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Gossypol, a terpenoid aldehyde commonly found in cotton (Gossypium hirsutum L.), is essential for the
plant’s defense against pests and pathogens. However, its inherent toxicity limits the use of cottonseed in
food and feed applications. This study focused on validating the expression patterns of the (+)-delta-
cadinene synthase gene family, which plays a crucial role in gossypol biosynthesis. The goal was to use this
information to guide genome editing strategies aimed at reducing gossypol levels in cottonseed. Using
quantitative real-time PCR (qRT-PCR), we analyzed the expression of 32 (+)-delta-cadinene synthase genes
in ovules and leaves across six developmental stages, spanning from 20 to 45 days post-anthesis (DPA) at
five-day intervals. Our results revealed that 10 genes were expressed in ovules irrespective of the
developmental stages. Among these, six genes: Gohir.A04G023700, Gohir.D05G363800, Gohir.A08G087000,
Gohir.D05G363900, Gohir. D05G364000 and Gohir. D05G364300, consistently exhibited significantly higher
expression levels across various stages. Notably, Gohir.D05G363900, Gohir.D05G364000 and Gohir.D05G364300
demonstrated slightly higher expression levels across all stages, making them suitable candidates for targeted
genome editing. These findings provide valuable insights into the expression dynamics of the (+)-delta-
cadinene synthase gene family and identify potential target genes for future genome editing experiments
aimed at enhancing the utilization of cottonseed by reducing gossypol content.
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ABSTRACT

Introduction
Glands are distributed throughout the cotton plant

(Gossypium hirsutum L.), including in the seeds. These
glands produce gossypol and other terpenoid aldehydes
that serve as a defense mechanism against pests and
pathogens (Bell and Stipanovic, 1977; Scheffler et al.,
2012). Cottonseed offers significant amounts of oil (21%)
and high-quality protein (23%) (Lusas and Jividen, 1987).
However, the value of cottonseed as a by-product of
fiber production is limited by the presence of gossypol.
Gossypol, the primary terpenoid aldehyde in cottonseed
glands, is toxic to non-ruminant animals and humans,
restricting its use mainly to cattle feed since ruminants

can tolerate its effects (Kim et al., 1996; Santos et al.,
2003). For non-ruminants such as chickens, pigs, and fish,
gossypol can hinder weight gain and impair reproductive
capabilities (Randel et al., 1992).

Several strategies have been explored to mitigate the
anti nutritional effects of gossypol in cottonseed. Initially,
efforts focused on utilizing naturally occurring glandless
mutants (McMichael, 1954, 1959, 1960; Lee et al., 1968;
Hess, 1977; Kohel, 1979; Endrizzi et al., 1985). However,
these glandless varieties proved commercially unviable
due to their increased susceptibility to diseases and insect
attacks, as well as the requirement for seed isolation
(Hess, 1977; Kohel, 1979; Endrizzi et al., 1985; Lusas
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and Jividen, 1987). Alternative methods involved
mechanical processes (Damaty and Hudson, 1975;
Gardner et al., 1976; Mayorga et al., 1975) and chemical
treatments (Pons and Eaves, 1971; Hron and Kuk, 1989;
Hron et al., 1994; Kuk and Hron, 1998) to extract
gossypol from cottonseed products. These methods were
not only costly but also reduced the nutritional value of
the resulting cottonseed meal and failed to be commercially
viable (Frank, 1987; Lusas and Jividen, 1987).

Another notable approach was the introgression of
delayed gland morphogenesis traits from Australian wild
diploid species into cultivated tetraploid cotton through
tri-specific hybridization. However, the inter-specific
offspring often displayed reduced pollen fertility, shorter
branches, and lower fiber quality compared to commercial
upland cotton (Dilday, 1986; Brubaker et al., 1996; Fryxell,
1965; Muramoto, 1969; Bi et al., 1998; Altman et al.,
1987; Rooney et al., 1991; Liu et al., 2015; Tang et al.,
2018). The difficulty in maintaining genetic stability across
successive generations led most research programs to
abandon this approach by the mid-1990s (Dilday, 1986;
Zhu and Ji, 2001; Zhu et al., 2005).

A significant breakthrough in cotton biotechnology
was achieved by Rathore’s team at Texas A&M
University. Utilizing RNA interference (RNAi) under a
seed-specific promoter, they successfully developed ultra-
low gossypol cottonseeds (ULGCS) by targeting the (+)-
delta-cadinene synthase gene (Sunilkumar et al., 2006;
Rathore et al., 2007; Rathore et al., 2012; Palle et al.,
2013). The release of TAM66274, a cotton variety with
significantly reduced gossypol levels approved for human
and animal consumption, marks a notable advancement
in the field (Rathore et al., 2020). However, challenges
persist due to stringent global regulations and public
acceptance, especially since ULGCS are categorized as
transgenic products. In India, only Bt transgenic cotton
is approved for commercial cultivation, and no other
transgenic crops have been approved for food use.
Importing ULGCS from the USA to India involves
complex government procedures and regulatory
approvals. Given these challenges, alternative strategies
are needed.

With advancements in genome sequencing and
CRISPR-Cas9 technology, genome editing has proven
highly efficient and precise in many crops, including rice
(Xu et al., 2014; Shan et al., 2014), wheat (Shan et al.,
2014), corn (Liang et al., 2014), tomato (Ron et al., 2014)
and sorghum (Jiang et al., 2013; Bortesi and Fischer,
2015; Rinaldo and Ayliffe, 2015). This technology has
also been successfully applied in cotton (Chen et al., 2017;

Gao et al., 2017; Janga et al., 2017). A significant benefit
of the CRISPR-Cas9 system is its ability to develop
transgenic products that can eventually be rendered non-
transgenic through plant breeding segregation principles.
To utilize this genome editing technology to knock out
gossypol in seeds while maintaining it in foliar tissues, a
better understanding of the expression patterns of
different (+)-delta-cadinene synthase gene families during
seed development stages is required. There are more
than 30 (+)-delta-cadinene synthase gene family
members in cotton, and the precise selection of those
expressing in seeds is crucial to avoid off-target effects
and subsequent consequences.

The aim of this study was to identify and validate the
expression patterns of different (+)-delta-cadinene
synthase gene families in the Coker-312 genotype. This
genotype will be used for genetic transformation, and
validating these genes will help pinpoint specific genes
with the highest expression levels in seeds, which is crucial
for our targeted genome editing experiments. Therefore,
the present study conducted to identify the (+)-delta-
cadinene synthase genes that need to be knocked down
to reduce gossypol synthesis in seeds.

Materials and Methods
Plant material

Cotton (Gossypium hirsutum L. cv. Coker-312)
plants were grown under controlled greenhouse
conditions. The biological samples of ovules and leaves
were collected at six developmental stages: 20, 25, 30,
35, 40 and 45 days post-anthesis (DPA).
Total RNA extraction

The process of extracting total RNA from leaf tissues
and ovules across six different seed developmental stages
(20 DPA to 45 DPA) began with immediate storage at -
80°C to preserve RNA integrity. The protocol for total
RNA isolation using the Spectrum™ Plant Total RNA
Kit (Sigma Aldrich) was followed per the manufacturer’s
instructions. The  purity  and  integrity  of  RNA  were
assessed via denaturing gel electrophoresis (formaldehyde
agarose gel) and quantified using a spectrophotometer
(Nanodrop, Thermo Scientific). Only high-quality total
RNA with an OD260/280 ratio between 2.0 and 2.2 was
used in subsequent steps.  
DNase treatment

Total RNA isolated from different tissues was
subjected to RNase-free DNase (Ambion, USA)
treatment to ensure the removal of any residual DNA
that might interfere with downstream expression analysis.
Briefly, RNase-free DNase was added to the total RNA,
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SYBR Green master mix (Applied Biosystems, USA),
0.5 µL (5 picomoles) of forward and reverse primers
(Euro fins Genomics) and 1 µL of 10X diluted cDNA.
The following amplification program was employed: 95
°C for 5 minutes, followed by 40 cycles of 92°C for 15
seconds, annealing at 60°C for 30 seconds and 72°C for
45 seconds. Cotton ubiquitin was used as an internal
control and the relative expression levels were calculated
by the 2–Ct method (Livak and Schmittgen, 2001).

Results
The systematic identification of the (+)-delta-

cadinene synthase gene family in cotton (Gossypium
hirsutum L.) was achieved through extensive genomic
analysis using bioinformatics tools. Initially, the Cotton
Functional Genome Database (CFGD) provided four
whole genome assemblies for Gossypium hirsutum
(upland cotton): HAU, ZJU, NAU and JGI assemblies.
The number of delta-cadinene synthase genes identified
varied across these assemblies, with approximately 47 in
HAU, 28 in ZJU, 36 in NAU and 33 in JGI. The JGI
assembly was selected for detailed analysis, where 33
(+)-delta-cadinene synthase genes were initially identified
(Table 1). Sequence analysis through multiple alignments
revealed significant genomic differences among 31 of
these genes, while the 32nd and 33rd genes were nearly
identical, differing by only two nucleotides. Consequently,
the 33rd gene was excluded from further research to
focus efforts on genes with distinct differences,
streamlining the analysis to 32 genes.

Initial examination of RNA-seq data from the Cotton

and the reaction was incubated at 37°C for 30 minutes,
followed by the addition of 1X inactivation buffer. The
reaction was then incubated at room temperature (RT)
for 5 minutes with intermittent tapping. The samples were
centrifuged at 10,000 rpm for 5 minutes at RT and the
supernatant was carefully collected without disturbing
the pellet. The supernatant contains DNase-free RNA.
The RNA quality was checked again using a
spectrophotometer and agarose gel electrophoresis and
the samples were stored at -80°C until further use.
cDNA synthesis

cDNA was prepared using a Super Script® III first-
strand synthesis kit (Invitrogen by life Technologies)
according to the manufacturer’s protocol. 2 µg of total
RNA was used for first-strand cDNA synthesis, along
with 1 µL of 50 µM oligo (dT), 1 µL of 10 mM dNTPs,
and the total volume was adjusted to 10 µL using DEPC-
treated water. The tube was incubated at 65°C for 5
minutes, followed by placing it on ice for at least 1 minute.
Then, the following cDNA synthesis mix was prepared
by adding each component in the indicated order.
Component 1 Reaction
10X RT buffer 2 µl
25 mM MgCl2 4 µl
0.1 M DTT 2 µl
RNaseOUT™ (40 U/µl) 1 µl
SuperScript® III RT (200 U/µl) 1 µl

The 10 µL of the above cDNA synthesis mix were
added to each RNA/primer mixture, mixed gently, and
incubated for 50 minutes at 50°C. The reactions were

Fig. 1 : Expression of delta cadinine synthase genes at trascriptional level
in 20 DPA ovules in comparison to leaf, In X-axis: Delta cadinine
synthase genes with their Gene IDs. In Y-axis: level by which more
CAD gene was expressed in ovules over leaf in Coker-312 genotypes.

terminated by heating to 85°C for 5 minutes
and cooling on ice. Reactions were collected
via brief centrifugation. Next, 1 µL of RNase
H was added to each collected tube, and the
tubes were incubated for 20 minutes at 37°C.
Finally, the cDNA synthesis reactions were
stored at -20°C until further use.
Quantitative real-time PCR analysis

qRT–PCR was performed in optical 72-
well plates using a Corbett system (Rotor
Gene Q, QIAGEN) and Power SYBR®
Green master mix to monitor DNA synthesis.
Specific primers for 32 (+)-delta-cadinene
synthase genes were designed using NCBI
primer blast software. The details of the
primers used in the qRT–PCR study are
presented in Table 2. All samples were run in
four replicates with the following PCR
concentrations in a volume of 10 µL: 5 µL
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Table 1 : The list of (+)-delta cadinene synthase gene family members in JGI assembly of (Gossypium hirsutum L.).

Gene Gene ID Gene Description Chromosome Start End Strand
No. Name

1 Gohir.A01G200800 CAD1-A (+)-delta-cadinene A01 99,900,667 99,903,174 -
synthase isozyme A

2 Gohir.A01G200900 CAD1-A (+)-delta-cadinene A01 99,942,998 99,945,419 -
synthase isozyme A

3 Gohir.A04G023100 NA (+)-delta-cadinene A04 3,785,695 3,788,639 +
synthase isozyme

XC14

4 Gohir.A04G023300 NA (+)-delta-cadinene A04 3,876,878 3,879,887 +
synthase isozyme

XC1

5 Gohir.A04G023400 NA (+)-delta-cadinene A04 3,913,890 3,916,683 +
synthase isozyme

XC14

6 Gohir.A04G023600 NA (+)-delta-cadinene A04 4,031,783 4,034,604 -
synthase isozyme

XC14

7 Gohir.A04G023700 NA (+)-delta-cadinene A04 4,131,931 4,134,857 +
synthase isozyme

XC14

8 Gohir.A04G023800 NA (+)-delta-cadinene A04 4,310,541 4,313,526 +
synthase isozyme

XC1

9 Gohir.A08G087000 CAD1-C2 (+)-delta-cadinene A08 34,440,223 34,443,061 -
synthase isozyme C2

10 Gohir.A11G250700 CAD1-A (+)-delta-cadinene A11 98,152,046 98,154,970 -
synthase isozyme A

11 Gohir.A11G280700 CAD1-A (+)-delta-cadinene A11 104,849,082 104,853,252 +
synthase isozyme A

12 Gohir.A11G280800 CAD1-A (+)-delta-cadinene A11 105,095,101 105,104,089 +
synthase isozyme A

13 Gohir.A11G281100 CAD1-A (+)-delta-cadinene A11 105,214,130 105,217,422 +
synthase isozyme A

14 Gohir.A11G285700 NA (+)-delta-cadinene A11 106,739,259 106,742,977 +
synthase isozyme

XC14
15 Gohir.A13G142300 CAD1-A (+)-delta-cadinene A13 88,748,467 88,751,160 +

synthase isozyme A
16 Gohir.A13G142400 CAD1-A (+)-delta-cadinene A13 88,819,082 88,821,671 -

synthase isozyme A
17 Gohir.D01G190800 CAD1-A (+)-delta-cadinene D01 60,883,452 60,885,957 -

synthase isozyme A
18 Gohir.D05G363900 CAD1-C2 (+)-delta-cadinene D05 60,156,984 60,160,023 -

synthase isozyme C2
19 Gohir.D05G364000 CDN1 (+)-delta-cadinene D05 60,183,800 60,186,727 -

synthase

Table 1 continued....
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FGD database indicated widespread expression of these
genes throughout nearly all parts of the cotton plant,
including various seed developmental stages and different

foliar tissues such as leaves, roots, stems and petals. The
expression patterns varied significantly across different
developmental stages. The expression of these genes was
validated in the Coker-312 genotype, intended for
subsequent genetic transformation studies. Validation
involved RNA extraction from ovules and leaf tissues
collected at five-day intervals across developmental
stages ranging from 20 to 45 days post-anthesis (DPA).
RNA integrity and purity were confirmed via agarose
gel electrophoresis and spectrophotometry. Only RNA
samples with high integrity and purity were selected for
cDNA synthesis and subsequent quantitative real-time
PCR analysis.

At 20 DPA, several (+)-delta-cadinene synthase
genes exhibited significantly higher expression in ovules
compared to leaves (Table 2 and Fig. 1). The fold changes

Table 1 continued....
20 Gohir.D05G364200 NA (+)-delta-cadinene D05 60,221,762 60,224,651 -

synthase isozyme
XC1

21 Gohir.D05G364300 CAD1-C2 (+)-delta-cadinene D05 60,248,655 60,251,688 -
synthase isozyme C2

22 Gohir.D05G364400 NA (+)-delta-cadinene D05 60,325,943 60,328,698 -
synthase isozyme

XC14

23 Gohir.D11G291000 CAD1-A (+)-delta-cadinene D11 63,823,107 63,826,377 +
synthase isozyme A

24 Gohir.D11G291300 CAD1-A (+)-delta-cadinene D11 63,876,646 63,880,403 +
synthase isozyme A

25 Gohir.D11G291400 CAD1-A (+)-delta-cadinene D11 63,882,714 63,885,582 +
synthase isozyme A

26 Gohir.D11G291500 CAD1-A (+)-delta-cadinene D11 63,911,540 63,915,390 +
synthase isozyme A

27 Gohir.D11G291600 CAD1-A (+)-delta-cadinene D11 64,015,315 64,019,003 +
synthase isozyme A

28 Gohir.D11G292100 CAD1-A (+)-delta-cadinene D11 64,156,891 64,159,858 +
synthase isozyme A

29 Gohir.D11G292200 NA (+)-delta-cadinene D11 64,213,905 64,217,223 +
synthase isozyme

XC14

30 Gohir.D11G293700 CAD1-A (+)-delta-cadinene D11 64,586,476 64,590,096 +
synthase isozyme A

31 Gohir.D11G293800 CAD1-A (+)-delta-cadinene D11 64,594,283 64,597,234 +
synthase isozyme A

32 Gohir.D13G147000 CAD1-A (+)-delta-cadinene D13 50,869,411 50,872,137 +
synthase isozyme A

33 Gohir.D13G147100 CAD1-A (+)-delta-cadinene D13 50,898,034 50,900,758 -
synthase isozyme A

Table 2 : The number of (+)-delta-cadinene synthase genes
expressed in ovules compared to leaf tissues.

Seed Number of genes Range of
developmental expressed in ovules relative fold

stages (Fold change value of change
more than 2)

20 DPA 06 5.25 – 24.21
25 DPA 08 2.05 – 19.47
30 DPA 07 2.75 – 13.50
35 DPA 10 2.00 – 25.16
40 DPA 06 5.90 – 20.60
 45 DPA 07 3.05 – 12.20
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ranged from 5.25 to 24.21. Notably up-regulation was
observed in genes Gohir.D05G364200 (24.21-fold),
Gohir.D05G363900 (19.36-fold), Gohir.A08G087000
(14.34-fold), Gohir.A04G023800 (6.47-fold),
Gohir.D05G364000 (8.92-fold) and Gohir.A04G023700
(5.25-fold). The highest fold change was observed in
Gohir.D05G364200 (24.21-fold) and the lowest in
Gohir.A04G023700 (5.25-fold).

At 25 DPA, the (+)-delta-cadinene synthase genes
continued to show significant up-regulation in cotton

ovules relative to leaves, with fold changes
ranging from 5.02 to 19.47 (Table 2 and
Fig. 2). The expression levels of these genes
were substantially higher, with
Gohir.D05G364300 (19.47-fold),
Gohir.D05G363900 (18.18-fold),
Gohir.A08G087000 (13.25-fold),
Gohir.A04G023800 (11.26-fold),
Gohir.D05G364000 (9.33-fold) and
Gohir.A04G023700 (5.02-fold). The highest
fold change was observed in
Gohir.D05G364300 (19.47-fold) and the
lowest in Gohir.A04G023700 (5.02-fold).

Quantitative real-time PCR analysis at
30 DPA revealed sustained up-regulation
of (+)-delta-cadinene synthase genes in
ovules compared to leaves, with fold
changes ranging from 2.00 to 13.50 (Table
2 and Fig. 3). Gohir.D05G364300 (13.50-
fold), Gohir.D05G364000 (10.86-fold),
Gohir.D05G363900 (11.26-fold),
Gohir.A04G023800 (8.24-fold),
Gohir.A04G023700 (3.18-fold),
Gohir.A11G280700 (2.75-fold) and
Gohir.A08G087000 (2.76-fold) exhibited
significantly higher expression levels in
ovules. The highest fold change was
observed in Gohir.D05G364300 (13.50-fold)
and the lowest in Gohir.A08G087000 (2.76-
fold).

At 35 DPA, the (+)-delta-cadinene
synthase genes displayed diverse
expression patterns, with fold changes
ranging from 2.08 to 25.16 (Table 2 and
Fig. 4). Several genes showed significant
up-regulation in ovules. Specifically,
Gohir.A04G023800 (25.16-fold),
Gohir.D05G364300 (17.84-fold),
Gohir.D05G363900 (12.08-fold),
Gohir.A08G087000 (9.49-fold),
Gohir.D11G291300 (3.29-fold),

Fig. 2 : Expression of delta cadinine synthase genes at trascriptional level
in 25 DPA ovules in comparison to leaf, In X-axis: Delta cadinine
synthase genes with their Gene IDs. In Y-axis: level by which more
CAD gene was expressed in ovules over leaf in Coker-312 genotypes.

Gohir.A11G250700 (2.49-fold), Gohir.A04G023300 (2.59-
fold), and Gohir.D11G291000 (2.08-fold) exhibited
significantly higher expression levels in ovules. The highest
fold change was observed in Gohir.A04G023800 (25.16-
fold) and the lowest in Gohir.D11G291000 (2.08-fold).

At 40 DPA, significant differential expression of (+)-
delta-cadinene synthase genes was observed, with fold
changes ranging from 5.91 to 20.60 (Table 2 and Fig. 5).
Gohir.D05G364300 (20.60-fold), Gohir.D05G363900

Fig. 3 : Expression of delta cadinine synthase genes at trascriptional level
in 30 DPA ovules in comparison to leaf, In X-axis: Delta cadinine
synthase genes with their Gene IDs. In Y-axis: level by which more
CAD gene was expressed in ovules over leaf in Coker-312 genotypes.
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(19.06-fold), Gohir.A08G087000 (13.67-fold),
Gohir.A04G023800 (7.47-fold) and Gohir.A04G023700
(5.91-fold) exhibited notable up-regulation in ovules. The
highest fold change was observed in Gohir.D05G364300
(20.60-fold) and the lowest in Gohir.A04G023700 (5.91-
fold).

At 45 DPA, the (+)-delta-cadinene synthase genes
continued to show differential expression between cotton
ovules and leaves, with fold changes ranging from 3.05

Fig. 4 : Expression of delta cadinine synthase genes at trascriptional level
in 35 DPA ovules in comparison to leaf, In X-axis: Delta cadinine
synthase genes with their Gene IDs. In Y-axis: level by which more
CAD gene was expressed in ovules over leaf in Coker-312
genotypes.

to 12.20 (Table 2 and Fig. 6).
Gohir.A04G023800 (9.94-fold),
Gohir.D05G364000 (12.20-fold),
Gohir.A04G023700 (8.60-fold),
Gohir.D05G363900 (8.19-fold),
Gohir.D05G364300 (8.12-fold) and
Gohir.A08G087000 (3.05-fold) exhibited
varying levels of up-regulation in ovules. The
highest fold change was observed in
Gohir.D05G364000 (12.20-fold) and the lowest
in Gohir.A08G087000 (3.05-fold).

Discussion
Gossypol biosynthesis in cotton

(Gossypium hirsutum) initiates with the
cyclization of farnesyl diphosphate (FPP) into
(+)-delta-cadinene catalyzed by delta-cadinene
synthase (CDN) enzymes. Subsequent
enzymatic transformations convert this
intermediate into gossypol (Cai et al., 2004).

over RNAi is that transgenes, such as Cas9 and sgRNA,
can be removed from host genomes through simple plant
breeding segregation principles (Zhang et al., 2014).

Understanding the expression patterns and genomic
diversity of delta-cadinene synthase genes is crucial for
optimizing strategies to reduce gossypol levels through
genetic modification. The JGI assembly was selected for
detailed analysis due to the availability of tissue specific

Fig. 5 : Expression of delta cadinine synthase genes at trascriptional level in 40
DPA ovules in comparison to leaf, In X-axis: Delta cadinine synthase genes
with their Gene IDs. In Y-axis: level by which more CAD gene was expressed
in ovules over leaf in Coker-312 genotypes.

Early strategies to mitigate gossypol’s
effects included glandless mutants and
various extraction methods, but these
proved commercially unviable or
nutritionally detrimental (McMichael,
1959; Damaty and Hudson, 1975; Frank,
1987). Tri-species hybridization
introduced delayed gland morphogenesis
traits from wild species but faced
challenges with reduced fertility and fiber
quality (Dilday, 1986; Brubaker et al.,
1996). RNA interference (RNAi)
targeting the (+)-delta-cadinene synthase
gene offered a breakthrough, yielding
ultra-low gossypol cottonseeds (ULGCS)
like TAM66274, approved for broader
consumption (Sunilkumar et al., 2006;
Rathore et al. ,  2020). However,
regulatory hurdles and public acceptance
remain barriers, prompting exploration
into CRISPR-Cas9 technology for
precise genome editing in cotton. A
significant advantage of CRISPR/Cas9



RNA-Seq expression data, essential for validating findings
in the targeted genotype. A systematic study identified
32 delta-cadinene synthase genes in cotton using the JGI
assembly of the Gossypium hirsutum genome, supported
by comprehensive genomic analysis. This analysis
revealed significant genomic diversity among these genes,
suggesting potential functional diversity in gossypol
biosynthesis.

RNA-seq data from the database indicated that
delta-cadinene synthase genes were not exclusively
expressed in ovules, implying broader tissue-specific
functions and underscoring the complexity of gossypol
regulation. Thorough validation of gene expression
patterns across relevant tissues and developmental stages
is essential to prevent inefficiencies or failures in genetic
modifications and to identify genotype-specific variations
in gene regulation. Before implementing genome editing,
validating (+)-delta-cadinene synthase (CDN) genes in
cotton is crucial to ensure precise targeting and effective
reduction of gossypol levels.

The Coker-312 genotype was chosen for validating
gene expression due to its demonstrated success in
regeneration and its extensive use in transformation
studies (Katageri et al., 2007; Jadhav and Katageri,
2017). This cultivar has shown relatively stable and
consistent regeneration results despite seed-to-seed
variation (Katageri et al., 2007). Its genetic stability is
crucial for studying the expression of specific genes like
delta-cadinene synthase, ensuring that the results are
attributable to genetic modifications rather than inherent

Fig. 6 : Expression of delta cadinine synthase genes at trascriptional level in 45
DPA ovules in comparison to leaf, In X-axis: Delta cadinine synthase
genes with their Gene IDs. In Y-axis: level by which more CAD gene was
expressed in ovules over leaf in Coker-312 genotypes.

genetic variability. Distinct stage-specific
patterns of delta-cadinene synthase gene
expression were observed between cotton
ovules and leaves through quantitative real-
time PCR analysis. Our results revealed
that 10 genes were expressed in ovules
irrespective of the developmental stages.
Among these, six genes: Gohir.
A04G023700, Gohir.D05G363800, Gohir.
A08G087000, Gohir.D05G363900, Gohir.
D05G364000 and Gohir. D05G364300,
consistently exhibited significantly higher
expression levels across various stages.
Notably, Gohir.D05G363900,
Gohir.D05G364000, and
Gohir.D05G364300 demonstrated slightly
higher expression levels across all stages,
making them suitable candidates for
targeted genome editing.

This comprehensive study provides
critical insights into the regulation and

functional diversity of the delta-cadinene synthase gene
family in cotton, guiding the prioritization of potential
genetic modification targets aimed at reducing gossypol
levels. Strategies such as CRISPR/Cas9-mediated gene
editing could selectively target high-expressing genes in
ovules, thereby enhancing cottonseed nutritional value
without compromising the plant’s natural defense
mechanisms. By elucidating the expression dynamics of
delta-cadinene synthase genes across key developmental
stages in cotton, this research lays the groundwork for
targeted genetic modifications to improve cottonseed
quality and sustainability.

Acknowledgements
We thank the Department of Biotechnology,

Government of India, for their financial support and the
University of Agricultural Sciences, Dharwad for providing
laboratory facilities.

References
Altman, D.W., Stelly D.M. and Kohel R.J. (1987). Introgression

of the glanded plant and glandless seed trait from
Gossypium sturtianum willis into cultivated upland
cotton using ovule culture 1. Crop Sci., 27(5), 880-884.

Bi, I.V., Baudoin J.P. and Mergeai G. (1998). Cytogenetics of
the ‘glandless seed and glanded plant trait from
Gossypium sturtianum Willis introgressed into upland
cotton (Gossypium hirsutum L.). Plant Breed., 117(3),
235-241.

Bell, A.A. and Stipanovic R.D. (1977). The chemical
composition, biological activity, and genetics of pigment
glands in cotton. In: Proc. Beltwide Cotton Conf., 10-12.

2136 B.N. Prashantha et al.



Bortesi, L. and Fischer R. (2015). The CRISPR/Cas9 system
for plant genome editing and beyond. Biotechnol. Adv.,
33(1), 41-52.

Brubaker, C.L. (1996). Occurrence of terpenoids aldehydes
and lysigenous cavities in the ‘glandless’ seeds of
Australian Gossypium species. Aust. Bot., 44(5), 601-
612.

Cai, Y., Zhang H., Zeng Y., Mo J., Bao J., Miao C., Bai J., Yan F.
and Chen F. (2004). An optimized gossypol high-
performance liquid chromatography assay and its
application in evaluation of different gland genotypes of
cotton. J. Biosci., 29, 67-71.

Chen, X., Lu X., Shu N., Wang S., Wang J., Wang D., Guo L.
and Ye W. (2017). Targeted mutagenesis in cotton
(Gossypium hirsutum L.) using the CRISPR/Cas9 system.
Sci. Rep., 7(1), 44304.

Damaty, S.M. and Hudson B.J. (1975). Preparation of low
gossypol cottonseed flour. J. Sci. Food Agri., 26(1), 109-
115.

Dilday, R.H. (1986). Development of a cotton plant with
glandless seeds and glanded foliage and fruiting forms.
Crop Sci., 26(3), 639-641.

Endrizzi, J.E., Turcotte E.L. and Kohel R.J. (1985). Genetics,
cytology, and evolution of Gossypium. Adv. Genet., 23,
271-375.

Frank, A. (1987). Food uses of cottonseed protein. In:
Developments in Food Proteins. Hudson, B. (Ed).
Elsevier Applied Science Publishers, Ltd.: London and
New York, 31-80.

Fryxell, P.A. (1965). A revision of the Australian species of
Gossypium with observations on the occurrence of
Thespesia in Australia (Malvaceae). Aust. Bot., 13(1),
71-102.

Gao, W., Long L., Tian X., Xu F., Liu J., Singh P.K., Botella J. R.
and Song C. (2017). Genome editing in cotton with the
CRISPR/Cas9 system. Front. Plant Sci., 8, 1364.

Gardner, H.J., Hron R.S. and Vix H.L.E. (1976). Removal of
pigment glands (gossypol) from cottonseed. Cereal
Chem., 53, 549–560.

Hess, D.C. (1977). Genetic improvement of gossypol-free
cotton varieties. Cereal Food World, 22, 98–103.

Hron, R.J. and Kuk M.S. (1989). Acetone extracted cottonseed
meals without catty odors. J. Food Sci., 54(4), 1088-1089.

Hron, R.J., Kim H.L., Calhoun M.C. and Fisher G.S. (1999).
Determination of (+)-,(–)- and total gossypol in
cottonseed by high-performance liquid chromatography.
J. Am. Oil Chem. Soc., 76, 1351-1355.

Jadhav, M. and Katageri I.S. (2017).  Agrobacterium
tumefaciens mediated genetic transformation in Coker-
312 (Gossypium hirsutum L.) using hypocotyls explants.
Int. J. Curr. Micro, Appl. Sci., 6(12), 2771-2779.

Janga, M.R., Campbell L.M. and Rathore K.S. (2017). CRISPR/
Cas9-mediated targeted mutagenesis in upland cotton
(Gossypium hirsutum L.). Plant Mol. Biol., 94(4), 349-

360.
Jiang, W., Zhou H., Bi H., Fromm M., Yang B. and Weeks D.P.

(2013). Demonstration of CRISPR/Cas9/sgRNA-mediated
targeted gene modification in Arabidopsis, tobacco,
sorghum and rice. Nucl. Acids Res., 41(20), e188-e188.

Katageri, I.S., Vamadevaiah H.M., Udikeri S.S., Khadi B.M.
and Kumar P.A. (2007). Genetic transformation of an elite
Indian genotype of cotton (Gossypium hirsutum L.) for
insect resistance. Curr. Sci., pp. 1843-1847.

Kim, H.L., Calhoun M.C. and Stipanovic R.D. (1996).
Accumulation of gossypol enantiomers in ovine
tissues. Comparat. Biochem. Physiol. Part B: Biochem.
Mole. Biol., 113(2), 417-420.

Kohel, R.J. (1979). Gene arrangement in the duplicate linkage
groups v and ix: nectariless, glandless and withering
bract in cotton. Crop Sci., 19(6), 831-833.

Kuk, M.S. and Hron Sr. R.J. (1998). Cotton seed extraction
with a new solvent system: isohexane and alcohol
mixtures. J. Am. Oil Chem. Soc., 75(8), 927-930.

Lee, J.A., Cockerham C.C. and Smith F.H. (1968). The
inheritance of gossypol level in Gossypium I. additive,
dominance, epistatic, and maternal effects associated with
seed gossypol in two varieties of Gossypium Hirsutum
L. Genet., 59(2), 285.

Liang, Z., Zhang K., Chen K. and Gao C. (2014). Targeted
mutagenesis in Zea mays using TALENs and the CRISPR/
Cas system. J. Genet. Genom., 41(2), 63-68.

Livak, K.J. and Schmittgen T.D. (2001). Analysis of relative
gene expression data using real-time quantitative PCR
and the 2–CT method. Methods, 25(4), 402-408.

Liu, Q., Chen Y., Chen Y., Wang Y., Chen J., Zhang T. and Zhou
B. (2015). A new synthetic allotetraploid (A1A1G2G2)
between Gossypium herbaceum and G. australe: bridging
for simultaneously transferring favorable genes from
these two diploid species into upland cotton. PLOS
One, 10(4), e0123209.

Lusas, E.W. and Jividen G.M. (1987). Glandless cottonseed: a
review of the first 25 years of processing and utilization
research. J. Am. Oil Chem. Soc., 64(6), 839-854.

Mayorga, H., Gonzalez J., Menchu J.F. and Rolz C. (1975).
Preparation of a low free gossypol cottonseed flour by
dry and continuous processing. J. Food Sci., 40(6), 1270-
1274.

McMichael, S.C. (1954). Glandless boll in upland cotton and
its use in the study of natural crossing. Agron. J., 46,
527-528.

McMichael, S.C. (1959). Hopi cotton, a source of cottonseed
free of gossypol pigments. Agron. J., 51, 630-630.

McMichael, S.C. (1960). Combined effects of glandless genes
gl2 and gl3 on pigment glands in the cotton plant. Agron.
J., 52, 385-386.

Muramoto, H. (1969). Hexaploid Cotton: Some Plant and Fiber
Properties 1. Crop Sci., 9(1), 27-29.

Palle, S.R., Campbell L.M., Pandeya D., Puckhaber L., Tollack

Expression Patterns of the (+)-Delta-Cadinene Synthase Gene Family in Cotton 2137



L.K., Marcel S., Sundaram S., Stipanovic R.D.,
Wedegaertner T.C., Hinze L. and Rathore K.S. (2013).
RNA i mediated Ultra low gossypol cottonseed trait:
performance of transgenic lines under field conditions.
Plant Biotechnol. J., 11(3), 296-304.

Pons, W.A. and Eaves P.H. (1967). Aqueous acetone extraction
of cottonseed. J. Am. Oil Chem. Soc., 44(7), 460-464.

RaRandel, R.D., Chase Jr. C.C. and Wyse S.J. (1992). Effects of
gossypol and cottonseed products on reproduction of
mammals. J. Animal Sci., 70(5), 1628-1638.

Rathore, K.S., Sunikumar G., Stipanovic R.D. and Wedegaertner
T.C. (2007). RNAi-mediated, selective and substantial
reduction in gossypol levels from cottonseed to enhance
its food and feed value. In: Proc. World Cotton Conf.-4,
September 10–14, Lubbock, TX.

Rathore, K.S., Sundaram S., Sunilkumar G., Campbell L.M.,
Puckhaber L., Marcel S., Palle S.R., Stipanovic R.D. and
Wedegaertner T.C. (2012). Ultra low gossypol cottonseed:
generational stability of the seed specific, RNAi mediated
phenotype and resumption of terpenoid profile following
seed germination. Plant Biotechnol. J., 10(2), 174-183.

Rathore, K.S., Pandeya D., Campbell L.M., Wedegaertner T.C.,
Puckhaber L., Stipanovic R.D., Thenell J.S., Hague S.
and Hake K. (2020). Ultra-low gossypol cottonseed:
selective gene silencing opens up a vast resource of
plant-based protein to improve human nutrition. Crit.
Rev. Plant Sci., 39(1), 1-29.

Rinaldo, A.R. and Ayliffe M. (2015). Gene targeting and editing
in crop plants: a new era of precision opportunities. Mol.
Breed., 35, 1-15.

Rooney, W.L., Stelly D.M. and Altman D.W. (1991).
Identification of four Gossypium sturtianum monosomic
alien addition derivatives from a backcrossing program
with G. hirsutum. Crop Sci., 31(2), 337-341.

Ron, M., Kajala K., Pauluzzi G., Wang D., Reynoso M.A.,
Zumstein K., Garcha J., Winte S., Masson H., Inagaki S.
and Federici F. (2014). Hairy root transformation using
Agrobacterium rhizogenes as a tool for exploring cell
type-specific gene expression and function using tomato
as a model. Plant Physiol., 166(2), 455-469.

Santos, J.E.P., Villasenor M., Robinson P.H., DePeters E.J. and
Holmberg C.A. (2003). Type of cottonseed and level of
gossypol in diets of lactating dairy cows: plasma
gossypol, health and reproductive performance. J. Dairy
Sci., 86(3), 892-905.

Scheffler, J.A., Romano G.B. and Blanco C.A. (2012). Evaluating
host plant resistance in cotton (Gossypium hirsutum L.)
with varying gland densities to tobacco budworm
(Heliothis virescens F.) and bollworm (Helicoverpa zea
Boddie) in the field and laboratory. J. Agric. Sci., 3(1),
14-23.

Shan, Q., Wang Y., Li J. and Gao C. (2014). Genome editing in
rice and wheat using the CRISPR/Cas system. Nat.
Protoc., 9(10), 2395-2410.

Sunilkumar, G., Campbell L.M., Puckhaber L., Stipanovic R.D.
and Rathore K.S. (2006). Engineering cottonseed for use
in human nutrition by tissue-specific reduction of toxic
gossypol. Proc. Nat. Acad. Sci., 103(48), 18054-18059.

Tang, D., Feng S., Li S., Chen Y. and Zhou B. (2018). Ten alien
chromosome additions of Gossypium hirsutum–
Gossypium bickii developed by integrative uses of GISH
and species-specific SSR markers. Mol. Genet. Geno.,
293, 945-955.

Xu, R., Li H., Qin R., Wang L., Li L., Wei P. and Yang J. (2014).
Gene targeting using the Agrobacterium tumefaciens-
mediated CRISPR-Cas system in rice. Rice, 7, 1-4.

Zhang, H., Zhang J., Wei P., Zhang B., Gou F., Feng Z., Mao Y.,
Yang L., Zhang H., Xu N. and Zhu J.K. (2014). The CRISPR/
Cas9 system produces specific and homozygous targeted
gene editing in rice in one generation. Plant Biotechnol.
J., 12(6), 797-807.

Zhu, S. and Ji D. (2001). Inheritance of the delayed gland
morphogenesis trait in Australian wild species of
Gossypium. Chin. Sci. Bull., 46, 1168-1174.

Zhu, S.J., Reddy N. and Jiang Y.R. (2005). Introgression of a
gene for delayed pigment gland morphogenesis from
Gossypium bickii into upland cotton. Plant Breed.,
124(6), 590-594.

2138 B.N. Prashantha et al.


