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Abstract: Strigolactones (SLs) represent a new group of phytohormones that play a pivotal role in the
regulation of plant shoot branching and the development of adventitious roots. In cotton (Gossypium
hirsutum, Gh), SLs play a crucial role in the regulation of fiber cell elongation and secondary cell wall
thickness. However, the underlying molecular mechanisms of SL signaling involved in fiber cell
development are largely unknown. In this study, we report two SL-signaling genes, GkMAX2-3 and
GhMAX2-6, which positively regulate cotton fiber elongation. Further protein—protein interaction
and degradation assays showed that the repressor of the auxin cascade GhIAA17 serves as a substrate
for the F-box E3 ligase GhMAX2. The in vivo ubiquitination assay suggested that GRMAX2-3 and
GhMAX2-6 ubiquitinate GhIAA17 and coordinately degrade GhIAA17 with GhTIR1. The findings of
this investigation offer valuable insights into the roles of GhMAX2-mediated SL signaling in cotton
and establish a solid foundation for future endeavors aimed at optimizing cotton plant cultivation.
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1. Introduction

Upland cotton (Gossypium hirsutum) is the most fruitful cultivated cotton, accounting
for approximately ~97% of the global cotton fiber yield [1]. Cotton fiber is derived from the
seed coat, consisting of fuzz and lint fibers, with lint fibers representing highly specialized
and elongated single cells. This unique cellular structure makes lint fibers an excellent
model for investigating the regulatory mechanisms underlying cell polar elongation. The
developmental process of cotton fiber cells encompasses five distinct stages: cell initiation,
elongation, transitional wall thickening, cell wall thickening, and maturation [2]. Notably,
the trait of fiber length largely determines fiber quality.

Strigolactones (SLs) are derived from carotenoids and were initially discovered in the
cotton root exudates [3]. Subsequent studies have demonstrated that SLs also function
in stimulating the branching of hyphae in arbuscular mycorrhizal fungi [4]. SLs have
diverse functions in regulating plant development and response to stress [5-10]. In rice,
the pyramiding of the beneficial alleles involved in SL biosynthesis has contributed to
the new ‘Green Revolution.” The precursor for SL biosynthesis is derived from all-trans
[3-carotene through the action of an isomerase DWARF27 (D27) and subsequent cleavage by
the CAROTENOID CLEAVAGE DIOXYGENASES 7 and 8 (CCD7 and CCD8) to produce 9-
cis-B-apo-10-carotene (CL) [11-14]. In Arabidopsis, the MORE AXILLARY GROWTH (MAX)

Plants 2024, 13, 2041. https:/ /doi.org/10.3390/plants13152041

https://www.mdpi.com/journal /plants


https://doi.org/10.3390/plants13152041
https://doi.org/10.3390/plants13152041
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0001-6201-0296
https://orcid.org/0000-0003-1704-2568
https://orcid.org/0000-0001-8434-5484
https://doi.org/10.3390/plants13152041
https://www.mdpi.com/journal/plants
https://www.mdpi.com/article/10.3390/plants13152041?type=check_update&version=2

Plants 2024, 13, 2041 20f12

family genes, including MAX1, MAX2, MAX3, and MAX4, participate in SL biosynthesis,
perception, and signaling [15,16]. The bioactive SLs are perceived by «/{3 hydrolase
DWARF14 (D14), and D14 interacts with the F-box protein MAX2 (D3 in rice, Oryza sativa)
to form the Skp-Cullin-F-box (SCF) E3 ubiquitin ligase complex D14-SCFMAX2, leading to
the degradation of the SL repressors SUPPRESSOR OF MAX2-LIKE 6 (SMXL6), 7, and 8
(D53 in rice), which, in turn, release the repression of downstream target genes and trigger
SL responses [17-19].

SLs fulfill diverse crucial functions in regulating plant growth, development, and
response to abiotic and biotic stresses. In Arabidopsis, SLs inhibit lateral shoot branching [5],
promote primary root growth, and suppress lateral root development under normal growth
conditions [20]. In rice, SLs inhibit the tiller number and mesocotyl elongation in dark-
ness [6,21]. Moreover, SLs play a pivotal role in plant responses to abiotic stress, such as
drought, salt, cold, and heat stress [7,22,23]. Recent studies have unveiled the involvement
of SLs in promoting cotton fiber elongation and secondary cell wall thickness [24-26]. How-
ever, the detailed molecular mechanisms in whichSLs modulate cotton fiber development
remain elusive.

In this study, we find that the core components of SL signaling, GhMAX2-3 (Gh_A12G105500)
and GhMAX2-6 (Gh D12G102700), positively regulate cotton fiber elongation. GRMAX2-3
and GhMAX2-6 interact with GhIAA17 (Gh_D10G103900), a repressor of auxin signaling,
to mediate the ubiquitination and degradation of GhIAA17. Therefore, GhIAA17 acts a
molecular bridge to connect SL- and auxin-signaling pathways.

2. Results
2.1. GhMAX2-3 and GhMAX2-6 Regulate Cotton Fiber Elongation

The previous study has shown that MAX2 encodes a subunit of an SCF E3 ligase
and acts as a key positive regulator of the SL-signaling pathway [16]. Bioinformatic and
RT-qPCR analysis revealed that upland cotton has six orthologs of Arabidopsis MAX2,
in which GEMAX2-3 and GhMAX2-6 are highly expressed during the fiber elongation
stage (around 5- to 15-day post-anthesis, 5-15 DPA) in J02-508 (Figure S1) (PRJNA634606).
Thus, we explored the biological functions of GhRMAX2-3 and GhMAX2-6 in cotton fiber
development. We used a virus-induced, gene-silencing (VIGS) system to knock down the
expression of GWMAX2-3 and GhMAX2-6 (Figure 1A,B). Phenotypic analysis revealed that
GhMAX2-3- and GhMAX2-6-silencing plants produced shorter mature fibers compared
with the WT and vector control (Figure 1C,D). These results indicated that GhMAX2-3 and
GhMAX2-6 positively regulate fiber elongation.
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Figure 1. GhMAX2-3 and GhMAX2-6 regulate fiber length. (A,B) Relative expression level of
GhMAX2-3 (A) and GhAMX2-6 (B) in 10 DPA fibers from wild-type and VIGS cotton plants. The
empty vector was used as the negative control. GhUBQ? was used as the internal control. Data
are represented as the mean + SD (n = 3). (C) Image of mature fibers from WT, GEMAX2-3-, and
GhMAX2-6-silencing plants. Scale bar = 1 cm. (D) Analysis of fiber length shown in (C). Data are
represented as the mean + SD (n > 10). Different letters in (A,B,D) at the top of each column indicate
a significant difference at p < 0.05 determined by Tukey’s HSD test.
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2.2. GhMAX2-3 and GhMAX2-6 Interact with GhIAA17

To investigate the underlying mechanism of GhMAX2-mediated fiber elongation, we
conducted a yeast two-hybrid (Y2H) assay using GhMAX2-3-BD as a bait. Following screen-
ing against a cDNA library from cotton fibers, a total of six poteintial GhMAX2-3 interacting
candidates were identified (Table S1), including GhIAA17. Y2H assays confirmed that
both GhMAX2-3 and GhMAX2-6 interact with GhIAA17 (Figure 2A). We further verified
the GhMAX2-3-6-GhIAA17 interactions in tobacco leaves using firefly luciferase comple-
mentation imaging (LCI) (Figure 2B,C). To further confirm the interactions in vivo, we
performed co-immunoprecipitation (Co-IP) assays by transiently co-expressing GhIAA17-
Flag and Myc-GhMAX2-3 or GhMAX2-6 fusion proteins in tobacco leaves. As expected, we
found that Myc-GhMAX2-3 and Myc-GhMAX2-6 could be co-immunoprecipitated with
GhIAA17-Flag (Figure 2D).
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Figure 2. GhMAX2-3 and GhMAX2-6 interact with GhIAA17. (A) Y2H assay showing the interactions
of GhMAX2-3 and GhMAX2-6 with GhIAA17. DDO represents SD/-Leu/-Trp medium, and QDO
represents SD/-Ade/-His/-Leu/-Trp medium. AD-T/BD-53 was used as the positive control, and
AD-T/BD-Lam was used as the negative control. (B,C) LCI assays showing that GhMAX2-3 and
GhMAX2-6 interact with GhIAA17 in tobacco leaves. GhIAA17 and GhMAX2-3/6 were fused with
N- and C-terminal of luciferase protein, respectively. The high-low scales represent LUC activities.
(D) Co-IP assay showing the interactions of GhMAX2-3/6 with GhIAA17 in vivo. GhIAA17-Flag
and Myc-GhMAX2-3/6 or Myc-GUS (B-glucuronidase) constructs were transiently expressed in
tobacco leaves.

2.3. GhMAX2-3 and GhMAX2-6 Mediate the Ubiquitination and Degradation of GRIAA17

It has been established that auxin facilitates the formation of its coreceptor complex
involving F-box proteins TIR1/AFBs and transcription regulators AUX/IAA proteins
(AUX/IAAs), triggering to the ubiquitination and sbusequent degradation of AUX/IAAs,
thus abolishing the inhibitory effects of AUX/IAAs on ARF transcription factors, to activate
auxin-responsive gene expression [27,28]. We found that GhIAA17 was rapidly degraded
upon treatment with IAA in a dose dependent (Figure S2). Furthermore, we observed that
the 26S proteasome inhibitor MG132 completely suppressed the IAA-triggered GhIAA17
degradation (Figure S2), indicating that GhIAA17 is targeted for degradation via the
26S proteasome pathway. Given that GhRMAX2 encodes a E3 ligase, we speculated that
GhMAX2-3 and GhMAX2-6 might affect the accumulation of GhIAA17 protein. To test this,
we first carried out an in vivo ubiquitination assay in cotton protoplasts. The constructs
encoding Flag-Ub, Myc-GhIAA17, GhMAX2-3/6-GFP, or GFP control were transiently
expressed in cotton protoplasts. Total proteins were extracted and immunoprecipitated
with protein A/G agarose beads, coupled with anti-Flag antibody, followed be subjected
to western blotting analysis using an anti-Myc antibody. We detected higher levels of
polyubiquitinated GhIAA17 protein in protoplasts co-expressing GhMAX2-3/6-GFP and
Myc-GhIAA17 compared with control (Figure 3A). We then evaluated whether GhMAX2-
3/6 would modulate GhIAA17 degradation in a degradation assay. Myc-GhIAA17, along
with GhMAX2-3/6-GFP or GFP control, were co-expressed in cotton protoplasts for 16 h
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and then treated with 200 pM CHX for indicated times. Total proteins were extracted and
followed by immunoblot detection with an anti-Myc antibody. The results showed that
GhMAX2-3 and GhMAX2-6 promoted the degradation of GhIAA17 (Figure 3B). These
findings suggest that GhMAX2-3 and GhMAX2-6 promote GhIAA17 degradation in an
auxin-independent manner.
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Figure 3. GhMAX2-3 and GhMAX2-6 mediate the polyubiquitination and degradation of GhIAA17.
(A) Ubiquitination of GhIAA17 by GhMAX2-3 and GhMAX2-6 in cotton protoplasts. Constructs
encoding GhMAX2-3-GFP or GhMAX2-6-GFP, Myc-GhIAA17, and Flag-tagged Ub (Flag-Ub) proteins
were co-transfected into cotton protoplasts in the presence of 5 uM MG132 for 16 h at 25 °C. Total
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-

proteins were extracted and incubated with anti-Flag beads, and the polyubiquitinated GhIAA17
protein was detected by immunoblotting with an anti-Myc antibody. (B) In vivo degradation assay
showing the effect of GhMAX2-3 and GhMAX2-6 on GhIAA17 degradation in cotton protoplasts.
These constructs were co-transfected into cotton protoplasts. After being cultured for 16 h, the
protoplasts were treated with 200 uM CHX for the indicated times. Total proteins were extracted and
subjected to western blotting analysis using anti-Myc and anti-Actin antibodies. Actin was used as
the internal control.

2.4. GhTIR1 and GhMAX?2 Have Additive Effects on the Degradation of GhIAA17

Both GhTIR1 and GhMAX2 exert F-box proteins, which mediate the auxin and SL-
induced substrate degradation, raising the possibility that GhMAX2 and GhTIR1 might
synergistically regulate GhIAA17 degradation. The Y2H and LCI assays showed that
GhTIR1 could interact with GhIAA17 (Figure 4A,B). To elucidate the components or signal-
ing pathways implicated in auxin/SL-mediated cotton fiber development, we conducted
in vivo degradation assays. We found that the GhIAA17 protein was degraded faster
when GhTIR1 and GhMAX2-3 or GhMAX2-6 were co-expressed than when GhTIR1 was
expressed alone (Figure 4B). Our results suggest that GRMAX2 and GhTIR1 collaboratively
regulate GhIAA17 degradation.
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Figure 4. GhMAX2-3 and GhAMX2-6 promote GhTIR1-induced GhIAA17 degradation. (A) Y2H
assay showing the interaction of GhTIR1 with GhIAA17. (B) LCI assay showing the GhTIR1-GhIAA17
interaction in vivo. (C) In vivo degradation assays in cotton protoplasts. Myc-GhIAA17 and GhTIR1-
HA, with or without GhMAX2-3/6 constructs, were co-transfected into cotton protoplasts and
allowed to be expressed for 16 h at 25 °C. The protoplasts were treated with 200 uM CHX, and the
samples were collected at the indicated time points. Myc-GhIAA17 abundance was detected by

immunoblotting with an anti-Myc antibody. Actin was used as the internal control.

2.5. GhIAA17 Inhibits Cotton Fiber Elongation

To determine the potintial role of GhIAA17 in fiber development, the expression
patterns of GhAUX/IAA family members were investigated in different stages of fiber
development. We found that GhIAA17 was preferentially expressed in rapid-elongation
fibers (Figure S3). To characterize the biological function of GhIAA17, we constructed a
GhIAA17-silencing vector and performed a VIGS assay. The mature fibers from GhIAA17-
silenced plants were longer than those from the control plants (Figure 5). These results
suggest that GhIAA17 negatively regulates fiber elongation.
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Figure 5. Silencing of GhIAA17 increases fiber length. (A) Relative expression level of GHIAA17 in
10 DPA fibers from wild-type and VIGS cotton plants. The empty vector was used as the negative
control. GhUBQ? was used as the internal control. Data are represented as the mean + SD (n = 3).
(B) Image of mature fibers from WT and GhIAA17-silencing plants. Scale bar = 1 cm. (C) Analysis of
fiber length shown in (B). Data are represented as the mean %+ SD (n > 10). Different letters in (A,C) at
the top of each column indicate a significant difference at p < 0.05 determined by Tukey’s HSD test.

3. Discussion

Strigolactones (SLs) are a class of phytohormones that regulate various aspects of
plant development, such as shoot branching and the tiller number [5,20,22]. Although
considerable research has been conducted on these functions and the interactions between
SL signaling other plant hormone pathways, our understanding of SL power at the cellular
level remains limited. Upland cotton (Gossypium hirsutum), a commercially significant
crop, serves as the primary source of natural fiber. The precise roles and underlying
mechanisms through which SLs modulate fiber development in cotton have not yet been
fully elucidated. In this study, we show that GhRMAX2 plays an important role during
the fiber elongation stage. Silencing GEMAX2-3 and GEMAX2-6 in cotton resulted in
shorter mature fibers (Figure 1). A previous report has demonstrated that the content of
epi-5DS (a canonical endogenous SL) increases gradually during the fiber elongation stage
(around 5-20 DPA), and the treatment of the cotton ovule with rac-GR24 promotes fiber
elongation [24], implying that SLs play an essential role in fiber development. SLs trigger
the interaction of the D14 receptor with the SMXL repressor and then induce the formation
of a D14-SMXL-SCFMAX2 complex for the ubiquitination and degradation of SMXLS6, 7,
and 8 through the 26S proteasome [28,29]. A recent study has demonstrated that GhMAX2
contributes to cotton fiber elongation [26]. However, knowledge about the molecular
mechanisms of GhRMAX2 promoting fiber elongation is scarce. In this study, we identified
a new target of GhMAX2 through Y2H screening. Further investigation demonstrated
that GhMAX2-3 and GhMAX2-6 could induce GhIAA17 degradation (Figure 3). However,
whether the GhMAX2-mediated GhIAA17 degradation is SL-dependent remains to be
explored. Furthermore, we cannot exclude the possibility that there are other proteins
downstream of GhMAX2-3 and GhMAX2-6, such as GhSMXLs, which merits further
detailed dissection.

The phytohormone auxin also plays an essential role in regulating various aspects of
plant development, including vascular differentiation, cell elongation, and division [30,31].
The stability of Aux/IAAs plays a decisive role in the regulation of auxin-signaling path-
ways as transcription repressors. In cotton, which AUX/IAAs control the single cell
elongation remains unclear. In this study, we found that auxin triggers the degradation
of GhIAA17 and verifies its function in cotton fiber growth. Silencing GhIAA17 in cotton
reduced the length of the fiber cells. We have not identified the GhARFs upstream of
GhIAA17, which transcriptionally regulate fiber development. The accumulation of the
plant hormone IAA in cotton fiber could substantially increase the number and length
of lint fibers [32]. However, the mechanism by which the AUX/IAA-GhARF pair regu-
lates fiber development remains largely unclear. Fifty-six ARF genes were identified in
upland cotton, and GhARF2 and GhARF18 subfamily genes may play important roles in
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regulating cotton seed fiber initiation [33]. A recent study has characterized the functions
of two GhIAA proteins (GhAXR2 and GhSHY2) in cotton fiber cell development and iden-
tified more downstream GhARFs (GhARF7-1, GhARF19-1, GhARF17-5, and GhARF18-6)
that positively regulate fiber cell elongation [34]. The potential GhARFs interacting with
GhIAA17 need to be further clarified in the future.

The interplay and interdependency of phytohormones, commonly referred to as
phytohormone crosstalk, are prevalent mechanisms governing plant development at the
single-cell level [35]. In cotton, cytokinin disrupts auxin accumulation through the modu-
lation of the auxin efflux carrier PIN-FORMED 3a in the ovule epidermis to inhibit fiber
initiation, implicating the involvement of cytokinin-auxin crosstalk in the regulation of fiber
cell initiation [36]. Previous studies have provided evidence for crosstalk between the SL
and auxin pathways. For instance, SL acts as a negative regulator of shoot branching by im-
peding the basipetal auxin transport [37-39]. Recent research has demonstrated that auxin
induces the expression of the SL biosynthesis genes MAX3 and MAX4 of the Arabidopsis
stem in an AXR1-dependent manner [40]. These findings point to a feedback mechanism
underlying the crosstalk between SL and auxin signaling. The relationship between SL-
and auxin-signaling components during cotton fiber elongation was unexplored, though
the individual contributions of SL and auxin to plant development have been examined
previously. In our study, we reveal that the components of the SL and auxin pathways
have additive effects on GhIAA17 degradation, thus releasing upstream GhARFs (Figure 6).
In summary, our data reveal a SL-auxin crosstalk-mediated regulatory mechanism for
promoting fiber elongation in cotton.

| |
o GO

GhlAA17 GhlAA17

GhARFs GhARFs

3 K

free

GhARFs
GhAREF targets

Figure 6. A proposed model illustrating that GhMAX2 modulating auxin signaling via binding to
GhIAA17 in cotton fibers. GhIAA17 could respond to both SL and auxin signaling. SL and auxin
trigger GhMAX2- and GhTIR1-mediated GhIAA17 degradation. Then, the released GhARFs bind to
the promoters of their targets to regulate cotton fiber elongation.

4. Materials and Methods
4.1. Plant Materials and Methods

Upland cotton (Gossypium hirsutum cv. TM-1) seeds were surface-sterilized with 70%
(v/v) ethanol for 5 min and 0.1% (m/v) HgCl, for 15 min and then washed with sterile
water. The sterilized seeds were germinated on half-strength MS (1/2 MS) medium under
a 16:8 h, light/dark cycle at 28 °C for 7 days. The hypocotyls from these seedlings were
used for protoplasts preparation. The cotton seeds were germinated in soil and cultivated
in controlled greenhouse conditions, with 28 °C day/22 °C night, 40-60% relative humidity
and a 16 h light/8 h dark cycle. These seedlings were used for VIGS experiments.

4.2. RNA Extraction and RT-gPCR

The total RNA was extracted from 10 DPA cotton fibers using the FastPure Universal
Plant Total RNA Isolation Kit (Vazyme Biotech Co., Ltd., Nanjing, China), and 1 ug of
total RNA was used for first-strand cDNA synthesis with the Superscript™ First-Strand
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Synthesis System (Invitrogen, Carlsbad, CA, USA). Transcript abundance was quantified
by RT-qPCR assays using SYBR green master mix (Toyobo, Japan). The reactions were
performed using the Roche Light Cycle 480 II instrument (Roche, Basel, 560 Switzerland)
programmed as follows: an initial denaturation at 95 °C for 3 min, followed by 40 cycles of
95 °C for 25 s, 56 °C for 30 s, and 72 °C for 30 s. The melting curve was generated from
65 °C to 95 °C. Fluorescence signals were automatically acquired at the end of each cycle.
The relative expression levels of the corresponding genes were calculated using the 2~4A¢T
method [41]. Three independent biological replicates were performed for each gene.

4.3. Primers
The primers used in this study are listed in Table S2.

4.4. Y2H Assay

For the Y2H assay, the coding sequences of GWMAX2-3 and GhMAX2-6 were amplified
and inserted into a pGBKT7 vector (Clontech, Takara, Japan) as baits. The coding sequence
of GhIAA17 was cloned and ligated into a pGADTY7 vector as a prey. The bait vector and
prey vector were co-transformed into the yeast strain Y2HGold. Following growth on SD
[DDO for -Trp/-Leu] medium, the transformants were dropped on selective plates [QDO
for -Trp/-Leu/-His/-Ade] 30 °C for 5 days. AD-T/BD-53 was used as the positive control,
and AD-T/BD-Lam was used as the negative control [42].

4.5. LCI Assay

The full-length CDS of GhMAX2-3, GhMAX2-6, and GhIAA17 was cloned into the
pCAMBIA1300-cLUC or pCAMBIA1300-nLUC binary vectors to generate N-terminus
(nLUC)- or C-terminus (cLUC)-fused and truncated luciferase tags on the target proteins,
respectively. All constructs were paired and transformed into Agrobacterium strain GV3101
(pSoup P19). After being resuspended in buffer (0.1 mM acetosyringone, 10 mM MgCl2,
10 mM MES [pH 5.6]), the cultures were syringe-injected into tobacco leaves. The infiltrated
leaves were incubated in the dark for 12 h, followed by 48 h in the light at 25 °C. The
infiltrated leaves were sprayed with 1 mM D-luciferin potassium salt solution (CL6930,
Coolaber, Beijing, China), and the LUC activity was examined using the Tanon 4600 Plant
Imaging System.

4.6. Co-IP Assay

The GhIAA17-Flag, Myc-GhMAX2-3, and Myc-GhMAX2-6 vectors were transfected
into Agrobacterium strain GV3101. The Agrobacterium cells containing individual constructs
were co-infiltrated into tobacco leaves. The soluble proteins were extracted using a native
extraction buffer 1 containing 50 mM Tris-MES, pH 8.0, 0.5 M sucrose, 1 mM MgCl,, 10 mM
EDTA (ethylenediaminetetraacetic acid), 5 mM dithiothreitol (DTT), 50 uM MG132, and
1 x protease inhibitor cocktail (MCE®) [43]. After centrifugation at 14,000x g at 4 °C
for 15 min, the supernatant was collected. The Flag-fused GhIAA17 was immunopre-
cipitated using BeyoMag™ Anti-Flag Beads (Beyotime) at 4 °C for 1 h. Then the beads
were washed three times with 1x phosphate-buffered saline (PBS) containing 150 mM
NaCl. The co-immunoprecipitated samples were boiled with loading buffer and run on
10% SDS-PAGE for western blotting with anti-Myc (1:2000; Abcam) and anti-Flag (1:5000;
Abcam) antibodies.

4.7. In Vivo Ubiquitination Assay

In vivo ubiquitination assays were performed as described previously with some
modifications [44]. The coding sequences of GHIAA17 and GEMAX2-3/6 were cloned into
the pM999 vector, tagged with Myc and Flag to generate Myc-GhIAA17, GhMAX2-3-GFP,
and GhMAX2-6-GFP vectors. These constructs, together with Flag-Ub, were co-transfected
into cotton protoplasts and incubated for 16 h in the presence of 5 uM MG132. The total
proteins were extracted using ubiquitination buffer containing 50 mM Tris-HCl [pH 7.5],
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150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 x protease inhibitor
cocktail (MCE®), 1 mM PMSE, and 100 uM MG132, and subjected to immunoprecipitation
with an anti-Flag antibody, coupled with protein A/G agarose beads at 4 °C for 3 h. The
beads were then washed three times with PBS containing 150 mM NaCl. An equal amount
of immunoprecipitated products was separated by 10% SDS-PAGE and detected with
anti-Myc antibody, which enables only polyubiquitinated Myc-GhIAA17 to be detected.

4.8. In Vivo Degradation Assay

For the GhMAX2-mediated GhIAA17 degradation, the GhIAA17-Flag and GhMAX2-
3-GFP or GhMAX2-6-GFP vectors (6 1g) were co-transfected into cotton protoplasts. For
the transient expression assay in the cotton protoplasts, the embryogenic callus was in-
cubated in the digestion solution 1.5% Cellulase R10 (Yakult Pharmaceutical Industry),
0.4% Macerozyme R10 (Yakult Pharmaceutical Industry, Tokyo, Japan), 1% Hemi Cellulase
(Sigma, St. Louis, MO, USA), 0.4 M Mannitol, 20 mM KCl, 20 mM MES (pH 5.7), 10 mM
CaCly, and 0.1% BSA. The vectors were transformed in protoplasts using PEG 4000 (Sigma).
The transformed protoplasts were cultured at 25 °C in the dark for 16 h. Then, the pro-
toplasts were treated with 200 uM CHX for the indicated times [45]. Total proteins were
extracted using a protein extraction buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1%
Triton X-100, 1 x protease inhibitor cocktail (MCE®), and 1 mM PMSEF. The Myc-GhSLR1
protein level was detected by performing western blotting analysis using anti-Myc and
anti-Actin antibodjies.

4.9. Virus Induced Gene Silencing (VIGS)

An improved virus-induced, gene-silencing (VIGS) method [46] was used to silence
the expression of GRMAX2-3, GRMAX2-6, and GhIAA17 in cotton. The —300 bp fragments
of GWMAX2-3, GhMAX2-6, and GhIAA17 were amplified by PCR and inserted into a
pCLCrV vector. Plasmids of pCLCrVB, pCLCrVA, pCLCrV-GhMAX2-3, pCLCrV-GhMAX2-
6, and pCLCrV-GhIAA17 were individually introduced into Agrobacterium strain LBA4404.
Agrobacterium cultures containing pCLCrVB, pCLCrVA, pCLCrV-GhMAX2-3, pCLCrV-
GhMAX2-6, and pCLCrV-GhIAA17 were cultured in 2-3 mL YEP medium at 28 °C for
12-16 h, then transferred to 50 mL YEP and cultured for another 12-16 h. The Agrobacterium
were collected and resuspended to OD600 = 0.8 with infiltration buffer (10 mM MES [pH
5.4], 10 mM MgCl,, and 200 mM acetosyringone [AS]) and set in the dark for 3 h. LBA4404
cells containing pCLCrVB were mixed with cells harboring pCLCrV-GhMAX2-3, pCLCrV-
GhMAX2-6, and pCLCrV-GhIAA17 and infiltrated into the true leaves of cotton seedlings.
Three biological replicates were performed in each experiment, and more than 20 plants
were measured in each repetition.

4.10. Statistical Analysis

The quantification of the relative protein levels in the immunoblot assay was per-
formed using Image] with Java 8 software. All statistical analyses were conducted in
GraphPad Prism 10. Statistical significance among the data was determined by Tukey’s
multiple comparison tests.

5. Conclusions

In this study, two SL-signaling genes, GhMAX2-3 and GhMAX2-6, positively regulate
cotton fiber elongation. The repressor of auxin cascade GhIAA17 serves as a substrate
for the F-box E3 ligase GhMAX2. GhMAX2-3 and GhMAX2-6 ubiquitinate GhIAA17
and coordinately degrade GhIAA17 with GhTIR1. We reveal that the components of the
SL and auxin pathways have additive effects on GhIAA17 degradation, thus releasing
upstream GhARFs. In summary, our data reveal a SL-auxin crosstalk-mediated regulatory
mechanism for promoting fiber elongation in cotton.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants13152041/s1, Table S1. GhMAX2-3 interaction protein candidates
by Y2H screening. Table S2. Primers used in this study. Figure S1. Heatmap and RT-qPCR showing the
relative expression level of GEMAX2 in cotton fibers based on the RNA-seq data. The transcriptome
data was from NCBI under the project number PRINA634606. Figure S2. In vivo degradation assay
showing that IAA promotes GhIAA17 degradation in a dose-dependent. GhIAA17-Flag construct
was transfected into cotton protoplasts and cultured for 12 h in dark. The protoplasts were then
treated with different concentrations of IAA and 200 mM CHX with or with or without 5 uM MG132
for 2 h. Total proteins were extracted and subjected to western blotting analysis using anti-Flag and
anti-Actin antibodies. Figure S3. Heatmap showing the expression level of GhIAA family genes in
cotton fibers based on the RNA-seq data. The transcriptome data was from NCBI under the project
number PRJNA634606. Figure S4. RT-qPCR analysis of GhIAA17 transcript level in cotton fibers.

Author Contributions: Conceptualization and writing—original draft, Z.T., S.H. and H.Q.; Data
curation, formal analysis, investigation, and methodology, Z.T., H.Q., B.C. and Z.P.; Funding support,
YJ. and X.D. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Key Technology R&D Program (grant nos:
2022YFE0125700); The project was supported by Nanfan special project, CAAS, Grant No: YBXM2311.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. He, S, Sun, G.; Geng, X.; Gong, W,; Dai, P; Jia, Y,; Shi, W.; Pan, Z.; Wang, ].; Wang, L.; et al. The genomic basis of geographic
differentiation and fiber improvement in cultivated cotton. Nat. Genet. 2021, 53, 916-924. [CrossRef] [PubMed]

2. Haigler, C.H.; Betancur, L.; Stiff, M.R.; Tuttle, J.R. Cotton fiber: A powerful single-cell model for cell wall and cellulose research.
Front. Plant Sci. 2012, 3, 26402. [CrossRef] [PubMed]

3. Cook, C.; Whichard, L.P;; Turner, B.; Wall, M.E.; Egley, G.H. Germination of witchweed (Striga lutea Lour.): Isolation and
properties of a potent stimulant. Science 1966, 154, 1189-1190. [CrossRef] [PubMed]

4. Akiyama, K; Matsuzaki, K.-I.; Hayashi, H. Plant sesquiterpenes induce hyphal branching in arbuscular mycorrhizal fungi. Nature
2005, 435, 824-827. [CrossRef] [PubMed]

5. Gomez-Roldan, V,; Fermas, S.; Brewer, P.B.; Puech-Pages, V.; Dun, E.A; Pillot, ].-P; Letisse, F.; Matusova, R.; Danoun, S.; Portais,
J.-C.; et al. Strigolactone inhibition of shoot branching. Nature 2008, 455, 189-194. [CrossRef] [PubMed]

6. Umehara, M.; Hanada, A.; Yoshida, S.; Akiyama, K.; Arite, T.; Takeda-Kamiya, N.; Magome, H.; Kamiya, Y.; Shirasu, K.; Yoneyama,
K.; et al. Inhibition of shoot branching by new terpenoid plant hormones. Nature 2008, 455, 195-200. [CrossRef] [PubMed]

7. Rasmussen, A.; Mason, M.G.; De Cuyper, C.; Brewer, P.B.; Herold, S.; Agusti, ].; Geelen, D.; Greb, T.; Goormachtig, S.; Beeckman,
T.; et al. Strigolactones suppress adventitious rooting in Arabidopsis and pea. Plant Physiol. 2012, 158, 1976-1987. [CrossRef]
[PubMed]

8.  Khosla, A.; Nelson, D.C. Strigolactones, super hormones in the fight against Striga. Curr. Opin. Plant Biol. 2016, 33, 57-63.
[CrossRef] [PubMed]

9.  Decker, E.L,; Alder, A.; Hunn, S.; Ferguson, J.; Lehtonen, M.T.; Scheler, B.; Kerres, K.L.; Wiedemann, G.; Safavi-Rizi, V.; Nordzieke,
S.; et al. Strigolactone biosynthesis is evolutionarily conserved, regulated by phosphate starvation, and contributes to resistance
against phytopathogenic fungi in a moss, Physcomitrella patens. New Phytol. 2017, 216, 455-468. [CrossRef] [PubMed]

10. Wang, X,; Li, Z.; Shi, Y.; Liu, Z.; Zhang, X.; Gong, Z.; Yang, S. Strigolactones promote plant freezing tolerance by releasing the
WRKY41-mediated inhibition of CBF/DREB1 expression. EMBO ]. 2023, 42, €112999. [CrossRef] [PubMed]

11. Lin, H; Wang, R;; Qian, Q.; Yan, M.; Meng, X.; Fu, Z; Yan, C,; Jiang, B.; Su, Z; Li, J.; et al. DWARF27, an iron-containing protein
required for the biosynthesis of strigolactones, regulates rice tiller bud outgrowth. Plant Cell 2009, 21, 1512-1525. [CrossRef]
[PubMed]

12.  Alder, A,; Jamil, M.; Marzorati, M.; Bruno, M.; Vermathen, M.; Bigler, P; Ghisla, S.; Bouwmeester, H.; Beyer, P.; Al-Babili, S. The
path from (3-carotene to carlactone, a strigolactone-like plant hormone. Science 2012, 335, 1348-1351. [CrossRef] [PubMed]

13. Seto, Y,; Sado, A.; Asami, K.; Hanada, A.; Umehara, M.; Akiyama, K.; Yamaguchi, S. Carlactone is an endogenous biosynthetic
thetic precursor for strigolactones. Proc. Natl. Acad. Sci. USA 2014, 111, 1640-1645. [CrossRef] [PubMed]

14. Mashiguchi, K.; Sasaki, E.; Shimada, Y.; Nagae, M.; Ueno, K.; Nakano, T.; Yoneyama, K.; Suzuki, Y.; Asami, T. Feedback-regulation
of strigolactone biosynthetic genes and strigolactone-regulated genes in Arabidopsis. Biosci. Biotechnol. Biochem. 2009, 73,
2460-2465. [CrossRef] [PubMed]

15.  Waters, M.T.; Gutjahr, C.; Bennett, T.; Nelson, D.C. Strigolactone signaling and evolution. Annu. Rev. Plant Biol. 2017, 68, 291-322.

[CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/plants13152041/s1
https://www.mdpi.com/article/10.3390/plants13152041/s1
https://doi.org/10.1038/s41588-021-00844-9
https://www.ncbi.nlm.nih.gov/pubmed/33859417
https://doi.org/10.3389/fpls.2012.00104
https://www.ncbi.nlm.nih.gov/pubmed/22661979
https://doi.org/10.1126/science.154.3753.1189
https://www.ncbi.nlm.nih.gov/pubmed/17780042
https://doi.org/10.1038/nature03608
https://www.ncbi.nlm.nih.gov/pubmed/15944706
https://doi.org/10.1038/nature07271
https://www.ncbi.nlm.nih.gov/pubmed/18690209
https://doi.org/10.1038/nature07272
https://www.ncbi.nlm.nih.gov/pubmed/18690207
https://doi.org/10.1104/pp.111.187104
https://www.ncbi.nlm.nih.gov/pubmed/22323776
https://doi.org/10.1016/j.pbi.2016.06.001
https://www.ncbi.nlm.nih.gov/pubmed/27318656
https://doi.org/10.1111/nph.14506
https://www.ncbi.nlm.nih.gov/pubmed/28262967
https://doi.org/10.15252/embj.2022112999
https://www.ncbi.nlm.nih.gov/pubmed/37622245
https://doi.org/10.1105/tpc.109.065987
https://www.ncbi.nlm.nih.gov/pubmed/19470589
https://doi.org/10.1126/science.1218094
https://www.ncbi.nlm.nih.gov/pubmed/22422982
https://doi.org/10.1073/pnas.1314805111
https://www.ncbi.nlm.nih.gov/pubmed/24434551
https://doi.org/10.1271/bbb.90443
https://www.ncbi.nlm.nih.gov/pubmed/19897913
https://doi.org/10.1146/annurev-arplant-042916-040925
https://www.ncbi.nlm.nih.gov/pubmed/28125281

Plants 2024, 13, 2041 11 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Challis, R.J.; Hepworth, J.; Mouchel, C.; Waites, R.; Leyser, O. A role for more axillary growthl (MAX1) in evolutionary diversity
in strigolactone signaling upstream of MAX2. Plant Physiol. 2013, 161, 1885-1902. [CrossRef] [PubMed]

Zhou, F; Lin, Q.; Zhu, L.; Ren, Y.; Zhou, K.; Shabek, N.; Wu, E; Mao, H.; Dong, W.; Gan, L.; et al. D14-SCFD3-dependent degra
dation of D53 regulates strigolactone signalling. Nature 2013, 504, 406—410. [CrossRef] [PubMed]

Jiang, L.; Liu, X; Xiong, G.; Liu, H.; Chen, F.; Wang, L.; Meng, X.; Liu, G.; Yu, H.; Yuan, Y.; et al. DWAREF 53 acts as a repressor of
strigolactone signaling in rice. Nature 2013, 504, 401-405. [CrossRef] [PubMed]

Zhao, L.-H.; Zhou, X.E.; Yi, W.; Wu, Z; Liu, Y,; Kang, Y,; Hou, L.; De Waal, PW.,; Li, S.; Jiang, Y.; et al. Destabilization of
strigo lactone receptor DWARF14 by binding of ligand and E3-ligase signaling effector DWAREF3. Cell Res. 2015, 25, 1219-1236.
[CrossRef] [PubMed]

Kapulnik, Y.; Delaux, PM.; Resnick, N.; Mayzlish-Gati, E.; Wininger, S.; Bhattacharya, C.; Séjalon-Delmas, N.; Combier, J.P,;
Bécard, G.; Belausov, E.; et al. Strigolactones affect lateral root formation and root-hair elongation in Arabidopsis. Planta 2011,
233, 209-216. [CrossRef] [PubMed]

Hu, Z.; Yamauchi, T.; Yang, J.; Jikumaru, Y.; Tsuchida-Mayama, T.; Ichikawa, H.; Takamure, I.; Nagamura, Y.; Tsutsumi, N.;
Yamaguchi, S.; et al. Strigolactone and cytokinin act antago nistically in regulating rice mesocotyl elongation in darkness. Plant
Cell Physiol. 2014, 55, 30-41. [CrossRef] [PubMed]

Ha, C.V,; Leyva-Gonzélez, M.A.; Osakabe, Y.; Tran, U.T.; Nishiyama, R.; Watanabe, Y.; Tanaka, M.; Seki, M.; Yamaguchi, S.; Dong,
N.V,; et al. Positive regulatory role of strigolactone in plant responses to drought and salt stress. Proc. Natl. Acad. Sci. USA 2014,
111, 851-856. [CrossRef] [PubMed]

Chi, C.; Xu, X.; Wang, M.; Zhang, H.; Fang, P.; Zhou, ].; Xia, X.; Shi, K.; Zhou, Y.; Yu, J. Strigolactones positively regulate abscisic
acid-dependent heat and cold tolerance in tomato. Hortic. Res. 2021, 8, 237. [CrossRef] [PubMed]

Tian, Z.; Zhang, Y.; Zhu, L.; Jiang, B.; Wang, H.; Gao, R.; Frim], J.; Xiao, G. Strigolactones act downstream of gibberellins to
regulate fiber cell elongation and cell wall thickness in cotton (Gossypium hirsutum). Plant Cell 2022, 34, 4816-4839. [CrossRef]
[PubMed]

Wen, Y.; Peng, H.; Bai, X.; Zhang, H.; Zhang, Y.; Yu, J. Strigolactones modulate cotton fiber elongation and secondary cell wall
thickening. J. Integr. Agric. 2023, 23, 1850-1863. [CrossRef]

He, P; Zhang, H.; Zhang, L.; Jiang, B.; Xiao, G.; Yu, ]. The GhMAX2 gene regulates plant growth and fiber development in Cotton.
. Integr. Agric. 2022, 21, 1563-1575.

Kim, J.; Harter, K.; Theologis, A. Protein—protein interactions among the Aux/IAA proteins. Proc. Natl. Acad. Sci. USA 1997, 94,
11786-11791. [CrossRef] [PubMed]

Rouse, D.; Mackay, P,; Stirnberg, P.; Estelle, M.; Leyser, O. Changes in auxin response from mutations in an AUX/IAA gene.
Science 1998, 279, 1371-1373. [CrossRef] [PubMed]

Wang, L.; Wang, B.; Jiang, L.; Liu, X,; Li, X; Lu, Z.; Meng, X.; Wang, Y.; Smith, S.M.; Li, J. Strigolactone signaling in Arabidopsis
regulates shoot development by targeting D53-like SMXL repressor proteins for ubiquitination and degradation. Plant Cell 2015,
27,3128-3142. [CrossRef]

Teale, W.D.; Paponov, I.A.; Palme, K. Auxin in action: Signalling, transport and the control of plant growth and development. Nat.
Rev. Mol. Cell Biol. 2006, 7, 847-859. [CrossRef] [PubMed]

Chung, Y.; Maharjan, PM.; Lee, O.; Fujioka, S.; Jang, S.; Kim, B.; Takatsuto, S.; Tsujimoto, M.; Kim, H.; Cho, S.; et al. Auxin stim
ulates DWARF4 expression and brassinosteroid biosynthesis in Arabidopsis. Plant J. 2011, 66, 564-578. [CrossRef] [PubMed]
Zhang, M.; Zheng, X.; Song, S.; Zeng, Q.; Hou, L.; Li, D.; Zhao, J.; Wei, Y,; Li, X.; Luo, M.; et al. Spatiotemporal manipulation of
auxin biosynthesis in cotton ovule epidermal cells enhances fiber yield and quality. Nat. Biotechnol. 2011, 29, 453-458. [CrossRef]
[PubMed]

Xiao, G.; He, P,; Zhao, P; Liu, H.; Zhang, L.; Pang, C.; Yu, ]. Genome-wide identification of the GhARF gene family reveals that
GhARF2 and GhARF18 are involved in cotton fibre cell initiation. J. Exp. Bot. 2018, 69, 4323-4337. [CrossRef] [PubMed]

Jin, F; Zhu, L.; Hou, L,; Li, H,; Li, L.; Xiao, G. Auxin resistant 2 and short hypocotyl 2 regulate cotton fiber initiation and
elongation. Plant Physiol. 2024, 183, 2032-2052. [CrossRef] [PubMed]

Vanstraelen, M.; Benkova, E. Hormonal interactions in the regulation of plant development. Annu. Rev. Cell Dev. Biol. 2012, 28,
463-487. [CrossRef] [PubMed]

Zeng, ].; Zhang, M.; Hou, L.; Bai, W.; Yan, X.; Hou, N.; Wang, H.; Huang, J.; Zhao, ].; Pei, Y. Cytokinin inhibits cotton fiber initiation
by disrupting PIN3a-mediated asymmetric accumulation of auxin in the ovule epidermis. J. Exp. Bot. 2019, 70, 3139-3151.
[CrossRef] [PubMed]

Hayward, A.; Stirnberg, P.; Beveridge, C.; Leyser, O. Interactions between auxin and strigolactone in shoot branching control.
Plant Physiol. 2009, 151, 400-412. [CrossRef] [PubMed]

Crawford, S.; Shinohara, N.; Sieberer, T.; Williamson, L.; George, G.; Hepworth, J.; Miiller, D.; Domagalska, M.A.; Leyser, O.
Strigolactones enhance competition between shoot branches by dampening auxin transport. Development 2010, 137, 2905-2913.
[CrossRef] [PubMed]

Shinohara, N.; Taylor, C.; Leyser, O. Strigolactone can promote or inhibit shoot branching by triggering rapid depletion of the
auxin efflux protein PIN1 from the plasma membrane. PLoS Biol. 2013, 11, e1001474. [CrossRef] [PubMed]

Brewer, P.B.; Dun, E.A_; Ferguson, B.J.; Rameau, C.; Beveridge, C.A. Strigolactone acts downstream of auxin to regulate bud
outgrowth in pea and Arabidopsis. Plant Physiol. 2009, 150, 482-493. [CrossRef] [PubMed]


https://doi.org/10.1104/pp.112.211383
https://www.ncbi.nlm.nih.gov/pubmed/23424248
https://doi.org/10.1038/nature12878
https://www.ncbi.nlm.nih.gov/pubmed/24336215
https://doi.org/10.1038/nature12870
https://www.ncbi.nlm.nih.gov/pubmed/24336200
https://doi.org/10.1038/cr.2015.122
https://www.ncbi.nlm.nih.gov/pubmed/26470846
https://doi.org/10.1007/s00425-010-1310-y
https://www.ncbi.nlm.nih.gov/pubmed/21080198
https://doi.org/10.1093/pcp/pct150
https://www.ncbi.nlm.nih.gov/pubmed/24151204
https://doi.org/10.1073/pnas.1322135111
https://www.ncbi.nlm.nih.gov/pubmed/24379380
https://doi.org/10.1038/s41438-021-00668-y
https://www.ncbi.nlm.nih.gov/pubmed/34719688
https://doi.org/10.1093/plcell/koac270
https://www.ncbi.nlm.nih.gov/pubmed/36040191
https://doi.org/10.1016/j.jia.2023.07.009
https://doi.org/10.1073/pnas.94.22.11786
https://www.ncbi.nlm.nih.gov/pubmed/9342315
https://doi.org/10.1126/science.279.5355.1371
https://www.ncbi.nlm.nih.gov/pubmed/9478901
https://doi.org/10.1105/tpc.15.00605
https://doi.org/10.1038/nrm2020
https://www.ncbi.nlm.nih.gov/pubmed/16990790
https://doi.org/10.1111/j.1365-313X.2011.04513.x
https://www.ncbi.nlm.nih.gov/pubmed/21284753
https://doi.org/10.1038/nbt.1843
https://www.ncbi.nlm.nih.gov/pubmed/21478877
https://doi.org/10.1093/jxb/ery219
https://www.ncbi.nlm.nih.gov/pubmed/29897556
https://doi.org/10.1093/plphys/kiae183
https://www.ncbi.nlm.nih.gov/pubmed/38527791
https://doi.org/10.1146/annurev-cellbio-101011-155741
https://www.ncbi.nlm.nih.gov/pubmed/22856461
https://doi.org/10.1093/jxb/erz162
https://www.ncbi.nlm.nih.gov/pubmed/30970146
https://doi.org/10.1104/pp.109.137646
https://www.ncbi.nlm.nih.gov/pubmed/19641034
https://doi.org/10.1242/dev.051987
https://www.ncbi.nlm.nih.gov/pubmed/20667910
https://doi.org/10.1371/journal.pbio.1001474
https://www.ncbi.nlm.nih.gov/pubmed/23382651
https://doi.org/10.1104/pp.108.134783
https://www.ncbi.nlm.nih.gov/pubmed/19321710

Plants 2024, 13, 2041 12 of 12

41.

42.

43.

44.

45.

46.

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~ 22T method.
Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Liu, Y,; Shi, Y;; Zhu, N.; Zhong, S.; Bouzayen, M.; Li, Z. SIGRAS4 mediates a novel regulatory pathway promoting chilling
tolerance in tomato. Plant Biotechnol. J. 2020, 18, 1620-1633. [CrossRef] [PubMed]

Liu, L.; Zhang, Y.; Tang, S.; Zhao, Q.; Zhang, Z.; Zhang, H.; Dong, L.; Guo, H.; Xie, Q. An efficient system to detect protein
ubiquitination by agroinfiltration in Nicotiana benthamiana. Plant J. 2010, 61, 893-903. [CrossRef] [PubMed]

Yu, X.; Cui, X.; Wu, C; Shi, S.; Yan, S. Salicylic acid inhibits gibberellin signaling through receptor interactions. Mol. Plant 2022, 15,
1759-1771. [CrossRef] [PubMed]

Nemoto, K.; Ramadan, A.; Arimura, G.; Imai, K.; Tomii, K.; Shinozaki, K.; Sawasaki, T. Tyrosine phosphorylation of the GARU
E3 ubiquitin ligase promotes gibberellin signaling by preventing GID1 degradation. Nat. Commun. 2017, 8, 1004. [CrossRef]
[PubMed]

Ma, A; Zhang, D.; Wang, G.; Wang, K; Li, Z.; Gao, Y.; Li, H.; Bian, C.; Cheng, J.; Han, Y.; et al. Verticillium dahliae effector VDAL
protects MYB6 from degradation by interacting with PUB25 and PUB26 E3 ligases to enhance Verticillium wilt resistance. Plant
Cell 2021, 33, 3675-3699. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1111/pbi.13328
https://www.ncbi.nlm.nih.gov/pubmed/31916348
https://doi.org/10.1111/j.1365-313X.2009.04109.x
https://www.ncbi.nlm.nih.gov/pubmed/20015064
https://doi.org/10.1016/j.molp.2022.10.001
https://www.ncbi.nlm.nih.gov/pubmed/36199245
https://doi.org/10.1038/s41467-017-01005-5
https://www.ncbi.nlm.nih.gov/pubmed/29042542
https://doi.org/10.1093/plcell/koab221
https://www.ncbi.nlm.nih.gov/pubmed/34469582

	Introduction 
	Results 
	GhMAX2-3 and GhMAX2-6 Regulate Cotton Fiber Elongation 
	GhMAX2-3 and GhMAX2-6 Interact with GhIAA17 
	GhMAX2-3 and GhMAX2-6 Mediate the Ubiquitination and Degradation of GhIAA17 
	GhTIR1 and GhMAX2 Have Additive Effects on the Degradation of GhIAA17 
	GhIAA17 Inhibits Cotton Fiber Elongation 

	Discussion 
	Materials and Methods 
	Plant Materials and Methods 
	RNA Extraction and RT-qPCR 
	Primers 
	Y2H Assay 
	LCI Assay 
	Co-IP Assay 
	In Vivo Ubiquitination Assay 
	In Vivo Degradation Assay 
	Virus Induced Gene Silencing (VIGS) 
	Statistical Analysis 

	Conclusions 
	References

