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Seed-specific expression of AtWRI1
enhanced the yield of cotton seed
oil

Maria Butt!, Mahnoor Imran?, Tanzeela Rehman?, Azeem Intisar?, Keith Lindsey?,

Ghulam Sarwar* & Uzma Qaisar'™*

The WRINKLED1 (WRI1) transcription factor controls carbon flow in plants through regulating the
expression of glycolysis and fatty acid biosynthesis genes. The role of Gossypium hirsutum WRINKLED1
(GhWRI1) in seed-oil accumulation still needs to be explored. Multiple sequence alignment of WRI1
proteins confirmed the presence of two conserved AP2 domains. The amino acid sequence of GhWRI1
exhibited 62% homology with AtWRI1 and phylogenetic analysis showed that GhWRI1 and AtWRI1
originated from common ancestors. Comparison of three dimensional structures of AtWRI1 and
GhWRI1 indicated the presence of an altered alpha helix on the C-terminus that harbours spore coat
protein domain in A. thaliana and other members of Brassicaceae but Kin17 domain in G.hirsutum. In
the present study, we constructed a novel gene cassette containing AtWRI1 driven by seed-specific
promoter and Tobacco Etch Virus enhancer. The transgenic plantlets of G. hirsutum exhibited 35%
enhancement in seed oil content and nearly 4-fold increase in oil-bodies in seed endosperm. GC-

MS analysis exhibited additional fatty acids i.e. lauric acid methyl ester, 1-dodecanol, palmitoleic
acid, margaric acid, stearic acid, linolenic acid, methyl 9,10-methylene-octadecanoate, methyl
18-methylnonadecanoate, 13-docosenoic acid methyl ester, methyl 20-methyl-heneicosanoate,
lignoceric acid in the transformants. This is an important study highlighting the enhancement of seed
oil content in cotton by seed-specific expression of AtWRI1.

Keywords WRINKLED 1, Agrobacterium mediated transformation, Ectopic expression, Gossypium hirsutum,
Seed oil content, Gas chromatography- mass spectrometry (GC-MS)

WRINKLEDI is an ethylene-responsive transcription factor belonging to APETALA2 family harbouring two
AP2 DNA-binding domains' at the N- terminus. This multifunctional transcription factor regulates various
plant developmental processes®. The WRINKLEDI gene from Arabidopsis thaliana (AtWRII) plays a vital
role in oil biosynthetic pathway by binding with the promoters of genes involved in glycolysis and fatty acid
biosynthesis®. The mutants of AtWRII (wril) exhibit reduced oil content to 80% in comparison with the wild
type*. The glycolysis process was compromised due to which the developing seeds were not able to convert
sucrose into Triacylglycerides biosynthetic precursors®. Complementation of wril-3 mutants resulted in the
up-regulation of ketoacyl carrier protein synthase, acetyl-CoA carboxylase and pyruvate kinase genes that are
involved in fatty acid synthesis and oil accumulation in the plastids®.

Many factors play role in the regulation of WRI1 i.e. cellular sugar - in the presence of optimal levels of
cellular sugars, it binds to KINASE 10 and reduces its affinity for GLUTAMATE RECEPTOR IONOTROPIC
KAINITE; GRIK’. This results in decreased phosphorylation of the KIN10 activation loop, making WRI1 more
stable for the activatation of transcription of genes involved in glycolysis and fatty acid biosynthesis (Fig. 1).
Conversely, when the cellular sugar levels are low, GRIK binds tightly to KIN10, phosphorylating its activation
loop. Activated KIN10 phosphorylates WRI1 leading to its degradation via ubiquitin-proteasomal pathway and
hence reducing Fatty acid synthesis.

Cotton seed contains 15-20% of oil and about 30-38% of kernel®. Cottonseed oil contains essential fatty
acids, antioxidants and some vitamins and minerals’. It contains 55% polyunsaturated fatty acids, 18%
monounsaturated fatty acids and 27% saturated fatty acids'® indicating its higher nutritional value!!. Previously
RNAIi technology was utilizesed by researchers to attenuate the expression of genes coding for fatty acid
desaturase (FAD2), stearoyl-ACP desaturase 1 (SAD1) and {-ketoacyl-acyl carrier protein synthase (KASII)
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Fig. 1. Regulation of WRINKLEDI in fatty acid biosynthesis. High levels of sugar activate WRI1 protein

by dephosphorylation of Kin10 protein that activates genes involved in fatty acid biosynthesis. During low
sugar conditions, Kin10 binds GRIK inhibitor which is responsible for phosphorylation of WRI1 and leads to
proteosomal degradation.

which altered fatty acid composition and increased the oil content of G.hirsutum!2~'°. The knockout mutation
of the GhFAD?2 (fatty acyl desaturase 2) genes by CRISPR/Cas9 editing system increased the oleic acid level to
77.7% with decrease in linoleic acid (from 58.6 to 6.9%) and palmitic acid (from 23.95 to 13.18%). These studies
were conducted under the expression of native promoters. But the current study focused on the seed-specific
expression of transgene which can only alter the oil content of the seed, posing minumal disturbance to the
metabolic processes in other plant parts. Cotton wril gene plays role in the development of cotton fiber through
regulating the carbon flow'”. In G. hirsutum, silencing of WRII increased the length of fiber and reduced the seed
oil content!®. This suggests a positive correlation of WRII expression with the fatty acid biosynthetic pathway
and a negative correlation with fiber elongation. Ectopic expression of WRII from G. barbadense complemented
the seed phenotype, germination on sucrose deficient media and expression of oil biosynthesis genes in the wril-
3 mutant of A. thaliana®. As homologues of WRII gene in various plants vary a great deal in their sequence and
whether they show divergence or convergence in their function is still uncertain'. In this study, we compared
various homologues of wril genes from diverse plant species and identified differences in their structures and
minidomains in C-termini. We constructed a gene cassette containing Atwril driven by seed specific promoter
and translational enhancer in the binary vector and transformed G. hirsutum to analyze its effect on cotton seed
oil content.

Results

Multiple sequence alignment and phylogenetic analysis of WRINKLED-1 proteins from
various plant species

The amino acid sequences of WRI-1 homologues from various plant species ie. Gossypium hirsutum, G.
arboreum, G. raimondii, G. barbadense, (A) thaliana, Brassica napus, (B) oleraceae, Camelina sativa, Solanum
lycopersicum, Glycine max, Arachis hypogaea, Nicotiana benthamiana and Zea mays were aligned through
Clustal W tool in MEGAX software and conserved domains were determined?. Highly conserved regions
were observed in the N- termini of these proteins which mainly constitute two AP2 domains while the C-
termini were more diverse (Fig. 2). In Gossypium spp. and A. thaliana, the first AP2 domain was spanning 57
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Fig. 2. Multiple sequence alignment of WRINKLED1 proteins in thirteen plant species. Position of DNA
binding AP2 domains is indicated by horizontal blue rectangles above the aminoacid sequences.

amino acids (YRGVTRHRWTGRFEAHLWDKSSWNSIQNKKGKQVYLGAYDSEEAAAHTYDLAALKYW)
and the second AP2 domain 51 amino acids (SKYRGVARHHHNGRWEARIGRVEGNKYLY
LGTYNTQEEAAAAYDMAAIEYRG). Both of these domains are involved in direct binding of WRI1 to double
stranded DNA thus enabling WRI1 to play the role of transcription factor (Fig. 2).

A phylogenetic tree was constructed with MEGAX software using the maximum likelihood method. It
was observed that all the cotton species clustered in the same clade. The clade containing cotton species had
shown close relationship with Brassicaceae family (Fig. 3). The amino acid sequence of wri-1 gene between G.
hirsutum and A. thaliana had shown 62% of the homology. The WRI1 of (A) thaliana and (B) napus show 75%
similarity and so belonged to the same clade. The WRI1 of G. max and A. hypogaea show 62% similarity. The
similarity of WRI1 between A. hypogaea and N. benthamina was 53%. The similarity between A. thaliana and N.
benthamiana was 57%. Z. mays and S. lycopersicum show 40% homology whereas this clade shows 16% similarity
with A. thaliana.

Comparison of conserved domains of WRI1 in various plant species

The conserved motifs/domains predicted by motif search tool found two AP2 DNA binding domains in WRI1
of all species but the location of the domains showed some variation (Fig. 4). In all species, the length of first
domain was from 57 to 60 aa while the second domain was 54 to 67 aa long. There was an additional spore coat
domain (134 aminoacids) in WRI1 of A. thaliana and other members of the Brassicaceae family. The spore coat
domain started from 243 to 378 aa approximately. In three of the species of cotton, G. hirsutum, G. raimondii
and G. arboreum, there was an additional domain Kin 17 (Fig. 4). The position of this domain was same in all
cotton species at 235 to 302 aa and it was 67 aa long. Surprisingly, this domain was not present in the wril from
G. barbadense (Gbwril) which complements the function of AtWRII?!.

3D structure comparison of At WRI1 and Gh WRI1

Through protein sequence alignment it was observed that there were differences in a few residues of conserved
DNA binding AP2 domains. To study the effect of difference in these residues, we predicted the secondary and
3D structures of proteins to reveal any differences in the percentage of helices, beta sheets, and coils. In AfWRI1
and GhWRII, there were 23% and 21% helices, 13% and 12% Beta sheets, and 63% and 66% coils respectively. It
was observed that there was no difference in the structures of AP2 domains that were mainly involved in DNA
binding and transcriptional regulation (Fig. 5A,B). From the superimposed structures, it was observed that there
was a difference in the C-terminus of the protein structures as shown in Fig. 5C. There was an alpha helix on the
C-terminus of AfWRI1 that was not present in the GhWRIL. There was another alpha-helix on the C-termini
of both AfWRII and GhWRI1 that was different in length and position. This alpha helix was 21 residues long
(246-266 aa) in AtWRII and 32 residues long (280-312aa) in GAWRIL.
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Fig. 3. Phylogenetic categorization of WRINKLEDI1 proteins in various plant species.

This alpha helix harboured a spore coat domain in AfWRI1 and Kin17_mid domain in GhWRI (Fig. 5D). The
spore coat domain is involved in the protection of a dormant spore from degrading enzymes lysozyme and from
mechanical damage. It also protects from chemicals like hydrogen peroxide??. However, the Kin17_mid domain
is involved in the activation of WRI1 protein that subsequently regulates the transcription of genes involved in
fatty acid biosynthesis?’.

The metabolic role of spore coat and kinl7 domains in seed oil accumulation and biosynthesis is still
unexplored. However, experimental data suggests that overexpression of AfWRI1 enhanced seed oil content
in G. max** while GAWRI1 has been reported to be involved in fiber elongation'” and seedoil accumulation?.
Moreover, native GhWRI1 was already present in the untransformed plant so we decided to proceed with the
isolation and transformation of AfWRI1 in order to enhance the seed oil content in G.hirsutum.
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Fig. 4. Comparison of motifs and domains in WRINKLED]1 proteins.

Transient expression of AtWRI1 in N. benthamiana
In order to confirm that the WRI1 transcription factor isolated from A. thaliana was functional and expressing
inside the nucleus, we conducted transient expression experiments before their stable transformation. pMDC83
plasmid was used as cloning vector (Fig. 6A) to construct 35 S:: AtWRII:GFP through gateway cloning system.
AtWRII:GFP was found to be expressed transiently in the epidermal cells of N. benthamiana leaf, with strong
expression in the nucleus as well as in the cytoplasm (Fig. 6B).

This experiment validated the successful construction of recombinant plasmids for the spatial and temporal
expression of the 35 S:: AtWRI1:GFP cassette.

Overexpression of Atwril in G. hirsutum transformants
Construction of SSP: TEV:AtWRIIgene cassette in pPCAMBIA1301 vector (Fig. 7A) was confirmed through PCR
with the gene specific primers (Table 1) showing band size of 2.6 kb (Fig. 7B).

To transform G. hirsutum, a total of 12,000 seeds were delinted. Approximately 9000 seeds (75%) were
germinated and 7000 embryos (58%) were isolated from the sterile cotton seeds and excision was made on the
apical part of the embryos and then co-cultured with the A. tumefaciens transformed with pCAMBIA1301-
gene cassette. Nearly 2000 transformed embryos (16%) were plated on MS medium. 1000 germinating embryos
(8.3%) were transferred to hygromycin selection medium after propagation of roots. Nearly 200 embryos (1.6%)
were able to survive on the selection media. About 100 (0.83%) of plantlets that survived were then transferred
to autoclaved soil (Fig. 8). The transformation efficiency was 1.4%. Many of the transformed plantlets couldn’t
survive on the soil and faced fungal contamination issues. However, ten transgenic lines were successfully
maintained in pots and 6 plants showed stable integration of transgene by PCR (Figure S1).
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Fig. 5. Comparison of 3D structures of (A) GhWRI1, (B) AfWRI1, (C) superimposed structures and (D)
details of distinct alpha helix harboring spore coat and Kin17 domain.

Morphological and anatomical features of WT and transformant seeds

Seeds of WT and transformant cotton plants containing AtWRII gene (Figure S1) were compared with respect
to morphological and anatomical characters. It was observed that there was no significant colour difference
between the seeds of wild type and transformants, but the surfaces of the outer coat had shown a difference in
smoothness. The surface of WT seeds was smooth but the surface of transformants was more rough (Fig. 9A).
The seeds of wild type (un transformed control) and transformant plants were taken in triplicates (n=3) and
dissected into two equal halves, yellow coloured oil bodies spreading throughout the seeds were counted
(Fig. 9B). It was found that there was a significantly higher number of oil bodies in the transformants 39 £1.52 as
compared to the wild type 10 £2.0. There was a statistically significant enhancement in the number of oil bodies
between WT and Transformant 1, 2 and 3 (Fig. 9C) as the P- value was less than 0.05 in each case. Moreover,
for measurement of total seed oil content, untransformed control and transformed seeds were taken in triplicate
(n=3) and each replicate were having 7 cotton seeds. The higher volume of total seed oil content was observed in
the transformant 1, 2 and 3 in comparison with the WT/ untransformed control (Fig. 9D). For seed weight, total
of 10 seeds of untransformed control and transformed were taken in triplicates (n=3). A significant increase in
the seed weight was observed in Transformant 3 in comparison with the WT (Fig. 9E). There was no significant
difference in the seed weight between WT and Transformant 1 and 2 .
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Fig. 6. (A) Graphical illustration of pMDC83 vector and 35 S:At WRII:GFP cassette, (B) Transient expression
of 35 S:AtWRI1:GFP in N. benthamiana expression observed under confocal laser scanning electron
microscope.
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Product
Primers 5°- 3’ sequences (bp) Tm | Accession number | Objective
Wri-1 (F) GGGGACAAGTTTGTACAAAAAAGCAGGCTGAGTTTAATGAAGAAG 60°C .
CGCTTAAC 1357 NP_001325503,1 | Gonfirmation of
- : Atwri- 1 isolation
Wri-1 (R) ACCCAGCTTTCTTGTACAAAGTGGTAGCATTAGAAAAGGGGCAA 60 °C
Wri-1 (F) (COD) | agatctGAGTTTAATGAAGAAGCGCTTAAC 59°C ; _ i
§ 1352 NP_001325503.1 W’f”kl‘?dll coding
Wri-1(R) (COD) | cacgtgAGCATTAGAAAAGGGGCAA 59°C region isolation
SSP (F) tctagaCAACCGCTTCTTGATCCAAT 60 °C G.hirsutum seed
1031 M19389.1 specific promoter
SSP (R) ccatggTAGGTTGTCCCTGGCTCATC 60°C isolation
Table 1. Primer sequences and their use in this study.
C E

Fig. 8. Agrobacterium-mediated transformation of G. hirsutum with SSP: TEV:AtWRII T-DNA (A)
germination of G. hirsutum seeds. (B) Culturing of infiltrated embryos. (C) Selection of transformed embryos
on selection media. (D) Development of root and shoot of transgenic plant. (E) Transgenic plants.

Fatty acid profiling of WT and transformants by GC-MS

It was observed that there was significant difference in the GC-MS profiles of WT and transformed plants
(Figure S2). A higher number of compounds was detected in transformants as compared to WT (Table 2) under
same identification parameters. There were four kinds of fatty acid compounds which were identical in WT and
transformants at specific retention times, RT (3.1, 4.5. 6.9 and 7.5). These compounds included saturated fatty
acids i.e. myristic acid (c14), palmitic acid (c16), oleic acid (c18) and linoleic acid (C18).

However, the over-expression of AtWRI1 in transformants had shown more detected compounds at different
RTs in comparison with the wild type. These compounds included lauric acid methyl ester (c12), 1- dodecanol
(c12), palmitoleic acid (c16), margaric acid (c17), stearic acid (c18), linolenic acid (c18), methyl 9,10-methylene-
octadecanoate (c20), methyl 18-methylnonadecanoate (c21), 13-docosenoic acid methyl ester (c22), methyl
20-methyl-heneicosanoate (c23), lignoceric acid (c24). There was a variation of fatty acid compounds in between
the transformants. In transformant 1, all compounds were detected except two lauric acid methyl ester (c12)
and 13-docosenoic acid methyl ester (c22). In Transformant 3 however, six compounds were not detected:
lauric acid methyl ester (c12), 1- dodecanol (c12), linoleic acid (c18), methyl 20-methyl-heneicosanoate (c23),
13-docosenoic acid methyl ester (c22) and lignoceric acid (c24). Transformant 2 therefore accumulated more
fatty acid compounds than Transformants 1 and 3.

Discussion

Genetic studies have shown that WRII is necessary for the development of normal ovules and seeds in plants?.
The required levels of fatty acids are maintained by the activation of WRII in the presence of excess sugar
leading to the fatty acid biosynthesis, while low levels of sugar lead to the proteosomal degradation of WRI1
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Fig. 9. Comparison of seed traits of WT and Transformants. (A) Morphology, (B) anatomy, (C) number of oil
bodies, (D) oil content and (E) seed weight.

(Fig. 1). This regulation of WRI1 involves Kin10, GIRK, SnRK1 and other proteins?’. Motif and domain search
analysis revealed the presence of two conserved AP2 domains in the N-termini of all thirteen plant species
studied (Fig. 2). However, the C-termini were largely diverse containing mini motifs and domains which may
be involved in protein binding, post-translational modification and transport?®. We located a spore coat domain
in the C-terminus of WRI1 that protects the spores (seeds) from mechanical disruption and was only found
in the members of Brassicaceae family?. This domain protects the spore from mechanical damage?, but is
missing in cotton species and may at least partly explain why the surface of cotton transformants was rough
and wrinkled. In the cotton species, an additional domain was Kin 17 found in a family of eukaryotic nuclear
proteins. This domain is responsible for activation and in-activation of WRI1 protein (Fig. 3)2*. Phylogenetic
analysis revealed the ancestral relationship and close homology between the Brassicacceae family and cotton
species (Fig. 4).

The 3D structures of AfWRI1 and GhWRI1 were compared and revealed the presence of similar DNA binding
motifs but different alpha helices at the C terminal. This different helix may create the sporecoat domain in A.
thaliana and Kin 17 domain in G. hirsutum (Fig. 5). AtWRII gene is responsible for oil biosynthesis in plants
but GhWRI-1 also has a role in cotton fiber length®. To modulate the cotton seed oil content, AtWRII (with
established function in regulating seed oil content in Arabidopsis) was selected and tobacco transient expression
confirmed nuclear expression (Fig. 6). A gene cassette was constructed consisting of AtWRII expressed under a
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Sr.no | Retention time (min) | Detected compounds Type of fatty acids | WT | Transformant 1 | Transformant 2 | Transformant 3
1 22 Lauric acid methyl ester Saturated - v -
2 2.6 1-Dodecanol Saturated - v v

3 3.1 Myristic acid methyl ester Saturated v v v v
4 4.5 Palmitic acid, methyl ester Saturated v v v v
5 4.8 Palmitoleic acid methyl ester Unsaturated - v v v
6 5.5 Margaric acid methyl ester Saturated - v v v
7 6.6 Stearic acid methyl ester Saturated - v v v
8 6.9 Oleic acid methyl ester Unsaturated v v v v
9 7.5 Linoleic acid methyl ester Unsaturated v v v v
10 8.1 Methyl 9,10-methylene-octadecanoate | Unsaturated - v v v
11 8.2 Linolenic acid methyl ester Unsaturated - v v -
12 9 Methyl 18-methylnonadecanoate Saturated v v v
13 11.7 Methyl 20-methyl-heneicosanoate Saturated - v v

14 12.1 13-Docosenoic acid methyl ester Saturated v -
15 14.2 Lignoceric acid methyl ester Saturated - v v -

Table 2. Fattyacids in WT and transformants determined by GC-MS and National Institute of Standards and
Technology (NIST 08) library.

seed specific promoter (Fig. 7). AtWRI1-expressing cotton transformants exhibited a significant increase in the
number of oil bodies and oil content compared to wild type (Fig. 9B, D), with novel fatty acid profiles (Figure
S2 and Table 2).

In oilseeds, the plastids contain short chain saturated and monounsaturated fatty acids which travel towards
the cytosol for other modifications and also for producing polyunsaturated fatty acids, mainly oleic acid
(18:1), while little stearic acid and palmitic acid accumulate in the cytosol®’. Other studies have also reported
the enchancement of oleic acid in sunflower with oleate (80-90%) by molecular techniques®!. In the present
study lauric acid methyl ester (c12), 1- dodecanol (c12), palmitoleic acid (c16), margaric acid (c17), stearic
acid (c18), linolenic acid (c18), methyl 9,10-methylene-octadecanoate (c20), methyl 18-methylnonadecanoate
(c21), 13-docosenoic acid methyl ester (c22), methyl 20-methyl-heneicosanoate (c23), lignoceric acid (C24)
were produced only in the transformants (Table 2).

In rapeseed, mutants have been identified with altered fatty acid content for increasing the crop’s nutritional
value®. In addition to increase in the oil percentage, there was reduction in fuzzy lint on the surface of seed,
which increased oil extraction efficiency®. Vernolic acid production in transgenic cotton seed oil has been
achieved by overexpression of a fatty acid desaturase (FAD2) that resulted in an increased content of linoleic
acid!>**. Since WRINKLED-1 transcription factor directs carbon flow from sugar biosynthesis towards fattyacid
biosynthesis, so the assessment of fiber yield and quality of transgenic cotton plants with reference to non-
transgenic controls is logical. In our case, due to small sample size of the transgenic plants from a single event,
the fiber analysis were not performed.

Conclusion

There is a need to develop varieties of cotton that can produce increased oil content, given pressures on land
use and increasing demand. By introducing the AtWRII gene under the seed specific promoter in cotton, it was
found that the oil content in transgenic cotton plants was significantly increased (35%) as compared to the wild
type plant. This approach should be helpful in increasing the oil yield not only in cotton but also in other oil
producing crops.

Materials and methods

Multiple sequence alignment and phylogenetic analysis

The amino acid and coding DNA sequences (CDS) of WRINKLEDI genes (WRI1) were retrieved from thirteen
different species of plants through NCBI Genbank (https://www.ncbil.nlm.nih.gov). Online motif search
software (https://www.genome.jp/tools/motif/) was used to identify conserved motifs in different species. These
sequences were aligned and % homology was analyzed on MEGAX by using the CLUSTALW tool under default
settings. Multiple sequence alignment was then used to prepare a phylogenetic tree by using MEGAX software
(https://www.megasoftware.net/). Un-rooted maximum likelihood tree on a Jones-Taylor-Thornton matrix
based model was generated with bootstrap value of 500.

3D structure analysis of WRI1

3D structures of GhWRI1 and AfWRI1 were predicted by using the alphafold protein structure database (https
://alphafold.ebi.ac.uk/). To visualize the similarities and differences between these structures, we used PyMOL
software (https://pymol.org/). RaptorX (http://raptorx6.uchicago.edu/) was used to identify the percentage of

secondary structures of proteins®.
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Transient expression of AtWRI1 in tobacco leaf

We constructed a gene cassette in which AtWRIIwas fused with green florescent protein (GFP) cloned in
pMDC83 vector under constitutive promoter Cauliflower Mosaic Virus 35 S promoter. Primers were designed
for the Gateway cloning method?® (Table 1).

Plasmid containing the gene of interest was used to transform Agrobacterium tumefaciens by using a freeze
thaw method®. Nicotiana benthamiana leaf epidermal cell transfection using A. tumefaciens was performed.
Overnight cultures were set up using the transformed A. tumefaciens cells with pro35S:: AtWRI1:GFP and p19
protein with antibiotic selection marker. The cultures were incubated at 30 'C for 18 h with constant shaking at
220 rpm. Cells were harvested from the overnight culture and washed 3 times with the infiltration buffer (40 mM
MES, 2.5 mM Na2PO3, 2.8 mM glucose, 100 mM acetosyringone) and were suspended in 1 mL of infiltration
buffer. P19 protein and A. tumefaciens cells with the construct were mixed in 1:1 and then used for infiltration
of N. benthamiana. The lower surface of the 4-week old N. benthamiana plant was gently infiltrated with the cell
suspension. Plants were incubated for 3 days to allow protein to be expressed. GFP fluorescence in the epidermal
cells was observed using confocal microscopy.

Expression of AtWRI1 in transgenic G. hirsutum

RNA was extracted from young leaves of A. thaliana (Col-0) through RNeasy mini kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions. Random hexamer primers and SuperScript” IT RT First Strand cDNA
Synthesis kit (Invitrogen) was used for reverse transcription of RNA. Sequence specific primers were designed
from coding region having adaptors for the restriction sites through Primer3 online software (http://bioinfo.
ut.ee/primer3-0.4.0/) and were used for amplification of wril gene (Table 1). For the isolation of seed specific
Promoter, SSP (GenBank accession no. M19389), sequence specific primers and G. hirsutum DNA template were
used (Table 1). 5 UTR from Tobacco Etch Potyvirus (TEV) was synthesized that is known to enhance translation
of genes®. The promoter, enhancer and gene was ligated together to form a gene cassette (SSP: TEV:AtWRI1) that
was cloned in plant expression binary vector pCambia 1301. The construct was transformed in Agrobacterium by
electroporation to transform G. hirsutum plants.

Seeds of cultivated variety of G. hirsutum (FH-490) were delinted by using concentrated sulphuric acid with
the ratio 100 mL kg!. Delinted seeds was sterilized by 30 mL of autoclaved water along with 1 mL of 10% SDS
and 2 mL of HgCl,. Seeds were washed with the autoclaved water until all foam removed. Seeds were incubated
at 30 'C for 72 h*.

Testa and cotyledons were removed from germinated seeds and embryos were isolated under sterile
conditions. A cut was made on the hypocotyl with a sharp sterile blade and co-cultured them in the A. tumefaciens
inoculum at 30 “C for 2 h with 250 rpm shaking’. After incubation, embryos were dried on filter paper and then
transferred on MS media plates at 30 ‘C for 4 days with 16 h light and 8 h of dark. Plantlets were transferred to
sterile test tubes containing MS selection media supplemented with hygromycin (25 mgL™!), cefotaxime (250
pgmL!) and B5 vitamins*!. Plantlets were incubated in the growth chamber for 6 weeks until roots and shoots
develop. Rooted plants were washed with autoclaved water and dipped in IBA (1 mgmL!) before planting in soil
mixture-filled pots*2.

Microscopic analysis

A disc of leaf was cut, near the point of infiltration of tobacco plant. The leaf disc was placed upside down
on a glass slide in water with cover slip. SP5 confocal microscope (Leica, Wetzlar and Germany) was used to
image by using x63 water objective. GFP fluorescence was visualized by sample excitation with Argon laser at
488 nm and the spectral detection was set at 500-548 nm. Final images were prepared by using Image]J software
(https://imagej.nih.gov/ij/). Morphology of delinted seeds and anatomy of wild type (WT) and transformants
was observed under the stereomicroscope. WT cotton seeds and transformants were arranged in parallel on the
glass slide and images were captured by digital photo camera.

Statistical analysis

Statistical analysis were performed by using GraphPad prism (https://www.graphpad.com/features). One
way analysis of variance (ANOVA)*® was used to compare the means of WT/ Control and transformants. P-
value less than 0.05 indicated significant differences between mean values with the confidence interval of 95%
while the P-values of 0.01 indicated highy significant differences with the confidence interval of 99%, between
untransformed control and transformants. Bonferroni’s multiple comparison method was applied as a post-hoc
test to find the difference between individual groups**.

Determination of seed-oil content and fatty acid profiling by GC-MS

The outer coat of the seeds was removed and seeds were ground to fine powder using a pestle and mortar. 0.5 g
powder of each seed was weighed, and 4 ml of 1 M HCI in MeOH and 300 pl of hexane were added. Samples
were seal topped and incubated at 80 °C for 3 h, then cooled to room temperature. 4 ml of 0.9% NaCl was added
and the layers allowed to separate. 250 pl of the oil layer at the top was used for gas chromatography- mass
spectrometry analysis (GC-MS)*.

The instrument used for GC-MS analysis was GCMS QP 2010 Plus (Shimadzu, Kyoto and Japan) where DB-
23,30 m x 0.25 mm ID x 0.15 um FT column (Agilent, Calinfornia, United states) was fitted for the separation
of oil constituents. The programme used for GC separation and identification of fatty acid methyl esters was that
the temperature raised at a rate of 2 °C/min to 160 °C and held for 2 min, then it was raised at a rate of 4 °C/min
to 200 °C and held for 2 min and finally it was raised to 224 °C at a rate of 6 °C /min and held for 2 min. Injector
temperature was employed at 250 °C whereas the ion source temperature was 200 °C. Helium gas was used as
mobile phase. Oil dissolved in n-hexane introduced in GCMS*® The pressure was about 105.5 kPa. The total flow
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rate was 114.2 ml/min and column flow was 1.10 ml/min. The linear velocity was set upto 40 cm/sec and purge
flow was 3mL/min where m/z range was 45-500.These conditions were used to calculate their linear retention
indices (RI). Identification of metabolites was performed by matching their mass spectra with the NIST-08
library and comparing RI with standards available in the literature?’.

Data availability
Original data is available in the article and supplementary material and further information can be requested
from the corresponding author.
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