rele-
vant example involves tomatoes (Solanum lycopersicum), which

are cross-pollinated with long exerted stigmas in the wild but
have included stigmas in cultivated forms (Rick et al., 1977;
Chen et al., 2007). Stigma length is controlled by Style2.1, which
encodes a PRE-like protein, and it is the novel presence of two
indels in the promoter that reduced Style2.1 expression in domes-
ticated tomatoes (Chen et al., 2007).

Cotton PRE1 also varies in its promoter sequence, with a frag-
ment deletion directly removing the core regulatory element, the
TATA-box. In allotetraploid cottons, deletion of the TATA-box
in the D-subgenome PRE1 silenced its expression, resulting in A-
subgenome-specific expression. Notably, in G. raimondii, the clos-
est D-genome progenitor species with short fibers, PRE1 expres-
sion levels are low in ovules, whereas PRE1 is highly expressed in
fiber cells in the allopolyploids and the diploid A-genome cottons.
Thus, high PRE1 expression in fiber is a characteristic both of
some diploids and of all allopolyploids. It seems likely from the
evidence presented here that at the time of initial polyploidization,
the highly expressed PRE1A inherited from the A-genome parent
may have helped stimulate fiber elongation in nascent allote-
traploid cottons, which thereby acquired an expression bias toward
the parental A-subgenome PRE1, whereas the Dt homoeolog was
further silenced as a result of the TATA-box deletion from its pro-
moter (Fig. 7). The exception, observed in G. tomentosum, is most
likely due to interhomoeolog gene conversion from the A- to D-
PRE1 homoeolog after diversification of the primary allotetraploid
cotton lineages. Subsequently, and in parallel in the two-cultivated
species G. barbadense and G. hirsutum, expression levels became
enhanced as a consequence of the domestication process (Fig. 7).
Probably not coincidently, variations in the PRE gene regulatory
elements are closely related to key agronomic traits in both tomato
and cotton, which suggests a recurring role of PRE gene expression
patterns in crop evolution.

The widely cultivated upland cotton G. hirsutum and the high-
quality extra-long staple (ELS) cotton G. barbadense have experi-
enced a relatively long history of evolution following the merger
of two sets of genomes. Transcriptome sequencing has repeatedly
demonstrated that a high fraction (often 20–40%) of genes in
G. hirsutum exhibit A- or D-subgenome biased expression (Yoo
& Wendel, 2014; Liu et al., 2015; Zhang et al., 2015). In partic-
ular, in G. hirsutum the myeloblastosis (MYB)-MIXTA-like tran-
scription factor gene GhMML4 (GhMML4_D12), a key
regulator of lint (spinnable fiber) development, shows a strong
subgenome-biased expression (Wu et al., 2018). We speculate
that that selection has shaped gene expression variation through
its action on underlying variation in multiple regulatory elements
throughout the genome. The fact that the two progenitor diploid
genomes vary two-fold in size and that they evolved in isolation
on different continents for 5–10Myr, suggests that cis-element
divergence at the diploid level would have been prevalent at the
time of initial polyploid formation. With the mounting genome
sequences and tools available, extensive comparisons of sequence
variations in relation to gene expression patterns will undoubt-
edly uncover additional examples of the type of evolution and
selection described here.

We note that higher expression of PRE1A appears to have
evolved in the diploid A-genome species, in association with
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the first appearance of long, spinnable fibers (Fig. 3c). Yet this
higher expression did not depend solely on the TATA-box,
because this is universally present among the diploid orthologs,
including A and D. After AD allotetraploid formation, the
TATA deletion from the Dt (tetraploid) homoeolog generated
biased expression, raising the question about the functional rel-
evance of the TATA deletion. In this respect we envision two
possible scenarios, one neutral and one driven by differential
homoeolog selection. Under the neutral scenario, the deletion
was not functionally relevant; the PRE1D TATA deletion was
inconsequential, perhaps because of the redundancy offered by
its PRE1A homoeolog. If instead natural selection favored the
PRE1A homoeolog, the deletion may have arisen following
selective fixation of a novel TATA deletion in the PRE1D copy,
concomitant with or followed by both natural and human-
mediated selection for enhanced PRE1A expression in fibers. As
the atypical basic helix-loop-helixes exert biological functions in
partnership with other transcription factors, finding the
GhPRE1 interacting partners holds the key to understand the
role of PRE1A in the regulatory network of cotton fiber elonga-
tion, which will further help us understand the association of
PRE1A high expression with long fiber formation.

Interestingly, overexpression of GhPRE1A in cotton not only
promoted fiber elongation, but also improved fiber strength
(Table 1). A plausible explanation is that formation of the fiber
strength trait involves coordinated cell wall biosynthesis and
extension. Given these findings, it will be of interest to explore
the relationship between PRE1 expression and fiber length/
strength in other Gossypium species and varieties, particularly
inasmuch as there exists considerable infraspecific varietal varia-
tion and interspecific differences in fiber length.
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