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ABSTRACT

Plant cell growth involves a complex interplay among cell-wall expansion, biosynthesis, and, in specific

tissues, secondary cell wall (SCW) deposition, yet the coordination of these processes remains elusive.

Cotton fiber cells are developmentally synchronous, highly elongated, and contain nearly pure cellulose

when mature. Here, we report that the transcription factor GhTCP4 plays an important role in balancing

cotton fiber cell elongation and wall synthesis. During fiber development the expression of miR319 de-

clines while GhTCP4 transcript levels increase, with high levels of the latter promoting SCW deposition.

GhTCP4 interacts with a homeobox-containing factor, GhHOX3, and repressing its transcriptional activ-

ity. GhTCP4 and GhHOX3 function antagonistically to regulate cell elongation, thereby establishing

temporal control of fiber cell transition to the SCW stage. We found that overexpression of

GhTCP4A upregulated and accelerated activation of the SCW biosynthetic pathway in fiber cells, as re-

vealed by transcriptome and promoter activity analyses, resulting in shorter fibers with varied lengths

and thicker walls. In contrast, GhTCP4 downregulation led to slightly longer fibers and thinner cell walls.

The GhHOX3–GhTCP4 complex may represent a general mechanism of cellular development in plants

since both are conserved factors in many species, thus providing us a potential molecular tool for the

design of fiber traits.
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INTRODUCTION

Cotton fibers, the natural material widely used in textile industry,

are single-celled trichomes that develop from initials on the seed

epidermis and successively undergo rapid elongation and sec-

ondary cell wall (SCW) biosynthesis. When mature, cotton fibers
M
This is an open access article under the CC BY-NC-ND
are composed of nearly pure (>95%) cellulose (Applequist et al.,

2001; Kim and Triplett, 2001; Lee et al., 2007; Mansoor and
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Paterson, 2012). Plant cell growth is associated with dynamic

processes of cell-wall biosynthesis, loosening, and expansion

(Cosgrove, 2005; Kang et al., 2019). Osmoregulation of primary

cell-wall extension has been proposed to drive cotton fiber

elongation, which gradually terminates with the onset of SCW

deposition (Ruan et al., 2001; Qin and Zhu, 2011; Hu et al.,

2019). Due to their large size (sometimes >4 cm in length) and

developmental synchrony, cotton fibers provide a unique model

for investigation of plant cell growth and wall formation.

In Arabidopsis thaliana the MYB–bHLH–WD40 (MBW) complex

controls the initiation of leaf and stem trichomes; the R2R3

MYB transcription factor GLABRA1 (GL1) plays a key role in acti-

vation of the expression of GLABRA2 (GL2), encoding a member

of the homeodomain leucine zipper (HD-ZIP) IV transcription fac-

tor subfamily, which in turn regulates trichome cell growth

(Szymanski et al., 2000). In cotton fiber cells. homologs of the

MBW complex are all expressed (Lee et al., 2007; Shangguan

et al., 2008); however, genetic analyses indicated that it is the

MIXTA-type R2R3 MYB factors that determine cotton fiber initia-

tion (Walford et al., 2011; Paterson et al., 2012; Tan et al., 2016;

Wu et al., 2018). Despite this difference, a homolog of

Arabidopsis GL2, GhHOX3, also regulates cotton fiber cell

elongation, and its activity is modulated by the growth hormone

gibberellin through interaction with the DELLA protein (Shan

et al., 2014).

SCW deposition strengthens plant organs but restricts cell

growth (Cosgrove, 2005; Xu et al., 2014; Huang et al., 2018;

Kang et al., 2019). Length and strength are the two key

parameters of cotton fiber quality, the latter being closely

related to cell-wall properties. Observations with transmission

electron microscopy (TEM) have revealed an inverse

relationship between cotton fiber length and wall thickness: the

diploid cotton species Gossypium arboreum produces short

fibers with a thicker wall, whereas cultivars of the extra-long

staple cotton Gossypium barbadense and the widely cultivated

upland cotton Gossypium hirsutum have long and fine lint

(Hernandez-Gomez et al., 2015).

Cellulose, the structural component of both primary and second-

ary cell walls, is a polysaccharide consisting of linear b-1,4-

glucan chains synthesized by the cellulose synthase complex

(Bashline et al., 2014; McFarlane et al., 2014; Takenaka et al.,

2018). Plants have evolved a set of enzymes that synthesize the

SCW, and the NAC–MYB–CESAs module defines a central

pathway of SCW cellulose biosynthesis, in which the NAC

(NAM, ATAF1,2, and CUC2) transcription factors act as the

primary switch (Taylor-Teeples et al., 2015). In G. hirsutum the

NAC factor GhFSN1 has been shown to regulate SCW

biosynthesis in fiber, and its overexpression with the 35S

promoter increases wall thickness and mildly reduces fiber

length (Zhang et al., 2018), implying a tradeoff between cell

elongation and SCW deposition. Two independent studies

showed that the cotton MYB transcription factor genes

expressed in fiber cells could induce transcription of the SCW

CESA genes when introduced into A. thaliana (Sun et al., 2015;

Huang et al., 2016). Additionally, dual functions in cotton fiber

elongation and SCW formation have been linked to a conserved

LIM-domain-containing protein, WLIM1a, which is, however,

not responsible for cellulose biosynthesis (Han et al., 2013).
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Although duration of the elongation stage is among the most

important factors that determine cotton fiber length (Dai et al.,

2017), to date the molecular mechanism underlying the

termination of cell elongation and the activation of SCW

synthesis remains obscure.

The TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFER-

ATING CELL FACTOR1) transcription factors constitute a plant-

specific family and contain a conserved non-canonical basic

helix-loop-helix (bHLH) domain responsible for DNA binding

and protein–protein interactions (Kosugi and Ohashi, 1997;

Nath et al., 2003; Palatnik et al., 2003). TCPs can be separated

into two major groups, classes I and II, the latter being further

divided into two types, CYC/TB1 (ECE) and CINCINNATA (CIN).

In Arabidopsis there are 11 class II TCP genes, of which five

CIN types (TCP2, TCP3, TCP4, TCP10, and TCP24) are

targeted by miR319 (Kosugi and Ohashi, 1997; Nath et al.,

2003; Palatnik et al., 2003) and function in diverse aspects of

plant growth and development. For example, Arabidopsis TCP4

is involved in cell proliferation, trichome development, leaf

morphogenesis, plant maturation, and senescence (Nath et al.,

2003; Palatnik et al., 2003; Efroni et al., 2008; Schommer et al.,

2008; Vadde et al., 2018), and promotes hypocotyl elongation

through integrating environmental and hormonal signals (Challa

et al., 2016) but reduces the stature of the mature plant when

overexpressed (Palatnik et al., 2003). Furthermore, TCP4 was

shown to regulate SCW biosynthesis in xylem vessel elements

through activation of the NAC gene VDN7 (Sun et al., 2017). In

cotton, functions of several TCP genes have been reported.

The class I TCP factor GhTCP14 of G. hirsutum was shown to

activate auxin signaling to mediate epidermal cell differentiation

and elongation (Wang et al., 2013). Another class I TCP, GbTCP

of G. barbadense, affects fiber elongation through a complex

interplay involving jasmonic acid biosynthesis and ethylene

signaling (Hao et al., 2012). GhTCP13 and two other class II

TCPs are functionally redundant in modulating plant

architecture (Diao et al., 2019).

Here, we show that in cotton GhTCP4, a CIN-type TCP

transcription factor regulated by miR319, interacts with

GhHOX3 to coordinate fiber cell elongation and SCW biosyn-

thesis, two events that are key to cotton fiber traits. During fiber

development, the temporal expression pattern of GhTCP4 is

important in controlling the transition to and the pace of SCW

deposition.
RESULTS

GhTCP4 is Associated with Cotton Fiber Formation

Our previous studies have identified two regulators of cotton fiber

elongation, the homeobox-containing transcription factor

GhHOX3 and the atypical bHLH factor GhPRE1, of which

GhHOX3 plays a pivotal role (Shan et al., 2014; Zhao et al.,

2018). With GhHOX3 as bait, yeast two-hybrid (Y2H) screening

of a G. hirsutum fiber cDNA library identified ten interacting can-

didates, including a TCP protein (Shan et al., 2014) which, based

on phylogenetic analysis, is a close homolog of A. thaliana TCP4

(AtTCP4) belonging to the class II CIN-type TCPs (Supplemental

Figure 1). Accordingly, we named it GhTCP4. It has a typical TCP

domain located in the N terminus (Supplemental Figure 2).
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Figure 1. GhTCP4 Interacts with GhHOX3.
(A) Subcellular localization assays of GhTCP4A

and GhHOX3, showing nuclear localization of

GhTCP4-YFP (upper) and VENUS-GhHOX3

(middle) and co-localization of GhTCP4-CFP and

VENUS-GhHOX3 in the nucleus (bottom).

Agrobacterium cells harboring the fusion protein

genes were infiltrated into leaves of Nicotiana

benthamiana through the abaxial surface, and 72

h later the samples were observed under a

confocal microscope (LSM510, Zeiss). Scale bar,

10 mm.

(B) Yeast two-hybrid assay of GhTCP4A-GhHOX3

interaction. Domains (above) and their positions

(below) are indicated. The GhTCP4 N-terminal

fragment of 120 amino acids showed binding to the

leucine-zipper (LZ) domain of GhHOX3. Yeast was

grown on SD/-Leu/-Trp/-His medium supple-

mented with 10 mM 3-amino-1,2,4-triazole.

(C) Detection of GhTCP4A-GhHOX3 interaction

by co-immunoprecipitation. GhTCP4-FLAG,

GhHOX3-GFP, and GFPwere expressed in pairs in

N. benthamiana leaf cells; crude proteins were

immunoprecipitated with anti-GFP antibody beads

and detected with anti-FLAG antibody. Total pro-

teins (input) and proteins after immunoprecipitation

(IP) were detected by anti-FLAG antibody (above)

and anti-GFP antibody (below). The GhTCP4-

FLAG and GFP pair served as a control, in which

the GhTCP4-FLAG protein was undetectable.

GhTCP4-FLAG was detected in the GhTCP4-

FLAG and GhHOX3-GFP co-expression sample.

IB, immunoblot.

(D) BiFC assay. GhHOX3 and GhTCP4A were

fused to the C- and N-terminal ends of the LUC

reporter (cLUC and nLUC) to form GhHOX3-cLUC

and GhTCP4-nLUC, and truncated LUC and the

chimeric genes were co-expressed in N. benthamiana leaves in pairs as indicated. The nLUC and cLUC vectors, nLUC and cLUC-GhHOX3, and cLUC

and GhTCP4-nLUC were co-expressed as negative controls. Fluorescence intensities indicate the strength of protein–protein binding. Scale bar, 1 cm.

GhTCP4 Promotes Wall Thickening in Cotton Fiber Molecular Plant
In tobacco (Nicotiana benthamiana) leaves, the GhTCP4A-CFP

and VENUS-GhHOX3 fusion proteins co-localized in the nucleus

(Figure 1A). We then divided GhTCP4A into two fragments and

tested their interactions with GhHOX3 in yeast; we found

that the bHLH-embedded N-terminal fragment of GhTCP4 is

responsible for binding to the leucine zipper (LZ) domain of

GhHOX3 (Figure 1B). Hence, we performed in vivo co-

immunoprecipitation (coIP). GhTCP4-FLAG and GhHOX3-GFP

were transiently co-expressed in tobacco leaves; after precipita-

tion of the leaf proteins with anti-GFP antibody beads, the

GhTCP4-FLAG fusion protein was readily detected (Figure 1C).

In a bimolecular fluorescence complementation (BiFC) assay,

the split luciferase proteins (nLUC and cLUC) fused with

GhTCP4A and GhHOX3, respectively, also showed strong

interaction in tobacco leaves, whereas the empty vectors

(nLUC and cLUC) or the empty vector with one of the partners

(nLUC with cLUC-GhHOX3 and cLUC with GhTCP4-nLUC) did

not (Figure 1D). In addition to GhTCP4, GhHOX3 also interacted

with other CIN-type TCPs in yeast (Supplemental Figure 3). The

interaction with GhHOX3 hinted at a role of GhTCP4 in cotton

fiber development.

In the cotton genus (Gossypium), four species were indepen-

dently domesticated and are cultivated for spinnable fiber: the
M

A-genome diploids Gossypium herbaceum and G. arboreum,

and the AD-genome allotetraploids G. hirsutum and G. barba-

dense (Wendel and Grover, 2015; Chen et al., 2020; Huang

et al., 2020). The G. hirsutum genome harbors 72 putative TCP

genes (Hu et al., 2019), of which 15 belong to the class II CIN

type with eight in subgenome A and seven in subgenome D

(Supplemental Tables 1 and 2). GhTCP4A (GH_A04G0407) and

GhTCP4D (GH_D05G3657) are located on chromosomes A04

and D05, respectively (Supplemental Figure 4), and both

encode proteins of 401 amino acids (aa) that share 97%

sequence identity (Supplemental Figure 2).

Analysis by quantitative real-time PCR (qRT–PCR) showed that

GhTCP4 was expressed in various tissues of G. hirsutum

(Figure 2A), and in transcriptome data transcripts of the two

homoeologous genes were present at a similar level

(Supplemental Figure 5). In fiber cells, the GhTCP4 transcript

level was low at the fiber-initiation stage, became increasingly

elevated following fiber elongation, peaked during the transition

from rapid elongation to the SCW synthesis stages (9–12 days

post anthesis [DPA]), then remained relatively high but declined

progressively (Figure 2B). Compared with the fiber elongation

gene GhHOX3, which reached its peak expression 3 days

earlier (6 DPA) and dropped sharply afterward (Supplemental
olecular Plant 13, 1063–1077, July 6 2020 ª The Author 2020. 1065
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Figure 2. GhTCP4 Negatively Regulates Fiber Length and Affects Fiber Twisting.
(A and B) Relative expression of GhTCP4 in different organs of G. hirsutum (A) and in ovules (0 DPA) and developing fiber cells on the day post anthesis

(DPA) as indicated (B). qRT–PCRwas performed usingGhHIS3 (AF024716) as an internal reference, and expression in 0-DPA ovules was set to 1 (means

of triplicates ± SD).

(C–E) Analysis of mature fiber from pRDL1::mGhTCP4A overexpression (OE) cotton lines, with wild-type (WT) G. hirsutum cv. R15 as the control. (C)

Image of fibers from the transgenic T2 lines. Scale bar, 1 cm. (D) Fiber length (mean ± SD, n = 30, ***P < 0.001, Student’s t-test). (E) Relative expression of

GhTCP4 in 9-DPA fiber cells; expression in WT was set to 1 (means of triplicates ± SD).

(F–H) Analysis of mature fibers of p35S::dsGhTCP4 (ds) lines. (F) Image of fibers from the RNAi (ds) lines, T2. Scale bar, 1 cm. (G) Fiber length (mean ±SD,

n = 30, ***P < 0.001, Student’s t-test). (H) Relative expression of GhTCP4 in 9-DPA fiber cells; expression in WT was set to 1 (means of triplicates ± SD).

(I) Scanning electron microscopy (SEM) view of mature fibers. While the mature fibers of the WT, GhTCP4 silencing (ds5–7),GhmiR319a overexpression

(OE miR319), and GhHOX3 co-suppression (COS 5–8) lines were twisted, the GhTCP4 overexpression line (OE4–18) fiber appeared stick-like without

twisting. Scale bar, 10 mm.

1066 Molecular Plant 13, 1063–1077, July 6 2020 ª The Author 2020.
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Figure 5), GhTCP4 exhibited a flatter and temporally delayed

expression pattern during fiber development (Figure 2B).

In transient expression assays with tobacco leaf cells the

GhTCP4A-YFP fusion protein localized to the nucleus

(Figure 1A), consistent with its function as a transcription factor.

Searching cotton quantitative trait locus (QTL) information

(Lacape et al., 2010), we found that GhTCP4 was associated

with QTLs fiber length, micronaire, and uniformity

(Supplemental Figure 4), implying that GhTCP4 is possibly

involved in fiber elongation and synchronous growth.

GhTCP4 Overexpression Represses Cotton Fiber
Elongation

Sequence analysis showed that, like AtTCP4, a putative miR319-

binding site is present in the open reading frame (ORF) ofGhTCP4

and of other CIN-type TCP genes of G. hirsutum (Supplemental

Figure 6A). To provide experimental evidence that miR319

cleaves the mRNA of GhTCP4, we overexpressed MIR319

(GhmiR319a) with the 35S promoter and the miR319-resistant

form of GhTCP4A (mGhTCP4A) with the fiber-preferential

GhRDL1 promoter in G. hirsutum. We then performed 50-rapid
amplification of cDNA ends (50RACE) on the cotton fiber RNAs.

Gel analysis showed that, compared with wild type (WT), more

full-length GhTCP4 cDNAs of the expected size could be ampli-

fied from the mGhTCP4A line harboring the miR319-binding

site mutation than from the p35S::GhMIR319 sample, in which

the full-length band was below the detectable level

(Supplemental Figure 6B). Further degradome sequencing

revealed that the cleavage site was located at nucleotide 968 in

GhTCP4A (Supplemental Figure 6C). Cleavage of other CIN-

type GhTCP gene transcripts by miR319 was also detected

(Supplemental Figure 6D).

The pRDL1::mGhTCP4A cotton plants produced strikingly

shorter fibers with uneven lengths among fiber cells

(Figure 2C–2E), as well as less-serrated leaves and bracts

(Supplemental Figure 7A). In contrast, downregulation by RNAi

(p35S::dsGhTCP4) led to slightly longer fibers (Figure 2F–2H

and Supplemental Table 3) and deeper-serrated leaves and

bracts (Supplemental Figures 7 and 8), resembling the leaf

phenotype of the miR319-overexpression mutant jaw-D of A.

thaliana (Palatnik et al., 2003). Thus, GhTCP4 overexpression

reduced fiber length, and the expression level had to be

controlled properly to sustain cotton fiber cell growth. Testing

of the fiber quality indicated that the micronaire was also

affected in the dsGhTCP4 lines (Supplemental Table 3).

Consistent with this, under scanning electron microscopy

(SEM), the fiber texture appeared different among the WT and

the transgenic lines (Figure 2I), which will be discussed later.

Together, these data support the notion that GhTCP4 is

associated with fiber parameters such as length and micronaire

(Supplemental Figure 4B).

The Expression Patterns of MIR319 Genes in Cotton
Fiber

A limited examination of the genomes of flowering plants re-

vealed possible expansion of the MIR319 gene family in the

Malvaceae, especially in cotton species. There are seven genes

annotated as encoding MIR319 precursors in the diploid A- and
M

D-genome species G. arboreum and Gossypium raimondii,

respectively, and the copy numbers are doubled in the allotetra-

ploid species G. hirsutum and G. barbadense (Figure 3A and

Supplemental Table 4). Theobroma cacao, a Malvaceae

species distantly related to cotton, has six MIR319 genes,

compared to three in A. thaliana, two in Oryza sativa, and nine

in the hexaploid wheat Triticum aestivum. Analysis by qRT–

PCR showed that, contrary to GhTCP4, whose expression

increased during fiber elongation and early SCW synthesis

stages (Figure 2B), MIR319 genes were highly expressed in

the ovules at 0 DPA and in the fiber cells during early

elongation (to 3 DPA), thereafter decreasing in expression

(Figure 3B and Supplemental Figure 9A–9F). The MIR319

and TCP4 genes also exhibited opposite expression dynamics

in G. arboreum fiber cells (Figure 3C and Supplemental

Figure 9G).

GhTCP4 is just one of the TCP family genes in cotton that harbor

the miR319-binding site. In G. hirsutum overexpressing

GhmiR319a (p35S::GhMIR319), other putative target genes,

including GhTCP2, GhTCP3, and GhTCP10, were also downre-

gulated (Figure 3D), consistent with the finding from analysis of

degradome data that their transcripts could be cleaved at the

miR319 recognition site (Supplemental Figure 6). Nevertheless,

the TCP expression dynamics may vary depending on growth

conditions, and other factors, particularly transcriptional

regulation, also play an important role. Notably, similar to the

dsGhTCP4 lines, the surviving p35S::GhMIR319 cotton plants

developed longer fibers (Figure 3E–3G).
GhTCP4 Interacts with GhHOX3 and Represses Its
Transcriptional Activity

Among the pRDL1::mGhTCP4A plants, the high-expression line

OE4-18 produced fuzzy-like short fibers, with the length reduced

by more than 70% compared with the WT fibers (Figure 4A),

reminiscent of the fiber elongation defect caused by silencing

of GhHOX3, a key regulator of cotton fiber elongation (Shan

et al., 2014). GhRDL1 and GhEXPA1 are the direct targets of

GhHOX3 and encode cell-wall-loosening proteins (Xu et al.,

2013; Shan et al., 2014). We found that both genes were

downregulated in the GhTCP4-OE fiber cells (Figure 4B and 4C)

as in the GhHOX3-suppression line COS5-8 (Shan et al., 2014),

despite GhHOX3 expression not being repressed (Figure 4D).

These data suggest functional antagonism between the two

transcription factors.

Considering the protein–protein interaction results (Figure 1), we

asked whether binding to GhTCP4A would affect GhHOX3

activity as a transcription factor. We used the GhRDL1 and

GhEXPA1 promoters to drive expression of the luciferase (LUC)

reporter (Figure 4E), which was clearly activated by GhHOX3 in

tobacco leaf cells (Figure 4F and 4G), as previously reported

(Shan et al., 2014). However, when GhTCP4A was co-

expressed with GhHOX3, the LUC activity dropped drastically

(Figure 4E and 4F). GhHD1, another HD-ZIP IV factor of cotton,

was previously found to associate with GhHOX3 (Shan et al.,

2014); the activity of this transcriptional complex was also

decreased by GhTCP4A (Figure 4H and 4I). Thus, GhTCP4 acts

as a repressor of GhHOX3 in controlling the expression of cell-

wall-expansion genes.
olecular Plant 13, 1063–1077, July 6 2020 ª The Author 2020. 1067
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Molecular Plant GhTCP4 Promotes Wall Thickening in Cotton Fiber
To analyze the functional consequences of GhHOX3–GhTCP4

interaction in cotton, we crossed the GhHOX3-silencing

(dsHOX3) line with the GhTCP4-overexpression (OE4-18) and

-silencing (ds5-7) lines. We found that the cotton fibers remained

short in the dsHOX3 background regardless of the changes in

GhTCP4 expression (Supplemental Figure 10), suggesting that

the two factors may act in the same pathway, at least partly, to

modulate fiber elongation. However, as a transcription factor,

GhTCP4may have an additional function in fiber cell extensibility.
1068 Molecular Plant 13, 1063–1077, July 6 2020 ª The Author 2020.
GhTCP4 Expedites Cell-Wall Thickening

To analyze the effects of GhTCP4 on cotton fiber texture, we first

observed the fibers of WT and transgenic lines under SEM. The

fuzz-like fiber of the GhHOX3-silencing line COS5-8 showed the

clear twisting characteristic of the WT fiber (Figure 2I). However,

for the GhTCP4-overexpression line OE4-18 the twisting disap-

peared and the fiber cells appeared stick-like. By contrast, the

dsGhTCP4 (ds5-7) fiber cells appeared thinner (Figure 2I).

Examination of the mature fiber under TEM showed that, in

http://www.timetree.org
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Figure 4. GhTCP4Represses the Function of
GhHOX3.
(A) Fiber at maturation stage from the

pRDL1::mGhTCP4A overexpression line (OE4–18,

T7 generation) and GhHOX3-suppression lines

(COS5-8, dsHOX3, T9 generation). Scale bar,

1 cm.

(B and C) Relative expression of cell-wall-loos-

ening genes GhRDL1 (B) and GhEXPA1 (C) in fiber

cells; expression in WT 0-DPA ovules was set to 1

(means of triplicates ± SD).

(D) Relative expression of GhHOX3 in fiber cells of

the WT and GhTCP4 OE4–18 line of G. hirsutum.

Expression in WT 6-DPA fiber cells was set to 1

(means of triplicates ± SD).

(E) Schematic map of promoter-luciferase re-

porters and effectors.

(F–I) Effects of GhTCP4A on activation of the pro-

moters of pGhRDL1 and pGhEXPA1 by GhHOX3

(F and G) and by GhHOX3+GhHD1 (H and I). The

LUC and effector constructs (E) were introduced

into N. benthamiana leaves; V represents an equal

volume of bacteria harboring empty vector. The

relative LUC activities were normalized to the

reference Renilla (REN) luciferase. The activities

relative to empty vector (set to 1) are shown,

mean ± SD, n = 4, **P < 0.01, Student’s t-test.

GhTCP4 Promotes Wall Thickening in Cotton Fiber Molecular Plant
cross-section, the GhTCP4-OE fiber was nearly solid without a

lumen because of the much thicker cell wall, whereas the

dsGhTCP4 fiber had a significantly thinner cell wall than the WT

control (Supplemental Figure 11A–11C). These data suggest an

important role of GhTCP4 in regulation of SCW formation.

We then used TEM to observe the cell wall at different stages of

cotton fiber development (Figure 5). During rapid elongation (9

DPA) there was little change in cell-wall thickness (Supplemental

Figure 11D). At the SCW synthesis stage (18 DPA), the thickness

of the GhTCP4-OE fiber wall was doubled in comparison with

that of the WT, and in contrast the fiber cell walls of the

dsGhTCP4 lines were thinner (Figure 5A and 5D). This difference

in fiber cell-wall thickness was elaborated during the later SCW

stage (21 DPA; Figure 5B and 5E) and at the onset of maturation

(27 DPA; Figure 5C and 5F). The thinnest fiber cell walls were
Molecular Plant 13, 106
found in the miR319-overexpression line

(Figure 5A–5F), in which not only GhTCP4

but other putative target TCPs were

downregulated (Figure 3D). In addition, the

OE4-18 fibers exhibited a smaller diameter,

implying limited cell expansion in that growth

plane (Figure5A–5C). Thesedata indicate that

GhTCP4 overexpression accelerated SCW

deposition and increased cell-wall thickness.

GhTCP4 Promotes Cellulose
Biosynthesis at SCW Synthesis
Stages

To gain further insights into the biological

function of GhTCP4, we sampled 6- and

12-DPA fiber cells from the WT, GhTCP4-

overexpression (OE4-18), and GhTCP4-
downregulation (ds5-7) cotton plants for RNA sequencing. Prin-

cipal component analysis of the transcriptomes showed that

the ds5-7 and WT fibers were close to each other at 6 DPA, the

elongation stage, after which they became clearly separated dur-

ing the transition to the SCW stage (12 DPA), implying that

GhTCP4 functions more in the later stage. However, the OE4-

18 fiber samples at the two stages were not only strikingly

different from their WT counterparts but also well separated

from each other (Supplemental Figure 12A and 12B). Indeed,

while there was a relatively small number (154) of differentially

expressed genes (DEGs) present in the dsTCP4 (ds5-7) fiber

compared with the WT fiber at 6 DPA, there were many more

DEGs (�5000) in the OE4-18 fiber.

Analysis of the DEGs detected in the 12-DPA OE4-18 fibers re-

vealed that carbohydrate metabolism and cell-wall biogenesis
3–1077, July 6 2020 ª The Author 2020. 1069



1-5 sdTW 7-5 sd61-4 EO EO81-4 EO  7-22A

B

C

FED

0

1

2

3

18 DPA

WT
OE 4-16
OE 4-18
ds 5-1
ds 5-7
OE 7-22

0
1
2
3
4
5

21 DPA

WT
OE 4-16
OE 4-18
ds 5-1
ds 5-7
OE 7-22

0
1
2
3
4
5

27 DPA

WT
OE 4-16
OE 4-18
ds 5-1
ds 5-7
OE 7-22

*** ***

***

***

***

***

** ** **
** ** **** ** **

Figure 5. GhTCP4 Promotes Cell-Wall Thickening.
(A–C) TEM view of cross-sections of cotton fiber cells (upper) and cell walls (bottom) of the WT, GhTCP4 overexpression (OE4–16, OE4–18),

GhTCP4 RNAi (ds5-1, ds5-7), andGhmiR319a overexpression (OE7–22) lines of G. hirsutum, sampled at 18 (A), 21 (B), and 27 (C) DPA. Scale bar, 2 mm.

The bottom panels are magnified images of regions (indicated with hollow arrows) of the fibers in the upper panels. The cell walls are marked by solid

arrows. Scale bars, 2 mm.

(D–F) Fiber cell-wall thickness of the cotton lines as indicated (mean ± SD, n = 100, **P < 0.01, ***P < 0.001, Student’s t-test).
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were among the highly enriched functional categories

(Supplemental Figure 12C). The NAC–MYB signaling cascade

has been shown to regulate the expression of CESA genes

(Huang et al., 2015). Remarkably, 22 of the CESA genes, as
1070 Molecular Plant 13, 1063–1077, July 6 2020 ª The Author 2020.
well as 27 NAC and 76 MYB transcription factor genes, were

upregulated in the overexpression line or downregulated in the

silencing line at 12 DPA (Supplemental Tables 5–8). The CESAs

responsible for cotton fiber primary cell wall (PCW) and SCW
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Figure 6. GhTCP4 Activates SCW Cellulose
Biosynthetic Genes.
(A–D) Relative expression levels of SCW biosyn-

thesis genes in fiber cells of WT, GhTCP4-over-

expression (OE4–18), and GhTCP4 RNAi (ds5-7),

and MIR319 overexpression (OE7–22) G. hirsutum

lines, determined by qRT–PCR. Expression in WT

9-DPA fibers was set to 1 (means of triplicates ±

SD, **P < 0.01, ***P < 0.001, Student’s t-test).

GhFSN1 and the threeGhCESA genes were highly

upregulated in OE4–18 and downregulated in ds5-

7 lines during the SCW stage (12–18 DPA). The

CESA genes analyzed are GhCESA4b

(Gh_A08G0421, Gh_D08G0509), GhCESA7b

(Gh_A05G3965, Gh_D05G0079), and GhCESA8b

(Gh_A10G0327, Gh_D10G0333). See also

Supplemental Figure 14.

(E) Crystalline cellulose contents in fiber cells at

different stages as indicated (mg cellulose/mg

alcohol-insoluble residues; n = 4, mean ± SD,

*P < 0.05, **P < 0.01, ***P < 0.001 compared with

WT, Student’s t-test).

(F) Electrophoretic mobility shift assay of the

pGhFSN1 promoter. The promoter fragment

(�70 bp, harboring the TCP4-binding TGGGCC

motif) was labeled with cy5, and the double-

stranded DNA fragments (5 ng) were incubated

with theGhTCP4A protein (2 mg). Excess unlabeled

fragments (100-times cy5-fragments) were added

to compete for the binding site. As a negative

control, a mutated probe (TGGGCC deletion) was

similarly labeled and assayed. Incubation of the

pGhFSN1 fragment with 2 mg of GhTCP4A protein

resulted in a shifted band; this shift was reduced by

adding the unlabeled probe, enhanced by

increasing the protein amount to 3 mg, and abol-

ished when the TGGGCC motif in the labeled

probe was deleted (mutated probe).

(G and H) The reciprocal effects of GhHOX3 and

GhTCP4A. Promoters of pGhFSN1 (�2k, G) and

pGhEXPA1 (�2k, H) were fused to the LUC re-

porter and infiltrated into tobacco leaves together

with the effector(s) as indicated. For truncated

versions, GhHOX3DHD-LZ (without 25–152 aa)

and GhTCP4DbHLH (without 25–110 aa) were amplified from the CDSs by overlapping PCR. The LUC activities were normalized to REN, and values

relative to the empty vector control (set to 1) are shown. V represents one volume of bacteria with empty vector (mean ± SD, n = 4, **P < 0.01, Student’s

t-test).
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biosynthesis have been classified on the basis of their temporal

expression patterns and homology in BLAST searches;

GhCESA4, GhCESA7, and GhCESA8 are grouped together with

Arabidopsis CESA4, CESA7, and CESA8, which are

responsible for SCW, whereas GhCESA1, GhCESA3, and

GhCESA6 are homologous to PCW CESA genes of Arabidopsis

(Yuan et al., 2015; Zhang et al., 2015). We then checked all

CESAs identified in the RNA-sequencing data. We found that at

the elongation stage (6 DPA), there was no significant

difference in the expression of the CESA genes between the

WT and the GhTCP4-OE line, which was confirmed by qRT–

PCR (Supplemental Figure 13 and Supplemental Table 5),

suggesting that GhTCP4 had less impact on cellulose synthesis

in the PCW. In contrast, for CESA genes preferentially

expressed at the SCW stage after 12 DPA, their transcript

levels were drastically elevated in the overexpression

line (Supplemental Table 6). Further qRT–PCR analysis of
M

GhCESA4, GhCESA7, GhCESA8, and the NAC gene GhFSN1

demonstrated that not only were these genes upregulated in

GhTCP4-OE fibers but also that they were expressed earlier

(Figure 6A–6D and Supplemental Figure 14).

The changes in expression of SCW CESA genes prompted us to

compare cellulose deposition in the transgenic andWT fiber cells.

We found that at 18 DPA (SCW synthesis stage) the crystalline

cellulose in the total alcohol-insoluble residue (AIR) of fiber was

10%–20% higher in the GhTCP4-OE lines than in the WT

(Figure 6E). At the maturation stage (27 DPA), cellulose made

up over 95% of the AIR in both WT and GhTCP4-OE fibers, but

in GhTCP4-silencing fibers it was �80% of the AIR (Figure 6E),

implying deaccelerated SCW biosynthesis in the fibers with

downregulated GhTCP4. Quantitative analysis by gas

chromatography–mass spectrometry (GC–MS) revealed that, at

18 DPA, the GhTCP4-OE fiber contained lower amounts of
olecular Plant 13, 1063–1077, July 6 2020 ª The Author 2020. 1071
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non-cellulosic monosaccharides than theWT control; in contrast,

the levels were strikingly high in the dsGhTCP4 fiber

(Supplemental Figure 15). These data strongly support the

notion that GhTCP4 regulates SCW formation and the pace of

fiber development.

TCP transcription factors can bind to theGGNCCorGGNNCC cis

elements (Kosugi and Ohashi, 2002), and class II TCPs such as

OsTB1 and AtTCP4 were reported to specifically recognize

TGGGC(C/T) (González-Grandı́o and Cubas, 2016), which is

present in the promoter regions of GhFSN1 and GhCESA7

(Supplemental Table 9). An electrophoretic mobility shift assay

(EMSA) using the GhFSN1 and GhCESA7 promoter fragments

showed that GhTCP4A indeed bound to the promoters of these

genes (Figure 6F and Supplemental Figure 16), and the binding

reaction was an endothermic process, as determined by an

isothermal titration calorimetry (ITC) assay (Supplemental

Figure 16C). We then selected other candidate genes for an

extended EMSA analysis; these genes are SCW biosynthesis-

related, upregulated in the GhTCP4-OE fibers, and contain the

TCP recognition motif in their promoters. GhTCP4 exhibited

binding to 12 promoters out of the 14 genes assayed, including

those encoding glucan endo-1,3-b-glucosidase and peroxidase

(Supplemental Figure 17).

Lastly, as GhHOX3 can bind to the GhTCP4A N-terminal frag-

ment harboring the DNA-binding domain (Figure 1B), we asked

whether this interaction would affect the transcriptional

activation of target genes by GhTCP4. In a dual-luciferase

assay using N. benthamiana leaf cells, GhTCP4A clearly

activated the GhFSN1 promoter, but activation was significantly

attenuated by GhHOX3 (Figure 6G). When the N-terminal

fragment harboring the LZ domain, which is involved in

GhTCP4 binding (Figure 1B), was deleted, the inhibition was

diminished (Figure 6G). Similar results were obtained when the

GhCESA7 promoter was assayed (Supplemental Figure 16B).

Reciprocally, GhTCP4 also repressed the transcriptional activity

of GhHOX3 toward its target genes GhEXPA1 and GhRDL1,

and the N-terminal fragment involved in protein–protein

interaction was also required for repression (Figure 6H and

Supplemental Figure 18).

In summary, GhTCP4 can recognize the cis element in promoters

of GhFSN1 and GhCESA7 to activate gene expression, and

GhHOX3 interferes with this activity. We anticipate that GhTCP4

promotes SCW deposition by directly regulating a set of SCW

genes, including the key transcription factor GhFSN1. The tem-

poral expression patterns of the miR319-targeted TCP genes,

includingGhTCP4, play an important role in determining the dura-

tion and rates of fiber elongation and SCW synthesis.

DISCUSSION

Over the past decade a great deal has been learned about the

complex biology of cotton fiber development (Mansoor and

Paterson, 2012; Paterson et al., 2012; Guan et al., 2014). The

emerging view is that elongation is characterized by multiple

interacting physiological pathways, including hormone

signaling, cell-wall-loosening and -extension processes, and

lipid metabolism (Ruan et al., 2001; Qin et al., 2007; Xu et al.,

2013; Shan et al., 2014; Hu et al., 2016; Zhang et al., 2017),
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whereas the SCW stage is dominated by cellulose synthesis

(Gou et al., 2007; Lee et al., 2007; Tuttle et al., 2015). This

extraordinary dynamism in the temporal development of a

single cell is incompletely understood, but insights into some of

the key triggers are beginning to emerge.

Data from genetic, biochemical, and molecular analyses

demonstrated that GhHOX3 and GhTCP4 are the key regulators

of the two stages of fiber development and that they coordinate

these stages by directly interacting with each other.

The relative changes in their expression levels during fiber

development affect the physiological status in the fiber cell. Addi-

tional components of this regulatory system include the phyto-

hormone gibberellin, which promotes fiber elongation through

degradation of the DELLA protein that binds to GhHOX3 (Shan

et al., 2014), and miR319, which controls expression of the

class II CIN-type TCP genes including GhTCP4. Our interpreta-

tion, which is modeled in Figure 7, is that the GhHOX3–GhTCP4

complex functions as a switch in transducing the

developmental signals from cell elongation to cell-wall

thickening. We noticed that downregulation of GhTCP4 delayed

cell-wall biosynthesis (Figures 5 and 6) and increased fiber

length (Figure 2). Both evolutionary and genetic studies of

cotton species have linked a higher growth rate and prolonged

growth stage to superior spinnable fiber formation (Applequist

et al., 2001; Kim and Triplett, 2001; Lee et al., 2007; Mansoor

and Paterson, 2012; Fang et al., 2017; Wang et al., 2017; Du

et al., 2018; Ma et al., 2018). It thus seems plausible that

MIR319, the target TCP genes, and other components of this

regulatory module can potentially be used for improving fiber

traits through genome editing to modify the timing and amount

of expression.

Previousstudies showed that lossof functionofCIN-typeTCPs led

to a prolonged cell division stage and abnormal leaf shape in Ara-

bidopsis and Antirrhinum (Nath et al., 2003; Palatnik et al., 2003),

and that overexpression of miR319 in Arabidopsis resulted in

immature morphology of leaf cells (Efroni et al., 2008); thus, the

miR319-TCPmodule plays a role in developmental timing.Distinct

frommulticellular leaf tissues, the extensively elongated cotton fi-

ber is single celled and does not undergo cell division after ini-

tiation; however, themiR319–TCP4module still acts as a regulator

of cellular phase transition. The interaction between the CIN-type

TCPs and the cell elongation factor GhHOX3 generates a temporal

pattern that synchronizes elongation and wall thickening among

individual fiber cells. Indeed, GhTCP4 overlaps with fiber unifor-

mity QTL regions. Thus, miR319–TCP4 is involved in generation

of heterochrony in multicellular tissues and synchrony in special-

ized groups of single cells.

The HD-ZIP-IV and CIN-type TCP transcription factors are both

conserved in land plants (Rombola-Caldentey et al., 2014; Sun

et al., 2017), and the regulation of the transition from cell

elongation to SCW biosynthesis by the HOX–TCP pair may not

be confined to cotton fiber. In Arabidopsis the miR319-

regulated TCPs also function in SCW biosynthesis in xylem

(Sun et al., 2017) and, notably, both cotton fiber and primary

xylem vessel elements are highly elongated cells that

synthesize SCWs. Another feature shared by the two groups of

transcription factors is that they function in concert with

members of the same family or other types of regulators
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Figure 7. A Proposed Model Decipting How
Cotton Fiber Development Is Regulated by
the miR319-GhTCP4 Module.
After fiber initiation, the GhHOX3 level increases

rapidly and the phytohormone gibberellin (GA)

promotes fiber cell elongation at least partly

through GhHOX3. Meanwhile, the miR319 level

declines and levels of its target GhTCP4 and

probably other target TCPs progressively increase;

the TCPs inhibit GhHOX3 activity and promote

SCW biosynthesis.
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(Danisman et al., 2012; Rombola-Caldentey et al., 2014; Shan

et al., 2014), and TCP4 may function differently depending on

tissue type with respect to cell elongation, as in Arabidopsis

seedlings where AtTCP4 promotes hypocotyl elongation (Challa

et al., 2016). In addition to transcriptional regulation, a recently

identified receptor-like kinase from Arabidopsis, AtVRLK1, nega-

tively regulates SCW biosynthesis, implying the existence of a

signaling pathway involved in SCW formation (Huang et al.,

2018). Further identification of the factors that act together or

sequentially with the GhHOX3–GhTCP4 complex will shed new

light on the regulatory network that coordinates plant cell

growth, wall expansion, and SCW deposition. These insights

will likely facilitate genetic modification of cotton for desirable

fiber traits and possibly many other species of plants for timber

yield or quality.

METHODS

Plant Materials and Growth Conditions

Plants of G. hirsutum cv. R15, its transgenic lines, and G. arboreum cv.

Qingyangxiaozi were grown in the greenhouse at 28�C ± 2�C under a

14-h light/10-h dark photoperiod, and in the field in Songjiang (Shanghai),

Yuncheng (Shanxi Province), and Sanya (Hainan Province). For each line

the mature fiber was harvested at random for measurements. At least

30 plants in each line were observed for phenotypic changes. The cotton

bolls (fruits) were collected at the full-blossom stage (2–5 weeks after the

first flower) from similar positions in each plant, and the developmental

stage of each boll was recorded as DPA. For fiber quality, the samples

(approximately 10 g for each sample) were tested by the Center of Cotton

Fiber Quality Inspection and Testing, Chinese Ministry of Agriculture
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(Anyang, Henan Province, China). The leaves and

bracts were collected at the same growth stage

as indicated. Ovules (seeds) were harvested at

the indicated DPA, and fibers were isolated by

scratching the ovule with a metal strainer in liquid

nitrogen. Plants of N. benthamiana and A. thaliana

(Columbia-0) were grown at 28�C ± 2�C and 22�C
± 2�C, respectively, under a 16-h light/8-h dark

photoperiod.

Plant Transformation and Crossing

The coding sequence of GhTCP4A (A denotes

subgenome A) was PCR-amplified from a cDNA li-

brary of G. hirsutum cv. R15 with KOD FX Neo

(TOYOBO, KFX-201), then inserted into the pCAM-

BIA 2301 vector behind the fiber-specific promoter

GhRDL1 (Wang et al., 2004; Shan et al., 2014). For

RNAi, the sense and anti-senseGhTCP4 fragments

(�500 bp) harboring the miR319-binding site were

amplified and separated by a 120-bp intron of Ara-

bidopsis RTM1, and the fragment was cloned into
pCAMBIA 2301 after the CaMV 35S promoter. Similarly, the 35S promoter

was used to overexpress the microRNA319 primary sequence (MIR319a,

�1.6k, Supplemental Table 9). For generating the miR319-resistant

mGhTCP4A, the sequence of AGGGGACCCCTTCAGTCCwas changed

to CGA GGC CCA TTG CAA AGC by overlapping PCR, and mGhTCP4A

was placed behind the GhRDL1 promoter. For GhTCP4 overexpression

(RDL1::mGhTCP4) and silencing (35S::dsGhTCP4), at least five indepen-

dent transformants for each construct were generated, and three trans-

genic lines for each construct (with different expression levels of the trans-

gene) were used for analysis as specifically indicated. Primers used are

listed in Supplemental Table 10. Sequences of some of the genes

investigated are given in Supplemental Table 9, and the G. hirsutum TCP

genes are numbered as published (Zhang et al., 2015); these numbers

match those of the Arabidopsis TCPs.

The floral-dip method was used for Arabidopsis transformation (Bent,

2006). Cotton transformation was conducted as reported by Shangguan

et al. (2008). In brief, hypocotyl segments from 1-week old cotton

seedlings were used as explants for Agrobacterium tumefaciens

infection, and plantlets were regenerated from the induced and

proliferated calluses. Transgenic T0 generation plants were screened by

b-glucuronidase (GUS) staining and PCR amplification of the transgene.

Pollen from the GhHOX3 RNAi line dsHOX3 was transferred to the emas-

culated flowers of GhTCP4 overexpression line OE4-18 and the GhTCP4

RNAi line ds5-7. Fiber length was measured on more than 30 seeds

collected randomly from each plant.

Gene Sequence Analysis

To identify TCP genes in Gossypium, we retrieved the protein sequences

of G. arboreum (Du et al., 2018), G. raimondii (Paterson et al., 2012),
3–1077, July 6 2020 ª The Author 2020. 1073
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G. barbadense, and G. hirsutum (Hu et al., 2019) from the Cottongen

database (https://www.cottongen.org/). TCP genes were identified with

the hidden Markov model (hmm) profile of the TCP domain PF03634 via

HMMER (http://hmmer.janelia.org/), and the genes were mapped onto

the genome by their chromosomal positions using jcvi (https://github.

com/tanghaibao/jcvi). To identify MIR319 genes in plant species, 132

mature sequences of miR319 were retrieved from miRbase (http://www.

mirbase.org/). Mature sequences were searched against the genome

reference to detect homologous loci using BLASTN (Altschul et al.,

1997). The 500-bp flanking sequences for each homologous locus

were then extracted to evaluate the secondary structure. Sequences

with a stem-loop structure and with the mature microRNA in the

arms were considered MIR319 genes. The miR319 target genes of

cotton TCPs were predicted by the online tool (http://plantgrn.noble.

org/psRNATarget/analysis) and referred to the website (http://

structuralbiology.cau.edu.cn/PNRD/index.php). Degradome sequencing

of 3-DPA cotton fiber RNAs from the GhmiR319a overexpression line

(p35S::GhMIR319) was performed to detect the cleaved transcripts.

Nucleic Acid Isolation and Expression Analysis

Cotton total RNA was extracted using the RNAprep Pure Plant Kit (Tian-

gen Biotech, Beijing, China). The RNA (1 mg) was used as a template for

cDNA synthesis with the RT primer Mix (Random 6mers and Oligo dT

Primer mixed) and PrimerScript RT Enzyme Mix I (TaKaRa). After 10-fold

dilution, the products were used as template for qRT–PCR with SYBR-

Green PCRMastermix (TaKaRa) monitored on a thermal cycler (Mastercy-

cler RealPlex; Eppendorf, Shanghai, China). A cotton histone-3 gene

(GhHIS3, AF024716) was used as the internal reference. Cotton micro-

RNAs were isolated with the miRcute Plant miRNA Isolation Kit (Tiangen

Biotech, Beijing, China), and the miRcute Plus miRNA First-Strand

cDNA Kit and miRcute Plus miRNA qPCR Kit (Tiangen Biotech) were

used to perform reverse transcription and qRT–PCR on the Bio Rad

185-5201 CFX CONNECTION, using U6 as the internal reference.

RNA sequencing was performed by Biomarker Technologies (Beijing,

China) on the 6- and 12-DPA fiber samples collected from the cotton

plants. In brief, the libraries were generated using NEBNext UltraTM

RNA Library Prep Kit for Illumina (NEB, USA); clean reads were annotated

by searching against the published G. hirsutum genome data (Hu et al.,

2019) and categorized by the Eukaryotic Orthologous Groups of

proteins database (KOG). Gene expression levels were normalized and

calculated as reads per kilobase per million reads. Genes with an

adjusted P-value < 0.05 were assigned as DEGs (false discovery rate %

0.001, absolute value of log2 ratio R1). The degradome sequencing was

conducted by Biomarker Technologies. The library was constructed as

described by Addo-Quaye et al. (2009), and after sequencing the clean

reads were mapped to the reference genome sequence (Hu et al.,

2019). Rfam was used to annotate the non-coding RNAs, and the re-

maining unannotated reads were used to detect the microRNA cleavage

sites using CleaveLand3.0.

50RACE was performed with the SMARTer RACE 50/30 Kit (Clontech Lab-

oratories) according to the manufacturer’s protocol. In brief, the 50-
terminal adapter was added to the total RNAs (1 mg) extracted from the

3-DPA fibers of WT (R15), miR319 overexpression (OE), and GhTCP4

OE lines of G. hirsutum for reverse transcription. The GhTCP4 specific

primer (Supplemental Table 10) was used to perform 50RACE PCR, and

the amplified product was analyzed on an agarose gel.

Cell-Wall Analysis

The 9-, 18-, and 27-DPA, and mature fibers (�50 DPA) were harvested

from WT and transgenic lines of G. hirsutum cv. R15 as indicated above.

Samples were ground into powder in liquid nitrogen and the AIR was pre-

pared as described previously (Pettolino et al., 2012; Song et al., 2014). In

brief, �50 mg of powder was washed with each of 70% ethanol, 1:1 (v/v)

mixture of chloroform and methanol, and acetone to obtain the AIR. The
1074 Molecular Plant 13, 1063–1077, July 6 2020 ª The Author 2020.
crystalline cellulose content and the monosaccharide compositions

were measured as reported by Foster et al. (2010) with minor changes.

In brief, 2 mg of AIR was hydrolyzed by trifluoroacetic acid at 121�C for

90 min, and the supernatant was dried by a freeze dryer and dissolved

in 100 ml N-methyl-N-(trimethylsilyl) trifluoroacetamide (Sigma) and 50 ml

of pyridine for derivatization at 65�C for 10 min. A GC–MS system

equipped with an SP-2380 capillary column (Agilent 5975 inert MSD sys-

tem) was used to quantify the non-cellulosic monosaccharides. The re-

maining residues were degraded with anthrone sulfuric acid (Foster

et al., 2010) to determine the content of crystalline cellulose.
Microscopic Observation

For protein subcellular localization, the coding region of GhTCP4A was

fused to YFP or CFP by PCR, and the chimeric gene p35S::GhTCP4-

YFP in the pCAMBIA2301 vector was introduced intoAgrobacterium cells,

which were infiltrated with a syringe into the abaxial surface of N. ben-

thamiana leaves for transient expression. Three days later, the infiltrated

areas were observed under a confocal microscope (LSM510, Zeiss). For

co-localization the p35S::GhTCP4-CFP and p35S::YFP-GhHOX3 fusion

genes were assayed together.

Fibers attached to ovules were fixed in 2.5% glutaraldehyde in PBS (0.1

M, pH 7.4). The fixed samples were embedded in resin and cut into 1-

mm-thick sections and observed with a light microscope (Zeiss Axioplan2

imaging). For surface structures, the samples were dried to a critical point

with a dryer (Balzers CPD 020), stuck onto a brass disc with double-sided

adhesive silver tape, coated with gold/palladium by a sputter-coating unit

(Balzers CSD 004), and observed under a scanning electron microscope

(Amray, 1830 I). For TEM ultrathin sections were made on a Leica EM

UC6 ultramicrotome. Sections were scoped at 80 kV with a Philips CM

12 transmission electron microscope.
Protein–Protein and Protein–DNA Interactions

For EMSA, the GhTCP4 coding sequence was inserted into the PET-32a

vector and the protein product was purified by GenScript (Nanjing, China).

The Cy5-labeled primers with or without the putative TCP-binding site

were synthesized by TsingKe (Beijing, China). The DNA fragment was

incubated with the purified protein at 25�C for 30 min, separated by 5%

native PAGE (10 V/cm, 4�C) in 0.53 Tris/borate/EDTA buffer. Fluores-

cence was observed with an image scanner (FLA-9000; Fujifilm).

For dual-luciferase (dual-LUC) assays, promoter fragments of GhFSN1,

GhCESA7, GhEXPA1, GhRDL1, and other selected genes were amplified

from G. hirsutum cv R15 genomic DNA and ligated to the firefly luciferase

(LUC) reporter gene with the primers listed (Supplemental Table 10).

Coupled with a co-suppression repressor plasmid, pSoup-P19 plasmids

harboring the promoter were transferred into A. tumefaciens cells, which

were infiltrated into N. benthamiana leaves. Three days later the treated

areas were harvested for extraction of total proteins. The Dual-

Luciferase Reporter Assay System kit (E1910, Promega) was used to

detect the fluorescence from LUC and Renilla (REN) luciferase with Prom-

ega GloMax 20/20. The value of LUC was normalized to that of REN.

For coIP, GhTCP4A was fused with the FLAG tag and GhHOX3 with the

GFP tag. Tobacco leaves were infiltrated as described above, and the

leaf proteins were extracted using an extraction buffer (pH 7.5) containing

100 mM Tris–HCl, 5 mM EDTA, 100 mM NaCl, 0.2% Nonidet P-40, 1.0%

Triton-X-100, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,

100 mMMG-132 (Sigma-Aldrich), and protease inhibitor cocktail (Roche).

Immunoprecipitation was performed with Anti-GFPmAb-Magnetic Beads

(MBL, D153-11). Lysates were incubated with the prewashed beads for

1 h at 4�C. The beads were then washed three times and solubilized in

an appropriate volume of extraction buffer with 53 SDS loading buffer

(Tiangen, Beijing, China). GhHOX3-GFP and GhTCP4-FLAG fusion pro-

teins were detected by immunoblotting with 1:1000 diluted anti-GFP

https://www.cottongen.org/
http://hmmer.janelia.org/
https://github.com/tanghaibao/jcvi
https://github.com/tanghaibao/jcvi
http://www.mirbase.org/
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antibody (ABclonal, AE012) and 1:1500 diluted anti-FLAG antibody (AB-

clonal, AE005), respectively.

The yeast two-hybrid cDNA library was constructed fromG. hirsutum fiber

RNAs, and the screening was performed as reported previously (Shan

et al., 2014). For protein binding assays, ORFs of GhHOX3, GhTCP4

and their truncated versions, or other CIN-typeGhTCP genes were cloned

into pGADT7 or pGBKT7. The truncations of GhTCP4 and GhHOX3 are

shown in Figure 1B. In detail, the C-terminal (1–120 aa) or N-terminal

(300–406 aa) fragments of GhTCP4 and the GhHOX3 fragment (153–714

aa) were amplified for plasmid construction. The homeodomain of

GhHOX3 is located at 28–84 aa, the LZ domain is at 89–152 aa, and the

START domain is at 226–449 aa. Assays were performed as described

by Shan et al. (2014).

For BiFC, ORFs of GhHOX3 and GhTCP4A or their truncated versions

were fused to the LUC reporter as specifically indicated, then cloned

into the JW771 and JW772 vectors (Shan et al., 2014), followed by

infiltration into N. benthamiana leaves, which were examined by a CCD

camera 3 days later. ITC assays were performed on a PEAQ-ITC

(Malvern Panalytical). GhTCP4A protein (35 mM) was added to the cell,

into which the double-stranded DNA solution (700 mM) was dropped in

with the syringe. The temperature was set to 25�C, the reference power

was 10 mcal/s, and the stir speed was 750 rpm. In total, 19 drops were

set, with the first drop 0.4 ml in volume and the remainder 2 ml each. The

duration of each injection was 4 s with 150-s spacing. The data were

analyzed following the manufacturer’s instructions.
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