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Abstract

Phytohormones play indispensable roles in plant growth and development. However, the molecular mechanisms underlying
phytohormone-mediated regulation of fiber secondary cell wall (SCW) formation in cotton (Gossypium hirsutum) remain
largely underexplored. Here, we provide mechanistic evidence for functional interplay between the APETALA2/ethylene re-
sponse factor (AP2/ERF) transcription factor GhERF108 and auxin response factors GhARF7-1 and GhARF7-2 in dictating
the ethylene—auxin signaling crosstalk that regulates fiber SCW biosynthesis. Specifically, in vitro cotton ovule culture revealed
that ethylene and auxin promote fiber SCW deposition. GhERF108 RNA interference (RNAI) cotton displayed remarkably re-
duced cell wall thickness compared with controls. GhERF108 interacted with GhARF7-1 and GhARF7-2 to enhance the acti-
vation of the MYB transcription factor gene GhMYBL1 (MYB domain-like protein 1) in fibers. GhARF7-1 and GhARF7-2
respond to auxin signals that promote fiber SCW thickening. GWMYBL1 RNAi and GhARF7-1 and GhARF7-2 virus-induced
gene silencing (VIGS) cotton displayed similar defects in fiber SCW formation as GhERF108 RNAI cotton. Moreover, the ethyl-
ene and auxin responses were reduced in GhMYBL1T RNAI plants. GhMYBL1 directly binds to the promoters of GhCesA4-1,
GhCesA4-2, and GhCesA8-1 and activates their expression to promote cellulose biosynthesis, thereby boosting fiber SCW for-
mation. Collectively, our findings demonstrate that the collaboration between GhERF108 and GhARF7-1 or GhARF7-2 estab-
lishes ethylene—auxin signaling crosstalk to activate GhMYBLT, ultimately leading to the activation of fiber SCW biosynthesis.

Introduction cells including tracheary and fibrous cells, however, can create

. . o secondary cell walls (SCWs) that can not only provide stron
The plant cell wall contributes to key characteristics distin- Y ( ) yP 8

s . . mechanical support and transport water needed for plant
guishing plant cells from animal cells by generating a complex hb | ve barri ¢ i
extracellular matrix that encompasses every cell inside every growth but can also act as protective barriers sateguarding

plant. At the early active growth stage, the plant cell mainly ~ the plant against various external biotic and abiotic stres-
forms a thin and flexible primary cell wall (PCW), allowing cel-  ses. The main components of plant SCW are cellulose,
lular expansion and anisotropic growth. Many specialized plant hemicellulose, and lignin, which may vary in composition
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Background: Cotton (Gossypium hirsutum) produces natural fibers (unicellular trichomes) on the seed, making it a
valuable crop for the worldwide textile industry. Cotton fibers possess a unique secondary cell wall (SCW) that con-
tains more than 90% cellulose but almost no hemicellulose or lignin. The phytohormones ethylene and auxin play
indispensable roles in plant growth and development, but the molecular mechanisms for ethylene—auxin-mediated
regulation of fiber SCW formation in cotton remain largely underexplored.

Question: We wanted to know if and how ethylene and auxin are involved in regulating cotton fiber SCW
development.

Findings: We tested the role of these phytohormones in cotton fiber development using an in vitro cotton ovule
culture assay with ethylene and auxin treatments. We also silenced GhERF108, which encodes an AP2/ethylene re-
sponse factor (ERF) transcription factor from the ERF family, which showed that GhERF108 positively regulates fiber
SCW development. Moreover, both ethylene and auxin responses were reduced in GhMYBL1-silenced plants.
GhERF108 interacts with 2 auxin response factors (ARF) (GhARF7-1 and GhARF7-2), which respond to auxin signals
to promote fiber SCW thickening. GhERF108 and the GhARF7s enhance the activation of GAMYBLT in fibers where the
SCW is thickening. GhMYBL1 directly binds to the promoters of cellulose synthase genes to activate their expression,
promoting cellulose biosynthesis and boosting fiber SCW formation. Collectively, our findings demonstrate that the
collaboration between GhERF108 and GhARF7s establishes crosstalk in ethylene—auxin signaling to activate
GhMYBL1, ultimately leading to the activation of fiber SCW biosynthesis.

Next steps: Scientists aim to improve cotton fiber quality by genetic manipulation. Our work demonstrates that
ethylene—auxin signal crosstalk may play a crucial role in improving fiber quality by regulating the expression of
the response genes (such as ERF and ARF transcription factors). We hope our work provides the theoretical basis

for cotton breeding.

among different specialized plant cell types (Kumar et al.
2016).

Upland cotton (Gossypium hirsutum), a valuable crop for the
worldwide textile industry, produces natural fibers with excel-
lent qualities, owing to the unique characteristics of the highly
specialized cotton fiber cells. Cotton fibers are the unicellular
trichomes on the seed and possess a unique SCW structure
that contains more than 90% cellulose with almost no hemicel-
lulose and lignin, contributing to its unique economic value for
the textile industry (Haigler et al. 2012; Han et al. 2013).
Moreover, cotton fiber can serve as an excellent single-cell
model for investigating the molecular mechanisms behind
cell polar growth and cell wall biosynthesis in plants.

Previous studies have revealed that the master switches
NAC (from NAM, ATAF1/2, and CUC2) and MYB (such as
R2R3-MYB) transcription factors (TFs) mediated transcrip-
tional network governs the SCW biosynthetic program in
Arabidopsis (Arabidopsis thaliana) and a portion of other
vascular plants (Zhong et al. 2008; Nakano et al. 2015).
Recently, studies also demonstrated the roles of NAC and
MYB TFs in the SCW biosynthesis of cotton fibers (Zhang
et al. 2018; Huang et al. 2019; Fang et al. 2020). For example,
the NAC TF GhFSN1 (fiber SCW-related NAC1) acts as a
positive regulator in controlling fiber SCW formation by ac-
tivating its downstream SCW-related genes including
GhDUF231L1, GhKNL1, GhMYBL1, GhGUTT1, and GhIRX12 in
cotton (Zhang et al. 2018). Furthermore, the Class II KNOX TF
GhKNL1 could also directly bind to the promoters of
GhCesA4-2, GhCesA4-4, GhCesA8-2, and GhMYB46 for modulating

cellulose biosynthesis during fiber SCW development in cot-
ton (Gong et al. 2014; Wang et al. 2022). However, whether
and how APETALA2/ethylene response factor (AP2/ERF)
TFs participate in regulating fiber SCW formation in cotton
remains largely underexplored.

As one of the largest TF families in plants, AP2/ERF family
members contain at least 1 conserved AP2 domain that is com-
posed of about 60 to 70 amino acids and can be classified ac-
cording to the number of domains and recognition
sequences into 5 groups (AP2, ERF, dehydration-responsive
element-binding [DREB] proteins, related to ABI3/VP1 proteins
[RAV], and Soloist) (Sakuma et al. 2002; Zhang et al. 2019). In
model plants Arabidopsis and tobacco (Nicotiana tabacum),
several studies have suggested AP2/ERF TFs to be involved in
plant cell wall formation (Seyfferth et al. 2018; Saelim et al.
2019). In Arabidopsis, the AP2/ERF proteins (ERF035 and
ERF041) may activate the expression of genes encoding
PCW-type cellulose synthase (CesA) subunits and other related
genes for enhancing PCW formation (Sakamoto et al. 2018;
Nakata et al. 2021). Furthermore, poplar (Populus L.) ERF139
plays a key role not only in suppressing the radial expansion
of vessel cells but also in stimulating the accumulation of
guaiacyl-type lignin and xylan (Wessels et al. 2019). Similarly,
overexpression of a poplar AP2/ERF gene PsnSHN2 in tobacco
could significantly alter the SCW formation, leading to a thick-
ened SCW with altered cell wall compositions (Liu et al. 2017).
However, the precise molecular mechanisms of how these AP2/
ERF TFs regulate SCW development remain unknown and need
to be further investigated.



GhERF108 promotes fiber SCW biosynthesis

Plant hormones, as key signaling molecules, orchestrate the
network of regulatory mechanisms coordinating the SCW develop-
ment in plants (Didi et al. 2015). Jasmonic acid (JA) induces proto-
xylem differentiation in Arabidopsis roots (Ghuge et al. 2015). Also,
prolonged gibberellin (GA) signaling promotes the thickening of
SCW and the lignification of xylem parenchyma by restoring
KNAT1’s transcriptional regulatory activity in Arabidopsis (Wang
et al. 2017; Felipo-Benavent et al. 2018). Furthermore, continuous
brassinosteroid (BR) signaling enhances the thickening of SCWs
of Casparian strip cells to safeguard against ion toxicity and
maintain efficient water transport, effectively alleviating the
oxidative stress in cucumber (Cucumis sativus L.) (An et al. 2018).

A well-defined auxin signaling action module known as
AUXIN RESPONSE FACTOR? (ARF7)/ARF19-LATERAL ORGAN
BOUNDARIES DOMAIN 29 (LBD29)-NAC SECONDARY WALL
THICKENING PROMOTING FACTORs (NSTs) has been shown
to participate in SCW deposition (Johnsson et al. 2019; Lee, Du,
et al. 2019). The auxin indole-3-acetic acid (IAA) promotes cam-
bium cell division, induces xylem tracheid differentiation, and is
involved in controlling PCW expansion and SCW thickening
through position effects (Uggla et al. 1996). In cotton, IAA is en-
riched in elongating fibers and its level further rises at the SCW
deposition stage, while higher IAA catabolism has been detected
in the SCW development stage than in the fiber elongation stage
(Jasdanwala et al. 1977; Nayyar et al. 1989; Gokani and Thaker
2002). Further study revealed that IAA could induce
proGhRACT3 activity, which regulates reactive oxygen species
(ROS)-triggered cellulose synthesis to promote SCW depos-
ition in cotton fibers (Zhang, Cao, et al. 2020).

Ethylene is mainly associated with plant cell elongation and fle-
shy fruit ripening but has also been shown to play a key role in
SCW development (Carrari and Fernie 2006; Shi et al. 2006;
Seyfferth et al. 2018). Exogenous ethylene or its precursor
1-aminocyclopropane-1-carboxylic acid (ACC) can stimulate
cambial activity, xylem development, and SCW deposition
(Seyfferth et al. 2018). Previous studies have also revealed the po-
tential connections between AP2/ERFs, ETHYLENE INSENSITIVE
3/ETHYLENE INSENSITIVE3-LIKET (EIN3/EILT) TFs and SCW for-
mation (Liu et al. 2017; Felten et al. 2018; Seyfferth et al. 2018;
Wessels et al. 2019). Nevertheless, the detailed molecular me-
chanisms for ethylene-mediated SCW thickening in plants, espe-
cially cotton, remain largely underexplored.

In the current study, we provide detailed mechanistic evi-
dence that the AP2/ERF protein GhERF108, as an ERF, physically
interacts with the ARFs GhARF7-1 and GhARF7-2 to coregulate
the expression of SCW-related key regulator GAMYBL1 to con-
trol fiber SCW synthesis in cotton. Thus, these findings provide
insights into how AP2/ERF and ARF TFs collaborate to establish
ethylene and auxin signaling crosstalk to dictate and fine-tune
fiber SCW development in cotton.

Results

Ethylene promotes fiber SCW thickening in cotton
In order to explore the effect of ethylene on SCW formation
in cotton (G. hirsutum), we performed the in vitro cotton
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ovule culture with treatments using the ethylene precursor
ACC. After wild-type (WT) ovules were cultured in liquid
Beasley and Ting (BT) medium for 15 d, ACC (0.1 um) was ap-
plied in fresh BT medium for further culturing to 21, 25, and
30 d, and the status of fiber SCWs was observed and analyzed
by microscopy (see Materials and methods). As shown in
Fig. 1, A and B, the cell wall thickness of fibers was significant-
ly increased by ACC treatment, whereas the cell wall thick-
ness of fibers was significantly decreased when treated with
5 um ethylene inhibitor aminoethoxyvinylglycine (AVG),
compared with the fibers without ACC or AVG treatment
(CK). These results indicated that ethylene plays a positive
role in SCW thickening of cotton fibers.

ERF TFs are a class of the AP2/ERF family that can respond to
ethylene signals in plants. To investigate whether ethylene affects
fiber SCW formation through the ERF genes in cotton, we ana-
lyzed the expression of 9 GhERF genes that are highly expressed
in fibers at 18-d postanthesis (DPA), the stage of SCW synthesis
(Supplemental Fig. S1A; Zafar et al. 2022). As shown in Fig. 1, C
and D, when 18 DPA cotton ovules were treated with ACC, ex-
pressions of 6 GhERFs (Gh_A04G0305, Gh_D05G3348, Gh_A01G
0650, Gh_A08G1032, Gh_A08G0371, and Gh_D08G2044) were
significantly altered, but the trend of ACC treatment was not
well negatively associated with that of AVG treatment, while 2
genes (Gh_A04G1375 and Gh_A04G0106) were slightly influ-
enced by ethylene. Interestingly, we found that the expression
of Gh_D08G1310 was significantly upregulated after 24-h treat-
ment with ACC, reaching a peak at 72-h treatment, and then
gradually decreasing in the treated fibers. When AVG was ap-
plied, on the contrary, its expression in fibers was decreased
with increasing ACC concentrations (Fig. 1C).

Therefore, we focused on Gh_D08G1310, which may play
an important role in fiber SCW formation of cotton
through ethylene signaling pathway. By analyzing its amino
acid sequence, we found this protein contains only 1 AP2
domain and belongs to the ERF subfamily of AP2/ERF TFs
and designated it as GhERF108 (Supplemental Fig. S1B).
Further experiments revealed that GhERF108 protein is
mainly localized in the cell nucleus (Supplemental Fig.
S1C) and has transcriptional activation activity
(Supplemental Fig. S1D), indicating that GhERF108 is a typ-
ical ERF TF. Moreover, GhERF108 is expressed throughout
the development of fibers and reaches its peak transcript
level in 21 DPA fibers of cotton (Supplemental Fig. STE),
suggesting that it might play an important role in fiber
SCW thickening.

GhERF108 functions in fiber SCW formation through
the ethylene signaling pathway

To clarify the role of GhERF108 in fiber development of cot-
ton, we generated the GhERF108 RNA interference (RNAI)
transgenic cotton plants under the control of CaMV 35S pro-
moter. We analyzed 4 RNAI transgenic cotton lines (RilL2,
RiL3, RiL4, and RiL6) with different levels of GhERF108 expres-
sion downregulation (TO to T4 generations) (Fig. 2A). Among
them, DNA gel blot analysis demonstrated that RiL2, RiL3,
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Figure 1. Effects of ethylene on cell wall formation of fibers on in vitro cultured ovules of cotton. A) Ultrathin cross-sections of WT fibers by TEM.
The WT ovules with fibers collected at 1 DPA were in vitro cultured with 0.1 ym ACC, 5 pm ethylene inhibitor AVG, and without ACC or AVG (CK)
for 21, 25, and 30 d, respectively, and then fibers were sectioned and photographed by TEM. Scale bars = 2.0 ym. The rectangle marked at a com-
parable and magnified position in each fiber cell. Scale bars = 0.5 ym. B) Measurement and statistical analysis of cell wall thickness of fibers on the
cultured ovules in A) (n > 50, and at least 30 ovules of 20 bolls per group). C) RT-qPCR analysis of expression of GhERF108 (Gh_D08G13101) in fibers
on the cultured ovules applied with ACC or AVG for 2, 8, 24, 48, 72, and 96 h, respectively. D) RT-qPCR analysis of expressions of 8 AP2/ERF genes in
fibers on the cultured ovules applied with ACC or AVG for 2, 8, 24, 48, 72, and 96 h, respectively. The mean value and sp were calculated from 3
biological replicates. Values marked with different letters indicate statistically significant differences (P < 0.05) between each group according to the
Tukey HSD multiple range test. CK, ACC or AVG free treatment; ACC, treated with 0.1 m ethylene synthesis precursor ACC; AVG, treated with 5 yum

ethylene synthesis inhibitor AVG.

and RiL6 were independent single-insertion (single-copy)
lines (Supplemental Fig. S2A). These GhERF108 RNAI plants
exhibited reduced fiber length compared with the controls
(transgenic null line [Null] and WT) (Fig. 2, B and C), whereas
no variation was found in vegetative growth, seed size, and
germination of the transgenic plants relative to the controls
(Supplemental Fig. S2, B to E). Further study revealed that the
GhERF108 RNAI cotton plants also displayed reduced cell wall
thickness in the fibers (Fig. 2, D and E) and decreased

crystalline cellulose content in fiber SCWs (T2 generation)
(Fig. 2F). However, the content of lignin, another main
component of the SCW, was not changed in fiber cell walls,
compared with the controls (Supplemental Fig. S2F).
Moreover, the phenotypes of the GhERF108 RNAI trans-
genic lines could be stably inherited in their progeny (T3
and T4 generations) (Supplemental Fig. S2, G to L).
These results revealed that GhERF108 plays a vital role in
fiber SCW formation of cotton.
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Figure 2. Phenotypic analysis of GhERF108 RNAI transgenic cotton. A) RT-qPCR analysis of GhERF108 expression in 21 DPA fibers of the GhERF108
RNAI transgenic lines (T2 generation) and controls (Null and WT). GhUBI1 was used as an internal control for normalization. B) Comparison of
mature fiber length of the GhERF108 RNAI transgenic lines and controls (Null and WT). C) Measurement and statistical analysis of mature fiber
length of the independent GhERF108 RNAI transgenic lines and controls (Null and WT) (n > 50, and at least 20 bolls from 15 plants for each inde-
pendent line). D) Cross-sections of fibers. (Upper) Cross half-thin sections of 21 DPA fibers of the GhERF108 RNAI transgenic lines (RiL3 and RiL6)
and controls (Null and WT) by light microscopy. Scale bars = 50 ym. (Bottom) Ultrathin sections of 25 and 30 DPA fibers of the GhERF108 RNAi
transgenic lines (RiL3 and RiL6) and controls (Null and WT) by TEM. Scale bars = 2.0 ym. The rectangle marked at a comparable and magnified
position in each fiber cell. Scale bars = 0.5 ym. E) Measurement and statistical analysis of fiber cell wall thickness of the GhERF108 RNAI transgenic
lines and controls (Null and WT) (n > 50, and at least 50 seeds from 15 plants for each line). F) Measurement and statistical analysis of crystalline
cellulose content in fibers of the GhERF108 RNAI transgenic lines and controls (Null and WT). The bolls in the bough located between the third and
fourth internodes of cotton plants were randomly collected for fiber phenotypic analysis, and the mean value and so were calculated from 3 bio-
logical replicates. Values marked with different letters indicate statistically significant differences (P < 0.05) between each group according to the
Tukey HSD multiple range test. RiL, GhERF108 RNAI transgenic cotton lines.
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To further determine whether GhERF108 contributes to di-
vergence in fiber properties, mature fibers from the GhERF108
RNAi cotton plants (T2 and T3 generations) and controls
(Null and WT) were collected for fiber quality assay by high-
volume instrument (HVI) and advance fiber information system
(AFIS). As shown in Table 1, both HVI and AFIS assays indicated
that the GhERF108 RNAI transgenic plants had shorter and thin-
ner fibers with lower breaking strength than those of controls
(Null and WT). These results further demonstrated that
GhERF108 functions in fiber SCW development of cotton.

As GhERF108 is an ERF, we hypothesized that ethylene sig-
naling affects fiber SCW development through GhERF108 pro-
tein. To test this hypothesis, we performed in vitro ovule culture
experiment again using GhERF108 RNAI transgenic cotton
ovules. When the ovules were cultured in vitro in the liquid
BT medium with ACC for 25 d, fiber cell wall thickness of the
GhERF108 RNAI lines (RiL3 and RiL6) was slightly increased
(by 31.9% to 35.5% relative to the control), while the cell wall
thickness was slightly reduced (by 31.6% to 34.7% relative to
the control) when AVG was applied, compared with the
same treatment in WT (Supplemental Fig. S3, A and B).
Meanwhile, the expression level of GhERF108 was upregulated
in the GhERF108 RNAI fibers after being treated with ACC,
but the extent of its upregulation in RNAI fibers was significant-
ly lower than that in WT with the same ACC treatment
(Supplemental Fig. S3C). The above data suggested that ACC
treatment may partly restore the thinner SCW phenotype of
GhERF108 RNAI cotton fibers by promoting the expression of
GhERF108, indicating that GhERF108 participates in ethylene
signaling for promoting fiber SCW thickening in cotton.

GhERF108 interacts with GhARF7-1 and GhARF7-2 in fibers
To investigate how GhERF108 functions in fiber SCW devel-
opment and participates in the ethylene signaling pathway,
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we examined the expression of some genes that may be asso-
ciated with fiber SCW biosynthesis in the GhERF108 RNAI
cotton. As shown in Supplemental Fig. S4, expression of
GhCesAs, GhLBDs, GhMYB46, and GhMYBL1 were significant-
ly lower in 21 DPA fibers of the GhERF108 RNAI cotton, com-
pared with those in WT. Therefore, we hypothesized that
GhERF108 influences fiber SCW development possibly by
regulating these genes. Unfortunately, our experimental re-
sults indicated that GhERF108 does not directly activate
these genes (Supplemental Fig. S5). Thus, we hypothesized
that GhERF108 may form heterodimers to perform its func-
tion in cotton.

To isolate proteins that interact with GhERF108, we con-
ducted a yeast 2-hybrid (Y2H) assay, employing the trun-
cated GhERF108 protein in which the region with
transcriptional activation activity was deleted as bait to
screen the library of 21 DPA fiber ¢DNAs of cotton
(Supplemental Fig. S6). The Y2H identified 2 ARFs
GhARF7-1 (Gh_A05G0264) and GhARF7-2 (Gh_D07G0132)
in the library. In order to further test the accuracy and com-
prehensiveness of the Y2H sieve library analysis results, we se-
lected 7 GhARFs (GhARF5-1, GhARF5-2, GhARF6-1,
GhARF6-2, GhARF18, GhARF7-1, and GhARF7-2) with high
expression levels in fibers at the SCW synthesis stage
(Supplemental Fig. S7A). Reverse transcription quantitative
PCR (RT-gPCR) analysis also confirmed that these 7 GhARF
genes are expressed at high levels in fibers undergoing
SCW thickening (Supplemental Fig. S7B).

Then, the Y2H assay was employed for detecting the inter-
action of GhERF108 and these GhARFs. As shown in Fig. 3A,
GhERF108 could only interact with GhARF7-1 and GhARF7-2
but did not interact with the others. Likewise, luciferase
(LUC) complementation imaging (LCI) assay further verified
the interactions of GhERF108 protein with GhARF7-1/7-2 in

Table 1. Comparison of fiber quality parameters between GhERF108 RNAI transgenic cotton and controls (Null and WT) by HVI and AFIS

HVI

Fiber breaking

AFIS

Upper quartile fiber Short fiber rate

Line no.? Fiber length (mm)b Micronaire value strength (g,tex_‘)b Line no.? length (mm)b <12.7 mm/%° Fineness (m.tex)b
T2 (year 2020)

Null 3024 +0.55 408 +0.77 30.41+0.75 Null 3230 +0.26 490 + 1.05 187.0 +2.00
WT 30.27 +0.57 412 +1.12 30.26 + 1.04 WT 32.87 +0.40 417 +0.72 185.0 + 2.00
RiL2 29.48 + 0.66° 415+ 1.03 30.14 + 0.89 RiL2 30.77 £0.91° 3.87 +0.32 180.3 +3.79°
RiL3 28.48 + 1.02° 3.81+0.73 29.30 + 1.0° RiL3 30.03 + 1.01¢ 2.73 +0.12¢ 172.0 + 4.36°
RiL4 29.36 + 1.15° 3.81+ 1.06 28.84 + 1.21° RiL4 30.10 + 1.14° 3.67 +1.11° 180.0 + 4.58°
RiL6 26.72 + 1.26° 3.76 +£0.79° 26.93 +0.78° RiL6 29.97 +0.97¢ 3.30 + 0.56° 170.7 + 4.04°
T3 (year 2021)

Null 30. 04 + 0.56 4,09 +0.78 321+ 1.11 Null 32.13 +0.68 5.03 +0.84 184.0 + 2.65
WT 29.87 + 1.14 3.97 +0.99 319+ 1.11 WT 32.07 £0.57 520 +0.72 184.7 + 1.53
RiL2 28.86 + 0.77° 3.95+ 1.1 30.7 + 1.05° RiL2 30.57 +0.35° 3.10 + 0.26° 178.0 + 2.65°
RiL3 27.94 + 1.12° 3.90 +0.82 30.1+ 0.96° RiL3 30.10 + 0.44° 273 +021° 180.0 + 1.00°
RiL4 28.88 + 1.23¢ 401+1.11 31.0 +0.78° RiL4 30.83 +0.32° 3.83 +0.85° 177.7 +1.53¢
RiL6 26.99 +0.77° 3.71+121° 30.3 + 1.04° RiL6 29.97 +0.97° 3.00 + 0.26° 171.7 £ 3.79¢

?Fibers were handpicked from bolls in the bough located in the third and fourth branches on cotton plants. The transgenic cotton progeny plants (T2 and T3 generations) and
controls (Null and WT) were cultivated in the field on the campus of Central China Normal University, Wuhan, China. g.tex_" means g per tex, n > 100 cotton seeds (at least 12-g
fibers per sample for HVI analysis and at least 6-g fibers per sample for AFIS analysis). Null, GhERF108 RNA.i transgenic null line; RiL, GhERF108 RNA. lines.

®Mean + sp. The mean value and sb were calculated from 3 biological replicates.

“There was significant difference (P < 0.05) in fiber length, micronaire value, fiber breaking strength, short fiber rate by weight, and fineness between GhERF108 RNAI transgenic

lines and controls (Null and WT).
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vivo. As shown in Fig. 3, B to |, strong LUC luminescence was
observed in the leaves of Nicotiana benthamiana coexpres-
sing GhERF108-nLUC with GhARF7-1-cLUC or GhARF7-
2-cLUG, but no signal was detected in the leaves coexpressing
GhERF108 and the other GhARFs. Furthermore, pull-down
assays also demonstrated that glutathione S-transferase
(GST)-tagged GhARF7-1 and GhARF7-2 could bind specific-
ally to His-tagged GhERF108 in vitro (Fig. 3)). On the basis of
an antibody specificity test showing that the GhERF108,
GhARF7-1, and GhARF7-2 polyclonal antibodies specifically
recognize GhERF108, GhARF7-1, and GhARF7-2 proteins in
cotton plants, respectively (Supplemental Fig. S8, A to C),
we also examined the interactions of GhERF108 and GhARF7-
1 or GhARF7-2 in cotton fibers at the SCW development stage.
As shown in Fig. 3K, GhERF108 could interact with GhARF7-1
and GhARF7-2 in cotton fibers. Thus, we can conclude that
GhERF108 forms heterodimers with GhARF7-1 and GhARF7-2
during fiber SCW formation of cotton.

GhERF108 acts as a coactivator of GhARF7-1/7-2

to regulate GhMYBL1 expression in fibers

ARFs bind to the auxin response elements (AuxREs) in the
promoter regions of early auxin response genes to activate
or repress their transcription (Guilfoyle and Hagen 2001).
Through bioinformatics analysis and dual-LUC transcription-
al activation assay, we screened some genes, which are re-
ported to be involved in fiber SCW formation in cotton, as
potential target genes of GhARF7-1 and GhARF7-2. As shown
in Supplemental Fig. S9A, the promoter sequences of these
candidate genes contain multiple AuxRE cis-elements.
GhARF7-1 and GhARF7-2 could activate expression of
GhMYBL1 and GhLBD30 (Fig. 4, A and B; Supplemental Fig.
S9B). GhMYBLT is specifically expressed in SCW thickening fi-
bers, and GhLBD30 is preferentially expressed in fibers at SCW
developing stage (Supplemental Fig. S10). Therefore, we
chose GhMYBL1 as the top candidate target gene of
GhARF7-1 and GhARF7-2 for further studies.

Then, we employed electrophoretic mobility shift assay
(EMSA) to analyze whether GhARF7-1 and GhARF7-2 direct-
ly bind to GhMYBL1 promoter in vitro. As shown in Fig. 4C,
strong signals were detected in the lane with GhARF7-1 pro-
tein and the biotin-labeled probe (p2 fragment of the
GhMYBL1 promoter region, probe2). Similarly, strong signals
were observed in the lane with GhARF7-2 protein and the
biotin-labeled probe (p3 fragment of the GWMYBL1 promoter
region, probe3) (Fig. 4D). Furthermore, the intensity of the
shifted bands was gradually reduced or disappeared, with
the increasing concentration of the unlabeled probe2 and
probe3. When the AuxREs in probe2 and probe3 were mu-
tated, the shifted bands disappeared (Fig. 4, C and D), indicat-
ing that GhARF7-1 and GhARF7-2 could directly bind to the
AuxREs in the promoter of GWMYBL1 in vitro. Additionally,
we employed chromatin immunoprecipitation (ChIP)-qPCR
to detect whether GhARF7-1/7-2 binds to the promoter of
GhMYBLT in vivo. As shown in Fig. 4 E and F, the
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GhMYBL1 promoter chip2 and chip3 fragments were signifi-
cantly enriched in ChIP-qPCR assays of GhARF7-1 and
GhARF7-2, respectively. These results indicated that
GhARF7-1 and GhARF7-2 directly bind to the promoter of
GhMYBL1 to activate its expression in cotton fibers.

The expression level of GhMYBL1 was substantially re-
duced in fibers of GhERF108 RNAI cotton, compared with
thatin WT (Supplemental Fig. S4). However, GhERF108 could
not directly activate the expression of GhMYBL1 (Fig. 4B;
Supplemental Fig. S5B). These results prompted us to inves-
tigate whether GhERF108 acts as a coactivator of GhARFs for
the transcriptional activation of GWMYBLT. To elucidate the
biological significance of GhERF108 and GhARF7-1 or
GhARF7-2 interactions, we employed the dual-LUC reporter
system for the analysis and found that coexpression of
GhARF7-1 or GhARF7-2 with ProGhMYBL1:LUC in N. benthami-
ana leaves led to significantly increased LUC activity, compared
with the control. When GhERF108 was additionally coexpressed
with GhARF7-1 or GhARF7-2 and ProGhMYBLT:LUC, the
GhARF7-1- and GhARF7-2-dependent activation of LUC activ-
ity was further enhanced (Fig. 4B). Meanwhile, ChIP-qPCR assay
revealed that the enriched chip2 and chip3 fragments of the
GhMYBL1 promoter were significantly reduced in fibers of the
GhERF108 RNAI transgenic cotton when detected with the
same amount of GhARF7-1 or GhARF7-2 antibody, compared
with those in WT (Fig. 4, E and F).

To further investigate whether GhERF108 interacts with
GhARF7-1 and GhARF7-2 to promote its binding to
GhMYBL1 promoter, we performed the in vitro DNA-pro-
tein pull-down assay. Specifically, the purified GST-tagged
GhARF7-1/7-2 and His-tagged GhERF108 proteins were
mixed with magnetic bead-bound, biotin-labeled probe2 or
probe3 of GhMYBL1 promoter and then subjected to mag-
netic pull down of DNA—protein complexes by anti-His anti-
body. As shown in Fig. 4, G and H, only when both GhERF108
protein and GhARF7-1 or GhARF7-2 proteins were mixed
with probe2 or probe3, the His-tagged GhERF108 protein
could be detected, suggesting that GhERF108 protein can
interact with GhARF7-1 and GhARF7-2 to specifically pro-
mote the binding with GhMYBLT promoter. Collectively,
the above data substantiated the idea that GhERF108 acts
as a coactivator of GhARF7-1 and GhARF7-2 to regulate
GhMYBL1 expression to dictate SCW thickening in fibers of
cotton.

Additionally, to further explore the role of GhARF7-1 and
GhARF7-2 in fiber development, we employed virus-induced
gene silencing (VIGS) to generate GhARF7-1- and
GhARF7-2-silenced cotton plants (Supplemental Fig. ST1A).
We extracted total RNA from 21 DPA fibers of TRV:
GhARF7-1 and TRV:GhARF7-2 cotton plants and determined
GhARF7-1 and GhARF7-2 transcript levels in fibers of these
plants. As shown in Supplemental Fig. S11, B and C, expres-
sion of GhARF7-1 and GhARF7-2 was significantly downregu-
lated in fibers of the TRV:GhARF7-1 and TRV:GhARF7-2
plants, respectively, compared with the controls (TRV:00).
The suppression of GhARF7-1 and GhARF7-2 expressions in
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Figure 3. GhERF108 interacts with GhARF7-1 and GhARF7-2. A) Y2H assay of GhERF108 protein interacting with GhARFs, using pGADT7 +
pGBKT7-lam as a negative control and pGADT7-T + pGBKT7-53 a as positive control. (Middle) Flash-freezing filter assay of the B-galactosidase ac-
tivity. (Upper and bottom) Yeast transformants streaked on QDO medium (SD/-Trp/-Leu/-His/-Ade) and DDO medium (SD/-Trp/-Leu), respect-
ively. B to H) LCl assay of GhERF108 protein interacting with GhARF5-1 B), GhARF5-2 C), GhARF6-1 D), GhARF6-2 E), GhARF18 F), GhARF7-1 G),
and GhARF7-2 H). LUC luminescence intensities represent their binding activities. 1) Schematic diagram of B-H in LCl assay. J) Pull-down assay of
GhERF108 protein interacting with GhARF7-1 and GhARF7-2 protein in vitro, respectively. GhERF108-His protein was incubated with
GST-GhARF7-1 or GST-GhARF7-2 protein in vitro, using GST protein as a control. The precipitated proteins were analyzed by immunoblotting
with anti-His or anti-GST antibody. K) Coimmunoprecipitation (Co-IP) assay of GhERF108 with GhARF7-1 or GhARF7-2 in 21 DPA fibers of WT
cotton. Soluble proteins were extracted in 21 DPA fibers of WT before (input) or after (IP) immunoprecipitation with anti-GhERF108 antibody
and then detected by immunoblot with anti-GhERF108 (Cys-DGESPTQNGVAPQDS), anti-GhARF7-1 and anti-GhARF7-2 antibodies, respectively.



GhERF108 promotes fiber SCW biosynthesis THE PLANT CELL 2023: 35; 4133-4154 4141

A c Probe2:AATATTGTTGTATGATGCAAATCGA E i
robeZ: 9 /i
B NOS ATATTGTTGTATGATGCAAATCG = ant-GhARFT-1:WT
358 y : y
PC2300 mmC———al  GhARF7-1 mprobe2: AATATTGTGTACGTATGCAAATCG 10 , "ant-GhARF7-1:GhERF108 RiL6
358 NOS AATATTGTGTACGTATGCAAATCG  _ g | a
PC2300 mmC———m  GhARF7-2 fe s GST + - - - - El
355 NOS GST-GhARF7-1 - + 4+ + 4 g 81
CZBOO‘::)- e Labeled probe2 + + + - vl
RsportZr EREREHE Labeled mprobe2 - - - o + s 6 -
Unlabeled probe2 - - 5x 10X - 1
S g |
ProGhMYBL1 — E 2 7
complex oy -
H (7]
-1995 -1580 -1280 :t ¥l i} o 24
— — — 1 u? 1
chip4 chip1
P € Free probe U“ 0 -
chip1 chip2 chip3 chip4
B D F ® mock
8 15 FroGRMYBL] Probe3:CTTTCCTGTCACCTCTTTTTCCCT R ——
2240 . TTCCTGTCACCTCTTTTTCC ) : ]
25 c ¢ mprobe3:CTTTCCGTACGTCTCTTTTICCG anti-GhARF7-2:GhERF 108 RiL6
gs 5 CTTTCCGTACGTCTCTTTTTCC 577
o, GST + - - - - E g 8
= GST-GhARF7-2 - + + + + &
GhkRF108 ¥ ¥ Labeled probe3 + + + + - a:} 5 4
GhARFT7-1 = 3 + Labeled mprobe3 - - - - 4+ =
o 15 ProGhMYBL1 Unlabeled probe3 - - 5x10x — g 4
2 3]
Tz DNA-protein Ld E 5
2 %10 complex “ -
i 3 B2
+ 1 71
GherF18s + . X . u u h 5
_ = = ree probe b
GhARF7-2 * * e chip1 chip2 chip3 chip4
G H
GhERF108-His + + + - + - - GhERF108-His + + + - 4+ = &
GST-GhARF7-1 - - - +  + & GST-GhARFT-2 - - - + 4+ + -
Labeled probe2 -+ + &+ &+ - 4 Labeled probe3 - + + &+ o+ 5
GST - - + - - - GST - - + - - -«

Biotin-beads + + + + + 4+« Biotin-beads + + + +  + + 4
GhERF108-His o Anti-His T - Anti-His
GST-GhARF7-1 — —— —-— Anti-GST GST-GhARFT-2 - - — Anti-GST

- - -
. : > & -
- -
GsT -l sl - B8 8

Figure 4. GhERF108 acts as a coactivator of GhARF7-1 and GhARF7-2 to coregulate GhMYBL1 expression. A) Diagram of vectors and AuxREs in
GhMYBL1 promoter for Dual-LUC assay, ChIP-qPCR analysis, and EMSA. (Bottom) Horizontal line represents the GhMYBLT promoter, the ovals
represent AuxREs in the promoter, the chip1 to chip4 indicate the fragments detected by ChIP-qPCR, and the probe2 and probe3 indicate the frag-
ments used in EMSA. The numbers along the gene model are relative to the ATG. B) Dual-LUC assay of GhERF108 and GhARF7-1/7-2 on GhMYBL1
promoter activity. The relative LUC activities were normalized to the reference REN LUC. The corresponding effector (+) and empty vector (—) were
cofiltrated. The mean value and sp are calculated from 3 biological replicates. The different letters indicate significant difference (P < 0.05) between
the 2 groups according to the Tukey HSD test. C, D) EMSA of GhARF7-1 C) and GhARF7-2 D) binding to the AuxREs in the GAMYBL1 promoter.
Biotin-labeled probes were incubated with GST-GhARF7-1 or GST-GhARF7-2 in vitro. Unlabeled probes were used for competition, and biotin-
labeled mutated AuxREs were used as negative controls. Normal (up) or mutated AuxREs (down) are shown in C and D. Values marked with dif-
ferent letters indicate statistically significant differences (P < 0.05) between each group according to the Tukey HSD multiple range test. E, F)
ChIP-gPCR analysis of GhARF7-1 E) and GhARF7-2 F) bind to the GhMYBL1 promoter. Equal amounts of anti-GhARF7-1/7-2 antibodies were
used in 21 DPA fibers of both WT and GhERF108 RiL6 transgenic cotton. The ChIP signal is expressed as the percentage of immunoprecipitated
DNA in the total input DNA. mock, ChIP without anti-GhARF7-1 and anti-GhARF7-2 but added IgG antibody as negative control; RiL6, the
GhERF108 RNA: line. The mean value and sp are calculated from 3 biological replicates. Tukey HSD test demonstrated that there were significant
differences (P < 0.05) between the mock and ChIP groups. G, H) DNA-protein pull-down assay of GhERF108 acting as a coactivator of GhARF7-1 G)
and GhARF7-2 H) to bind to the GhAMYBL1 promoter. GhERF108-His protein was incubated with GST-GhARF7-1 protein and labeled probe2 or
GST-GhARF7-2 protein and labeled probe3 in vitro, using empty GST protein and biotin beads as a negative control. The precipitated proteins
were analyzed by immunoblotting with anti-His or anti-GST antibody.

cotton impeded fiber elongation, and mature fiber length of
the TRV:GhARF7-1 and TRV:GhARF7-2 plants was shorter
than that of the TRV:00 control plants (Supplemental Fig.
S11, D and E). Moreover, the cell wall thickness of mature

fibers was distinctly less than that of the controls
(Supplemental Fig. S11, F and G). We also measured the ex-
pression of GhMYBL1 and GhERF108 in fibers of the TRV:
GhARF7-1 and TRV:GhARF7-2 cotton and found that
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GhMYBLT expression was significantly repressed, while
GhERF108 expression was not changed in these plants
(Supplemental Fig. S11, H and I). Taken together, the above
data indicated that GhARF7-1 and GhARF7-2 play positive
roles in fiber development of cotton via activating
GhMYBL1 expression.

To further confirm that GhERF108 acts as the coactivator
of GhARF7-1 and GhARF7-2 in vivo, we performed ethylene
response assays on the GhARF7-1- and GhARF7-2-silenced
cotton plants. Compared with the same treatment in
TRV:00 control plants, fiber cell wall thickness was only
slightly increased (59.4% to 61.3% relative to the control)
in the TRV:GhARF7-1 and TRV:GhARF7-2 cotton plants
with ACC treatment, while the cell wall thickness was only
slightly decreased (60.5% relative to the control) in the
TRV:GhARF7-1 and TRV:GhARF7-2 plants treated with AVG
(Supplemental Fig. S12, A and B). Notably, the expression
fold change of the downstream effectors GhAMYBLT and
GhLBD30 was also significantly reduced in the GhARF7-1-
and GhARF7-2-silenced plants after ACC treatment, relative
to the control TRV:00 plants (Supplemental Fig. S12, C and
D). Thus, the above data substantiated the idea that
GhERF108 acts as a coactivator of GhARF7-1 and
GhARF7-2 to regulate GhMYBLT expression during SCW
thickening in fibers of cotton.

GhMYBL1 is essential for SCW thickening of cotton
fibers

To identify the function of GhMYBL1 in regulating fiber SCW
development in cotton, we generated the GhMYBLT RNAI
transgenic cotton under the control of its native promoter.
More than 50 transgenic plants from 5 independent trans-
formation lines (TO generation) were obtained for further
studies. We extracted total RNAs from 21 DPA fibers of
GhMYBL1 RNAI cotton lines (T1 to T3 generations) and ana-
lyzed GhMYBL1 transcript levels in fibers of the transgenic
lines by RT-qPCR. As shown in Fig. 5A, the expression of
GhMYBL1 was greatly reduced in fibers of the 4 GhMYBL1
RNAI lines, except MRIL3, relative to the controls (Null and
WT). On the basis of DNA gel blot analysis results
(Supplemental Fig. S13A), 3 independent transgenic lines
(MRIL1, MRiL4, and MRIL5) with different GAMYBL1 expres-
sion levels were selected for further analysis.

Phenotypic analysis showed that there was no difference in
vegetative growth, seed size, seed germination, and fiber
length between the RNAi plants and controls (Null and
WT) (Fig. 5, B and C; Supplemental Fig. S13, B to E). We fur-
ther inspected the effects of GRMYBL1 on fiber SCW biosyn-
thesis and found fiber cell wall thickness was remarkably
reduced in the GhMYBL1 RNAI lines, compared with that
in controls (Null and WT) (Fig. 5, D and E). Moreover, the
content of crystalline cellulose was significantly decreased
in fiber cell walls of the GhMYBL1 RNAI lines, relative to con-
trols (Null and WT) (Fig. 5F). The above phenotypes of
GhMYBLT RNAI cotton lines could be stably inherited in their
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progenies (Supplemental Fig. S13, F to J). These data revealed
that GhMYBL1 plays a vital role in fiber SCW formation of
cotton. Additionally, mature fibers from the GhMYBL1
RNAi cotton plants (T2 and T3 generations) and controls
(Null and WT) were collected to determine fiber quality by
both HVI and AFIS (see Materials and methods). As shown
in Table 2, the GhMYBLT RNAI transgenic cotton showed
lower breaking strength and thinner fibers than those of con-
trols (Null and WT). These results demonstrated that
GhMYBL1 functions in fiber SCW development of cotton.

GhMYBL1 directly binds to the promoters of
GhCesA4-1, GhCesA4-2, and GhCesA8-1 to activate
their transcription in fibers

Previous study demonstrated that the R2R3-MYB TF may affect
fiber SCW development by regulating cellulose biosynthesis
(Sun et al. 2015). To investigate whether GhMYBL1 directly reg-
ulates cellulose biosynthesis to affect SCW development in cot-
ton fibers, we analyzed the expression of various SCW-related
GhCesA genes (GhCesA4-1-A07, GhCesA4-1-D07, GhCesA4-
2-A08, GhCesA4-2-D08, GhCesA7-1-A05, GhCesA7-1-D05, GhCes
A7-2-A07, GhCesA7-2-D07, GhCesA8-1-A10, GhCesA8-1-D10,
and GhCesA8-2-D05) in developing fibers of the GhMYBL1
RNAI transgenic cotton and WT. As shown in Supplemental
Fig. S14, expression level of GhMYBLT was remarkably downre-
gulated in the GhMYBL1 RNAI fibers. Likewise, expression of
GhCesAs significantly declined in the GhWAMYBL1 RNAI cotton
compared with those in WT. To work out how GhMYBL1 reg-
ulates the expression of these GhCesA genes, we examined the
promoter sequences of these GhCesAs and found several pos-
sible secondary wall MYB-responsive elements (SMREs) in
GhCesA4-1-A07, GhCesA4-1-D07, GhCesA4-2-A08, GhCesA4-2-
D08, GhCesA8-1-A10, and GhCesA8-1-D10 promoters (Fig. 6A).
Therefore, we hypothesized that these SCW-related GhCesAs
might be the candidate target genes of GhMYBL1.

To test this hypothesis, we performed dual-LUC assay to
verify the function of GhMYBL1 in activating these GhCesA
promoters. As shown in Fig. 6B, LUC activity controlled by
GhCesA4-1-A07/D07 promoter was elevated remarkably
when GhMYBL1 was expressed. Similarly, LUC activities dri-
ven by GhCesA4-2-A08/D08 and GhCesA8-1-A10/D10 promo-
ters were significantly enhanced when GhMYBL1 was
expressed. Thus, we concluded that GhMYBL1 could directly
activate the expression of GhCesA4-1, GhCesA4-2, and
GhCesA8-1. Furthermore, we investigated the binding activ-
ities of GhMYBL1 to these GhCesA promoters using
ChIP-gPCR assay, based on the specificity of GRMYBL1 anti-
body (Supplemental Fig. S8D). The experimental results
showed that GhMYBL1 could directly bind to the promoters
of GhCesA4-1-A07, GhCesA4-1-D07, GhCesA4-2-A08, GhCesA4-
2-D08, GhCesA8-1-A10, and GhCesA8-1-D10 (Fig. 6C). In addition,
EMSA was also used to verify the interactions between
GhMYBL1 and these GhCesA promoters in vitro. As shown in
Fig. 6D, strong signals were observed in the lane with the
GhMYBL1 protein and the biotin-labeled cis-elements.
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Figure 5. Phenotypic analysis of GhMYBL1 RNAI transgenic cotton. A) RT-qPCR analysis of GhMYBL1 expression in 18 DPA fibers of the GhMYBL1
RNAI transgenic lines (T2 generation) and controls (Null and WT). GhUBI1 was used as an internal control for normalization. B) Comparison of
mature fiber length of the GhMYBL1 RNAI transgenic lines and controls (Null and WT). C) Measurement and statistical analysis of mature fiber
length of the independent GhMYBL1 RNAI transgenic lines and controls (Null and WT) (n > 50, and at least 20 bolls from 15 plants for each inde-
pendent line). D) Ultrathin sections of 25 and 30 DPA fibers of the GhMYBLT RNAI transgenic lines (MRiL4 and MRIL5) and controls (Null and WT)
by TEM. Scale bars = 2.0 ym. The rectangle marked at a comparable and magnified position in each fiber cell. Scale bars = 1.0 ym. E) Measurement
and statistical analysis of fiber cell wall thickness of the GhMYBL1 RNAI transgenic lines and WT (n > 50, and at least 50 seeds from 15 plants for each
line). F) Measurement and statistical analysis of crystalline cellulose content in fibers of the GhAMYBL1 RNAI transgenic lines and controls (Null and
WT). The bolls in the bough located between the third and fourth internodes of cotton plants were randomly collected for fiber phenotypic analysis,
and the mean value and sp were calculated from 3 biological replicates. Values marked with different letters indicate statistically significant differ-
ences (P < 0.05) between each group according to the Tukey HSD multiple range test. MRiL, GhMYBL1 RNAI transgenic cotton lines.

However, the intensity of the shifted bands was gradually re-  (mprobes), GhRMYBL1 protein could no longer bind to the tar-
duced with the increasing concentrations of the unlabeled  get probes. Taken together, the above data indicated that
cis-element competitors. When the conserved binding se-  GhMYBL1 is capable of binding to the promoters of GhCesA4-
quences SMREs of the GhCesA promoters were mutated 1-A07/D07, GhCesA4-2-A08/D08, and GhCesA8-1-A10/D10 to
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Table 2. Comparison of fiber quality parameters between GhMYBLT RNAI transgenic cotton and controls (Null and WT) by HVI and AFIS

HVI AFIS

Fiber length Micronaire  Fiber breaking strength  Line Upper quartile fiber Short fiber rate Fineness
Line no.? (mm)°® value (gtex™")® no.? length (mm)® <12.7 mm/%° (m.tex)®
T2 (year 2021)
Null 30.63 + 0.86 513 +0.12 32.37 £ 0.50 Null 32.40+0.10 490 + 1.05 187.0 +2.0
WT 30.27 £ 1.21 4.93 + 0.06 31.87 +0.15 WT 32.90 + 0.44 4.17 +£0.72 185.0 +2.0
MRiL1 28.73 +£0.76 4.57 +£0.29 30.47 +£0.51° MRiL1 3223 +0.76 437 +1.27 174.0 +£3.0°
MRiL4 2933 +£0.29 443 +0.15¢ 30.63 + 1.07¢ MRiL4 32.03 £0.31 417 £1.25 172.0 + 6.0°
MRIL5 30.00 + 0.62 437 +0.06° 30.93 +0.31° MRIL5 32.47 +£1.02 4.07 +0.47 160.7 + 2.5°
T3 (year 2022)
Null 30.97 £ 0.31 4.96 +£0.15 32.00 + 0.36 Null 32.16 + 0.64 5.03 +£0.84 184.0+2.6
WT 31.23 +£0.27 493 +£0.25 3233+ 061 WT 32.73 +£0.85 493 +0.31 184.7 + 1.5
MRiL1 30.17 £ 0.54 426 +0.15° 29.93 + 0.59° MRIiL1 32.57 +£0.06 4.83+0.23 169.7 £5.1°
MRiL4 3047+134  430£0.10° 29.63 +0.83° MRiL4 32.90 +0.70 4.90 +0.96 167.7 £9.3°
MRIL5 30.80 +0.15 437 +0.02° 30.13 + 1.08° MRIL5 32.17 £ 0.51 437 +£0.97 160.7 + 3.8°

“Fibers were handpicked from bolls in the bough located in the third and fourth branches on cotton plants. The transgenic cotton progeny plants (T2 and T3 generations) and
controls (Null and WT) were cultivated in the field on the campus of Central China Normal University, Wuhan, China. g.tex™' means g per tex, n > 100 cotton seeds (at least 12-g
fibers per sample for HVI analysis and at least 6-g fibers per sample for AFIS analysis). Null, GhMYBL1 RNAi transgenic null line; MRiL, GWMYBLT RNAi lines.

®Mean + sp. The mean value and so were calculated from 3 biological replicates.

“There was significant difference (P < 0.05) in fiber length, micronaire value, fiber breaking strength, short fiber rate by weight, and fineness between GhMYBL1 RNAI transgenic

lines and controls (Null and WT).

activate these genes for promoting cellulose biosynthesis and SCW
formation of cotton fibers.

GhMYBL1 integrates ethylene and auxin signaling to
upregulate fiber SCW synthesis in cotton
GhARF7-1 and GhARF7-2 belong to the ARF family. To verify
whether they regulate fiber SCW synthesis through auxin sig-
naling pathway, we firstly in vitro cultured 1 DPA ovules from
the WT cotton in BT medium normally for 15 d and then fur-
ther cultured in BT medium with 2.5, 5, and 10 um IAA for
25 d, respectively. The thickness of fiber cells, which were
treated with the reduced IAA (2.5 um), significantly lagged
behind that in normal ovule culture condition (CK, 5 pm
IAA), whereas the fiber cell wall thickness was remarkably in-
creased when treated with a higher IAA concentration
(10 um IAA) (Fig. 7, A and B). These data indicated that auxin
plays a positive role in fiber cell wall thickening of cotton.
In order to further explore the role of GhMYBLT in auxin-
promoting fiber cell wall thickening, we analyzed the effects
of auxin on fiber SCW development of the GhMYBLT RNAI
cotton by in vitro ovule culture similarly as mentioned above.
The results confirmed that no matter a lower concentration
of IAA (2.5 pm) or a higher concentration of IAA (10 ym) was
applied, there was no significant change in fiber cell wall
thickness of the GhMYBL1 RNAI lines, compared with that
in WT plants under the same IAA concentration treatments
(Fig. 7, A and B). Furthermore, the expression of GhAMYBL1
was significantly inhibited in fibers treated with a lower
IAA concentration (2.5 pum), while the expression of
GhMYBLT was significantly elevated in fibers treated with a
higher IAA concentration (10 ym), compared with that in fi-
bers treated with a normal IAA concentration (5 pm) in WT.
However, no matter a lower concentration of IAA (2.5 ym)
or a higher concentration of IAA (10 um) was applied,
there was no significant change of GhMYBLT expression

in the GhMYBL1 RNAI lines (Fig. 7C). The changes in ex-
pression levels of GhCesAs were similar to that of
GhMYBL1 in in vitro ovule culture assays (Fig. 7, D to I).
Collectively, the above results suggested that GhMYBL1
may play a central role in auxin-promoting fiber SCW
thickening process in cotton.

Additionally, we also detected auxin responses in the
GhERF108 RNAI plants. The results showed that the fiber
cell wall thickness was slightly increased in the GhERF108
RNA. lines when 10 yum IAA was applied, while it was mildly
reduced in the GhERF108 RNAi cotton when 2.5 um IAA was
applied, compared with that in WT plants under the same
IAA treatment conditions (Supplemental Fig. S3, A and B).
Furthermore, the expression of GhERF108 was not significant-
ly changed in the GhERF108 RNAI fibers after being treated
with no matter a lower or a higher concentration of 1AA
(Supplemental Fig. S3C). We also detected the expression
of GhARF7-1, GhARF7-2, GhMYBL1, and GhLBD30 in fibers
on the in vitro cultured ovules of GhERF108 RNAI cotton.
The results showed that expression levels of GhARF7-1 and
GhARF7-2 were not changed (Supplemental Fig. S3, D and
E), but transcripts of GhMYBL1 and GhLBD30 were signifi-
cantly downregulated in fibers of the GhERF108 RNAI cotton
lines, compared with those in WT, no matter under ethylene
or auxin treatments (Supplemental Fig. S3, F and G). Thus,
the above data suggested that GhMYBL1 may be also in-
volved in GhERF108-mediated ethylene signaling pathway
for fiber SCW thickening of cotton.

To further verify whether GhMYBL1 integrates ethylene
and auxin signaling to promote fiber SCW synthesis in cot-
ton, we also detected ethylene response in the GhMYBL1
RNAi plants. As shown in Fig. 7, A and B, when treated
with ACC or AVG, the fiber cell wall thickness was slightly
changed in GhMYBL1 RNAI plants, compared with that in
WT under the same treatment conditions. The expression


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad214#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad214#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad214#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad214#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad214#supplementary-data

GhERF108 promotes fiber SCW biosynthesis THE PLANT CELL 2023: 35; 4133-4154 4145
A B 60 C mmock anti-GhMYBL1
chip2/probe2 chip1/probe1 4 s 512 a
————————————— — = ° 1
chip5/probe5 chip1/probe1 ol 330 2
o e P 8018 >
# Q T @ -
chip4/probe4 chip3 408 210 £ . P I
-1438 -1049 -ZZTW < 5 % 1 .
pom . ProGhCesA4-1-AQ7/D0O7 + + - - - -
chip? chipb/probe6  chip3 s Prfeh c:s 2 AOB/D08 .. 4l w &

-1620 739 -383 AS =L = - - 5 H =d  de, de d
B T T T —W ProGhCesA8-1-A10/D10 = — = - + + 2 2 f@ dof ey de de 79%de™Cge de 9de
chip10 chip9/probe9 chip8 - _ _ e

1739 i o pC2300-GhMYBL1 * + + 0
—_— — " pC2300 + ~— + — + - DA o> A DO LN
chip11 chip9/probeg  chip8 SIS e
D ,
Probe 1:SMREs in GhCesA4-1-A07/D07 Probe 2:SMREs in GhCesA4-1-A07 Probe 4:SMREs in GhCesA4-2-A08
CATTTAACCAACCAACCTAAGTGCCATTTAACC  CCAATGGTTGGTTAATGGGCCAACTCACAGTTT — ATTAGGTGAACATCACACCAGTCACCAAATTCC
AACCAACCTAAGTGC GGTAGTCTCTC AGAATTAATGTGG
MBP + - - - - MBP + - - - - MBP + - - - -
MBP-GhMYBL1 - + + + + MBP-GhMYBL1 - + + + + MBP-GhMYBL1 - + + + +
Labeled probe1 + + + + ~ Labeled probe2 + + + + -~ Labeled probe4 + + + + ~
Labeled mprobet ~- ~ ~ ~ + Labeled mprobe2 - ~— ~ ~ + Labeled mprobed ~ ~— ~ ~ 4
Unlabeled probe1 - - 5x 10x - Unlabeled probe2 - - 5x 10X - Unlabeled probe4 = ~ 5X 10X ~
DNA-protein DNA-protein DNA-protein
complex complex complex
Free Free Free
probe probe probe

Probe 5:SMREs in GhCesA4-1-D07
GGGCTTAAAAATATGTTTGGTAATTACATTTAA

CTAACCAACCTAAGAG TTATGATTTTGGTCC
MBP + - - - - MBP +
MBP-GhMYBL1 - + + + 4+ MBP-GhMYBL1 -
Labeled probe5 + + + + - Labeled probe6 +
Labeled mprobe5 - ~— ~— ~ + Labeled mprobe6  —
Unlabeled probe5 — — 65X 10X - Unlabeled probe6 -

DNA-protein DNA-protein

complex complex
Free Free
probe probe

Probe 6:SMREs in GhCesA4-2-D08
GGGCAATGCTTGGTTTAATAAAATTTTGGTTAAA

1+ +

Probe 9:SMREs in GhCesA8-1-A10/D10
CTGCTACAATTTGGTTTAAAACCGAAATTTCAA
AATCCGAAAAG
MBP
MBP-GhMYBL1
Labeled probe9
Labeled mprobe9
Unlabeled probe9 —

3
(- o
X
i
(= |
L+ 0+
I+ g F
1+ +
a4
><I + 1
wx
o |+ +
T+ 1 F

DNA-protein
complex

Free
probe

Figure 6. GhMYBL1 directly binds to the promoters of SCW-related GhCesAs in cotton. A) A schematic diagram depicting SMREs in the promoters
of GhCesAs. Horizontal lines represent the promoters, the ovals represent SMREs, the chip1 to chip11 indicate the fragments detected by ChIP-qPCR
analysis, and the probe1 to probe9 indicate the fragments detected by EMSA. B) Dual-LUC assay of GhMYBL1 on the promoter activities of GhCesAs
(GhCesA4-1-A07/D07, GhCesA4-2-A08/D08, and GhCesA8-1-A10/D10). The relative LUC activities were normalized to the reference REN LUC, and the
corresponding effector (+) and empty vector (—) were cofiltrated. The different letters indicate significant difference (P < 0.05) between the 2
groups according to the Tukey HSD test. C) ChIP-gPCR analysis of GRMYBL1’s binding to the promoters of GhCesAs. An anti-GhMYBL1 polyclonal
antibody was used for ChIP, followed by gPCR analysis of the bound chromatin from 21 DPA cotton fiber cells. The ChlIP signal is expressed as the
percentage of immunoprecipitated DNA in the total input DNA. Mock, ChIP with control IgG antibody as a negative control. The mean value and sp
were calculated from 3 biological replicates. Values marked with different letters indicate statistically significant differences (P < 0.05) between each
group according to the Tukey HSD multiple range test. D) EMSA of GhMYBL1’s binding to the SMREs in the promoters of GhCesAs. Biotin-labeled
probes were incubated with MBP-GhMYBL1 in vitro. Unlabeled probes were used for competition, and biotin-labeled mutated SMREs were used as

negative controls.

levels of GAMYBL1 and its target genes GhCesAs also re-
mained almost the same under both auxin and ethylene
treatments in GhMYBLT RNAI lines, compared with these
in WT plants under the same treatment conditions (Fig. 7,
C to 1). On the contrary, expression of GhWMYBL1 and
GhCesAs was remarkably increased in WT fibers with ACC
treatments and significantly decreased in WT fibers treated
with AVG, compared with that in fibers without ACC or

AVG treatments (CK) (Fig. 7, C to I). Moreover, the expres-
sion of GhERF108, GhARF7-1, and GhARF7-2 remained almost
the same in fibers of the GWMYBL1 RNAi cotton plants under
auxin treatments, compared with those in WT under the
same treatment conditions (Supplemental Fig. S15). Taken
together, our data revealed that GRMYBL1 integrates ethyl-
ene and auxin signaling pathways to positively regulate fiber
SCW synthesis in cotton.
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Figure 7. Effects of auxin and ethylene on cell wall formation of fibers on in vitro cultured ovules of GWMYBL1 RNAI cotton. A) Ultrathin cross-
sections of fibers. The ovules with fibers (at 1 DPA) collected from the GhMYBLT RNAI transgenic plants (MRiL4 and MRIL5) and WT were in vitro
cultured in BT medium with 2.5 or 10 ym IAA and 0.1 ym ACC or 5 um AVG for 25 d, and then fibers were sectioned and photographed by TEM. Scale
bars = 2.0 ym. The ovules cultured in BT medium with 5 ym IAA were used as control (CK). The rectangle marked at a comparable and magnified
position in each fiber cell. Scale bars = 1.0 ym. B) Measurement and statistical analysis of cell wall thickness of fibers on the cultured ovulesin A (n >
50, and at least 30 ovules from 20 bolls per group). C) RT-qPCR analysis of GhMYBL1 expression in fibers on the GaMYBLT RNAI ovules cultured in
vitro in A). D to 1) RT-qPCR analysis of GhCesAs expressions in fibers on ovules of the GAMYBLT RNAi lines cultured in vitro in A). The mean value
and sp were calculated from 3 biological replicates. Values marked with different letters indicate statistically significant differences (P < 0.05) be-
tween each group according to the Tukey HSD multiple range test. MRiL, GhMYBL1 RNAI transgenic cotton lines.

Discussion

The biosynthesis of SCW in plants involves the highly coordi-
nated expression of SCW-related genes spatiotemporally regu-
lated by a cascade of TFs (TFs) (Zhong et al. 2008; Du and
Groover 2010; Grant et al. 2010; Zhang et al. 2018). To investi-
gate the molecular mechanisms of fiber cell differentiation and
development important for improving fiber productivity and

quality, it is necessary to identify key regulators or switches
whose changes can boost or suppress low hierarchical TFs
and downstream cellulose biosynthesis pathway-related genes,
as these key molecules can serve as targets of manipulations to
increase the economic value of cotton fibers produced for the
worldwide textile industry (Walford et al. 2011; Xiao et al. 2018;
Tian et al. 2020; Zhang, Cao, et al. 2020).



GhERF108 promotes fiber SCW biosynthesis

AP2/ERF TFs regulate plant secondary growth and environ-
mental responses and may have pleiotropic effects on mul-
tiple biological processes, especially may potentially serve
as high hierarchical TFs in SCW development (Liu, Chen,
et al. 2018; Zhang et al. 2019; Feng et al. 2020). For example,
Populus ERF139 has been reported to play a role not only in
suppressing the radial expansion of vessel elements but also
in stimulating the accumulation of guaiacyl-type lignin and
xylan (Wessels et al. 2019).

In this study, we have identified AP2/ERF TF GhERF108 as a
key regulator of SCW formation in cotton (G. hirsutum).
GhERF108 RNAI transgenic cotton plants show shorter fibers
with thinner SCWs, compared with controls (Null and WT).
Both HVI and AFIS fiber quality analyses have indicated that
GhERF108 enhances fiber length, breaking strength and fiber
fineness, suggesting GhERF108 as a key factor required for
high-quality fibers. Subsequent molecular mechanistic evi-
dence has confirmed that GhERF108 can physically collabor-
ate with GhARF7-1 and GhARF7-2 to activate the
downstream target gene GhWMYBL1 for fiber development.

GhMYBL1 is a key TF in the NAC-MYB multistage regula-
tory network that controls SCW development. The transgen-
ic cotton plants with downregulated GhMYBL1 expression
show the same phenotype on fiber cell wall thickness as
GhERF108 RNAI cotton plants with thinner fiber SCWs and
decreased cellulose content. Our results show that
GhMYBL1 affects SCW synthesis by directly regulating the
expression of GhCesA4-1-A07/D07, GhCesA4-2-A08/D08, and
GhCesA8-1-A10/D10 that is associated with cellulose biosyn-
thesis in fibers of cotton. Unlike GhERF108 RNAI transgenic
cotton, however, GhMYBLT RNAI transgenic cotton has not
shown the “shorter fiber” phenotype. To assess why they
have different phenotypes in fiber length, we have compared
their expression patterns in cotton fibers and have found
that GhERF108 is expressed throughout the development
of fibers (Supplemental Fig. S1), while GhMYBLT mRNA is
specifically accumulated in fibers at the stage of SCW biosyn-
thesis (Supplemental Fig. S10). Therefore, GhERF108 influ-
ences both fiber elongation and SCW formation, but
GhMYBL1 may function only in fiber SCW synthesis in
cotton.

Phytohormones, including auxin, GAs, JA, and BRs, play vi-
tal roles in regulating cotton fiber initiation and develop-
ment (Xiao et al. 2010; Tan et al. 2012; Zhou et al. 2015;
Xia et al. 2018). Ethylene also plays an essential role in pro-
moting fiber elongation possibly by upregulating the expres-
sion levels of genes encoding sucrose synthase, tubulin, and
expansin or by generating hydrogen peroxide, an active
ROS, which significantly promotes the elongation of fiber
cells in vitro (Shi et al. 2006; Qin et al. 2008). Bioactive GAs
may promote fiber SCW deposition by enhancing sucrose
synthase expression in cotton (Bai et al. 2014). Auxin regu-
lates the time of initiation of ROS production by directly
upregulating expression of GhRAC13, which regulates
ROS-triggered cellulose synthesis to affect fiber SCW depos-
ition (Zhang, Cao, et al. 2020). In our study, we have revealed
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that fiber SCWs in WT were thickened when exogenous IAA
was applied at a higher concentration (10 pym), while fiber
SCWs in WT were thinner when the concentration of IAA ap-
plied was reduced to 2.5 ym, compared with the control
(5 ym 1AA). However, no matter a lower or higher concentra-
tion of IAA was applied, there was no significant change in
fiber cell wall thickness of the GhMYBL1 RNAI lines, com-
pared with that in WT under the same treatment conditions
(Fig. 7), suggesting that GRMYBL1 may play a crucial role in
auxin-promoting fiber SCW thickening of cotton.

Ethylene signaling pathway has been shown to affect SCW
deposition in certain woody plants (Liu et al. 2017; Felten
et al. 2018; Seyfferth et al. 2018; Wessels et al. 2019).
However, its effect on fiber SCW development remains elu-
sive in cotton so far. In this study, we have found that exogen-
ous application of ACC results in cotton fiber SCW
thickening, suggesting ethylene as a positive regulator of fiber
SCW deposition in cotton. The expression level of GhERF108
(as an ERF) significantly increases in fibers treated with ACC,
while AVG inhibits the expression of GhERF108 in fibers
(Fig. 1). Similarly, the GhERF108 RNAI transgenic plants dis-
play a reduction in fiber cell wall thickness compared with
controls (Null and WT), which is corroborated by the evi-
dence of a decreased crystalline cellulose content in the fiber
SCWs of these transgenic cotton plants (Fig. 2). Furthermore,
we have found that the increase or decrease in fiber cell wall
thickness of the GhERF108 RNAI lines is much less than that
in WT when ACC or AVG is applied (Supplemental Fig. S3).
These data indicate that GhERF108 regulates fiber SCW syn-
thesis through ethylene signaling pathway in cotton.

The relationship between ethylene and auxin signaling
pathways during cotton fiber SCW deposition was unex-
plored, though the individual contributions of ethylene or
auxin to plant development have been examined previously.
It has been shown that ethylene’s effects on root growth are
mediated by stimulating auxin synthesis and transport in
Arabidopsis. Earlier studies indicate that ethylene stimulates
the production and transport of auxin toward root elong-
ation zone where auxin sensitizes cells to the growth inhibi-
tory effects of ethylene (Ruzicka et al. 2007; Stepanova et al.
2007; Swarup et al. 2007). A latter study reveals that hypo-
cotyl cell elongation is regulated by a network involving
ethylene and auxin signaling, which is mediated by interac-
tions between ERF72 and ARF6 (Liu, Li, et al. 2018).
Furthermore, ERF1 mediates crosstalk between ethylene
and auxin biosynthesis during primary root elongation by
regulating ANTHRANILATE SYNTHASE a1 (ASA1) expres-
sion in Arabidopsis (Mao et al. 2016). RhERF1 and RhERF4 in-
tegrate and coordinate ethylene and auxin signals to
modulate pectin metabolism in Rosa hybrida (Gao et al.
2019). MAP kinase14 (MPK14)-mediated auxin signaling
modulates lateral root development via ERF13-regulated
very-long-chain fatty acid (VLCFA) biosynthesis (Lv et al.
2021). In cotton, researchers also reveal the individual roles
of ethylene or auxin in fiber development (Kim and
Triplett 2004; Ahmed et al. 2018; Xiao et al. 2019).
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However, the scientific question regarding a potential
crosstalk between ethylene and auxin signaling to coregulate
fiber development, especially SCW synthesis, has remained
unaddressed. Our data reveal an additive effect of ethylene
and auxin on fiber SCW deposition of cotton. GhERF108 ex-
pression can be significantly upregulated by ethylene.
Although expression of GhARFs remained almost the same
in fibers when ACC or IAA was applied, GhARF7-1 and
GhARF7-2 link ethylene and auxin signaling pathways via
their interactions with GhERF108 to transcriptionally acti-
vate GhMYBLT expression, promoting fiber SCW biosynthesis
and deposition in cotton. GhMYBL1 is crucial in auxin-
promoting fiber SCW thickening and also involved in
GhERF108-mediated ethylene signaling pathway in cotton
(Fig. 7; Supplemental Fig. S3). Collectively, we conclude
that GhMYBL1 integrates GhERF108-GhARF7-1 or GhERF108-
GhARF7-2 complex—-mediated ethylene and auxin signaling to
promote fiber SCW synthesis in cotton.

Previous studies have shown that the development of lat-
eral roots is strongly dependent on ARF7 and ARF19, which
activates the expression of LBD TFs (LBD16, LBD18, and
LBD29) in Arabidopsis (Okushima et al. 2007; Lee, Cho,
et al. 2019; Zhang, Tao, et al. 2020). Furthermore, the expres-
sion of downstream homolog of PR-1 (PRHT) gene depends
on the regulation of ARF7 and LBDs. In prh1 mutant, certain
a-expansins (EXPAs) genes related to cell elongation are
downregulated, suggesting that PRH1 may regulate lateral
root elongation by affecting expression of EXPs with cell
wall loosening (Zhang, Tao, et al. 2020). In this study, we pro-
vide evidence that GhERF108 knockdown in cotton leads to a
significantly shorter fiber length as well as a remarkably thin-
ner fiber cell wall thickness. Meanwhile, GhARF7-1 and
GhARF7-2 could directly activate the expression of
GhLBD30 (Supplemental Fig. S9), while certain GhEXPAs
(GhEXPA2D/4D/13A) genes with expression specificity to
the elongation stage of cotton fibers are significantly down-
regulated in fibers of GhERF108 RNAI cotton, compared with
WT (Supplemental Fig. S16). Therefore, it is plausible that
suppression of GhERF108 expression in cotton may cause
the downregulation of EXPA genes, leading to the shortened
fiber length of these GhERF108 RNAI cotton. However, the
molecular mechanism of GhERF108-regulated fiber elong-
ation in cotton still remains to be explored in details.

In brief, our data reveal an ethylene and auxin signaling—
mediated regulatory mechanism for promoting fiber SCW
formation in cotton (Fig. 8). At the stage of early fiber cell de-
velopment, GhERF108 may participate in regulating fiber cell
elongation potentially by influencing the expression of
GhEXPA-related genes. During the fiber SCW developmental
stage, GhERF108, as an ERF, can be significantly upregulated
by ethylene and positively regulate the fiber SCW formation
through ethylene signaling pathway. Furthermore, GhERF108
as a transcriptional coactivator can interact with GhARF7-1
and GhARF7-2 to bind to the promoter of GaMYBLT and en-
hance the transcriptional activation of GWMYBL1. This cas-
cade of biological intermolecular binding events
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subsequently promotes enhanced activation signals for low
hierarchical regulatory networks associated with cellulose
biosynthesis, resulting in the augmented fiber SCW thicken-
ing in cotton. On the other hand, GhARF7-1 and GhARF7-2,
as ARFs, can respond to auxin signals, activating the expres-
sion of GhMYBL1 for fiber SCW thickening.

Mechanistically, GhMYBL1 integrates the biological responses
of ethylene and auxin signaling pathways and then binds to the
SMRE cis-acting elements in the promoters of downstream tar-
get genes GhCesA4-1, GhCesA4-2, and GhCesA8-1 to transcrip-
tionally activate their expression for cellulose biosynthesis,
thereby promoting fiber SCW formation of cotton.
Consistently, all GhERF108 RNAi and GhMYBL1 RNAI cotton
plants and TRV:GhARF7-1 and TRV:GhARF7-2 VIGS cotton plants
display the reduced fiber cell wall thickness phenotype com-
pared with controls (Null and WT). These comprehensive in
vivo data suggest that GhERF108-GhARF7-1 or GhERF108-
GhARF7-2 complex—-mediated ethylene—auxin signaling cross-
talk positively regulates fiber SCW synthesis through activating
the downstream GhMYBL1, which promotes GhCesA4-1-,
GhCesA4-2-, and GhCesA8-1-controlled cellulose biosynthesis
in cotton. Collectively, this study not only provides mechanistic
evidence with comprehensive in vivo data on the biological sig-
nificance of GhERF108-GhARF7-1 or GhERF108-GhARF7-2 com-
plex established ethylene and auxin signaling crosstalk in
regulating fiber SCW development of cotton but also identifies
GhERF108, GhARF7-1, and GhARF7-2 to be the key regulators
of this crosstalk that may have potentials as targets for manipu-
lations to improve cotton fiber quality for worldwide textile
industry.

Materials and methods

Plant materials, growth conditions, and cotton
transformation
Cotton (G. hirsutum, cv. Coker 312) seeds were surface ster-
ilized with 75% (v/v) ethanol for 1 min and 10% (v/v) H,O,
for 1 to 2 h, followed by washing with distilled water. Then,
the sterilized seeds germinated on half-strength MS (%2MS)
medium under 16-h light (provided by 12-W LED light
bulb; 5,000 lux light intensity [100 yE/m?/s])/8-h dark cycles
at 27 °C for 5 to 6 d. The transgenic seedlings were trans-
planted into the field on the campus of Central China
Normal University in Wuhan, China for 3 to 4 consecutive
years (3 replicates of each line for each year). The seedlings
were sown in rows that were 5 m in length with 25 plants,
and the rows were spaced 0.8 m apart. Each transgenic line
was planted at intervals with the controls (Null and WT).
The average planting density was about 45,000/ha, and at
least 15 plants of each line were used in the analysis.
Additionally, hypocotyls as explants were cut from the 5-d
sterile cotton seedlings for Agrobacterium tumefaciens-
mediated cotton transformation as described previously
(Li et al. 2002).

N. benthamiana seeds were surface-sterilized and sown on
%MS medium in a growth chamber under 16-h light
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Figure 8. A schematic model depicting the detailed molecular mechanism of GhERF108 regulating fiber SCW formation in cotton. GhERF108 could
respond to ethylene and GhARFs could respond to auxin. GhERF108 interacts with GhARF7-1 or GhARF7-2 to dictate the crosstalk between ethyl-
ene and auxin signaling pathways, leading to the activation of GhMYBL1-mediated cellulose biosynthesis to regulate fiber SCW formation in cotton.
Otherwhile, GRERF108 may also influence the expression of GhEXPAs to regulate fiber elongation. Arrows indicate facilitation.

(provided by 12-W LED light bulb; 5,000 lux light intensity
(100 pE/m?/s])/8-h dark cycles at 25°C for 7d and then
transplanted into the soil for 4 to 6 wk for agrobacteria
(A. tumefaciens) infiltration.

Construction of vectors

For GhERF108 RNAI vector construction, a 250-bp specific se-
quence of the GhERF108 gene was cloned into pBlue-script
SK vector to create an inverted repeat transgene and then
cloned into pMD vector (New England Biolabs, Ipswich, MA,
USA) at Sal | and Xba | sites under the control of CaMV 35S
promoter (pMD-Pro35S:GhERF108-RNAi). Likewise, approxi-
mately 250-bp specific sequence of GhMYBLT was also used
to construct GhMYBL1-RNAi vector under the control of
GhMYBL1 promoter, and the fragments (300 bp) in coding se-
quence (CDS) regions of GhARF7-1 and GhARF7-2 were in-
serted into TRV2 vector (Testobio, TSPLA10888, Zhejiang,
China) to generate TRV:GhARF7-1 and TRV:GhARF7-2 con-
structs, respectively. Furthermore, protein prokaryotic expres-
sion vectors of GhERF108, GhARF7-1, GhARF7-2, and
GhMYBL1 were constructed. The CDSs of GhERF108 and
GhMYBL1 were separately cloned into pET-32a and
pMAL-c2X (New England Biolabs, Ipswich, MA, USA), the
part of the CDS of GhARF7-1 or GhARF7-2 containing
DNA-binding domain were cloned into pGEX4T vector (GE
Healthcare, Pittsburgh, PA, USA), respectively. To explore the
regulatory relationship between GhARFs and GhMYBL1, a
1,995-bp promoter sequence of GhMYBLT was cloned into

pGreen 1l 0800-LUC vector (Serve Life Science, MF3732,
Shanghai, China), and the CDSs of GhARFs were cloned into
pC2300-C-eGFP vectors (BioVector NTCC, Beijing, China).
All primers used to construct the vectors are listed in
Supplemental Data Set S1.

In vitro cotton ovule culture

At least 100 cotton (cv. Coker 312) ovules at 1 DPA were ran-
domly collected from at least 20 bolls in 15 plants of each line
and cultured in the dark in liquid BT medium supplemented
with 0.5 um gibberellic acid (GA3) and 5 ym IAA at 30 °C for
15 d (Beasley and Ting 1973). Then, the old BT medium was
removed from plates, and the ovules were continued cultur-
ing to 21, 25, and 30 d in fresh BT medium with extra 0.1 pm
ethylene precursor ACC, 5 um ethylene synthesis inhibitor
AVG, 2.5 um IAA, or 10 um IAA. The ovules cultured in BT
medium with 0.5 ym GA3 and 5 pm IAA were used as controls
(CK). After further cultured, the fibers were used to extract
RNA (at 21 d) or were cross-sectioned into slices for trans-
mission electron microscopy (TEM) (at 21 to 30 d). The num-
ber of ovules counted in each line was at least 50, and each
experiment was repeated at least 3 times. Tukey honestly sig-
nificant difference (HSD) test of 1-way ANOVA was used for
statistical analysis (significant difference: P < 0.05).

RNA extraction and RT-qPCR
Total RNA was isolated from 21 DPA fibers of the GhERF108
and GhMYBLT RNAi transgenic cotton, TRV:GhARF7-1
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and TRV:GhARF7-2 VIGS cotton, and WT. In brief, fibers were
quickly separated from cotton ovules and frozen
and grounded in liquid nitrogen. Then, total RNA was ex-
tracted from the fiber samples with the RNAprep Pure
Polysaccharide Polyphenol Plant Total RNA Extraction Kit
(TIANGEN, Beijing, China) according to the manufacturer’s
instructions. About 1 to 2 ug of total RNA was reversely tran-
scribed into cDNA using Hiscript Ill Reverse Transcriptase
(Vazyme, Nanjing, China) according to the manufacturer’s in-
structions. The cDNAs were used as templates in qPCR reac-
tions with gene-specific primers, and a cotton polyubiquitin
gene GhUBI1 (EU604080) was used as reference. The detailed
experimental method refers to Wang et al. (2022). Each
RT-qPCR reaction was performed in triplicates, and gene-
specific primers used in this analysis are listed in
Supplemental Data Set S1.

Test of fiber quality characteristics by HVI and AFIS
Mature fiber samples (at least 12 g of each sample for HVI
and at least 6 g of each sample for AFIS) randomly collected
from at least 20 bolls in the bough located between the third
and fourth internodes in at least 15 GhERF108 RNA.I trans-
genic cotton plants (T2 and T3 generations), 15 GhMYBL1
RNAI transgenic cotton plants (T2 and T3 generations),
and controls (Null and WT) were prepared under field
planting environment before measurements. Fiber quality
characteristics (including fiber length, fiber strength, and mi-
cronaire) were determined with a high-volume fiber test sys-
tem (HVI) (Premier HFT 9000, Premier Evolvics Pvt. Ltd,
Coimbatore, India) by the Institute of Agricultural Quality
Standards and Testing Technology Research, Hubei
Academy of Agricultural Sciences (Wuhan, China). Fiber
quality characteristics (including upper quartile fiber length,
short fiber rate by weight [<12.7 mm/%], and fiber fineness)
were also detected by AFIS in Institute of Cotton Research,
Chinese Academy of Agricultural Sciences (Anyang, China).
The ginning type of MY98 was adopted for all of the mature
fiber samples prior to automated fiber quality analysis by
AFIS. Three biological replicates were performed for fiber
sample of each line, and the Tukey HSD test of 1-way
ANOVA was used for statistical analysis (significant differ-
ence: P < 0.05).

Transactivation activity and Y2H assay

The CDS of GhERF108 was cloned into the Y2H vectors
pGBKT7 (bait vector) and pGADT7 (prey vector), respective-
ly. pGBKT7-GhERF108 construct was introduced into yeast
(Saccharomyces cerevisiae) strain Y187, and pGADT7-GhERF108
construct was transferred into yeast strain AH109. Both transac-
tivation activity assay and mating reaction were performed
according to the method described in the previous study
(Liu et al. 2020). A Y2H library of 21 DPA cotton fiber
cDNAs was constructed using the BD Matchmaker Library
Construction and Screening Kit (Clontech) according to
the manufacturer’s instruction (Zhang et al. 2010). After re-
moving the transactivation region of GhERF108, we screened
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the target proteins for interaction with GhERF108 and veri-
fied the interactions between the screened proteins and
GhERF108 by the previous method (Liu et al. 2020). Sequences
were analyzed using BLASTP on the tetraploid cotton genome
databases (https://www.cottonfgd.org/sequenceserver/). The cor-
responding gene sequences were determined in the cotton gen-
ome. All the primers used in the above methods are listed in
Supplemental Data Set S1.

LCI assay

The CDS of GhERF108 was constructed into JW771 vector
(BioVector NTCC, Beijing, China) and fused to the amino ter-
minus of LUC (nLUC), while the CDSs of GhARFs were con-
structed into JW772 vector (BioVector NTCC, Beijing,
China) and fused to the carboxy terminus of LUC (cLUC).
The GhERF108-nLUC and GhARF-cLUC were coexpressed
in N. benthamiana leaves by Agrobacterium-mediated trans-
fer (contain the helper pSoup-P19 plasmid) according to the
method described earlier (Gou et al. 2011). Empty vectors
JW771 and JW772 were used as negative controls. The LUC
luminescence in leaf cells of N. benthamiana was observed
under the chemiluminescence imaging system (tanon-5,200
multi) with spraying 0.8 mm fluorescein on the transformed
leaves after 48 to 72 h.

In vitro pull-down assay

GhERF108 was fused with His protein tag, and GhARF7-1 and
GhARF7-2 were fused to GST tags. GhERF108-His protein
was produced in Escherichia coli strain BL21 (WeiDi,
Shanghai, China) with the addition of 0.5 mm isopropyl
[3-p-1-thiogalactopyranoside (IPTG) at 37 °C and then purified
using Ni-NTA resin. The purified GhERF108-His protein was in-
cubated with glutathione sepharose (GE Healthcare) that was
combined with different GST fusion proteins (GST-GhARF7-1
and GST-GhARF7-2) for 2 to 3 h at 4 °C, respectively. Then,
the beads were washed 3 times with 1X phosphate buffer saline
(PBS). Proteins were eluted from the beads with 100-L elution
buffer (1 X PBS + 10 mm glutathione + 50 mm Tris-Cl, pH 8.0),
and loaded onto the SDS—-PAGE gel. Gel blots were analyzed
using an anti-His antibody (working dilution 1:2,000; Abcam,
UK) and anti-GST antibody (working dilution 1:2,000; Abcam,
UK), and the empty GST tag was used as the control.

ChIP-gPCR analysis

ChIP-gPCR assay was performed following the protocol de-
scribed earlier (Liu et al. 2020). Same quality fibers (at 21
DPA) from WT and GhERF108 RNAI transgenic cotton
were collected and quickly frozen in liquid nitrogen. After
grinding, the powders were transferred to nuclear isolation buf-
fer (10 mm HEPES pH 7.6, 1 m sucrose, 5 mm KCl, 5 mm MgCl,,
5 mm EDTA, 1% [w/v] PVP, 14 mm B-mercaptoethanol, 0.6% [v/
v] Triton X-100, and 1X protease inhibitor cocktail) containing
formaldehyde at room temperature for 10-min cross-linking,
and then 2 m glycine was added to stop the cross-linking.
After isolation and sonication, chromatin complexes in the fiber
samples were incubated with same amount of purified
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anti-GhARF7-1, anti-GhARF7-2, or anti-GhMYBL1 polyclonal
antibody (20 pg), and specific primer sets were used to analyze
the interactions of GhARFs and GhMYBLT promoter or the
interactions of GhMYBL1 and GhCesAs promoters. At the
same time, the sample added the same amount of IgG antibody
was used as negative control (mock). The above protein
antibodies used for ChIP assays were prepared by GL
Biochem Ltd (Shanghai, China). In brief, a specific amino acid
sequence in each protein (GhARF7-1: CyssAMRSNSGLIDGD
APPS; GhARF7-2: Cys-SPSSFLSRSQQVP; and GhMYBLI:
Cys-QGVLLQDVNVRGEV) was selected to synthesize peptides.
Then, the synthetic peptides were injected into rabbits, and the
antiserum was collected for peptide affinity purification. The
purified antibodies were detected by ELISA at >1:32,000.
Three biological replicates were performed for each test, and
the Tukey HSD test of 1-way ANOVA was used for statistical
analysis (significant difference: P < 0.05). All of the primers
used are listed in Supplemental Data Set S2.

EMSA

Complementary oligonucleotides were synthesized and an-
nealed to double-stranded DNAs (95 °C, 5 min, and then
slowly cool down to RT and then transfer to 4 °C), and
GhMYBL1 and GhCesAs DNA probes were respectively incu-
bated with 300-ng purified GhARFs proteins or GhMYBL1
protein in binding buffer (50 mm KCI, 1T mm DTT, 5 mm
MgCl,, 2.5% [v/v] glycerol, and 10 mm Tris-HCI, pH 7.5) for
30 min at 4 °C. DNA—protein complexes were separated by
4% (w/v) nondenaturing PAGE on ice. The biotin-labeled
EMSA was performed according to the manufacturer’s in-
struction for the Chemiluminescent Nucleic Acid Detection
Module Kit (0020158; Thermo Scientific, Rockford, IL, the
USA). For the competition assay, 5-fold and 10-fold amounts
of unlabeled DNA fragments (as competitors) or the mutated
conserved binding sequences (mprobes) were added to the
reactions. All oligonucleotides used in EMSA are listed in
Supplemental Data Set S2.

Dual-LUC assay

1.5- to 2-kb sequences of upstream of the ORFs of the candi-
date target genes (GhLBD18/19/30/38/39, GhCesA4-1/4-2/8-1,
GhMYBL1, GhMYB46, GhFSN1, and GhKNL1) were amplified
from cotton genomic DNAs using the primer listed in
Supplemental Data Set S1. The reporter constructs were pro-
duced by inserting promoters of these genes into pGreen ||
0800-LUC vector, using the Renilla (REN) LUC driven by
the CaMV 35S promoter on the same vector as a reference
to calibrate transfection efficiency (Hellens et al. 2005). The
CDSs of GhERF108, GhMYBL1, GhARF7-1, and GhARF7-2 were
cloned into modified pC2300 vector downstream of CaMV
35S promoter to make effector vectors. The constructs were
transformed into A. tumefaciens (strain GV3101) with the help-
er plasmid pSoup-P19, which prevents gene silencing
Agrobacterium-mediated transformation of N. benthamiana
leaves was performed, and promoter activity was detected as
described previously (Huang et al. 2019). For each promoter-

THE PLANT CELL 2023: 35; 4133-4154 | 4151

driven dual-LUC activity assay, 3 independent experiments
were performed (at least 6 leaves from 3 N. benthamiana plants
for each independent experiment), and the mean and sp were
calculated. The Tukey HSD test of 1-way ANOVA was used
for statistical analysis (significant difference: P < 0.05).

TEM

Cotton bolls in the bough located between third and fourth
internodes were randomly collected from GhERF108 and
GhMYBLT RNAI transgenic cotton plants and controls (Null
and WT). Twenty-one, 25, and 30 DPA and mature fibers
from these bolls were embedded by resin and cross-sectioned
into slices for TEM analysis as described previously (Li et al.
2011; Qin et al. 2017). In addition, in vitro ovule culture up
to 21, 25, and 30 d of fiber materials were also used by the
same method to observe their cell wall phenotypes. The
mean values and sp were calculated from 3 biological repli-
cates, and at least 50 fiber cells were counted in each sample.
The Image] software was used to measure and analyze the
data, and the Tukey HSD test of ANOVA was used for stat-
istical analysis (significant difference: P < 0.05).

Assay of crystalline cellulose content in cotton fibers
Bolls in the bough located between third and fourth inter-
nodes were randomly collected from GhERF108 and
GhMYBLT RNAI transgenic cotton plants and controls (Null
and WT). Fiber samples at different developmental stages
(21, 25, and 30 DPA and mature fibers) were used for deter-
mination of the crystalline cellulose content as described pre-
viously (Li et al. 2018). In brief, 10-mg alcohol-insoluble
residue (AIR) per sample was hydrolyzed in 2 m trifluoroace-
tic acid (TFA) at 121 °C for 90 min and then centrifuged to
collect the precipitates. The crystalline cellulose content
was detected by hydrolyzing the remains of TFA treatment
with Updegraff reagent (acetic acid:nitric acid:water = 8:1:2,
v/v/v) at 100 °C for 30 min. After treating the pellets with
60% sulfuric acid for 1 h until completely dissolved, the con-
tent was quantified via an anthrone assay (Li et al. 2018).
Three biological replicates were performed for each experi-
ment, and the Tukey HSD test of ANOVA was used for stat-
istical analysis (significant difference: P < 0.05).

The statistical analyses results are shown in Supplemental
Data Set S3.

Accession numbers

Sequence data from this article can be found in the CottonFGD
data libraries under accession numbers_GhERF108 (Gh_D08G
13101); GhARF5-1 (Gh_A01G0908); GhARF5-2 (Gh_D03G
1293); GhARF6-1 (Gh_D09G0071); GhARF6-2 (Gh_A12G0
813); GhARF7-1 (Gh_D07G0132); GhARF7-2 (Gh_A05G0264);
GhARF18 (Gh_D09G1405); GhCesA4-1-A07 (Gh_A07G1871);
GhCesA4-2-A08 (Gh_A08G0421); GhCesA4-1-D07 (Gh_D07
G2083); GhCesA4-2-D08 (Gh_D08G0509); GhCesA7-1-A05
(Gh_A05G3965); GhCesA7-2-A07 (Gh_A07G0322); GhCesA7-
1-D05 (Gh_D05G0079); GhCesA7-2-D07 (Gh_D07G0380);
GhCesA8-1-A10 (Gh_A10G0327); GhCesA8-2-D05 (Gh_D05
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G1460); GhCesA8-1-D10 (Gh_D10G0333); GhLBD18 (Gh_D1
1G0861); GhLBD19 (Gh_A11G0741); GhLBD30 (Gh_D08G
1484); GhLBD38 (Gh_A11G1963); GhLBD39 (Gh_A12G0696);
GhMYB46 (Gh_A13G1873); GhMYBL1 (Gh_A03G0166); Gh
FSN1 (Gh_A12G1049); GhKNL1 (Gh_D08G1910); GhEXPA2D
(Gh_D10G1238); GhEXPA4A (Gh_A10G1496); GhEXPA4D
(Gh_D09G1663); GhEXPASA (Gh_A13G2631); GhEXPA13A
(Gh_A07G079500); and GhEXPA13D (Gh_D07G1058).
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