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Abstract

Auxin-dependent cell expansion is crucial for initiation of fiber cells in cotton (Gossypium hirsutum), which ultim-
ately determines fiber yield and quality. However, the regulation of this process is far from being well understood. In 
this study, we demonstrate an antagonistic effect between cytokinin (CK) and auxin on cotton fiber initiation. In vitro 
and in planta experiments indicate that enhanced CK levels can reduce auxin accumulation in the ovule integument, 
which may account for the defects in the fiberless mutant xu142fl. In turn, supplementation with auxin can recover 
fiber growth of CK-treated ovules and mutant ovules. We further found that GhPIN3a is a key auxin transporter for 
fiber-cell initiation and is polarly localized to the plasma membranes of non-fiber cells, but not to those of fiber cells. 
This polar localization allows auxin to be transported within the ovule integument while specifically accumulating in 
fiber cells. We show that CKs antagonize the promotive effect of auxin on fiber cell initiation by undermining asym-
metric accumulation of auxin in the ovule epidermis through down-regulation of GhPIN3a and disturbance of the polar 
localization of the protein.
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Introduction

Cotton (Gossypium hirsutum) is the most prevalent natural fiber 
crop in the world. Its fibers are single cells that are differenti-
ated from ovule epidermal cells. With a long and unicellular 
structure, they provide an ideal model for studying cell differ-
entiation and polar growth (Kim and Triplett, 2001). The de-
velopment of the cotton fiber consists of four distinct phases: 
initiation, elongation, secondary cell-wall deposition, and mat-
uration (Ryser, 1999; Kim and Triplett, 2001). Fiber initiation, 
which determines the number and the onset of the subsequent 

development of fibers, affects both the yield and the quality of 
cotton (Zhang et al., 2011; Wang et al., 2015).

Phytohormones such as auxin, gibberellins (GAs), jasmonic 
acid (JA), and brassinosteroids (BRs) are involved in the regu-
lation of cotton fiber initiation (Luo et al., 2007; Xiao et al., 
2010; Zhang et al., 2011; Hao et al., 2012; Tan et al., 2012; Zhou 
et al., 2015; Hu et al., 2016; Xia et al., 2018). Auxin, predom-
inantly represented by indole-3-acetic acid (IAA), plays an 
essential role in promoting initiation (Beasley, 1973; Seagull 
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and Giavalis, 2004; Zhang et al., 2011). On the day of anthesis, 
auxin is highly accumulated in the initiating fiber cells, and 
enhancing its biosynthesis in the ovule epidermal cells can sig-
nificantly improve fiber yield and fineness (Zhang et al., 2011). 
Similar to the morphogenesis of many plant lateral organs 
(Feng and Dickinson, 2007), polar auxin transport is involved 
in the establishment of a gradient in the cotton ovule epi-
dermis (Zhang et al., 2017), and PIN-formed proteins (PINs) 
that polarly localize to the plasma membrane and facilitate 
auxin efflux from cells are key players in this process (Benková 
et  al., 2003; Friml et  al., 2003; Petrášek et  al., 2006; Petrášek 
and Friml, 2009; Adamowski and Friml, 2015; Rakusová et al., 
2015; Armengot et  al., 2016). In a previous study, we found 
that PIN homologs (GhPINs) in cotton are required for auxin-
triggered fiber initiation (Zhang et al., 2017). Of these proteins, 
GhPIN3a is preferentially expressed in the ovule outer integu-
ment on the day of anthesis, and is proposed to be the core 
regulator for the establishment of the auxin gradient in the 
epidermis (Zhang et al., 2017). In model plants, PIN undergoes 
retargeting and localization to the plasma membrane in order 
to establish a new auxin maximum (Friml et al., 2002; Harrison 
and Masson, 2008; Kleinevehn et al., 2010). It is known that 
gravity-induced PIN polar localization participates in the 
regulation of auxin trafficking in the primary root, lateral root, 
root hairs, and stem (Petrášek and Friml, 2009). However, since 
fiber cell initiation occurs across the whole surface of the ovule 
with any orientation, the distribution pattern of PINs remains 
unknown as well as how they determine such a scattered dis-
tribution of auxin in the ovule epidermal cells.

Interactions between cytokinins (CKs) and auxin regulate 
many processes of plant growth and development (Francis 
and Sorrell, 2001; Sakakibara, 2006; Santner and Estelle, 2009; 
Schaller et  al., 2015), including embryogenesis (Müller and 
Sheen, 2008), meristem development and maintenance (Dello 
Ioio et al., 2008), lateral root initiation (Li et al., 2006; Laplaze 
et al., 2007), floral meristem initiation (Zhao et al., 2010), and 
shoot branching (Tanaka et al., 2006; Shimizu-Sato et al., 2009). 
Tissue- and context-specific patterns are usually found in their 
interactions, which occur via various mechanisms including 
their biosynthesis, degradation, transport and signaling 
(Sakakibara, 2006; Vanneste and Friml, 2009; Chandler and 
Werr, 2015; Schaller et al., 2015). It is believed that cytokinin 
and auxin act synergistically in the formation and maintenance 
of shoot apical meristem, whilst acting antagonistically in the 
initiation of lateral root primordia (Chandler and Werr, 2015). 
In cotton, the study of crosstalk between auxin and CK on 
fiber development was first reported through use of feeding 
experiments (Beasley and Ting, 1973, 1974). High concentra-
tions of CK (>5 µM) inhibit fiber growth in vitro, whereas low 
concentration (<0.5  µM) increase fiber production (Beasley 
and Ting, 1974). In the fiberless mutant xu142fl, elevated CK 
levels in the ovules imply a negative effect on fiber production 
(Liu et al., 1999). Our previous study involving the manipu-
lation of GhCKX in transgenic cotton suggested that CK is 
indispensable for the initiation of fiber cells (Zeng et al., 2012). 
Nevertheless, the role of CK in the regulation of fiber develop-
ment remains unclear, and its interaction with auxin requires 
investigation.

In this study, we show an antagonistic effect of CK on 
auxin-triggered fiber initiation. We demonstrate that the auxin 
efflux carrier GhPIN3a, a pivotal player for cotton fiber ini-
tiation, polarly localizes at the plasma membrane in non-fiber 
cells and delocalizes in fiber cells. We show that an increase of 
CKs can interfere with the establishment of the auxin gradient 
in the ovule epidermis through impairment of the localization 
of GhPIN3a to the membrane, thus inhibiting the initiation 
of fiber cells.

Materials and methods

Plasmid construction and plant transformation
For the proTCS::iaaM and proDR5::IPT constructs, the cytokinin-
inducible promoter proTCS (Müller and Sheen, 2008) and the auxin-
inducible promoter proDR5 (Ulmasov et  al., 1997) were synthesized 
with flanking HindIII and XbaI restriction sites. iaaM (Comai and 
Kosuge, 1982) and IPT sequences (Medford et  al., 1989) were ampli-
fied by PCR (Novoprotein, China) from Agrobacterium tumefaciens with 
flanking KpnI and EcoRI restriction sites. After digestion (ThermoFisher 
Scientific), proTCS linked with iaaM, and proDR5 linked with IPT were 
separately inserted into the binary vector p5 (Luo et al., 2007). For the 
proTCS::GUS construct, the proCaMV35S (pro35S) promoter in the 
binary vector pBI121 was replaced by the proTCS promoter through 
the HindIII and XbaI restriction sites. For the proGhPIN3a::GUS con-
struct, the proGhPIN3a promoter was amplified from upland cotton 
(Gossypium hirsutum cultivar ‘Jimian 14’) with flanking HindIII and 
BamHI restriction sites. After digestion, the proGhPIN3a promoter was 
placed upstream of the GUS reporter gene in a modified pCambia2300 
binary vector. For the proPV::antisenseGhCKX3 construct, an ovule-
specific promoter proPV (Goossens et  al., 1999; Zhang et  al., 2011) 
was amplified from common bean (Phaseolus vulgaris) with flanking 
HindIII and BamHI restriction sites, and the partial antisense sequence 
of GhCKX3 (antisenseGhCKX3) was amplified from the cotton ‘Jimian 
14’ with flanking BamHI and EcoRI restriction sites. proPV linked 
with antisenseGhCKX3 was inserted into the binary vector p5. For the 
proBAN::GhPIN3a-RNAi construct, 3´-UTR of GhPIN3a was ampli-
fied and inserted to a terminal of the first intron of GA20ox1 with SalI 
and XbaI sites, and inversely inserted to the other terminal with NotI 
and EcoRI sites in a vector pUCm-T. The RNAi construct was then 
placed downstream of the ovule epidermis-specific promoter proBAN 
isolated from Arabidopsis (Debeaujon et  al., 2003; Zhang et  al., 2011) 
in a binary vector pLGN modified from pCambia2300. In the T-DNA 
region of pLGN there is a neomycin phosphotransferase II (NPTII) 
selection marker fused with a GUS reporter gene under the control 
of a pro35S promoter. For the pro35S::GhPIN3a::YFP construct, YFP 
without the start and stop codons was inserted into the GhPIN3a coding 
sequence (CDS) behind position 1413  bp relative to the start codon 
through amplifying the fragment with flanking SpeI and SalI restriction 
sites. The generated GhPIN3a::YFP was placed downstream of a pro35S 
promoter in the pLGN vector. Information for all constructs including 
primer sequences and fragment sizes are listed in Supplementary Table 
S1 at JXB online. These constructs were transformed into cotton ‘Jimian 
14’ using A. tumefaciens strain LBA4404 (Luo et al., 2007). Kanamycin-
resistant and GUS-positive plantlets were screened out and grown in a 
greenhouse receiving natural daylight.

Ovule culture
Ovule culture was performed according to the method described previ-
ously by Beasley and Ting (1973). Indole-3-acetic acid sodium salt (IAA) 
and gibberellic acid potassium salt (GA3; both Sigma-Aldrich) were dis-
solved in distilled water and filter-sterilized to obtain stock solutions 
of 50 mM and 10 mM, respectively. Trans-zeatin (ZT) was dissolved in 
DMSO (both Sigma-Aldrich) to obtain a 50-mM stock solution. After 
autoclaving, plant hormones were added to the growth medium at the 
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various experimental concentrations. The standard concentrations in the 
medium were 0.5 µM GA3 and 5 µM IAA. Cotton bolls were harvested 
around 08.00 h at 1 d prior to anthesis and on the day of anthesis [–1 
d post anthesis (DPA) and 0 DPA, respectively]. After being surface-
sterilized in 75% (v/v) ethanol for 1  min and rinsed in sterile water, 
bolls were then soaked in 0.1% (w/v) HgCl2 solution for 12 min for full 
sterilization, followed by rinsing six times with sterile water. For each 
treatment, 20 ovules in the middle part of each locule were excised and 
floated on 20 ml of liquid medium in a 100-ml flask, and then incubated 
in darkness at 32 °C for 3 d (for SEM) or for 15 d (for optical micros-
copy). Each experiment was repeated three times. An equal volume of 
DMSO was added to the medium as a negative control.

Quantification of endogenous cytokinins and IAA
Ovules and/or fibers (250  mg FW) harvested around 11.00  h were 
ground in liquid nitrogen, and then extracted according to the method 
of Yoshimoto et  al. (2009). Then 50  ng of [13C6]IAA plus 10  ng of 
one the following were added to each extraction buffer as the in-
ternal standard: [2H5]ZT (trans-zeatin), [2H5]ZR (ZT riboside), [2H5]
Z9G (ZT-9-glucoside), [2H5]ZOG (ZT-O-glucoside), [2H5]ZROG 
(ZOG riboside), [2H3]DZ (dihydrozeatin), [2H3]DZR (DZ riboside), 
[2H7]DZOG (DZ-O-glucoside), [2H3]DZ9G (DZ-9-glucoside), [2H7]
DZROG (DZOG riboside), [2H6]iP (N6-isopentenyladenine), [2H6]iPR 
(N6-isopentenyladenosine), and [2H6]iP9G (N6-isopentenyladenosine-9-
glucoside) (all OlChemim, Czech Republic). The solutions were then 
vacuum-evaporated to dryness using Savant ISS110 SpeedVac concen-
trator (ThermoFisher Scientific) at 40  °C before being redissolved in 
100  μl of 10% methanol and filtered through a 0.22-μm pore filter. 
Portions (20 μl) of the dissolved samples were used for plant hormone 
quantification using a 4000 Q-Trap LC-ESI-MS/MS system (SCIEX, 
USA) using a XTerra® MS C18 column (2.1×150 mm, 3.5 μm, Waters) 
at 30 °C. A series of gradients of methanol/0.01% formic acid (v/v) were 
applied at a flow-rate of 0.16 ml min–1 as follows: 0~15 min, 10% to 40%; 
15~30 min, 40% to 55%; 30~45 minute, 55% to 100%. Cytokinins and 
IAA were detected in the negative ion mode; other analytical parameters 
are listed in Supplementary Table S2. Each test was conducted on three 
biological replicates.

Measurement of total fiber units
Assays for total fiber units (TFUs) were performed according to the 
method described by Beasley and Ting (1973) with several modifica-
tions. In each measurement, 20 ovules, cultured for 15 d, were separated 
from each other, washed with running water for 15  s, and transferred 
into a 100-ml conical flask. Then 40 ml of distilled water was added with 
a drop of hydrochloric acid. After heating in boiling water for 5 min, 
the ovules were rinsed with distilled water and dried on filter paper 
(Whatman). They were then dyed in 30 ml of staining solution (0.018% 
Toluidine Blue O, 16 mM Na2HPO4, 0.01 M citric acid, pH 4.5) for 
15 s. After a brief wash in running water for 60 s, ovules were again dried 
on filter paper, and treated with 25  ml of de-staining solution (acetic 
acid:ethanol:water, 10:95:5) for 1 h. Absorbance of the de-staining solu-
tion was determined at 624 nm and TFU was calculated according to a 
standard curve. Three biological replicates were used.

RNA extraction and RT-qPCR
RNA was extracted using an EASY spin plant RNA extraction kit 
(Aidlab, China). After treatment with DNase I (TaKaRa), 1 µg RNA was 
used to synthesize first-strand cDNA with a PrimeScript™ RT Reagent 
Kit (TaKaRa). Real-time quantitative PCR (RT-qPCR) was performed 
on a CFX96TM Real-Time System (Bio-Rad,) with 1×iQ™ SYBR 
Green Supermix (Bio-Rad) according to the manufacturer’s instructions, 
and the data were analysed using the software provided. The thermal cyc-
ling consisted of a pre-treatment (94 °C, 3 min) followed by 40 ampli-
fication cycles (94 °C, 20 s; 56 °C, 20 s; 72 °C, 30 s). The gene-specific 
primers used for RT-qPCR are shown in Supplementary Table S3. Each 
test was confirmed by three individual runs (biological replicates) and 

data from one of them were used to determine expression. GhHIS3 was 
used as the reference gene.

Ovule microdissection
Ovule microdissection was performed according to the method of Bedon 
et al. (2012). Fifty fresh ovules harvested from the boll at middle part of 
each locule were separated. The ovules were then dissected into three 
types of tissue: outer integument, inner integument, and nucellus. The 
dissected tissues were ground in liquid nitrogen and then used for RNA 
extraction and RT-qPCR assays.

Histochemical staining and quantification of GUS activity
Histochemical GUS (β-glucuronidase) staining was performed using the 
method described by Jefferson et al. (1987). After excision, tissues were 
immediately immersed in the staining solution [100 mM NaPO4, pH 
7.0, 0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 10 mM EDTA, 0.1% (v/v) 
Triton X-100, 1 mM 5-bromo-4-chloro-3-indolyl-β-d-glucuronic acid 
substrate; X-Gluc, Amresco, USA], and then placed in vacuum for 10 min 
before being kept in the dark at 37 °C for 12 h. The stained samples were 
then washed and kept in 75% ethanol. Images were captured on an SZX-
ILLB2-200 stereo-microscope imaging system (Olympus). The stained 
ovules were also observed in paraffin-embedded sections on a CKX41 
microscope (Olympus). Fluorometric assays of GUS activity in ovules of 
proTCS::GUS and proDR5::GUS transgenic plants during cotton fiber 
initiation were performed as described by Hou et al. (2008). Fifty fresh 
ovules of each sample were ground in liquid nitrogen for the determin-
ation. Estimation of proteins was performed using the method described 
by Bradford (1976). GUS activity was calculated as pmol 4-MU per mi-
nute per microgram protein and each test was carried out on three bio-
logical replicates.

In situ hybridization
In situ hybridization of GhPIN3a mRNA was carried out using the 
method previously described by Zhang et  al. (2017). Briefly, paraffin 
sections of ovules sampled at 0 DPA were de-paraffinized and incubated 
with the Dig-labelled RNA probe of GhPIN3a. The sections were then 
incubated with anti-Dig-AP conjugate (Roche) and the signal was de-
tected by NBT/BCIP solution (Roche). Sections incubated with the 
sense RNA probe were used as the negative control. Images were cap-
tured using a CKX41 microscope (Olympus).

Microscopic observations
Fiber growth in the feeding experiments and GUS-stained samples were 
observed using an SZX-ILLB2-200 stereo-microscope imaging system 
(Olympus). Paraffin-embedded sections were observed on a CKX41 
microscope (Olympus). For the observation of fibers during initiation, 
ovules were frozen in liquid nitrogen, transferred into the cryo-stage of 
a preparation chamber for platinum coating, and then imaged using an 
S-3400N SEM (Hitachi) at 2 kV accelerating voltage. For the observation 
of fluorescence in the pro35S::GhPIN3a::YFP cotton ovule, the ovule 
was sectioned by hand and then immersed in 2 μM FM4-64 to indicate 
the plasma membrane. After 30-min incubation in the dark, the sample 
was mounted between two coverslips with distilled water (pH 7.0) for 
observation. The fluorescence signal was detected under either a 40× or 
63× oil lens by the HyD detector on a Leica SP8 laser-scanning confocal 
microscope with the following parameters: excitation at 514 nm, laser 
power at 5%, emission from 523–600 nm (YFP) or from 600–680 nm 
(FM4-64). The signal intensity was quantified using the Leica Application 
Suite X software.

Immunohistochemical localization of cytokinins
The procedure for the immunolocalization of CKs was carried out as 
described by Zhang et al. (2017). In brief, polyclonal antibodies against 
ZT and ZR (Agrisera) were added to ovule sections at a concentration 
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of 10 μg ml–1. The signal was detected using DyLight549-labeled sec-
ondary antibody (Abcam, UK) on a confocal scanning system (FV1000, 
Olympus). Sections incubated without the primary antibody were used 
as the negative control.

Results

Contents of cytokinins and auxin exhibit opposite 
patterns during ovule and fiber development

We used LC-MS/MS to examine changes in contents of CKs 
and IAA in developing ovules and fibers of cotton. The max-
imum value for content of active CKs, namely ZT, ZR, iP, 
iPR, plus DZ, which accounted for 83.7% total CKs in the 
ovule, was recorded on the day of anthesis (0 DPA) (Fig. 1A), 
after which it gradually declined. The zeatin-type CKs (ZT 
and ZR) made up the largest portion (89.3%) of the active 
CKs in 0-DPA ovules, followed by isopentenyladenine-types 
(iP and iPR, 10.5%), and then the dihydrozeatin-type (DZ, 
0.3%) (Supplementary Table S4). A similar decline in CK con-
tent was observed in the developing fiber cells from 7–29 DPA 
(Fig. 1B, Supplementary Table S5). In contrast, IAA exhibited 
an increase in ovules and fibers during development (Fig. 1A, 
B, Supplementary Tables S4, S5).

For in situ observation of the changes of CKs and IAA in 
ovules and fibers, the GUS report gene was fused with either 
a cytokinin-inducible promoter proTCS (Müller and Sheen, 
2008) or an auxin-inducible promoter proDR5 (Ulmasov et al., 
1997). Strong staining was observed in the epidermal layer of 
the ovules of proTCS::GUS plants at –2, –1, and 0 DPA (Fig. 
1D–F, J), and the signal appeared in both fiber and non-fiber 
cells (Fig. 1K). After anthesis, the staining at the ovule surface 
decreased gradually (Fig. 1G–I). In contrast, in proDR5::GUS 
ovules, the GUS activity became stronger after flowering (Fig. 
1L–R), and the signal appeared mainly in the fiber cells (Fig. 
1S). Quantification of GUS activity (Fig. 1C) confirmed the 
results of the LC-MS/MS analysis. These data indicated op-
posite changes in the contents of CK and auxin during ovule 
and fiber development.

Antagonistic effect of cytokinin on auxin promotion of 
fiber initiation

To examine the apparent antagonistic relationship in their 
regulation of fiber development, we cultured ovules in vitro 
with various concentrations of IAA or CKs. In the presence 
of IAA ranging from 0.5 μM to 50.0 μM, ovules harvested at 
1 d before anthesis (–1 DPA) were able to produce fibers in 

Fig. 1. Levels of cytokinins (CKs) and IAA in developing cotton ovules and fibers. (A, B) LC-MS/MS determination of contents of CKs and IAA in 
developing (A) ovules and (B) fibers. Active CKs represent the sum of contents of ZT, ZR, iP, iPR, and DZ. Ovules sampled from bolls at 0– 5 d post 
anthesis (DPA) contained fibers (because of technical limitations it is difficult to separate fibers from young ovules). Ovules sampled from bolls at –1, 
and 7–29 DPA were fiber-free. (C) GUS activity assay of proTCS::GUS and proDR5::GUS transgenic ovules. Data are means (±SD) of three biological 
replicates. (D–S) GUS staining of ovules of transgenic proTCS::GUS (D–I) and proDR5::GUS (L–Q) during cotton fiber initiation, together with paraffin-
embedded sections of stained ovules harvested at –1 DPA and 0 DPA (J, K, R, S). Arrows indicate fiber cells and arrowheads indicate non-fiber cells in 
the ovule epidermis. OI, outer integument. Scale bars are 250 µm in ovule images or 50 µm in section images.
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a dose-dependent manner (Fig. 2B–D). In contrast, no fibers 
appeared on cultured ovules without IAA (Fig. 2A). This result 
supported previous findings that auxin is crucial for fiber ini-
tiation (Beasley, 1973; Zhang et al., 2011). In contrast to auxin, 
CKs displayed an inhibitory effect on initiation (Fig. 2E–H). 
Fiber growth on the cultured -1-DPA ovules was clearly in-
hibited when as little as 10 µM ZT was added into the medium 
(which contained 5  µM IAA+0.5  µM GA3, Fig. 2F). When 
the concentration of ZT was reached 50 µM, fiber initiation 
was fully arrested (Fig. 2H). Interestingly, this concentration of 
ZT was unable to inhibit the fiber growth of 0-DPA ovules, 
on which fiber cells that have protruded from the surface of 
the ovule (Supplementary Fig. S1). To increase the endogenous 
level of CK in the ovule, we down-regulated the expression of 
cytokinin dehydrogenase (CKX), which catalyses the catab-
olism of cytokinins to inactive products (Jones and Schreiber, 
1997; Zeng et  al., 2012) by ovule-specific expression of its 
antisense gene (proPV::antisenseGhCKX3). Down-regulation 
of GhCKX3 resulted in a significant increase in ZT content 
in 0-DPA ovules (Fig. 2I, J). The transgenic lines #2 and #3 
showed a significant decrease in fiber density (Fig. 2K), sup-
porting the in vitro results that an excess of CKs inhibited the 
initiation of cotton fibers.

To determine whether auxin could antagonize the inhibi-
tory effect of CKs on fiber initiation, we increased the IAA 
concentration in the medium. An additional supplement of 
50 µM IAA could recover fiber growth of the ovule (Fig. 3C),  
and four genes associated with fiber initiation, GhHD-1, 
GhMYB25, GhMYB25-like, and GhMYB109 (Pu et al., 2008; 
Machado et al., 2009; Walford et al., 2011, 2012), were severely 
down-regulated in ovules cultured with 50 μM ZT and 5 μM 
IAA (Fig. 3E). These genes showed restored transcription when 
the IAA concentration was adjusted to 55 μM (Fig. 3E). These 
results indicated that auxin can relieve CK repression of fiber 
initiation.

To further confirm the antagonistic relationship between 
CK and auxin in fiber initiation, we generated transgenic 
proTCS::iaaM and proDR5::IPT cotton, in which an IAA or 
CK biosynthetic gene (iaaM or IPT) was under the control 
of an cytokinin- or auxin-inducible promoter (proTCS or 
proDR5). Thus, IAA/CKs could be synthesized in situ where 
CKs/auxin accumulated. On medium containing 50 μM ZT, 
proTCS::iaaM ovules produced fibers on the surface, while 
wild-type ovules did not (Fig. 3A, B, D). At the same time, the 
transcription levels of genes associated with fiber initiation in 
proTCS::iaaM ovules on medium containing 50 μM ZT and 

Fig. 2. Auxin promotes fiber initiation in cotton, whilst cytokinin (CK) inhibits initiation. (A–D) Fiber growth on ovules cultured with different concentration 
of IAA. Ovules at –1 d post anthesis (DPA) were cultured in medium containing 0, 0.5, 5, or 50 μM IAA together with 0.5 μM GA3 for 15 d. (E–H) Fiber 
growth on ovules cultured with different concentration of ZT. Ovules at -1 DPA were cultured in the medium containing 0, 10, 25 or 50 μM ZT together 
with 0.5 μM GA3 and 5 μM IAA for 15 d. Fiber growth was observed using a stereo-microscope (scale bars are 1 mm) and a SEM (scale bars are 
100 μm). (I) Transcription levels of GhCKX3 in proPV::antisenseGhCKX3 (PCi) transformants and the wild-type. Ovules at 0 DPA were used for RT-qPCR 
assays. Transcription levels (in arbitrary units) are normalized to that of GhHIS3. Data are means (±SD) of three repeats. (J) Content of ZT in ovules at 0 
DPA. Data are means (±SD) of three biological replicates. (K) Initial fiber densities on the ovule surface at 0 DPA. Data are means (±SD) of nine ovules. 
Significant differences compared with the wild-type were determined using Student’s t-test (**P<0.01).

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz162#supplementary-data
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5 μM IAA were close to that of wild-type ovules cultured with 
50 µM ZT and 55 μM IAA (Fig. 3E). These results indicated 
that CK-induced IAA production could relieve the inhibition 
of fiber initiation imposed by CKs. Similarly, IAA-induced CK 
biosynthesis could attenuate the promotive effect of IAA (Fig. 
3F). Instead of promotion, the increased IAA resulted in an 
inhibitory effect on fiber growth of proDR5::IPT ovules com-
pared with that of the wild-type. The decline in fiber units 
became even more pronounced as IAA concentration was in-
creased (47.9% lower at 5 μM IAA and 59.4% lower at 50 μM 
IAA compared with the wild-type, Fig. 3F). At the same time, 
genes associated with fiber initiation, particularly GhHD-1, 
GhMYB25, and GhMYB25-like, were down-regulated dramat-
ically in proDR5::IPT ovules (Fig. 3G). These results further 
demonstrated that CK and auxin antagonize each other in the 
regulation of fiber initiation.

Cytokinin disrupts auxin accumulation in the ovule 
epidermis

The fiberless mutant xu142fl has been used extensively for 
studying the molecular mechanism of cotton fiber initi-
ation (Chen et al., 1997; Liu et al., 1999). Our previous study 

demonstrated that auxin is highly accumulated in initiating 
fiber cells; however, no noticeable IAA signal was observed in 
the ovule epidermal layer of xu142fl (Zhang et al., 2011). In 
the current study, using LC-MS/MS analysis, we compared the 
contents of IAA and CKs in ovules of the mutant with those 
in the wild-type (Xu142FL). To our surprise, the IAA content 
in the mutant ovule at anthesis was significantly higher than 
that in the wild-type (Fig. 4C). The mutant ovule contained 
275.7  ng g–1 IAA, 18.7% higher than that of the wild-type 
(232.3 ng g–1). For CKs, the concentrations in the ovules of 
the fiberless mutant were considerably higher than those of 
the wild-type. In 0-DPA ovules, the concentrations of ZT and 
ZR of xu142fl were 20.0 ng g–1 and 120.6 ng g–1, respectively, 
104.1% and 53.2% higher than that of the wild-type (9.8 ng 
g–1 and 78.7 ng g–1) (Fig. 4A, B).

In our previous study, we did not observe any noticeable 
signal of IAA in the epidermal layer of xu142fl (Zhang et al., 
2011); however, in the current study a higher concentration of 
IAA was detected in the ovules of the mutant. To examine this 
more closely, we investigated the detailed distribution of the 
two hormones in the ovule by introducing proDR5::GUS and 
proTCS::GUS reporter gene cassettes into xu142fl by crossing. 
Plants with the fiberless and wild-type phenotypes that harbored 

Fig. 3. Antagonistic effect of cytokinin (CK) and auxin on fiber initiation in cotton. (A–D) IAA antagonizes the inhibitory effect of ZT on fiber initiation. 
Ovules at –1 d post anthesis (DPA) were cultured in medium containing different concentrations of IAA and ZT together with 0.5 μM GA3 for 15 d. Fiber 
growth was observed using a stereo-microscope (scale bars are 1 mm) and a SEM (scale bars are 100 μm). (E) Transcription levels of genes associated 
with fiber initiation in the ovules shown in (A–D). (F) Cytokinins antagonize the promotive effect of IAA on fiber production. Total fiber units were measured 
based on 20 ovules of proDR5::IPT transgenic and wild-type ovules cultured with 5 μM or 50 μM IAA together with 0.5 μM GA3 for 15 d. Data are 
means (±SD) of three biological replicates. Significant differences compared with the wild-type were determined using Student’s t-test (**P<0.01). (G) 
Transcription levels of genes associated with fiber initiation in proDR5::IPT and wild-type ovules cultured with 50 μM IAA and 0.5 μM GA3 for 3 d and 
assess using RT-qPCR assays. Transcription levels (in arbitrary units) are normalized to that of GhHIS3. Data are means (±SD) of three repeats. TiaaM, 
ovules from proTCS:iaaM transgenic cotton.
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Fig. 4. Cytokinins inhibit cotton fiber initiation through interfering with auxin accumulation in the ovule epidermis. (A–C) Contents of ZT (A), ZR (B), and 
IAA (C) in ovules of the fiberless mutant xu142fl and wild-type Xu142FL. Ovules at 0, 3, and 5 d post anthesis (DPA) were sampled. Ovules of Xu142FL 
contained fibers. Data are means (±SD) of three biological replicates. Significant differences between means were determined using Student’s t-test 
(*P<0.05; **P<0.01). (D, E, H, I) Distribution patterns of proTCS::GUS in ovules of xu142fl and Xu142FL. OI, outer integument; II, inner integument; 
N, nucellus. Asterisks indicate the chalazal region. Scale bars are 250 μm. (F, G, J, K) Distribution patterns of proDR5::GUS in ovules of xu142fl and 
Xu142FL. The inset image in (F) is an enlargement of the region indicated by the red square. Arrows indicate fiber cells. Scale are represent 250 μm. 
(L) Transcription levels of GUS in the outer integument and nucellus of ovules of proTCS::GUS xu142fl and proTCS::GUS Xu142FL. (M) Transcription 
levels of GUS in the outer integument and nucellus of ovules of proDR5::GUS xu142fl and proDR5::GUS Xu142FL. The outer integument and nucellus 
were separated from ovules at 0 DPA. Transcription levels (in arbitrary units) are normalized to that of GhHIS3. Data are means (±SD) of three repeats. 
(N, O) GUS staining of a proDR5::GUS Xu142FL ovule treated with ZT (N) and the control (O). proDR5:GUS Xu142FL ovules at –1 DPA were cultured 
with 50 μM ZT for 3 d and then used for GUS staining or SEM observation. Scale bars are 500 μm and 100 μm for the insets. (P, Q) Fiber growth of 
xu142fl ovules was recovered by IAA. Ovules of xu142fl at –1 DPA were cultured with 5 μM IAA (P) or 150 μM IAA (Q) for 15 d. The lower images are 
enlargements of the regions indicated with red squares in the upper images. The inset in (P) is a SEM image of the ovule surface. Scale bars are 1 mm 
(upper images), 250 μm (lower images), and 100 μm (SEM image).
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the proDR5::GUS or proTCS::GUS gene cassette were iso-
lated in the F2 generation. On the day of anthesis, a blue signal 
was hardly detectable on the surface of fiberless proDR5::GUS 
xu142fl ovules (Fig. 4G), whereas a strong blue dotted signal 
appeared on the surface of ovules of the wild-type phenotype 
(proDR5::GUS Xu142FL) (Fig. 4F). We then separated the outer 
integument and nucellus from ovules and analysed the GUS 
transcription levels within them. The GUS transcription level 
in the outer integument of the wild-type ovules was 1.6-fold 
higher than that of the fiberless ovule (Fig. 4M). Although GUS 
activity was observed in the nucellus of ovules of both plants, 
the activity in proDR5::GUS xu142fl was stronger than that in 
proDR5::GUS Xu142FL (Fig. 4J, K). This indicated that fiberless 
ovules contained less IAA in the outer integument but more 
IAA in the nucellus than wild-type ovules.

In contrast to proDR5::GUS xu142fl, GUS staining on the 
surface of the ovules of the fibreless proTCS::GUS xu142fl was 
stronger than that on the ovules of the wild-type phenotype 
(proTCS::GUS Xu142FL) (Fig. 4D, E). Longitudinal sections 
showed that the blue signal in the outer integument and chalaza 
region of proTCS::GUS xu142fl ovules was higher than that 
of proTCS::GUS Xu142FL ovules (Fig. 4H, I). proTCS::GUS 
expression in the outer integument and nucellus of the mutant 
was 93.5% and 116.9% higher than that in the wild-type, re-
spectively (Fig. 4L), indicating that the mutant contained more 
CKs in these tissues. Immunolocalization assays supported this 
observation: ZT and ZR signals mainly appeared in the outer 
layer of the ovule integument, and the signal in the mutant 
ovule was to some degree stronger than that in the wild-type 
(Supplementary Fig. S2). These results indicated that a higher 
level of CKs accumulated in the ovule epidermis of the xu142fl 
mutant as compared with that of the wild-type.

Taking the results for hormone content and hormone-
inducible marker gene expression together, we deduced that it 
was the shortage of auxin in the ovule epidermis rather than 
that in the whole ovule that accounted for the fiber defects of 
xu142fl. The higher level of CKs in the outer integument of the 
mutant might prevent the accumulation of auxin in the ovule 
epidermis. To test this hypothesis, we observed auxin distribution 
in the ovules of proDR5::GUS Xu142FL treated with CK. Fiber 
initiation was entirely inhibited by treatment with 50 μM ZT, 
whilst no blue signal appeared on the ovule surface (Fig. 4N, O). 
This confirmed that extra CKs could disrupt the auxin gradient 
in the ovule epidermal cells, which is a precondition for fiber ini-
tiation. As auxin could antagonize the inhibitory effect of CKs on 
fiber initiation, we were curious as to whether auxin could rescue 
the fiber initiation of xu142fl ovules. When the IAA concentra-
tion of the medium was increased to 150 μM, fiber growth was 
partially recovered (Fig. 4P, Q). These results supported the idea 
that cytokinin triggers an obstacle to auxin accumulation and this 
is associated with the fiber defect of xu142fl.

GhPIN3a is present in the plasma membrane of non-
fiber cells but absent in fiber cells, and thus contributes 
to auxin accumulation in fibers

Our previous study indicated that GhPIN3a, which is prefer-
entially expressed in the outer integument of 0-DPA ovules, 

may be a key regulator in cotton fiber initiation (Zhang et al., 
2017). To confirm the role of GhPIN3a in fiber initiation, we 
expressed an RNAi sequence, generated from the 3´-UTR of 
GhPIN3a, in the epidermal layer (proBAN::GhPIN3a-RNAi). 
Down-regulation of this PIN gene (Supplementary Fig. S3) 
produced severe or even entire inhibition of fiber initiation in 
transgenic ovules (Fig. 5A–F). We then fused GhPIN3a with 
yellow fluorescent protein (YFP), and expressed the fused gene. 
Fluorescence images and quantification of the fluorescence 
intensity showed that the GhPIN3a::YFP signal mainly ap-
peared at the plasma membrane of non-fiber cells that adjoin 
the fiber cells (Fig. 5G–J). However, in the neighboring fiber 
cells, the fluorescent signal was nearly at background level and 
no localization of GhPIN3a::YFP could be seen at the plasma 
membrane (Fig. 5G–J, Supplementary Fig. S4). Based on this 
observation, we suggest that the lack of plasma membrane-
located GhPIN3a means that auxin may not be transported 
out of the fiber cells, and thus it accumulates in the cells.

Cytokinin disturbs the plasma-membrane localization 
of GhPIN3a in non-fiber cells

We next investigated the effect of CKs on GhPIN3a expression 
and protein localization. In ovules treated with ZT the level of 
transcription of GhPIN3a was considerably decreased (Fig. 6A). 
Down-regulation of GhPIN3a relative to the wild-type control 
was also observed in xu142fl ovules (Fig. 6B, G–I). Furthermore, 
fusing the GhPIN3a promoter sequence with the GUS reporter 
gene, we found that the GUS signal on the ovule surface of 
proGhPIN3a::GUS transgenic plants was considerably reduced 
under treatment with 50 µM ZT (Fig. 6C, D–F), confirming 
the down-regulation of GhPIN3a by CKs. Interestingly, we 
found that under ZT treatment, the plasma membrane-located 
GhPIN3a::YFP in non-fiber cells had almost disappeared, and 
the signal intensity was dramatically decreased (Fig. 6J–Q), 
indicating that CKs could induce the delocalization of GhPIN3a 
in the cells. These results demonstrated that excess CK not only 
represses the expression of GhPIN3a but also disturbs the polar 
localization of the protein, which probably in turn undermines 
the auxin accumulation in cotton fibers.

Discussion

GhPIN3a is the key regulator for fiber initiation

The establishment of an auxin gradient is the precondition for 
the protrusion of fiber cells (Zhang et  al., 2017). Numerous 
studies have reported that its retargeting to the plasma mem-
brane is the common way for PIN to mediate auxin accumula-
tion (Friml et al., 2002; Harrison and Masson, 2008; Kleinevehn 
et al., 2010). Recently, we found that GhPIN3a, an auxin efflux 
carrier, is preferentially expressed in the outer integument of 
the ovule (Zhang et al., 2017). In this current study, the results 
from RNA in situ hybridization further showed that the tran-
scription of GhPIN3a in the outer integument is suppressed in 
the fiberless mutant xu142fl (Fig. 6G–I). Furthermore, seed-
coat specific down-regulation of GhPIN3a led to a fiber defect 

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz162#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz162#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz162#supplementary-data
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in transgenic ovules (Fig. 5A–F), indicating a crucial role of 
GhPIN3a in fiber initiation. The question is then how does 
GhPIN3a direct auxin transport specifically into fiber cells? 
We demonstrated that GhPIN3a was polarly localized at the 
plasma membrane of non-fiber cells (Fig. 5G–J). Thus, auxin 
can be transported within the ovule epidermis through non-
fiber cells. At the same, the absence of membrane localization 
of GhPIN3a in fiber cells would arrest the efflux of auxin out 
of them, leading to an inevitable accumulation of auxin in the 
cell for initiation (Fig. 7). This different localization pattern of 
GhPIN3a in cotton ovule epidermal cells provides an insight 
as to how auxin can be specifically accumulated in the fiber, 
a single cell that grows out from a sphere-like surface of the 
ovule. This also provides evidence that the polar localization of 
GhPIN3a in cotton ovules may be not associated with gravity, 
unlike a previous finding regarding PIN proteins (Petrášek and 
Friml, 2009). Our future work will focus on examining the 
mechanism of this difference in polar localization between 
non-fiber and fiber cells.

Cytokinin antagonizes the promotive effect of auxin on 
fiber initiation through GhPIN3a

What is the relationship between cytokinin and auxin in 
cotton fiber development? Our data on the contents of CKs 

and IAA (Fig. 1) and results from genetic manipulation of bio-
synthesis of cytokinin (proDR5::IPT) or auxin (proTCS::iaaM) 
(Fig. 3D, F) showed an antagonistic effect between CK and 
IAA on the initiation of fiber cells. CKs can inhibit IAA ac-
cumulation in fiber cells, and thus antagonize the promotive 
effect of auxin on fiber initiation (Figs 3F, G, 4N, O). On the 
other hand, auxin can in turn relieve the inhibition of CKs on 
fiber initiation (Fig. 3A–E). Cytokinin is a crucial hormone 
for regulating cell proliferation and differentiation in plants 
(Sakakibara, 2006). Developmentally, cotton fiber is a part of 
the ovule outer integument. Fiber initiation and elongation 
is concomitant with enlargement of the seed and seed coat, 
the process of which requires cell proliferation. Therefore, CK 
is indispensable for the differentiation and initiation of fiber 
cells. However, the fine balance of CK homeostasis is crucial. 
An excessive increase of CK would produce a negative effect 
on fiber initiation. To increase the yield of cotton fibers and 
seed, we need to balance the antagonistic relationship between 
auxin and CK.

In the ovule treated with ZT and ovules of the xu142fl mu-
tant, loss of auxin accumulation in the epidermal layer caused 
the defects in fiber initiation (Fig. 4G, O). How does CK 
interfere with fiber-specific accumulation of IAA and thus in-
hibit the initiation of fiber cells? A series of studies have in-
dicated that CK influences either the transcription of PINs 

Fig. 5. GhPIN3a regulates cotton fiber initiation. (A–F) Fiber initiation on the ovule surface of proBAN::GhPIN3a-RNAi transgenic plants (B, C, E, F) and 
the wild-type (A, D). Ovules in the middle of each locule were observed using SEM. The scale bar is 100 μm. DPA, d post anthesis. (G–I) GhPIN3a::YFP 
localization in ovule epidermal cells at 0 DPA. GhPIN3a::YFP is localized to the plasma membrane in non-fiber cells but not in fiber cells. Arrows indicate 
fiber cells, arrowheads indicate non-fiber cells. The scale bar is 10 μm. (J) Fluorescence intensity along the dashed line in (G).
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Fig. 6. Cytokinins inhibit auxin accumulation in the ovule epidermis of cotton through disturbing GhPIN3a-mediated polar auxin transport. (A) GhPIN3a 
transcription levels in ZT-treated ovules and the control. Wild-type ovules at 0 d post anthesis (DPA) were treated with 50 μM ZT for 12 h, and then used 
for RT-qPCR assays. (B) GhPIN3a transcription levels in the outer integument of ovules of the fiberless xu142fl mutant and the Xu142FL wild-type at 0 
DPA. (C) GUS transcription levels in ZT-treated proGhPIN3a::GUS ovules and the control. proGhPIN3a::GUS ovules at 0 DPA were treated with 50 μM 
ZT for 12 h and then used for RT-qPCR assays. Transcription levels (in arbitrary units) are normalized to that of GhHIS3. Data are means (±SD) of three 
repeats. (D–F) GUS staining of ovules of the wild-type control (D), proGhPIN3a::GUS (E), and ZT-treated proGhPIN3a::GUS (F). Ovules at 0 DPA were 
treated with or without 50 μM ZT for 12 h. The scale bar is 250 μm. (G–I) GhPIN3a RNA in situ hybridization in the integument of ovules of xu142fl (I) 
and Xu142FL (H). Transcription of GhPIN3a was repressed in xu142fl as compared with that in Xu142FL. Sections (10 μm) from ovules at 0 DPA were 
used for in situ hybridization with the GhPIN3a antisense probe. The sense probe was used as the negative control (G). OI, outer integument; II, inner 
integument. The scale bar is 20 μm. (J–Q) GhPIN3a::YFP localization in the ovule epidermal layer. The polar localization of GhPIN3a::YFP in non-fiber 
cells was impaired in ovules treated with ZT (N, P, Q) as compared with the control (J, L, M). Ovules at 0 DPA were sectioned by hand and then immersed 
in 50 μM ZT. After 30 min incubation in the dark, the samples were washed with distilled water and then mounted for observation. Fluorescence intensity 
along the dashed lines in (J) and (N) was shown in (M) and (Q), respectively. The scale bars is 10 μm. Arrows indicate fiber cells, and arrowheads indicate 
non-fiber cells in the ovule epidermis.
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(Laplaze et  al., 2007; Dello Ioio et  al., 2008; Pernisova et  al., 
2009; Ruzicka et  al., 2009; Moubayidin et  al., 2010) or the 
relocalization and degradation of the protein in order to regu-
late the establishment of the auxin gradient (Marhavý et  al., 
2011, 2014). In our study, we found a CK-induced decease of 
GhPIN3a transcription (Fig. 6A, C, D–F) and a CK-induced 
reduction of the auxin level in the ovule integument (Fig. 4N, 
O). At the same time, we observed a CK-induced reduction 
in plasma membrane localization of GhPIN3a in non-fiber 
cells (Fig. 6J–Q), which would inevitably block the polar auxin 
transport (PAT) in epidermal cells, and further result in re-
duced auxin influx into fiber cells. The lower transcription 
level of GhPIN3a and lower IAA content in the integument 
of xu142fl ovules (Figs 6B, G–I, Fig. 4F, G, M) further con-
firms that GhPIN3a-mediated PAT was disturbed in the mu-
tant, the ovules of which possess higher levels of CKs than 
the wild-type. In addition, the rapid decrease of CKs after an-
thesis in wild-type ovules would reduce the negative effect on 
GhPIN3a-mediated auxin transport, thus allowing more auxin 
to be imported into the epidermal layer and facilitating cellular 
accumulation for fiber initiation.

CK mediates the defect of fiber initiation in the 
xu142fl mutant

The fiberless mutant xu142fl is a useful tool for the study of 
cotton fiber initiation (Chen et al., 1997; Liu et al., 1999). A gen-
etic assay has indicated that the fiberless phenotype is controlled 
by two pairs of recessive mutations (Zhang and Pan, 1991). 

A  recent study demonstrated that one of them occurs at the 
sequence of a MITXA gene, GhMML4-D12, which is respon-
sible for long (lint) fiber production (Wu et  al., 2018). In our 
current study, we demonstrated that by preventing the accumu-
lation of IAA in the outer integument (Fig. 4N, O), the excess 
of CKs in the ovule may account for the fiber defect of the 
mutant. LC-MS/MS and auxin-inducible GUS pattern assays 
confirmed that the mutant ovule had lower levels of auxin in its 
outer integument than the wild-type control (Fig. 4C, F, G, M). 
Unexpectedly, the mutant ovule had a significantly higher level 
of IAA in its nucellus (Fig. 4J, K, M). Our previous work had 
indicated that auxin in the cotton ovule is mainly from PIN-
mediated efflux (Zhang et  al., 2017). Accordingly, we suggest 
that the significantly increased level of CKs in the integument 
of the mutant prevents auxin from being accumulated there, and 
this IAA is instead retained in another part of the ovule, particu-
larly in the nucellus. Therefore, it is the attenuation of auxin in 
the epidermal layer rather than in the whole ovule that accounts 
for the fiberless phenotype in the xu142fl mutant. The recovered 
fiber growth of the mutant that results from addition of IAA 
suggests that the fate of fiber cells still remains in the mutant 
ovule. That the constraint on fiber initiation can be overcome 
by auxin implies that the regulation of PAT in epidermal cells 
may be in the downstream of the MYB transcription factor 
GhMML4-D12, which is responsible for the production of long 
fibers. However, the details need further investigation.

Taken together, our results demonstrate an antagonistic ef-
fect between CKs and auxin on the initiation of cotton fi-
bers. Different protein localization of GhPIN3a in fiber and 
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Fig. 7. A model showing the antagonistic effect between cytokinins (CKs) and auxin on cotton fiber initiation. An auxin gradient is established in the 
cotton ovule epidermis by the asymmetric localization of the auxin transporter. GhPIN3a localizes to the plasma membrane of non-fiber cells and 
facilitates auxin efflux in the ovule integument. However, for reasons yet unknown, this polar localization is absent in neighboring fiber cells, which leads 
to auxin accumulation in the cell. Increased level of CKs may undermine the establishment of the auxin gradient in the epidermal cells through down-
regulating the expression of GhPIN3a and disturbing the polar localization of the protein. The result is that fiber initiation is inhibited. On the other hand, 
auxin promotes fiber initiation. Augmenting IAA can antagonize the negative effect of CKs and give rise to fiber initiation on the fiberless mutant or on 
CK-treated ovules.
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non-fiber cells contributes to auxin accumulation in fiber 
cells. An excess of CKs can disturb GhPIN3a-mediated PAT 
through both down-regulated gene expression and disabled lo-
calization of the protein, and thus antagonize the promotive 
effect of auxin on fiber cell initiation (Fig. 7). Our study thus 
provides information that may be valuable for the improve-
ment of cotton yield by the strategy of manipulation of plant 
hormones.
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