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 Improving yield is a primary mission for cotton (Gossypium hirsutum) breeders; develop-

ment of cultivars with suitable architecture for high planting density (HPDA) can increase yield
per unit area.
 We characterized a natural cotton mutant, AiSheng98 (AS98), which exhibits shorter
height, shorter branch length, and more acute branch angle than wild-type.
 A copy number variant at the HPDA locus on Chromosome D12 (HPDA-D12), encoding a
dehydration-responsive element-binding (DREB) transcription factor, GhDREB1B, strongly
affects plant architecture in the AS98 mutant. We found an association between a tandem
duplication of a c. 13.5 kb segment in HPDA-D12 and elevated GhDREB1B expression resulting in the AS98 mutant phenotype. GhDREB1B overexpression confers a significant decrease
in plant height and branch length, and reduced branch angle.
 Our results suggest that fine-tuning GhDREB1B expression may be a viable engineering
strategy for modification of plant architecture favorable to high planting density in cotton.

Key words: CNVs, cotton, GhDREB1B, high
planting density, plant architecture.

Introduction
Upland cotton (Gossypium hirsutum) is among the most economically valuable textile crops in the world, and increasing fiber yield
presents a major challenge for modern cotton producers and
breeders (Paterson et al., 2012). Compared with increased yield
potential per plant, increased planting density has a greater potential to enhance yield per unit area in cotton production. The planting density is primarily determined by the individual plant
architecture that is unique to a given crop (Maddonni et al.,
2001). The characteristics of cotton architecture most germane for
high planting density (HPDA) include an appropriately low plant
height with lodging resistance and more compact branch organization (i.e. short fruiting branches, acute branch angle, and high
rate of photosynthesis per unit of canopy area) relative to currently
cultivated varieties (Su et al., 1993; Dong et al., 2018).
Plant architecture is influenced by a number of endogenous
factors, and many genes involved in regulation of plant
*These authors contributed equally to this work.
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architecture have been characterized in Arabidopsis and rice. For
example, YDK1 (YADOKARI 1) (Takase et al., 2004), DFL1
(DWARF IN LIGHT 1) (Nakazawa et al., 2001), BUD1 (BUSHY
AND DWARF 1) (Dai et al., 2006), AXR1 (AUXIN RESISTANT
1) (Stirnberg et al., 1999), LA1 (LAZY1) (Li et al., 2007), and
TSG1 (TILLERING AND SMALL GRAIN 1) (Guo et al., 2020),
etc. have all been found to play important roles in auxin biosynthesis and signal transduction to regulate plant height and leaf
angle. Although genome-wide association study (GWAS) and
QTL analysis have revealed a number of quantitative trait loci
(QTLs) and genes involved in the regulation of cotton plant
architecture (Jia et al., 2016; Huang et al., 2017), the molecular
mechanisms underlying this architecture still remain largely
unknown.
Copy number variants (CNVs) are a typical genomic structural
variation, and are related to alterations in gene expression
(Stranger et al., 2007; Wang et al., 2015). Naturally occurring
CNVs in individuals often drive phenotypic diversity and contribute to various adaptive traits (Tang & Amon, 2013). CNVs
have been shown to be associated with human diseases and
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animal behaviors (Redon et al., 2006; Sebat et al., 2007; Fadista
et al., 2010). In plants, CNVs impact several important agronomic traits, such as soybean nematode resistance (Cook et al.,
2012), tomato fruit shape (Xiao et al., 2008), rice grain size
(Wang et al., 2015), cucumber reproductive morphology (T.
Zhang et al., 2015; Z. Zhang et al., 2015), and wheat plant
height (Li et al., 2012). Cotton genomes contained a large number of repeat elements which produced structure variants (SVs)
that influenced cotton evolution and domestication (Li et al.,
2014; Wang et al., 2017; Du et al., 2018). However, the relationship between CNVs and other plant traits associated with developmental regulation is still unresolved in cotton.
DREB (dehydration responsive element binding) proteins
belong to the AP2/EREBP family of transcription factors (TFs)
and are involved in a range of plant processes (Agarwal et al.,
2006), such as plant development, cell cycle regulation, and
biotic/abiotic stress responses. Several studies have shown that
DREB TFs, such as AtDREB1A (Ravikumar et al., 2014; Shirnazaki et al., 2016), OsDREB1A (Lee et al., 2013), GmDREB2
(Chen et al., 2007), and GhDREB1 (Huang et al., 2017), provide
crucial functions in drought, salt, and cold stress response signaling pathways. Quantitative morphological traits, especially plant
height, were found to be significantly decreased in many different
species with modified DREB-like genes. For example, in
Arabidopsis, overexpression of AtDREB1B enhanced drought and
cold stress tolerance but also significantly reduced the height of
transgenic plants (Liu et al., 1998). Transgenic Arabidopsis overexpressing rice OsDREB1A and OsDREB2A showed remarked
growth repression (Dubouzet et al., 2003). Similarly, plant height
was directly affected in rice by transgenic expression of
AtDREB1A, AtDREB1B, AtDREB1C, OsDREB1A and
OsDREB1B (Ito et al., 2006). Although around fifty DREB-like
genes have been identified in cotton, the way in which any of
these genes regulates plant architecture remains largely unknown.
Cotton originated in tropical and subtropical regions where it
exhibits an indeterminate growth habit (Oosterhuis & Robertson, 2000; Li et al., 2014; Wendel & Grover, 2015). The unlimited growth of plant height and branch length is certainly a major
limiting factor for planting density in cotton fields (Su et al.,
1993). Currently, the quaternary ammonium-containing compound mepiquat chloride (1,1-dimethyl-piperidinium chloride
(DPC), which inhibits plant height and branch length, has been
widely used to control plant architecture in agriculture practice
(Zhang et al., 2020). However, this management program has
raised two nontrivial challenges: rising labor costs and potential
harm to farmland eco-environment by accumulation of residues
(Ji et al., 2018). Thus, the development and characterization of
new cotton varieties with suitable HPDA can lead to major agricultural innovations. However, the genetic basis of only a few
HPDA varieties have been functionally characterized (Zhang
et al., 2011; Liu et al., 2014; Ji et al., 2018), such as PAG1
(PAGODA1, a cotton brassinosteroid catabolism gene) (Yang
et al., 2014) and GoSP (Gossypium spp. SELF-PRUNING, allelic
variations of the long-sympodium Cl locus) (Si et al., 2018). The
mechanisms by which any of these QTL regulate HPDA remains
largely unknown. Here, we characterized a naturally variable
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dwarf cotton variety Aisheng98 (AS98) with compact HPDA. We
found that a CNV occurring at the HPDA-D12 locus upregulates
the expression of GhDREB1, which contributed to shaping cotton plant architecture in the AS98. Our results suggested that
fine-tuning the expression of GhDREB1B can control plant architecture well-suited for high planting density in cotton.

Materials and Methods
Plant materials and growth conditions
A dwarf cotton (Gossypium hirsutum L.) mutant, AiSheng98
(AS98), and its wild-type line, LFH10W99 (LFH10), were
planted in the experimental field of the Institute of Cotton
Research, Chinese Academic Agricultural Sciences (ICR, CAAS)
(Anyang, 35°120 N, 113°370 E) or in a greenhouse with 12 h : 12
h, 28°C : 25°C, light : dark photoperiod. For QTL-seq and linkage analysis, the AS98 (P1), LHF10 (P2), and 225 F2 population
derived from LHF10 9 AS98, and the BC1F2 population originating from crossing F1 and LHF10 (n = 1250) were planted in
the experimental field of ICR, CAAS in the spring of 2016. The
other F2 population (LFH10 9 AS98) with a total number of
2464 plants also derived from the same cross, were planted at the
off-season seed production facility of the ICR, CAAS (Sanya,
18°230 N, 109°510 E) in the autumn of 2016 for verification of
incomplete dominant inheritance of the AS98 cotton and for
linkage analysis.
QTL-seq analysis
Two parent-bulk samples (P1-pool and P2-pool) were constructed by mixing equal amounts of DNA from three P1 and
three P2 individuals selected randomly from AS98 and LHF10,
respectively. Two progeny-bulk samples, an extreme-dwarf DNA
pool (LA-pool) and a normal-height DNA pool (LH-pool), were
constructed by mixing equal amounts of DNA from 20 extremedwarf and 20 normal-height F2 individuals (Supporting information Table S1). The respective 350bp-length pair end sequencing
libraries were prepared using a Truseq Nano DNA HT Sample
Preparation Kit (Illumina, San Diego, CA, USA) and sequenced
on a HiSeq4000 platform (Novogene, Tianjing).
SNP calling, QTL-seq analysis and CNV detection
The raw reads were trimmed and filtered using a series of quality
control (QC) procedures in-house C scripts (FASTQC, https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) with standards as the following: (1) Removing reads with ≥ 10% unidentified nucleotides (N); (2) Removing reads with > 50% bases
having phred quality < 5; (3) Removing reads with > 10 nt
aligned to the adapter, allowing ≤ 10% mismatches; (4) Removing putative PCR duplicates generated by PCR amplification in
the library construction process. Then, the clean reads of each of
the four pooled samples (two parental and two progenies) were
aligned to two version of the G. hirsutum TM-1 reference
genomes (Zhang et al., 2015; Yang et al., 2019) using the BWA
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software pipeline (Li & Durbin, 2009). Alignment files were converted to BAM format using the SAMTOOLS software (Li et al.,
2009a). Additionally, the SAMTOOLS command ‘rmdup’ was
used to remove potential PCR duplications. SNPs were detected
using the variant filtration parameter in GATK (McKenna et al.,
2010). ANNOVAR software was used to annotate SNPs based on
the genomic annotation files (Wang et al., 2010).
To determine candidate regions of the extreme-dwarf trait, the
QTL-seq approach (Takagi et al., 2013b) was used to calculate the
SNP-index of the two pools and their D(SNP-index). Those signals for which the SNP-index in both pools was less than 0.3 were
filtered out. We used the sliding window method with default settings for window size of 1 Mb-length and step size of 10 kb-length
to view the average of SNP-index across the whole genome. The D
(SNP-index) was calculated by subtracting the SNP-index of the
four pools, and the D(SNP-index) plots for the LA-pool, LH-pool
were generated. The genomic region with a D(SNP-index) above
the threshold 95% significance level were considered to be candidates for major contribution to the target trait.
The genome re-sequencing data from the LA-pool and LHpool were used for SV detection. Based on the previous alignments, the variation in paired-end reads and analysis by visualization of read depth to detect deletions, insertions, inversions, and
tandem duplications were conducted using Integrative Genomics
Viewer (IGV) (Robinson et al., 2011) software loaded with the
BAM files containing each respective candidate region.
Virus-induced gene silencing (VIGS) assays
To further study whether knockdown of GhDREB1 affected the compact HPDA, we conducted VIGS experiments. Briefly, a 303 bp fragment of GhDREB1 was amplified from cDNA using the VIGS
primers (Table S2) designed with the SGN VIGS Tool. The PCR
products digested with EcoRI and BamHI were inserted into EcoRIBam HI-cut pTRV2. The pTRV1, pTRV2, and pTRV2 derivatives
fused to the target fragment of GhDREB1 vectors were transformed
into Agrobacterium tumefaciens strain LBA 4404. The transformed
Agrobacterium cells were grown overnight at 28°C in LB medium containing kanamycin at 50 mg l1, rifampicin at 25 mg l1, MES at
10 mM and acetosyringone at 20 lM. The cells were collected and
resuspended in infiltration medium containing 10 mM MgCl2,
10 mM MES, and 20 lM acetosyringone. The cell suspensions,
adjusted to an OD600 = 1.5, were incubated at room temperature in
the dark for c. 4 h. The Agrobacterium cultures containing pTRV1 and
pTRV2 or its derivative vectors were mixed at ratio of 1 : 1, and then
plants with two fully expanded cotyledons but without a true leaf were
infiltrated with the Agrobacterium mixed suspension using a needle-less
syringe. The plants were left at room temperature under dim light
overnight and subsequently grown at 23°C with a 16 h : 8 h, light :
dark cycle. Primers used for vector construction are listed in Table S2.
Vector construction for cotton transformation
For the GhDREB1B overexpression construct, a 750-bp fulllength cDNA was amplified by PCR with PstI-Xho I linker
primers from the cDNA library of AS98, and sub-cloned into the
Ó 2020 The Authors
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binary vector pBI121 at the PstI and Xho I restriction sites.
Primers used for vector construction are listed in Table S2.
Agrobacterium tumefaciens mediated transformation was done
using the vacuum infiltration method. Transgenic GhDREB1Boverexpressing cotton lines were developed using the hypocotyl
segments of upland cotton cultivar, R15. After regeneration, the
plantlets were transferred to pots for further growth and production of T0 seeds.
Southern hybridization analysis
Total cotton genomic DNA was extracted from fresh cotton leaves,
and thirty units of EcoRI were used to digest 20 lg of genomic DNA
for 16 h at 37°C using a Southern Blot Kit (Towin, Wuhan). Digestion products were resolved by 0.8% agarose gel electrophoresis in
fresh TBE buffer at 30 volt for 16 h. Fractionated DNA was transferred to a nylon membrane that was then immobilized by incubation
at 80°C for 2 h. Membrane prehybridization was performed in 10 ml
of prehybridization buffer for 2 h at 68°C. GhDREB1B was amplified
from AS98 for DIG labeling to generate DNA probes. The DIG-labeled DNA probe was denatured by boiling for 8 min, cooled on ice,
and then added to the preheated hybridization buffer to hybridize with
the membrane at 68°C for 36 h. The membrane was then washed and
subsequently exposed to X-ray film using chemiluminescence.
RNA extraction, cDNA preparation, and gene expression
analysis
For GhDREB1B expression analysis, various organs were collected starting during the flowering stage. Materials were collected and immediately flash frozen in liquid nitrogen, then
stored at 80°C for RNA extraction. Three plants were collected
for RNA isolation and all experiments were repeated three times
independently. Total RNA was extracted using a TRIzol kit
according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). RNA was reverse transcribed using the ReverTra
Ace qPCR RT Master Kit (Toyobo, Japan). Quantitative realtime (qRT)-PCR was performed with a Chromo 4 real-time
PCR detection system following the manufacturer’s instructions
(CFX96; Bio–Rad, Hercules, CA, USA). The data were analyzed
using Opticon monitor software (Bio-Rad). Cotton GhActin1
was used as an internal reference gene. The primers used for
qRT-PCR are listed in Table S2. Student’s t-test was used to
determine statistical significance.
RNA sequencing and data analysis
RNAs extracted from 6-week-old stem apex of AS98 and LFH10
cotton plants were used for RNA sequencing. For direct comparison, two libraries (150bp-length pair-end reads) were prepared
in the same manner and sequenced on Hiseq2000 platform
(Biomarker, Beijing) following the protocol provided by the
company (Illumina). After removal of adaptor sequences, duplication sequences, ambiguous reads and low-quality reads, high-quality
clean reads were generated and mapped to the upland cotton genome
through the Bowtie software (Li et al., 2009b; Langmead & Salzberg,
New Phytologist (2021) 229: 2091–2103
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2012). Differentially expressed genes (DEGs) were analyzed by CUFsoftware for FPKM (fragments per kilo bases per million
reads) calculation (Trapnell et al., 2010). Genes with more that 2.0fold change and P ≤ 0.05 in AS98 cotton libraries were regarded as
DEGs. GO enrichment analysis was performed using in-house PERL
scripts with known gene function annotations downloaded from
PlantGSEA provided in CYTOSCAPE (Yi et al., 2013).

FLINKS

Drought stress treatment
For evaluation of drought tolerance, the homozygous AS98 and
LFH10 cotton plants were separately germinated in well-watered
soil in the greenhouse at ICR, CAAS (Anyang, 35°120 N,
113°370 E). A set of 10-d old cotton seedlings continually watered
with 13% PEG6000 for 10 d. For determination of water loss,
leaves of similar developmental stages from stress-related lines
and control plants were cut from the base and weighed at different time points. For determination of electrolyte leakage measurement, ten different leaf disks from AS98 and LFH10 were
placed into a flask containing 20 ml distilled deionized water.
After shaking at room temperature for 6 h at 120 rpm, the conductivity (Ci) was measured with a conductivity meter (Leici
DDS-307A). Then, the disks were boiled for 20 min to kill the
leaf tissues and shaken for 1 h to completely release the electrolytes into the solution. The conductivity (Cm) was measured
again. The electrolyte leakage was calculated according to the
equation (Ci/Cm) 9 100%.
Agronomic trait analysis
In all field traits, plants were grown following a randomized complete block design with three replications. Each transgenic cotton
line was planted in a 22.5 m2 experimental plot with three replicates (600 plants for each). The distance between plants was
12.5 cm and row to row spacing was 30 cm. All recommended
plant protection measures were adopted from sowing to the harvesting. More than twenty plants from each repeat were randomly selected for important agronomic traits, including plant
height, branch length, branch angle, and fiber length, were measured on a single-plant basis. Plant height was determined by the
height of the main stem at the boll opening stage. Fruiting
branch angle on the main stem was measured prior to manual
separation for measurement of length and angle. All naturally
opened bolls from a single plot were collected and dried at 37°C
in an oven, and 100 randomly picked bolls were used for fiber
length measurements. All of the opened bolls before and after
frost in a single plot were collected and treated as described above
for measurement of cotton fiber length.

Results
AS98 compact phenotype is controlled by a single, semidominant nuclear gene
To initially identify cotton lines carrying genetic material salient
to compact architecture, we screened a wide range of cotton
New Phytologist (2021) 229: 2091–2103
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accessions, including more than 6000 cultivated cotton varieties
and c. 1200 mutants. We found that Upland cotton accession
AS98 had exemplary, compact HPDA, including a shorter stature
and branch length, as well as an acute branch inclination angle
relative to other varieties (Figs 1a, S1a–f). AS98 was a spontaneous cotton mutant identified from the Upland cotton line LFH10W99 (LFH10) in 1998 (Zhang et al., 2011),
which was an introgression line originally generated by interspecific cross between Upland cotton Langmian 4 (G. hirsutum) and
wild tetraploid cotton G. mustelinum for eight generations. Measurement of quantitative architecture-related traits in both
heterozygous and homozygous AS98 plants at the boll opening
stage revealed an approximate 51.4% and 79.2% (Fig. 1b)
decrease in plant height and a 30.6% and 79.2% decrease in
branch length (Fig. 1c), respectively, compared to the wild-type
LFH10. Similarly, the fruiting branch angles were markedly
reduced 11.4% and 20.8% on average in the respective heterozygous and homozygous AS98 plants (Fig. 1d).
Crossing AS98 with LHF10 showed that plant height, fruiting
branch length, and fruiting branch angle did not segregate in the
F2 backcross generation, suggesting that these three traits are
potentially controlled by single locus. We named the putative
locus that determines AS98 architecture as HPDA. Further
genetic analysis of a large heterozygous population (LFH10/
AS98) showed that HPDA was semi-dominant, since the phenotype of heterozygous plants was intermediate between those of
the homozygous AS98 and LFH10 parent lines (Figs 1a, S1).
Together, these results suggested that the AS98 phenotype was
controlled by a single, semi-dominant nuclear gene.
QTL-Seq revealed HPDA locus on chromosome D12
For convenience in phenotypic scoring, we chose plant height as
the quantitative trait to initially use in identifying the HPDA
locus. A pooled sequencing strategy (QTL-seq) was performed
using two parent-bulk samples, AS98 (P1-pool) and LFH10 (P2pool), and two progeny-bulk samples with an extreme-dwarf phenotype (LA-pool) and normal plant height (LH-pool), based on
plant height data obtained from field plantings (Table S1). Two
versions of TM-1 genomes were selected as the references. Two
versions of the TM-1 reference genome were selected as the templates for alignment analysis (Li et al., 2015; Yang et al., 2019),
and high-confidence SNP data were generated using the resulting
alignment (Table S3). An average SNP-index was calculated with
a sliding window (1 Mb interval, 1 kb step width) for the two
extreme bulks. The D(SNP-index) was calculated and plotted
across the whole genome using the SNP-indexes for LA-pool and
LH-pool and regions in which the D(SNP-index) value was above
the threshold were then considered candidate QTL regions
(Fig. 2a,b). Under a 95% level of confidence, only one genomic
region (57.6–58.8 Mb) on chromosome D12 qualified as a candidate locus, potentially responsible for the HPDA trait in the
AS98 mutant. We therefore designated the locus that determines
the HPDA architecture as HPDA-D12 (Fig. 2c). Meanwhile,
map-based cloning was carried out in a large the F2 population
derived from a cross between AS98 and LFH10 (n = 2464), and
Ó 2020 The Authors
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(a)

(b)

(c)
Fig. 1 Phenotype of AS98 cotton. (a) The
plant architecture of the LFH10, F1
(LFH10 9 AS98), and AS98 mutant at the
boll opening stage. Bar, 30 cm. (b–d) Plant
height (b), branch length (c), and branch
angle (d) of LFH10 and AS98 cotton. Data
are means  SE (n = 20). One-way ANOVA
followed by Duncan’s multiple range test
was used to compare the significant levels
between different lines, and different letters
in the footnote ’a, b, c’ represent significant
differences (P < 0.05).

the candidate region containing the HPDA-D12 gene was
mapped to a c. 1.94 Mb-length segment between markers InDel2
and InDel25 on chromosome D12 (Fig. 2d), which corresponded with the locus identified by QTL-seq.
Doubling of HPDA-D12 copy number correlated with
higher GhDREB1B transcription and compact phenotype
To further identify the specific, causal genetic variation underlying the HPDA compact phenotype, the mapped read alignment
data of LA-pool and LH-pool at HPDA-D12 gene were visualized and analyzed using Integrative Genomes Viewer (IGV)
(Robinson et al., 2011). By identifying the orientation of abnormally paired reads and differences in read coverage depth, we
found that a c. 13.5 kb-length adjacent copy number variant
(CNV) existed in the HPDA-D12 locus in AS98 (Figs 2e, S2). It
was further confirmed by sequencing the DNA between the M10
and M11 markers (Table S2). Sequence analysis revealed a 4-bp
(GAAG) insertion at the duplication breakpoint in the AS98
mutant (Fig. 2f). The primers designed to span the CNV breakpoint successfully amplified the expected fragments in six randomly selected individuals containing HPDA-D12 locus, but did
not in the wild-type LFH10 (Fig. 2g). These results implied that
this CNV at the HPDA-D12 locus is very likely responsible for
the compact AS98 phenotype. This hypothesis was confirmed by
analysis of two independent F2 populations of 225 and 2,464
individuals, of which 216 and 2,301 plants, respectively, containing the HPDA-D12 locus CNV also exhibited the mutant phenotype (Fig. S3). We therefore concluded that increased copy
number of the HPDA-D12 locus likely results in decreased plant
height and branch length, and also reduced branch angle in the
AS98 mutant line.
Sequence analysis showed that the tandem duplication of a
c. 13.5 kb segment at the HPDA-D12 locus contained only one
candidate gene, Gh_D12G245100 (Fig. 2f). Gh_D12G245100
encodes a dehydration responsive element binding factor 1B protein (GhDREB1B), with 53% amino acid sequence similarity
with Arabidopsis DREB1B, which reportedly participates in the
Ó 2020 The Authors
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response to low temperature and abscisic acid (Jin et al., 2009).
We thus designated each of the tandem duplication segments as
GhDREB1Ba and GhDREB1Bb, respectively (Fig. 2f). Both
GhDREB1Ba and GhDREB1Bb genes have no introns and share
100% nucleotide identity in the 2.0 kb promoter, 750 bp coding
sequence, and 222 bp 30 -UTR (Fig. S4). Southern blots using
GhDREB1B as a probe showed three fragments of varying length,
two of which were potentially derived from the D12 chromosome CNV and one from chromosome A12 in AS98 (Figs 2h,
S5), whereas only two fragments were found in LFH10, one each
from chromosomes A12 and D12. These data further supported
that tandem duplication was the source of variation in the AS98
cotton HPDA-D12 locus. Semi-quantitative expression analysis
subsequently revealed that GhDREB1B transcription was significantly higher in AS98 than in LFH10 (Fig. 2i). Further quantitative real-time PCR (qRT-PCR) analysis showed 12.5-fold
elevated GhDREB1B expression in AS98 seedlings compared
with LFH10 (Fig. 2j), consistent with qRT-PCR results observed
in the LA-pool and LH-pool plants (Fig. 2k). Taken together,
these findings indicated that up-regulation of GhDREB1B may
be the underlying cause AS98 compact plant architecture.
Virus-induced gene silencing (VIGS) of GhDREB1B partially
restored plant height to the AS98 mutant
To further determine whether GhDREB1B is responsible for the
HPDA-D12 locus phenotype, we used virus-induced gene silencing (VIGS) in AS98 cotton to transiently suppress its expression
and observe the resulting phenotypes. The tobacco rattle virus
(TRV)-based VIGS construct was targeted specifically to the
non-conserved region of GhDREB1B outside the AP2 domain to
avoid interference with other AP2 proteins. A 303 bp (protein:
149-249) fragment of the GhDREB1B CDS was used in VIGS
(Fig. S6), and a TRV::CHL1 treatment that blocks chlorophyll
production was used as a visible marker to monitor and verify the
success of the viral infection (Fig. S7). As expected, at two weeks
post Agrobacterium tumefaciens infiltration, silencing of
GhDREB1B in AS98 plants led to an approximate 41.0%
New Phytologist (2021) 229: 2091–2103
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(j)

(i)

(k)

(f)

Fig. 2 Cloning of HPDA-D12. (a) HPDA-D12 locus was mapped on chromosome D12 by QTL-Seq analysis. Red arrow indicates the only window with a
delta-SNP value exceeding the 95% significance threshold confidence interval across the whole genome. (b) Magnified view of D12 chromosome. Red
arrow shows the candidate region on chromosome D12. (c) Schematic showing HPDA-D12 locus at the interval of 57.6–58.8 Mb. (d) Genetic mapping of
HPDA-D12 locus. The numbers of recombinants are shown in brackets. (e) Coverage depth of paired reads within the HPDA-D12 locus for the LA-pool
and LH-pool. The peak heights of each section reflect the read depth (RD); the genomic region between 58 009 853 and 58 023 391 bp in the LA-pool
(blue) shows at least two-fold higher red depth compared to that of the LH-pool (gray). The green arrows show diverging orientation and length of read
pairs. LA-pool, compact HPDA phenotype.LH-pool, normal plant height. (f) Structures of the GhDREB1B genes in wild-type and AS98 cotton. A c. 13.5 kb
tandem duplication with a 4-bp insertion between the duplicates was found in AS98. The red arrows represent primer positions. (g) PCR amplification with
the primer pair in (f) using DNA samples from wild-type, AS98, five LA-pool individual plants (LA1-LA5) and five LH-pool individual plants (LH1-LH5). (h)
Southern blot analysis of the HPDA-D12 duplication region using genomic DNA digested with EcoRI and a DP probe in (f). (i–k) Relative expression levels
of GhDREB1B in LFH10 and As98 plants with RT PCR (i) and qRT-PCR (j). Relative expression levels of GhDREB1B in LA-pool (LA1-LA2) and LH-pool
(LH1-LH2) plants with qRT-PCR (k). The expression level in AS98 and LA-pool was set as 1.0 Each value in (j and k) represents the mean  SD (n = 3
replicates). Student’s t-test analysis was used to determine significant differences compared with wild-type: **, P ˂ 0.01.
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increase in plant height compared with TRV::00 control plants
(Fig. 3a,b). The GhDREB1B transcription levels were substantially down-regulated in the TRV::GhDREB1B plants compared
with the negative control (Fig. 3c), thereby indicating that
knock-down of GhDREB1B expression partially restored the
height of AS98 plants. However, TRV::GhDREB1B plant height
was also significantly shorter than that of wild-type LFH10 due
to the lower level of GhDREB1B expression in the LFH10 background than in TRV::GhDREB1B-silenced cotton (Fig. 3). Collectively, our results clearly showed that up-regulated expression
of GhDREB1B was responsible for the HPDA phenotype in
AS98 plant.
GhDREB1B is localized in nuclei and expressed in stems and
roots during plant architectural development
To better understand GhDREB1B function, we examined its relative expression patterns across various tissues by quantitative
real-time RT-PCR. Temporal and spatial expression analysis
showed that GhDREB1B is preferentially expressed in the stem
and root, with much lower expression in leaf, but no detectable
expression found in bract, sepal, torus, or fiber tissue (Fig. 4a).
This pattern of GhDREB1B expression was consistent with the

RNA-seq data reported in the CottonFGD (https://cottonfgd.
org/) (Zhu et al., 2017), and correlated well with the characteristic plant architecture development, suggesting that GhDREB1B
controls this process in cotton.
Furthermore, GhDREB1B was predicted to be a nuclear protein by PredictNLS and PSORT. To confirm the subcellular
localization of GhDREB1B, the full length GhDREB1B was
fused to the green fluorescent protein (GFP) reporter gene under
the control of the CaMV 35S promoter and subsequently transformed into protoplasts of Arabidopsis. Confocal microscopy
showed that the green fluorescent signals for GhDREB1B-GFP
were found exclusively in nuclei (Fig. 4b), suggesting that
GhDREB1B is a nuclear-localized protein, with a functional
transit peptide. Together these data show that GhDREB1B
appears to function as a nuclear transcription factor, expressed in
roots and stems as part of the development process for plant
architecture in cotton.
GhDREB1B expression in AS98 correlated with repression
of auxin response and transport genes
To further explore the functional mechanisms by which
GhDREB1B controls plant architecture, we conducted RNA-seq

(a)

(b)

(c)

Fig. 3 Functional characterization ofHPDAD12 by VIGS. (a) AS98 cotton plants
subjected to VIGS at two weeks post
infiltration showing partial restoration to
normal plant height. Bar, 15 cm. TRV::00,
empty vector control. TRV::GhDREB1B,
GhDREB1B-silenced AS98 cotton. (b) Plant
heights of TRV::00, TRV::GhDREB1B, and
LFH10 plants in (a). Values represent the
mean  SE (n = 10). (c) The expression of
GhDEREB1B in TRV::00 and TRV::
GhDREB1B cotton plants at 2 wk post
infiltration. Values represent the mean  SD
(n = 3 replicates). One-way ANOVA
followed by Duncan’s multiple range test
was used to compare the significant levels
between different lines, and different letters
in the footnote ’a, b, c’ represent significant
differences (P < 0.05).
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(a)

(b)

Fig. 4 GhDEREB1B expression patterns and
subcellular localization. (a) GhDEREB1B
transcript levels in various tissues. Values are
the mean  SD of three replicates in three
independent experiments. (b) Subcellular
localization of 35S::GhDEREB1B-GFP (upper
panel) and 35S::GFP (lower panel) in
Arabidopsis protoplasts. Bars, 10 µm.

analysis to compare the global transcriptional profiles of AS98
with LFH10 plants. A total of 998 differentially expressed genes
(DEGs, LFC ≥ 2 and P-value < 0.05) were identified in AS98
cotton (Table S4). Among these DEGs, 506 and 492 genes were
significantly up- and down- regulated in AS98, respectively.
Enrichment analysis of total DEGs identified ‘plant hormone
signal transduction’ as the most highly represented pathway
(Fig. 5a; Table S4). Further analysis of the DEGs showed that
the up-regulated genes in AS98 were enriched in several pathways, such as ‘fatty acid elongation’, ‘cutin, suberine and wax
biosynthesis’, and ‘taurine and hypo taurine metabolism’, etc.,
whereas the down-regulated genes were mainly enriched in
pathways related to ‘plant hormone signal transduction’
(Fig. 5a).
Notably, 36 (95%) of the down-regulated DEGs and six (86%)
up-regulated DEGs in the ‘plant hormone signal transduction’
are reportedly involved in auxin-related signaling. These included
seventeen auxin/indole-3-acetic acid (Aux/IAA) members, nine
auxin-responsive gretchen hagen 3 (GH3) members, two small
auxin up-regulated RNA (SAUR) genes, and one auxin response
factor (ARF) gene associated with the auxin signaling pathway.
In addition, six auxin influx carrier-like auxin resistant (LAX)
and five PIN-formed (PIN) auxin efflux carriers were also identified among these enriched DEGs (Fig. 5b; Table S4). However,
no significant change was found among genes related to IAA
biosynthesis and metabolism pathways (Table S4). These results
strongly suggest that GhDREB1B regulates plant architecture in
New Phytologist (2021) 229: 2091–2103
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cotton potentially in a manner dependent on auxin distribution
and signaling.
Auxin is a classical plant hormone mediating plant growth and
development (Zhao, 2010), essential for the rapid induction of cell
elongation and sustained growth (Leyser, 2002; Benjamins & Scheres,
2008). In our RNA-Seq data, 14 DEGs encoding ‘cyclin’-like proteins and four encoding ‘expansin-like’ proteins were significantly
down-regulated in AS98 compared with wild-type LFH10 (Fig. 5c;
Table S4). We confirmed the decreased expression of ‘cyclin’ genes in
AS98 by qRT-PCR (Fig. 5d). Moreover, 22 DEGs encoding ‘kinesin’-like proteins, a family of microtubule-based motor proteins
involved in regulation of cell division and cell elongation in AS98 cotton. The transcriptional alterations in these genes can partially explain
the compact HPDA plant morphology found in the AS98 mutant
(Fig. 5c; Table S4). These results together show the down-stream
repression by GhDREB1B expression on auxin response and transport
genes related to plant height, branch length and angle.
We also found that the expression of an ethylene biosyntheticlike protein and eight AP2-like ethylene-responsive genes were
upregulated, while three genes encoding brassinosteroid (BR)
biosynthesis-like proteins were significantly upregulated and one
BR insensitive 1-associated receptor kinase 1 was down-regulated
in the AS98 compared to LFH10 cotton (Table S4). Moreover,
several other genes that showed differential expression and are
known to affect the exact phenotypes were also observed. These
include several leucine-rich repeat receptor-like protein kinases
(LRR-RLKs) which affect stature, homeobox-leucine zipper
Ó 2020 The Authors
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(d)

Fig. 5 Transcriptomic comparison of AS98 versus LFH10 cotton. (a) Enriched pathways of differentially expressed genes (DEGs) revealed by RNA-Seq. The
number in each cell indicates log10 (P-values) of the pathway enrichment tested by Fisher’s exact test with Bonferroni correction. Blank cells indicate no
significance. (b,c) Heatmap of auxin-, cyclin-, expansin- and kinesin-associated DEGs. (d) Relative expression of the cyclin genes measured by qRT–PCR.
Values are shown as means  SD (n = 3). Student’s t-test was used to determine significant differences compared with wild-type: **, P ˂ 0.01.

protein which affect branching, and YABBYs which affect leaf
angle in our RNA-Seq data.
In addition, c. 19.6% and 1.1% of the up-regulated DEGs
were involved in oxidoreductase activity and response to stress,
respectively (Table S4). These data led us to hypothesize that the
accumulation of GhDREB1B transcripts may be led to enhanced
drought stress tolerance during the vegetative phase. To verify
our hypothesis, we examined the drought stress tolerance of the
AS98 cotton line in the greenhouse. AS98 cotton exhibited significantly increased drought tolerance during the vegetative stage
compared to LFH10 lines (Fig. S8a–c). Consistent with these
observations, AS98 has remarkable reduced water loss (Fig. S8d)
and reduced electrolyte leakage (Fig. S8e) compared with the
LFH10 cotton. These results suggested that elevating the transcription level of GhDREB1B enhances tolerance to drought
stress in cotton.
HPDA-D12 overexpression confers plant architecture suitable for high planting density in cotton
To evaluate the potential application of the HPDA-D12 locus in
optimizing cotton plant architecture, we next introduced a vector
construct carrying a GhDREB1B constitutive expression cassette
into R15 upland cotton, which is highly amenable to genetic
transformation. The transgenic cotton lines were screened
through careful monitoring of GhDREB1B expression levels over
several generations. Three independent transgenic lines, OE1,
OE2, and OE3, which had low, medium, and high expression
levels of GhDREB1B, respectively, were ultimately selected for
further analysis (Fig. 6a,b). Overexpression of GhDREB1B in the
R15 plants led to varying degrees of the compact HPDA phenotype (i.e. decreased plant height), thus further illustrating that
Ó 2020 The Authors
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GhDREB1B expression levels lead to differences in the HPDA
phenotype.
Since plant height, branch length, and branch angle traits
appear to fall under the control of a single gene in AS98 cotton,
we next investigated whether the differences in fruiting branch
length and angle were correlated with plant height and levels of
GhDREB1B expression. The three independent transgenic lines,
OE1, OE2 and OE3 exhibited decreases of 15.7%, 30.3% and
43.7% in plant height (Fig. 6c); 18.1%, 40.5% and 55.5%
decreases in fruiting branch length (Fig. 6d); and 8.8%, 18.5%
and 28.1% decreases in fruiting branch angle (Fig. 6e), respectively, compared with the non-transgenic controls. Although we
also observed a significant but negligible decrease in fiber length
in plants with the highest GhDREB1B expression, this effect was
significantly weaker than the observed effects on plant architecture (Fig. S9). The magnitude of changes in cotton plant architecture, that is, compact HPDA phenotype, that correlates with
increased expression levels of GhDREB1B, indicate that
GhDREB1B is a strong candidate for targeted manipulation of
cotton architecture, and fine-tuning its expression may be a viable
engineering strategy based on the results of overexpression and
transient silencing observed here.

Discussion
The goal of developing compact phenotypes for cotton is to
increase yield, partially through improved lodging resistance and
more efficient canopy photosynthesis, which consequently also
improve suitability for mechanical harvesting and reduce labor
costs (Bednarz et al., 2005; Dai et al., 2015). To this end, we
identified a natural CNV at the HPDA-D12 locus that profoundly affects plant architecture in cotton, resulting in favorable
New Phytologist (2021) 229: 2091–2103
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architecture for high planting density. Within this locus, the
GhDREB1B gene acts as a regulator of plant height, fruiting
branch length and branch angle; GhDREB1B knockdown leads
to significant increases in plant height in AS98 cotton seedlings,
while its overexpression partially reduces wild-type height to
AS98. Moreover, this induction of compact plant architecture
carries only a minor penalty for fiber length in AS98 relative to
the wild-type control. We are thus inclined to speculate that
GhDREB1B regulates growth in a manner independent of fiber
development, providing a potentially ideal source for HPDA
germplasm.
Similar to HPDA-D12, CNVs have been reported to contribute to a range of adaptive traits (Tang & Amon, 2013), and
among crop plants, were first found in maize, possibly associated
with its domestication (Springer et al., 2009). Several CNVs have
since been identified, for example, affecting leaf size in
Arabidopsis (Horiguchi et al., 2009), nematode resistance in soybean (Cook et al., 2012), and flowering time in wheat (Diaz
et al., 2012). Moreover, CNVs have been proposed to be recent
evolutionary events that arose in breeding populations and which
frequently occur within the loci of stress-related genes (Wang
et al., 2015), giving a new insight into the mechanisms of crop
resistant-related gene evolution that may be employed by breeders. Notably, GhDREB1B, in the HPDA-D12 locus, is ostensibly
a typical DREB1B stress-related transcription factor, similar to
others characterized for their participation in abiotic stress
response (Agarwal et al., 2006). Therefore, the findings of our
study are consistent with previous studies of DREB1B genes in
other plant species.
The availability of new assembled cotton genomes has facilitated the identification and characterization of repeat elements
New Phytologist (2021) 229: 2091–2103
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Fig. 6 The phenotype of GhDEREB1B overexpression cotton lines. (a) Phenotypes
of GhDREB1b overexpression transgenic
plants in the R15 background. OE,
overexpression plant. Bars, 30 cm. (b) The
expression levels of GhDREB1B in transgenic
overexpression plants. Values represent the
mean  SD (n = 3 replicates). (c, d). Plant
height (c), fruiting branch length (d), and
branch angle (e) of GhDREB1B OE plants in
(a). Values represent the mean  SE (n = 10).
Student’s t-test was used to determine
significant differences compared with wildtype: *, P ˂ 0.05; **, P ˂ 0.01.

which potentially drove cotton evolution and domestication (Du
et al., 2018; Hu et al., 2019; Wang et al., 2019; Yang et al., 2019;
Chen et al., 2020; Huang et al., 2020). Interestingly, the HPDAD12 locus CNV we identified in AS98 cotton represents the first
full-length gene duplication that we know of driving significant
changes in plant architecture (Figs 1, 2). This CNV results in elevated GhDREB1B gene transcription, ultimately leading to a dramatic decrease in quantitative traits of plant height, branch
length, and branch angle. More important, only a moderate
effect on the fiber development in AS98 (Fig. S9), which is consistent with specific GhDREB1B expression patterns in stems and
roots in cotton (Fig. 4).
In light of our RNA-seq data showing the significant differential down-regulation of a large suite of auxin transport and
response genes in the AS98 mutant, including GhAux/IAAs,
GhGH3s, GhLAXs, GhPINs, GhSAURs and GhARFs (Fig. 5;
Table S4), we propose that GhDREB1B likely functions in modulating auxin response during plant stress, while its duplication
results in this architectural effect independent of stress response.
Since auxin (IAA) is a primary and ubiquitous plant growth regulator (Friml, 2003; Zhao, 2010), and LAX transporters contribute to IAA translocation into the cytoplasm (Leyser, 2002),
and PIN proteins contribute to directional IAA export (Palme &
Galweiler, 1999; Naramoto, 2017), it is likely that elevated
GhDREB1B expression down-regulating these proteins thereby
disrupts auxin transport and the normal growth signaling. Moreover, we found enrichment for down-regulated DEGs annotated
for cell cycling, cell expansion and microtubule-based motor
activity, that is, essential for plant architecture-related cell division and cell elongation, and consistent with the repression of
auxin signaling in cell expansion and cell cycling. Interestingly,
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we also observed enrichment of several DEGs is associated with
GO terms categories brassinosteroid biosynthesis and ethylene
signaling pathway. It has always been thought that brassinosteroid and ethylene act as another two important internal factor
regulate plant architecture in many plants, such as Arabidopsis,
rice and maize (Li et al., 2007; Guo et al., 2020). Moreover, there
were also several kinds of transcript factors, including LRRRLKs, HD-ZIPs, GWAS and YABBYS, suggested to regulate
exact phenotypes in plant, were up- or down-regulated in AS98
cotton. Therefore, our results suggested pleiotropy of
GhDREB1B on cotton architecture shape and development.
Due to its characteristic indeterminate growth, cotton production currently entails the mass application of DPC by spraying or
drip irrigation as a primary measure for control of plant growth
and shape suitable for high planting density (Oosterhuis &
Robertson, 2000). The introgression and engineering of genes
for compact phenotypes will not only increase yield, but will
potentially also lead to substantial decreases in production
expenses related to DPC treatment and the accumulation of
DPC residues in the field (Ji et al., 2018). In addition to the
exciting prospects for application of GhDREB1B, our basic discovery that stress-response transcription factors can modulate
plant architecture in a manner independent of fecundity and
yield opens many new prospects for exploration of CNVs in
stress-response pathways that may provide unexpected fitness
benefits. In summary, our study demonstrates that elevated
expression of GhDREB1B caused by a duplication CNV in the
HPDA-D12 locus results in compact plant architecture in cotton.
Genetic engineering of GhDREB1B expression can potentially
accelerate the molecular breeding of elite, high-yield, low input,
efficient cotton varieties.
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