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Abstract
Background: Gossypium hirsutum L. ( cotton) is one of the most economically important crops in the
world due to its signi�cant source of �ber, feed, foodstuff, oil and biofuel products. However, the
utilization of cottonseed was limited due to the presence of small and darkly pigmented glands that
contain large amounts of gossypol, which is toxic to human beings and non-ruminant animals. To date,
some progress has been made in the pigment gland formation, but the underlying molecular mechanism
of its formation was still unclear.

Results: In this study, we identi�ed an AP2/ERF transcription factor named GhERF105 (GH_A12G2166),
which was involved in the regulation of gland pigmentation by the comparative transcriptome analysis of
the leaf of glanded and glandless plants. It encoded an ERF protein containing a converved AP2 domain
which was localized in the nucleus with transcriptional activity, and showed the high expression in
glanded cotton accessions that contained much gossypol. Virus-induced gene silencing(VIGS) against
GhERF105 caused the dramatic reduction in the number of glands and signi�cantly lowered levels of
gossypol in cotton leaves. GhERF105 showed the patterns of spatiotemporal and inducible expression in
the glanded plants.

Conclusions: These results suggest that GhERF105 contributes to the pigment gland formation and
gossypol biosynthesis in partial organs of glanded plant. It also provides a potential molecular basis to
generate ‘glandless-seed’ and ‘glanded-plant’ cotton cultivar.

Background
Cotton (Gossypium spp.) is a major crop worldwide for its economic value of the textile �ber, feed,
foodstuff, oil and biofuel products in the world [1-2]. There are approximately 50 species in the
Gossypium genus, four of which are cultivated in agriculture, including two diploid cottons
(G.herbaceum and G.arboreum) and two allotetraploid cottons (G.hirsutum and G.barbadense) [3-5].
among these species, the upland cotton, G.hirsutum, is most widely grown and dominates world cotton
commerce with more than 90% of the annual cotton �ber production [5-6]. However, the potential of
nutrition sources of cottonseed cannot be fully realized due to the presence of gossypol glands in plants
and seeds, which are toxic to human beings and non-ruminant animals [7-8]. Gossypol, as phytoalexin, is
a yellowish phenolic compound that serves as a protective function against various biotic and abiotic
stresses in certain species of cotton plants of the family Malvaceae [9-11]. Therefore, developing cotton
with low-gossypol seeds and high-gossypol plants has become an interesting area of cotton breeding for
researchers.

The pigment glands, also called ‘gossypol glands’, ‘internal glands’ or ‘black glands’, located in the
subepidermal layer of aerial organs in many parts of the plant, originate from a cluster of cells in the
ground meristem, which differ from other cells in that they have a high-density gossypol and related
terpenoids [7]. Research on the molecular genetic mechanisms of pigment gland in the cotton plant
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began in the lines of ‘Hopi Moencopi’ in the 1950s [12-14]. So far, many researches have indicated that
the gland formation is controlled by a combination of at least six independent loci such as gl1, gl2, gl3,
gl4, gl5 and gl6, the different combinations of dominant(Gl) and recessive (gl) alleles modulate gland
formation in different organs [14-18]. The completely glandless phenotype was controlled by two pairs of
duplicate homozygous recessive genes (gl2gl2gl3gl3) in the allotetraploid G.hirsutum [13-14], while the
dominant alleles (Gl2Gl2,Gl3Gl3) in any combination produced the glanded phenotype with variable
distribution in different organs [14,19]. The gl2 and gl3 genes were located on chromosome (chr.) At12
and Dt12 of G.hirsutum, respectively [16, 20-21]. Alleles gl4 and gl5 decrease the number of glands while

gl6 has the weaker effects on gland formation compared with gl1 [22-23]. Subsequently, gl2arb, gl2b, gl3dav,

gl3thur, gl3rai, gl3b [7], Gl2s [24], Gl2e [25], gl3n [26], and Gl2b [27] related to pigment

gland formation were also identi�ed. Among them, Gl2e is the most critical gene that controls glandless

character of the whole plant. A single completely dominant glandless G. barbadense mutant(Gl2e) named
‘Bahtim 110’ ( G. barbadense L), which is a dominant allele of Gl2 that shows epistatic effect on Gl3, was
originally discovered in Egypt by the irradiation mutagenesis of the sea-island cotton ‘Giza 45’ seeds with
32P, and could e�ciently inhibit the formation of pigment gland [28-31]. Since then, several genes for
gland formation have been discovered gradually by researchers. In 2016, GoPGF gene (Gossypium
Pigment Gland Formation gene), which encodes a basic helix-loop-helix transcription factor was
identi�ed through map-based cloning approach and located on chromosome At12 [32-33]. CGF3 (Cotton
Gland Formation), identical to GoPGF gene, not only controls the gland morphogenesis directly, but also
regulates gossypol biosynthesis indirectly [34]. CGP1 (Cotton Gland Pigmentation 1), which interacted
with GoPGF, was identi�ed by the comparative transcriptome analysis of glanded and glandless
cotton accessions and involved in the regulation of gossypol biosynthesis but not gland formation [35].
In addition, the novel RanBP2 zinc �nger protein (ZFP) and GauGRAS1, which play the roles in the
development of the cotton gland, were identi�ed using suppression subtractive hybridization (SSH) from
upland cotton ‘Xiangmian 18’ [9, 36-38]. during the past six decades, some progress has been made in the
molecular mechanism of gland formation and the relationship between gossypol and pigment gland.
However, the speci�c mechanism of pigment gland formation still remains unclear . 

Here, we identi�ed an Ethylene Response Factor named GhERF105, which was involved in the regulation
of gland pigmentation, by the comparative transcriptome analysis of the leaf of two pairs of glanded and
glandless cotton accessions, which are L7 and L7XW, CCRI12 and CCRI12XW Fig.1 . The gene encoded
an ERF protein localized in the nucleus with transcriptional activation activity containing a conversed AP2
domain and showed the high expression in glanded cotton accessions that contained much gossypol.
Silencing of GhERF105 by VIGS not only resulted in the drastic reduction of gland, but also decreased the
accumulation of gossypol in the leaves of the treated plants. Moreover, GhERF105 showed a temporal
and spatial pattern of expression in various aerial organs of glanded and glandless cotton plants
including cotyledon, hypocotyl, petiole, leaf and stem, and demonstrated the inducible expression under
ethylene treatment. In addition, GhERF105, CGF, CGP1 and GoPGF genes were highly expressed in the

https://www.baidu.com/link?url=d4S5B2tY_ruXLb_fbWdfKRgwIGQH1VYWUgMqw1belhnGPc28OnhlrimYow88Jyy5t-jp9Ay2mnpqIHKd6Uk6Le-MRscQQVzSElOSQHJOGk_&wd=&eqid=b3e3ab9b001c51dc000000035e53161b
https://www.baidu.com/link?url=eQuNRyoe7XmsKsHVxnDN10dzwEYPGlOzbbJ5BUKaKkbWmK6MyqtXxo6hJ2IePidFHaSec8jUpkQtIXPaO3YQ3sDvYqogDkCeHpaOiU8BK_m&wd=&eqid=ba3818a300c21bd5000000035e81535e
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leaves and stems in glanded CCRI12 and L7 but had the lower expression in CCRI12XW, CCRI12YW and
L7XW. 

These results provide a reference for the comprehensive analysis of the molecular mechanism of gland
formation and gossypol biosynthesis in cotton. However, the diversity of gland trait inheritance indicates
the regulation complexity of gland formation. Further studies are needed to better understand the
molecular mechanisms underlying gland development.

Results
Cloning and sequence analysis 

In the study, 2009 DEGs between CCRI12 and CCRI12XW were identi�ed, of which 1190 genes were
downregulated ( Supplementary Table S1 ), 980 DEGs between L7 and L7XW were identi�ed , of which
541 genes were downregulated ( Supplementary Table S2 ), 289 differentially co-expressed genes were
obtained from the gland and glandless accessions, and represented down-regulated in the glandless
accessions. Studies have shown that various transcription factors may be important for the formation of
gossypol and the development of pigment glands [39-41]. Therefore, 14 transcription factors were
identi�ed from the 289 DEGs ( Supplementary Table S3 ). The category of differentially expressed
transcription factors genes encoded bHLH (GhMYC2-like) [32], followed by MYB (CGP1) [35], ERF
(GhERF105), NAC and HSF. Programmed cell death (PCD) plays an important role during the development
of pigment glands [42]. Evidence suggests ethylene were related to PCD by activating genes [43-45].
Therefore, we focused on an ethylene response factor. The GhERF105 gene ( GenBank ID: GH_A12G2166;
accession number: XM_016865675) , which was cloned from the leaves of CCRI12 is 711 bp in length
containing an open reading frame (orf) with initial code (ATG) and terminal code (TAA) (Fig.S1). The
predicted protein comprised of 236 amino acids with molecular mass of 26.3 kDa and isoelectric point of
7.72 containing an ERF conserved DNA binding domain (Fig.S2). The cotton GhERF105 belonged to the
AP2/ERF family of transcription factors that play important roles in plant development and
environmental stress responses, as well as hormone signaling and pathogen defense [46-48]. 

The expression analysis of GhERF105 gene in many cotton accessions

The expression levels of GhERF105 were analyzed in two pairs of Near Iso-genic Lines (NILs) and other
cotton accessions,which showed that GhERF105 was highly expressed in the leaves and stems of
glanded G.hirsutum. (CCRI12, L7 and TM-1) but had indeed substantially lower expression in CCRI12XW,
L7XW and CCRI12YW (Fig.2). Based on the different expression pattern of GhERF105 in partial organs
of six cotton accessions, GhERF105 may be related to the formation of glands. However, its function and
regulatory mechanism in pigment gland development need further be investigated using VIGS technology
and other technoloy. 

Silencing of GhERF105 reduced gland formation and gossypol biosynthesis 
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Here, in order to further ascertain the function of the GhERF105 during pigment gland formation.
Agrobacterium-mediated VIGS systems was constructed using a TRV-based VIGS vector for
silencing phytoene desaturases gene (GhPDS) and GhERF105 gene in the cotton seedlings. Results
showed that silencing of PDS, caused loss of chlorophyll and carotenoids[49]. A photobleaching
phenotype in cotton plants in�ltrated with GhPDS-expressing agrobacteria was observed 14-21 days after
in�ltration in leaves, compared to the leaves in plants in�ltrated with pTRV::00 agrobacteria (Fig.3a). To
assess its function, we cloned the 289 bp fragment of GhERF105 from CCRI12 plant and inserted it into
pTRV2 for virus-induced gene silencing (VIGS) to suppress the expression of endogenous in cultivated
glanded allotetraploid cotton. Compared with that in the untreated CCRI12 as the negative control (Fig.
3b1-b2), The GhERF105-silenced CCRI12 plants exhibited the dramatic reduction in gland numbers in the
new leaf of 14-21d after in�ltration (Fig. 3 b3-b6). The transcript levels of GhERF105 in pTRV-GhERF105
leaves were prominently lower than those in the untreated CCRI12 but still higher than those in the
untreated CCRI12XW (Fig. 3c). However, the veins of the new emerging leaves had fewer dotted glands
and the stems had thickly dotted glands (Fig. 3 b5-b6, Fig. S3). These data suggested that GhERF105
regulated the glands formation in leaf but not stem, in contrast, GoPGF showed glandless phenotype in
all organs including the leaves and stems [29]. We conducted HPLC analysis to measure the level of
gossypol in the leaves, gossypol content was reduced by about 78% in the GhERF105-silenced leaves
compared with the untreated CCRI12 leaves but still higher than those in the untreated CCRI12XW (Fig.
3d). In all, the results suggested that GhERF105 might be involved in the pigment gland formation and
gossypol biosynthesis.

Spatiotemporal expression analysis of GhERF105 gene

The pigment glands are located on the surfaces of the stems, leaves, sepals, petals, and stigmas [17],
GhERF105 gene was associated with the development of cotton pigment gland. Therefore, the
transcription level of GhERF105 gene was detected by RT-qPCR in gland development of different
organs of glanded and glandless cotton accessions. The result showed the mRNA levels
in cotyledon, hypocotyl, petiole, leaf and stem of the gland plant were increased to 3.5, 10.5, 15.0, 8.7 and
4.0 folds of that in glandless plant, respectively. The mRNA levels of GhERF105 in the organs of the
glanded plants were signi�cantly higher than that in the glandless plants. At the same time, the
expression level of GhERF105 was highest in the leaves of glanded plants but there wasn’t signi�cant
differences between the leaves and other organs of glandless plants (Fig.4). In addition, there was no
signi�cant difference of GhERF105 between leaves and cotyledons of glandular cultivar, but signi�cant
difference from the petiole, hypocotyl and stem. Therefore, the GhERF105 gene had highly different
expression pattern between the glanded and glandless cotton plants in pigment gland formation. 

Nuclear localization and revealed transcription activity of GhERF105 protein

The green �uorescent protein (GFP) reporter, which is a vital marker for protein subcellular localization,
showed a very strong �uorescence signal under the control of the constitutive CaMV35S promoter, and
the signal was uniformly and diffusely distributed throughout the cell. Based on functional annotation
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information, GhERF105 is believed to act as a transcriptional factor. Therefore, the nuclear localization
should be essential for the function of GhERF105. To test this hypothesis, the coding sequence (CDS) of
GhERF105 was fused to the green �uorescent protein (GFP) reporter gene. After introducing the construct
(Fig. 5a,S3) into the tobacco cells by agro in�ltration, GhERF105-GFP, the transcription factor fused to
GFP, was expressed transiently and located exclusively in the nucleus of tobacco epidermal cells (Fig.5b).
The result con�rmed that GhERF105-GFP was a nuclear localized protein.

The yeast strains transformed with the pGBKT7-GhERF105 were able to grow blue colonies on the
selective medium SD/-Trp/-X-a-gal while those strains with empty vector pGBKT7 could grow white
colonies (Fig.6). This result indicated that GhERF105 had the transcriptional activity, implicating a role of
GhERF105 as a transcription activator.

Expression pattern of GhERF105 gene in cotton under ethylene treatment

The ERFs, which are important plant-speci�c transcription factors in the ethylene
signal transduction pathway, have been shown to play a critical regulatory role in modulating the
expression of speci�c stress-related genes [50-52]. Ethylene interact with other plant hormones and
regulate the programmed expression of pathogenesis-related (PR) genes in the ethylene-mediated
signaling pathways [53]. Programmed cell death (PCD) plays an important role during the development of
pigment glands in Gossypium hirsutum leaf tissue [42]. Ethylene, which regulate the upstream signal
molecular  during PCD process, mediates the PCD signal by ROS [54]. Therefore, it is meaningful to
investigate the expression pattern of GhERF105 gene in response to stress hormone ethylene stimuli. In
this study, RT-qPCR analysis was employed to detect  the expression level of GhERF105 in leaves at
different times after ethylene treatment. Compared to that in the water-treated plants, the GhERF105
mRNA was rapidly accumulated and reached the maximum at 8 h after ET treatment, followed by a rapid
decline in 12-24 h and then declined to the original level in the ethylene-treated plants,
These results suggested that the mRNA level of GhERF105 gene was induced at the early stage of
ethylene treatment and maintained the high level from 6 h to 10 h by the stress hormone ethylene in
cotton leaves (Fig.7). However, there wasn’t positive correlation between the expression change of
GhERF105 and the length of time of ethylene treatment. These results indicated that the expression of
GhERF105 was responsive to ethylene treatment at the transcriptional level and GhERF105 might be
related to ethylene signal transduction pathways or defense/stress signaling pathways. At the same time,
it is tempting to speculate that gland formation and gossypol synthesis in cotton might be induced and
regulated directly or indirectly by ethylene.

Expression patterns of genes involved in gland formation

GoPGF/GhMYC2-like/CGF3 controled both gland morphogenesis and gossypol synthesis [33-35], CGF1
showed similar functions to GoPGF/GhMYC2-like/CGF3, and CGF2 regulated the density of pigment
glands[35]. While CGP1 regulated gossypol synthesis[36]. The expression levels of GhERF105,
CGF1, CGF2, CGP1 and GoPGF/GhMYC2-like/CGF3 were analyzed by RT- qPCR in the leaf and stem of
�ve cotton accessions including glanded G. hirsutum (CCRI12 and TM-1), dominant glandless CCRI12XW,
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recessive glandless CCRI12YW and glandless-stem and glanded-leaf accession (T582) . Results obtained
from RT- qPCR analysis con�rmed that GhERF105, CGF2, CGP1 and GoPGF were highly expressed in the
leaves and stems in glanded CCRI12 and TM-1 but had lower expression in CCRI12XW and CCRI12YW.
The expression of CGF1 gene in the leaves of CCRI12, CCRI12XW and CCRI12YW was not signi�cant, but
it was signi�cant difference in stems (Fig.8). In addition, we also observed that the expression level of
these genes was signi�cantly higher in the leaves than in the stems for G. hirsutum (T582) (Fig.8). These
results showed that GhERF105 had the similar expression pattern as GoPGF, CGF1, CGF2 and CGP1 in
some cotton accessions.Conclusively, GhERF105 was associated with cotton pigment gland
development in leaves. 

Discussion
To date, developing cotton varieties, which produce low-gossypol seeds and high-gossypol plants, has
become an important topic of cotton breeding. Therefore, it is very signi�cant to understand the
molecular mechanisms of the pigment gland formation and the relationship between gossypol and gland
in cotton. 

In the recent years, the considerable efforts have been made by researchers to accumulate knowledge
and to identify a series of genes related to pigment gland formation and gossypol
synthesis. GoPGF/CGF3/GhMYC2-like plays the critical role in gland development, independently
regulates the gland morphogenesis and indirectly affects gossypol biosynthesis by   regulating the
expression of gossypol-related genes through binding to the G-box motif [34]. CGF1 showed similar
functions to CGF3, and CGF2 regulates the density of pigment glands [35]. Silencing of GoPGF results in
the absence of glands in all organs of glanded cotton and leads to an almost complete lack of gossypol
[33-35]. Knockout of CGP1 by CRISPR/Cas9 and VIGS produces a strong reduction in gossypol levels,
showing that it modulates gossypol accumulation but not gland morphogenesis [36]. Silencing of
GauGRAS1 by VIGS leads to glandless stems and petiole and does not change the gland formation in the
leaves in G. australe. Moreover, the gossypol content in the stem of the GauGRAS1-silenced plants was
signi�cantly reduced [38]. However, the molecular mechanism for pigment gland formation remains
complicated and unclear, which leads to limit the progress in the breeding of low-gossypol cotton.
Therefore, it is an intense need to explore the study on molecular mechanisms for gland formation which
facilitate the genetic improvement of cotton. 

This study provides several evidences that GhERF105 gene was associated with gland formation
in the partial organs of glanded plant. First, GhERF105 gene was identi�ed by the comparative
transcriptome analysis of the leaf of glanded and glandless cotton accessions. Second, GhERF105 was
highly expressed in the glanded accession, while it had the lower expression in the glandless accession.
Third, knockdown of GhERF105 via VIGS markedly resulted in the drastic reduction of visible pigmented
glands and decreased the content of the gossypol in the leaves but didn’t change the density of gland on
the stem of the cotton. In addition, the expression pattern of GhERF105 was similar with that of known
genes related to gland development (such as GoPGF and CGF) in some glanded and glandless
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accessions [Fig. 8]. These �ndings further indicated that GhERF105 might be involved in the gland
formation in cotton. Nevertheless, the regulatory mechanism on the pigment gland was somewhat
different between GhERF105 and GauGRAS1. 

Gao et al.(2019) had proved that CGP1a interacts with GoPGF in the tobacco cell
nucleus, regulates multiple gossypol biosynthetic genes and controls gossypol and other
terpenoid compounds[36]. Ma et al. (2016) had con�rmed that GoPGF independently regulates gland
morphogenesis and gossypol synthesis by binding the G-box motif present in the promoters of WRKYs
and terpene synthases (TPSs) respectively by Yeast one-hybrid assays [34]. The promoter region
of GhERF105 includes G-box cis-acting elements. It is speculated that GoPGF regulates the expression of
GhERF105 by binding to G-box cis-acting elements in the nucleus and modulates the
expression of gossypol-related genes by binding to the related cis-acting elements of their promoter
directly and indirectly (Fig.9). This speculation will be needed to be further veri�ed by the results of
related experiments. 

In conclusion, the cloning and characterization of GhERF105 both provide new information to study the
molecular mechanism of gland formation and its functions in upland cotton.

Conclusions
Based on the comparative transcriptome analysis of the leaf from two pairs of glanded and glandless
cotton plants, we identi�ed an ethylene response factor named GhERF105 that was involved in the
regulation of gland pigmentation, The GhERF105 gene, which was cloned from the leaves of CCRI12, had
711bp in length containing an open reading frame (orf) with initial code (ATG) and terminal code (TAA) ,
The predicted protein comprised of 236 amino acids with relative molecular weight of 26.3 kDa and
isoelectric point of 7.72 containing an ERF conserved DNA binding domain. The cotton GhERF105
belonged to the largest AP2/ERF family of regulatory transcription factors. The gene was differentially
expressed in different organs from glanded and glandless cotton accessions. Silencing of GhERF105 by
VIGS not only reduced the number of glands, but also decreased the accumulation of gossypol in the
leaves of treated plants. GhERF105 was located in the nucleus with transcriptional activation activity and
induced by ethylene. The results suggested that the novel GhERF105 may contribute to the regulation of
the pigment gland and gossypol biosynthesis, as well as hormone signaling and pathogen defense.

Taken together, the cloning and characterization of GhERF105 gene will open novel opportunities to
discover the molecular mechanism of gland formation in cotton. These results will further facilitate the
improvement of cotton varieties with glandless seeds and glanded plants through genetic engineering.

Methods
Plant Materials and growth conditions
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Accessions of CCRI12, CCRI12XW, CCRI12YW, L7, L7XW, TM-1, T582, were obtained from  Cotton
Research Institute, the Chinese Academy of Agricultural Sciences (CAAS) (Anyang, China). Among these,
CCRI12 (China Cotton Research Institute 12) and L7 (LiaoMian 7) are upland cotton cultivars with dark-
colored pigment glands and high content of gossypol in both plants and seeds. While CCRI12XW,
CCRI12YW, and L7XW, which have glandless and low gossypol content in both seeds and plants, are
dominant glandless near isogenic lines (NILs) that differ primarily in the gland trait of CCRI12 and L7,
respectively[55]. ‘TM-1’, which is widely used as a genetic standard, is the glanded accession of the seeds
and the whole plant, ‘T582’ is an accession with glandless-stem and glanded-leaf of plant. All materials
were maintained by self-crossing for several years in our lab. 

The seeds were immersed in water and followed by germination in a high humidity environment at 28°C
in the dark for 2 d. Well-germinated seeds were subsequently planted in 0.3 L pots of 7 cm diameter with
one seed per pot in a commercially available sand/soil/fertilizer mix and grown for two to three weeks at
28°C (16 h light and 8 h dark) with LED lamps (Opple lighting Zhongshan China ) in a greenhouse.

Extraction of total RNAs and synthesis of cDNA

Samples from different organs of the cotton plants, including cotyledon, hypocotyl, petiole,  leaf and stem
of one or many different gland accessions, served as the source of total RNA, were immediately frozen in
liquid nitrogen and stored at -80°C. Total RNAs were isolated from 100 mg of leaf ground with liquid
nitrogen using the RNAprep Plant RNA kit (polysaccharides&polyphenolics-rich) (TIANGEN BIOTECH
(BEIJING)CO., LTD) according to the manufacturer’s instructions. The quantity and purity of RNAs were
assessed according an absorbance ratio of OD 260/280 (1.9-2.1) using a NanoDrop OneC Microvolume UV-
Vis Spectrophotometer with Wi-Fi (Thermo Fisher Scienti�c Inc., Waltham, MA, USA) ultraviolet
spectrophotometer, and was con�rmed using 1.0% (w/v) denatured formaldehyde agarose gel
electrophoresis to investigate its integrality. First strand cDNA was synthesized by the PrimmeScript™ II
1st strand cDNA Synthesis Kit (TaKaRa Bio, Dalian, China) following the manufacturer’s protocol of
Reverse Transcription System.

RNA-sequencing

Near-isogenic lines of tetraploid cotton (Gossypium hirsutum L.) cultivars CCRI12, L7 and glandless lines
CCRI12XW, L7XW were used for comparative RNA-seq analysis to identify the genes that are involved in
gland formation. Leaves of each lines were collected for library preparation and RNA-sequencing were
performed using Illumina HiSeq 2000. DESeq2 program was used to identify differentially expressed
genes, (log fold change ≥1 and FDR<0.05) were considered to be the cutoff threshold to determine
differentially expressed genes[56-59]. All sequencing data have been deposited in SRA
(www.ncbi.nlm.nih.gov/sra). The accession numbers  are SRR12223945, SRR1652393, ERR5006257 and
SRR1652403.

Molecular cloning of GhERF105 gene 
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The full-length cDNA sequence of GhERF105 was ampli�ed from the leaves of CCRI12, and cloned into
the pBI121 vector for sequencing (Sangon, Shanghai, China or Genewiz, Suzhou,
China). PrimeSTAR®GXL DNA polymerase, dNTPs and other reagents were supplied by TaKaRa Bio,
(Dalian) Co., Ltd. PCR ampli�cation of the GhERF105 gene was performed in a reaction volume of 15 μL
containing 1 μL of template cDNA, 1.2 μL of dNTP Mixture 2.5mM , 3 μL of 5×PrimeSTAR GXL Buffer,
0.3 μL of PrimeSTAR® GXL DNA Polymerase, 0.4 μL of forward primer and 0.4 μL of reverse primer(10
μΜ for each), and 8.7 μL ddH2O. The reaction procedure: 5 min at 98°C; 35 cycles of 10 s at 98 °C, 15 s at
55℃, 1 min at 68°C and a �nal cycle of 5 min at 68°C; hold at 10°C. The PCR products were then puri�ed
following the instructions in the QIAquick PCR Puri�cation Kit (250) (Qiagen, Düsseldorf, Germany) and
eluted in a �nal sample volume of 35 µL of Qiagen EB buffer. The primers used for GhERF105 cloning
were listed in Supplementary Table S4.

Identi�cation of GhERF105 gene and its promoter in Gossypium hirsutum

The amino acid sequences and AP2 domain of GhERF105 were obtained from CottonFGD
(https://cottonfgd.org/about/download.html) and Prosite https://prosite.expasy.org/ respectively, The
predicted molecular weight and isoelectric points of GhERF105 protein were calculated using the ExPASy
program (http://web.expasy.org/protparam/). The G-box of the promoter of GhERF105 were obtained
from PLANTCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Gene Expression Analysis by Real-Time Quantitative PCR 

Expression levels of GhERF105 was performed by real-time quantitative (RT-qPCR) analysis using the ABI
Quantstudio 5 Detection System (Applied Biosystems, Carlsbad, CA). Actin (GenBank accession numbers:
AY305733) was used as reference gene. The 20 μL RT- qPCR experiment was carried out with TB Green
Premix Ex TaqTM (Tli RNaseH Plus) (TaKaRa Bio, Dalian, China). The reaction contains 0.5 μL of each
primer (10 μM), 0.4 μL ROX Reference DyeII (50x), 1 μL above synthesized cDNA template, and 7.6 μL of
sterilized ddH2O. The conditions were as follows: one cycle at 95°C for 5 min, 40 cycles of 95℃ for 5 s,
55℃ for 30 s, and 72℃ for 30 s. Each sample was run in triplicate, each biological replicate was
assessed three times. The relative expression level of the genes was calculated according to the
2−ΔΔCT method [59]. The primers were designed using the Primer 5.0 software or online in NCBI website
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome) and listed
in Supplementary Table S5.

VIGS procedure

For knockdown of GhERF105 gene, The pTRV-VIGS vectors were constructed using a previously
published method [60 - 63]. Brie�y, cDNA fragments of cotton PDS (GhPDS1, 327bp, GenBank accession
numbers: HQ441184) and Pigment gland formation GhERF105 (337bp) were ampli�ed using Prime STAR
GXL DNA Polymerase (TaKaRa) from CCRI12 by PCR with gene-speci�c primers (listed in the table 2).
The resulting products were cloned into pTRV2 with BamHI and KpnI to produce recombinant vectors
named pTRV2::PDS and pTRV2::GhERF105, respectively. These recombinant vectors and the empty
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vector (pTRV2::00) were then introduced into the Agrobacterium strain GV3101 (Weidi Bio, Shanghai,
China) by heat shock method. Agrobacterium cultures containing pTRV1 and pTRV2 or its derivatives
(pTRV2::PDS and pTRV2::GhERF105) were mixed in a 1:1 ratio. Seedlings with the fully expanded
cotyledons but without a visible leaf of CCRI12 were in�ltrated by inserting the Agrobacterium suspension
containing pTRV1 and pTRV2, pTRV2-GhPDS, pTRV2-GhERF105 into the cotyledons via a syringe
respectively. Plants were grown at 25℃ with a 16 h light / 8 h dark photoperiod with 70% humidity [33].
To analyze silencing e�ciency, RNA was extracted and RT-qPCR was performed. The Actin (GenBank
accession numbers: AY305733) and GhERF105 was ampli�ed as reference gene and target gene,
respectively [64]. In this study, leaves 2-3 were investigated and collectively referred to as total foliage
[65]. All primers used in this experiment were listed in Supplementary Table S6.

Gossypol content and analysis 

The gossypol was extracted from the leaves of CCRI12, GhERF105-silenced CCRI12 and CCRI12XW
plants by high-performance liquid chromatography (HPLC) (Agilent 1100, Agilent, Santa Clara USA) [33,
66]. Each 100 mg plant sample were freeze-dried and ground into powder using liquid nitrogen, the 2 ml
leaf extraction (acetonitrile/water/phosphoric acid=80:20:0.1) was added. The extraction was centrifuged
at 10000 rpm for 10 min and then the supernatant was carefully transferred into a new EP tube. The
eluent was �ltered using a 0.45 μm nylon �lter into a vial. The extract was analyzed using HPLC. A
gossypol reference standard was purchased from Sigma Chemical Co. Ltd.

Subcellular Localization of GhERF105 Protein

To study the subcellular localization of GhERF105 protein, the coding regions of GhERF105 was
ampli�ed with stop codon removed by Primers listed in Supplementary Table S7, which contained a XbaI
and SmaI site (underlined) through polymerase chain reaction (PCR), The resulting fragments were
cloned between the XbaI and SmaI site of the transient expression pBI121-GFP vector, which harbors an
ORF encoding the green �uorescent protein (GFP) under the control of the CaMV35S promoter,
and construct the recombinant plasmid p35S-GhERF105-GFP. p35S-GFP was used as positive control.
The plasmids of GFP-GhERF105 and GFP were then introduced into tobacco leaves (Nicotiana
benthamiana) respectively via Agrobacterium-mediated transformation and incubated at 25℃ under
light for 48-72 h. The green �uorescence signals were observed and the localization of the fusion protein
was determined using a confocal laser scanning microscope (Leica TCS SP8, Germany).

Transactivation Activity Assay of GhERF105 Protein

To study the transactivation activity of GhERF105 protein, GhERF105 cDNA was ampli�ed with Primers
listed in Supplementary Table S8 and cloned into the EcoRI and NotI sites of pGBKT7 vector to generate
pGBKT7-GhERF105 construct. This plasmid with empty vector control was then transformed into yeast
strain AH109 to analyze the transactivation activity. Yeast transformants with OD600 of 0.1, 0.01and
0.001 were plated on the selective media, SD/-Trp and SD/-Trp/-X-a-gal, and incubated at 30°C for 4 d.



Page 13/27

Ethylene treatment

Ethephon (ET), which emits ethylene when dissolved in water, was used as a substitute for ethylene.
Leaves from normally grown 3-to 4-week-old plants were used during the trefoil stage. Compared to the
leaves sprayed with the water as negative control, Ethylene treatment was performed by spraying the
leaves with the mixture of 1 mM/L ethephon (Solarbio Bio, Beijing, China). before leaf tissue was
sampled, All the control and treated plants were enclosed in plastic bags for different time and place in a
sealed chamber at 25℃with a 16-h-light/8-h-dark photoperiod. The whole plants were harvested at 0, 2, 4,
6, 8, 10, 12 and 24 h after treatments. immediately frozen in liquid nitrogen and stored frozen at
-80℃ until use. The primers used for expression analysis were listed in Supplementary Table S5.

Statistical analyses 

All experiments were performed at least three times, and the results represent the mean ± standard
deviation (SD) of three replicates. Statistical signi�cance of the data was evaluated using one-way
ANOVA using GraphPad Prism 8.0 or the SPSS software (version 22.0). A P-value < 0.05 was considered
signi�cant. A P-value < 0.01 was considered highly signi�cant.

Abbreviations
CDS: the coding sequence; DEGs: differentially expressed genes; ERF: ethylene responsive factor; ET:
Ethephon; FDR: False discovery rate; GFP: green �uorescent protein; ORF: open reading frame; PCD:
programmed cell death; VIGS: virus induced gene silencing.
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Figure 1
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Gland traits of leaves and stems of glanded cultivar CCRI12 (or L7) and glandless cultivar CCRI12XW (or
L7XW). CCRI12 (China Cotton Research Institute 12) and L7 (Liao Mian 7) are upland cotton cultivars
with dark-colored pigment glands. CCRI12XW and L7XW are dominant glandless near-isogenic lines
(NILs) that differ nearly only in the gland trait of CCRI12 and L7, respectively. Leaf and stem section from
CCRI12 (or L7) showing presence of a typical array of glands, while Leaf and stem section from CCRI12W
(or L7XW) showing glandless. The images were taken by stereomicroscope (Olympus SZX10, Japan).

Figure 2

RT-qPCR expression analysis of GhERF105 in the leaf and stem of CCRI12, CCRI12XW, CCRI12YW, L7,
L7XW and TM-1. The experiment was performed using three biological replicates, statistical signi�cance
was analyzed using a Student's t-tests (*P < 0.05, **P < 0.01). Error bars represent the standard of the
mean values of three biological replicates.
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Figure 3

Functional characterization of GhERF105 by VIGS. a The photo-bleaching phenotypes of cotton seedlings
in CCRI12 inoculated with pTRV::GhPDS and empty vectors. TRV::GhPDS and TRV::00 are the positive
control and negative control, respectively. b Relative transcript levels of GhERF105 of leaf inoculated with
pTRV::GhERF105 or empty vector control. c The gossypol content in empty vector (TRV::00) and in the
GhERF105-silenced leaves of CCRI12.and CCRI12XW, Actin was used as an internal control. d d1-d2
Phenotypes of Gossypium hirsutum CCRI12 inoculated with pTRV::00 vector. d3-d6 Phenotypes of
Gossypium hirsutum CCRI12 inoculated with pTRV:: GhERF105 vector. d7-d8 Phenotypes of Gossypium
hirsutum CCRI12XW. d1-d8 are enlarged versions of the positions indicated by the yellow box in Fig.3. d1
correspond to d2, d3 correspond to d4, d5 correspond to d6 and d7 correspond to d8. the red arrow
indicates the location of the glands on the leaf. Each bar value represents mean ± SD of three
independent experiments.
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Figure 4

Spatiotemporal expression analysis of GhERF105 gene in different organs of glanded plant and
glandless plant. The experiment was performed using three biological replicates, statistical signi�cance
was analyzed using a Student's t-tests (*P < 0.05, **P < 0.01). Error bars represent the standard of the
mean values of three biological replicates. Red symbol ‘*’ indicates the expression of GhERF105 was
signi�cant difference in the same organ between glanded and glandless cultivars, Black symbol ‘*’
indicates the expression of GhERF105 was signi�cant difference in the different tissues of glanded
cultivars.
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Figure 5

Subcellular localization of GhERF105. a The pBI121::GhERF105 fusion expression vector was
constructed. b Subcellular localization of GFP (b1, b2 and b3) and GhERF105::GFP fusion protein (b4, b5
and b6) in the epidermal cells of leaves of N. benthamiana. Bar=100μm
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Figure 6

Transcription activation of GhERF105 in yeasts. The constructs pGBKT7 and pGBKT7 - GhERF105 were
transformed in yeasts and grew for 3-4 days on the selected medium as indicated, Bar=200 μm
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Figure 7

The expression of GhERF105 gene in leave of glanded plant under ethylene treatment. The samples were
collected at 0, 2, 4, 6, 8, 10,12 and 24 h after ethylene treatment. The experiment was performed using
three biological replicates, statistical signi�cance was analyzed using a Student's t-tests (*P < 0.05, **P <
0.01). Red symbol ‘*’indicates the expression of GhERF105 was signi�cant difference between ethylene
treatment and water treatment at the same tissue, Black symbol ‘*’indicates the expression of GhERF105
was signi�cant difference at different time of ethylene treatment. Error bars represent the standard of the
mean values of three biological replicates.
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Figure 8

Expression analysis of GhERF105, GoPGF, CGF1, CGF2 and CGP1 genes in the leave and stem of glanded
plant and glandless plant. The experiment was performed using three biological replicates, statistical
signi�cance was analyzed using a Student's t-tests (*P < 0.05, **P < 0.01). Error bars represent the
standard of the mean values of three biological replicates.
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Figure 9

Schematic model illustrating the proposed functions of GhERF105 and in cotton gland pigmentation
formation. Black parts are con�rmed, red parts are suggested in the current study.
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