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Overexpression of a Sucrose Synthase Gene Indirectly Improves Cotton Fiber Quality Through Sucrose Cleavage
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The study aims to improve fiber traits of local cotton cultivar through genetic transformation of sucrose synthase (SuS) gene in cotton. Sucrose synthase (SuS) is an important factor that is involved in the conversion of sucrose to fructose and UDP-glucose, which are essential for the synthesis of cell wall cellulose. In the current study, we expressed a synthetic SuS gene in cotton plants under the control of a CaMV35S promoter. Amplification of an 813-bp fragment using gene-specific primers confirmed the successful introduction of SuS gene into the genome of cotton variety CEMB-00. High SuS mRNA expression was observed in two transgenic cotton plants, MA0023 and MA0034, when compared to the expression in two other transgenic cotton plants, MA0035 and MA0038. Experiments showed that SuS mRNA expression was positively correlated with SuS activity at the vegetative (54%) and reproductive stages (40%). Furthermore, location of transgene was found to be at chromosome no. 9 in the form of single insertion, while no signal was evident in non-transgenic control cotton plant when evaluated through fluorescent in situ hybridization and karyotyping analysis. Fiber analyses of the transgenic cotton plants showed increases of 11.7% fiber length, 18.65% fiber strength, and up to 5% cellulose contents. An improvement in the micronaire value of 4.21 was also observed in the MA0038 transgenic cotton line. Scanning electron microscopy (SEM) revealed that the fibers of the SuS transgenic cotton plants were highly spiral with a greater number of twists per unit length than the fibers of the non-transgenic control plants. These results determined that SuS gene expression influenced cotton fiber structure and quality, suggesting that SuS gene has great potential for cotton fiber quality improvement.
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INTRODUCTION

Cotton, being the chief source of natural fiber, contributes 1.8% of the gross domestic production (GDP) in the form of foreign earnings from the sale of textile products across the globe. Pakistan ranks fourth in cotton production and is third in both export and consumption (Economic Survey of Pakistan, 2016–17; Cotistics, 2018). Maturity and fiber length are important characteristics in the textile sector, which ultimately impact spinning (Kelly et al., 2019). The immature fibers are too delicate and form neps during spinning, while overly mature fibers have thick cell walls and yield coarse, thick yarns that are not favored by users (Chee et al., 2005; Kim et al., 2013). In addition, short-length fibers (fuzz) cannot be twisted multiple times during spinning; therefore, long fibers are preferred because they twist more easily. The import of long fibers in Pakistan for the textile industry has been estimated at ∼55,000 tons (Ahmed et al., 2018b). The industrial requirement of high-quality natural fiber demands for its quality improvement. With the advancement of technology and emergence of new tools for uncovering the genome at gene level, along with development of technologies like gene transformation and genome engineering offers new ways to improve cotton fiber quality by foreign gene insertion (Campbell et al., 2018). The transgene expression will not only help in enhancement of trait but also shorten the breeding time (Li et al., 2009). Keeping in mind the complexity of cotton fiber quality perfection due to its multifactorial nature, one of the important fiber traits is linked with cellulose pathway. This trait was supposed to be introduced into cotton for fiber improvement as claimed previously through transformation of silkworm fibroin gene (Zhang et al., 2004; Li et al., 2009). Similarly, another study also claimed the improvement of fiber length and strength of cotton through transformation of acsA and acsB genes (Li et al., 2004).

Cotton fiber quality, like staple length and maturity, is influenced by various factors at different developmental stages. During development, leaf subtending to a cotton boll is a chief source of carbohydrates that accounts for 60–80% of the plant’s total requirement. The role of subtending leaf and changes in sucrose metabolism is very important in determining the cotton yield, number of bolls, and fiber development (Liu et al., 2013). Sucrose is the ultimate product of photosynthesis in source tissues (leaf) that is translocatable in plants and need to be cleaved into its component hexoses in the sink (cotton boll/fruit) before further biochemical reactions. Developing cotton bolls and seeds serve as an active sink for import of assimilates through phloem unloading. The imported assimilates are directed toward seed coat epidermis for fiber cell development, cellulose synthesis, and toward filial tissue for embryo growth (Ruan, 2005).

Cotton fiber development consists of four distinct but overlapping stages: initiation, elongation, maturation, and a secondary wall synthesis, which are all controlled by numerous genes, transcription factors, and phytohormones (Lee et al., 2007; Zhang et al., 2017; Xiao et al., 2019). Sugars act as signaling molecules that influence the function of promoters and transcription factors (Ruan, 2012). Sugar, together with cellulose, is crucial for lint length and strength in cotton at the time of secondary cell wall synthesis (Murray et al., 2001). Cellulose synthesis starts at the end of primary wall formation, and its accumulation is pivotal at the time of secondary wall synthesis. Secondary cell wall leads to an increase in cellulose synthesis and maturation of lint fibers through dehydration and thus is crucial for determination of cotton fiber quality (Abidi et al., 2010; Pang et al., 2010).

In-seed kernel sucrose metabolism is mainly governed by three enzymes: sucrose phosphatase synthase (SPS), invertase (INV), and sucrose synthase (SuS). SPS synthesizes sucrose from UDP-glucose (UDPG) after several interconversions. Sucrose synthesis can occur both in source and sink cells by successive action of SPS and sucrose phosphate phosphatase (SPP). SPS forms sucrose-P from F-6-P (fructose-6-phoshate) and UDPG, and reaction moves in synthetic direction by fast conversion of sucrose-P to sucrose by SPP (Botha and Black, 2000). Invertases catalyze irreversible sucrose cleavage into glucose and fructose. The sucrose synthase (SuS) plays a significant role in fiber development by providing component hexoses for cellulose synthase. These hexoses maintain the osmotic potential required to build turgor pressure during fiber elongation and cellulose synthesis (Weschke et al., 2003; Wang and Ruan, 2013; Ahmed et al., 2018a).

SuS exists in two forms, membrane-bound SuS (M-SuS), which is proposed to be involved in cell wall synthesis by providing carbon to cellulose synthase for cellulose synthesis (Amor et al., 1995), and cytoplasmic SuS (C-SuS), which is involved in the reversible breakdown of sucrose. Although the reaction is reversable, the cleavage of sucrose and UDP into fructose and UDP-glucose (UDPG) is favored (Gou et al., 2007; Kleczkowski et al., 2010; Brill et al., 2011):

Sucrose + UDP UDP-glucose + fructose

UDPG provides glucose as a substrate for enzymes in a number of glycosylation reactions. UDPG is also essential for the production of sucrose in the cytoplasm and for the formation of cellulose and callose in apoplasts (Stein and Granot, 2019). SuS built a putative complex with cellulose synthase located on the plasma membrane and directs carbon from sucrose to cellulose (Amor et al., 1995). The secondary wall of the cotton fibers that are used for the production of apparel contains 95% cellulose (Haigler et al., 2001).

The SuS activity at early stages of cotton fiber development (0–5 days post anthesis) determined the fate of ovule epidermal cells to form fibers. Reduced SuS activity at early stage of fiber initiation led to fiberless seed phenotype (Ruan et al., 2005; Ahmed et al., 2019). Beside this, potato SuS gene overexpression in cotton enhanced fiber production (Xu et al., 2012). It seems reasonable to elucidate the role of SuS in improvement of fiber length, strength, and micronaire/smoothness. So far, cotton fiber quality has not been successfully addressed through conventional means due to species compatibility. However, biotechnological techniques in combination with traditional breeding may be useful to sort out the serious issue of cotton fiber quality (Constable et al., 2015).

The improvement in fiber length through expression of expansin gene of Calotropis procera was already reported in our previous studies (Bajwa et al., 2013; Akhtar et al., 2014). Similarly, expression of GhActin 1, HOX3, GhWlim5, and PIP gene resulted in improved fiber length, and micronaire value (unpublished data) has also been investigated. In the current study, we attempted to transform a codon-optimized SuS gene into a non-transgenic, local cotton variety by using Agrobacterium-mediated transformation protocol. We found positive impact of SuS gene expression in cotton fiber quality improvement. Our results implied that elevated levels of SuS activity increased the supply of carbohydrates (glucose and fructose) to sink tissue (fibers) by catalyzing the cleavage of sucrose, which ultimately increased fiber elongation by increasing turgor pressure. This increased supply of carbohydrates also improves fiber cellulose contents and results in smoothening of cotton fiber surface. The elevation of SuS activity in leaves resulted in leaf expansion through increase in leaf surface area, plant height, number of bolls, and boll weight. The growth and fiber development are the ultimate result of increase in supply of photo assimilates from source to sink tissues. From the results, it can be envisioned that SuS is one of the important factors involved in fiber development and can provide an opportunity to the breeders for utilization of germplasm with other fiber-related factors in combination to meet the requirements of local textile industry. Having the background knowledge of SuS gene activity at different stages of fiber development, length and strength of transgenic cotton harboring SuS gene is expected to be improved.



MATERIALS AND METHODS


Plant Material

Non-transgenic cotton variety CEMB-00 was selected for SuS gene transformation as its fiber characteristics are below the optimal range. Seeds of cotton variety CEMB-00 were collected from CEMB Research Station Multan (30° 5′ 0″ N, 71° 40′ 0″ E) Punjab, Pakistan.



SuS Transgene Construct and Plant Transformation

The sequence of Zea mays sucrose synthase 1 gene (Gene Bank Accession number NM_001111853.1) was retrieved from the National Centre for Biotechnology Information GenBank database1 (Pruitt et al., 2006). The sequence was optimized by replacing codons predicted to be less frequently used in cotton with more favored codons without altering the amino acid sequence (Perlak et al., 1991; Owczarzy et al., 2008; Latif et al., 2015) with the help of codon usage databases2, 3. The codon-optimized sequence was checked for structural and functional efficiency using some bioinformatics tools available on SIB Bioinformatics Resource Portal4 (Gasteiger et al., 2003; Arnold et al., 2009). A codon-optimized SuS gene under the control of the CaMV35S promoter with BstXI and XhoI restriction sites (Figure 1) was chemically synthesized and cloned into the pUC57 vector, which contains the ampicillin selection gene by Bio Basic Inc.,5 and was received in a lyophilized form. The plasmid construct harboring the SuS gene (pUC_SuS) was confirmed by restriction digestion with BstX1 and Xho1. Then, the excised fragment was ligated into the plant expression vector pCAMBIA1301 using the same enzymes. The resulting plasmid, pCAMBIA1301_SuS, was transformed into Agrobacterium LBA4404 competent cells. Cloning of the SuS fragment into the plant expression vector was confirmed by restriction digestion and PCR using the detection primers: SuS F 5′-CTTGAGAAATTCTTGGGTACTATCC-3′ and SuS R 5′-CTCGGTGTAAGGGAAATAAATAGAC-3′. Agrobacterium cells transformed with pCAMBIA1301_SuS were grown in Luria Bertani (LB) medium containing rifampicin and kanamycin (50 mg/ml). Then, the cells were harvested and suspended in 10 ml of Murashig and Skoog (MS) broth (Murashige and Skoog, 1962). The cotton variety CEMB00 was transformed with pCAMBIA_SuS by the Agrobacterium cells using a previously reported method (Rao et al., 2009; 2011). Transformation efficiency was determined by counting the number of plants that survived after 4–6 weeks on MS medium compared to the total number of embryos cocultivated in all experiments (Satyavathi et al., 2002; Rao et al., 2011). After 1 month, plants were transferred to soil composed of equal proportions of clay, sand, and peat moss (1:1:1) and kept for acclimatization.
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FIGURE 1. Schematic diagram of a CaMV35S-sucrose synthase (SuS) construct.




Molecular Analysis of Putative Transgenic Cotton Plants


Histochemical Analysis of GUS Expression

A histochemical GUS assay was performed using leaves from potted plantlets. The leaves were placed in GUS solution in 50-ml falcon tubes and incubated at 37°C overnight. Then, the samples were observed for the development of a blue color, indicative of GUS activity.



Genomic DNA Isolation and PCR

Total genomic DNA was extracted and purified from the leaves of cotton plants using the Cetyltrimethylammonium bromide (CTAB) method (Doyle and Doyle, 1990). The quality of the extracted DNA was evaluated by separation on 0.8% agarose gel and staining with 0.5–1 μg ml–1 ethidium bromide, and the purity was confirmed using a Nanodrop ND-1000 spectrophotometer. The SuS gene was amplified by PCR using the gene-specific primers SuS F and SuS R. The PCR mixture was prepared as follows: 2 μl of 10 × PCR buffer, 2 μl of 1 mM dNTPs, 2.5 U of Taq polymerase, 2 μl of 10 mM primer 1, 2 μl of 10 mM primer 2, 1.5 μl of DNA template (∼25 ng), and water to a final volume of 20 μl. The PCR was performed using the following cycling conditions: initial denaturation at 95°C for 4 min, followed by 35 cycles of 95°C for 30 s, 55°C for 45 s, and 72°C for 45 s, with a final extension at 72°C for 7 min.



RNA Isolation and Quantitative Real Time-PCR (qRT-PCR)

RNA was isolated from fiber samples using an already reported method (Jaakola et al., 2001; Sarwar et al., 2019). Extracted RNA was treated with DNase1 (1 μg), and then the SuS transcript expression was determined by qRT-PCR (BioRad iCycler iQ5). SuS expression levels were normalized with GAPDH. For the first-strand cDNA synthesis, 1 μg of RNA template and the cDNA synthesis kit (Fermentas cat#1622) were used. cDNA synthesis was performed at 42°C for 30 min, followed by incubation at 70°C for 10 min. Then, 2 μl of the cDNA was used in a 25-μl reaction. The gene-specific primers SuS F, SuS R, GAPDH F (5′- AGGAAGAGCTGCTTCGTTCA-3′), and GAPDH R (5′- CCGCCTTAATAGCAGCTTTG-3′) were used to analyze mRNA transcript expression.

RT-PCR was performed using SYBR Green PCR master mix (Fermentas) according to the manufacturer’s instructions. The mixture was prepared as follows: 7.5 μl of 2 × SYBR Green RT-PCR Master Mix, 1 μl of each primer (10 pM each), 0.5 μl of cDNA template, and RNase-free water to a final volume of 15 μl. After thorough mixing, the mixture was kept on ice. Relative gene expression was analyzed with the Relative Expression Software Tool (REST) from Qiagen (REST.gene-quantification.info).



Fluorescence in situ Hybridization (FISH)

Plants showing high expression of SuS were subjected to FISH for determination of copy number following the procedure published in earlier studies (Ali et al., 2016; Yasmeen et al., 2016). Probe labeling was done by Label ITFISH® labeling kit CY®3 (MIRUS cat # 6510) following the manufacturer’s instructions. Cotton seeds were germinated, and root tips were selected for chromosome preparation. Chromosomes were hybridized with specific probe. Transgene copy number was estimated by directly visualizing the fluorescent signals present on the transgenic cotton metaphase chromosome spread after in situ hybridization.



Determination of SuS Activity and Sucrose and Total Soluble Sugar Contents

Preparation of crude enzyme extract: SuS activity was determined in tissues from the vegetative (subtending leaf) and reproductive (fibers) stages. Leaf and fiber samples were collected on different days post anthesis (DPA). SuS activity was measured at 8, 15, and 20 DPA. Cotton fibers and subtending leaf (0.5 g each) were taken, 2 ml of 50 mM phosphate buffer pH 8.0 (2.56 ml 0.6 mol/L Na2HPO4, 1.64 ml 0.2 mol/L Na- EDTA, 0.75 ml 0.6 mol/L NaH2PO4, volume raised up to 100 ml with water) was added. The mixture was homogenized by grinding in chilled pestle and mortar. The slurry was centrifuged at 5°C, 4,500 rpm for 20 min, and the supernatant was taken into 1 ml of ammonium sulfate precipitation. Fifty percent of saturated sediment was suspended in 0.2 ml of 50 mM phosphate buffer then poured into a dialysis bag, placed in 1,000 ml of 10 mM phosphate buffer pH 8.0 (10.2 ml of 0.6 mol/L Na2HPO4, add 6.6 ml of 0.6 mol/L NaH2PO4 and 10 ml of 0.2 mol/L EDTA-Na volume raised up to 2,000 ml with water), and kept at 0∼4°C for overnight dialysis with constant volume to 0.5 ml (crude enzyme extract). SuS activity was measured as described previously (Ahmed et al., 2019).

Determination of total soluble sugars: Cotton fiber samples were taken at 15, 30, and 40 DPA. Sucrose and total soluble sugar contents were measured as reported earlier (Wang et al., 2011; Ahmed et al., 2019).



Determination of Cellulose Contents

To measure the cellulose contents, mature fiber samples from three control and three transgenic plants of each line were collected and dried at 100°C. Then, about 0.5 g of the dried fibers was pulverized to form a fine powder and used to measure cellulose contents according to a previously reported method (Updegraff, 1969; Yuan et al., 2012; Bajwa et al., 2015). A standard curve was constructed with different concentrations of microcrystalline cellulose (Avicel). The absorbance was read at 620 nm with a spectrophotometer (Beckman Coulter DU-520).



Fiber Characteristics

Mature and opened cotton bolls were harvested from the midregion of plants. Bolls damaged due to insects, rain, or other stress were excluded. Fiber samples (60 g) were collected from transgenic and control cotton plants, and fiber quality assessments of length, strength, uniformity, and micronaire were performed using a High Volume Instrument (HVI) SW version 3.3.5.57 at the Fiber Technology Section of the Central Cotton Research Institute (CCRI)6 in Multan, Pakistan. Three samples from each line were tested, and each reported value is the mean of three biological replicates.



Scanning Electron Microscopy Analysis of Mature Fibers

For scanning electron microscopy (SEM) analysis, mature fibers from 30 transgenic and control cotton plants were collected, and each fiber was cut into three parts: the tip, middle, and base. Then, the samples were analyzed using a scanning electron microscope (SEM, Model SU8010; Hitachi, Japan). The screw pitch of the fiber and the distance of the fiber rotation at 360° of every sample were measured three times under SEM at 400×, 1,000×, and 4,000× magnification.



Phenotypic Characteristics of Transgenic Cotton Plants

Phenotypic characteristics of transgenic cotton plants, including plant height, boll number, and average boll weight and leaf surface area was determined and compared with non-transgenic control cotton plants. The height of mature plants was measured from base to the apex by using a measuring tape. Three plants from each transgenic and control line were selected. Each value was represented by the mean of three plants. The total number of bolls on each transgenic and control plants were counted. The total number of bolls was divided by the total number of plants studied for calculating the mean value. Average weight was calculated by dividing total seed cotton yield of all transgenic plants by their respective number of effective bolls. The average leaf area of transgenic and control plants (three plants from each line) was calculated using graphics software Adobe Photoshop 7.0 (Easlon and Bloom, 2014). Leaves were sampled randomly from top, mid, and base of the 60-days plants. Values represent the average of three leaves of every plant from each transgenic and control line. Digital photographs of transgenic and control plant leaves were taken with default parameters and further processed with ImageJ Software for the calculation of the total leaf area. Leaves were spread on the white surface with a known surface area (100 cm2 as a reference) in the center. The photographs of leaves were taken and analyzed by Adobe Photoshop. The leaf area of both known (used as reference or standard) and unknown leaf samples was calculated by computing pixel values. The surface area of the leaves was calculated using a unitary method.



Statistical Analysis

Ordinary ANOVA (one-way analysis of variance, Dunnett’s test) and two-way ANOVA (Tukey’s test) were performed to compare the significance level between transgenic cotton lines with non-transgenic control at 95% confidence interval using GraphPad Prism (GraphPad Prism software version 5 for Windows).



RESULTS


Generation and Identification of Transgenic Cotton Plants

Fiber quality of the wildtype cotton non-transgenic variety CEMB-00 used in the current study was as follows: fiber length 26.06 mm, strength 22.35 g/tex, micronaire 5.76, uniformity index % 80.00, and maturity ratio 0.8. The plant expression vector pCAMBIA1301_SuS, which harbors the SuS gene under the control of CaMV35S promoter, was transformed into the non-transgenic cotton variety CEMB 00 through Agrobacterium-mediated transformation. After root development, the plantlets were shifted to MS tubes and then to soil pots and covered with plastic bags. They were maintained in a growth room at 28 ± 2°C under a 16-h photoperiod (250–300 μmol m–2 s–1). The plants were stabilized through regular exposure to natural conditions until acclimatized. The putative transgenic cotton plants were evaluated by a histochemical GUS and PCR assay. In the GUS assay, the development of a blue color indicated the presence of GUS activity and successful Agrobacterium-mediated transformation into the cotton plants. In contrast, no blue color, indicating no GUS activity, appeared in the leaves of non-transformed control plants (Supplementary Figure 1A). The appearance of an 813-bp amplification product on an 0.8% agarose gel in all four transgenic cotton plants and no amplification product in non-transgenic control cotton plants confirmed the successful introduction of the SuS gene as shown in Supplementary Figure 1B.

A total of 9,000 embryos were transformed by the Agrobacterium method, and of these, only 97 grew to plantlets on MS medium. The transformation efficiency was calculated by counting the number of GUS and PCR-positive plants among the total embryos co-cultivated in the transformation experiments. The percent transformation efficiency was determined to be 1.07 (Supplementary Table 1). Finally, four of the surviving SuS transgenic cotton plants showed a normal growth pattern and also established themselves under field conditions. These plants were named MA0023, MA0034, MA0035, and MA0038. Seeds were carefully collected from the four transgenic cotton plants (MA0023, MA0034, MA0035, and MA0038) and sowed separately as different lines in the field to grow a T1 generation along with one line of non-transgenic cotton plants, which were used as a control (Supplementary Figure 2).



Molecular Analysis of Transgenic Cotton Plants (T1 Generation)

A PCR assay was performed using genomic DNA isolated from the subtending leaves of T1 transgenic and non-transgenic cotton plants using internal detection primers. An 813-bp fragment of the SuS gene was detected in all the transgenic cotton plants analyzed (Supplementary Figure 3). No such fragment was amplified from the DNA of non-transgenic control cotton plants.



Determination of Copy Number and Location of SuS Gene

A single pink spot on chromosome no. 9 of transgenic cotton plant line MA0023 on one chromatid and complete absence of signal in non-transgenic control determined the one copy no. in hemizygous form (Figure 2).
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FIGURE 2. Karyotyping and location of SuS gene in the cotton genome through fluorescent in situ hybridization (FISH) technique. (A) Arrow indicates fluorescent signal at chromosome 9 in the transgenic plant. (B) Non-transgenic control plant.




Quantification of SuS Gene Expression in Transgenic Cotton Plants

SuS gene expression in subtending leaves and 8–20 DPA fibers were determined by measuring mRNA transcripts using qRT-PCR with 2 μl of cDNA from the four transgenic cotton lines. SuS transcript levels were higher in leaves of MA0023, MA0034, and MA0038 but low in MA0035 (Figure 3A). SuS expression in fibers of 15 and 20 DPA was high than at 8 DPA in all transgenic lines. No significant differences were observed in expression levels between 15 and 20 DPA (Figure 3B). The increased SuS mRNA levels were correlated with the role of SUS in fiber improvement, as the qRT-PCR analysis revealed that the SuS gene was upregulated beginning at the fiber elongation stage (8 DPA) and was maintained until the transition phase between the primary and secondary wall stage (20 DPA).
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FIGURE 3. Relative expression of SuS gene mRNA (A) from subtending leaves of transgenic plants and (B) from fiber during elongation [8, 15 days post anthesis (DPA)] and early secondary wall synthesis stage (20 DPA). SuS activity in subtending leaves and fibers of transgenic and control lines. (C) SuS activity in leaves. (D) SuS activity in cotton fibers at 8, 15, and 20 DPA. Sucrose and total soluble sugars in fibers at different DPAs. (E) Sucrose contents in transgenic and control plants. (F) Total soluble sugars. Values represent the average of three replicates from each transgenic line. Asterisks indicate a significant difference between transgenic and control (∗P ≤ 0.05, ∗∗P ≤ 0.01; ns, non-significant using ANOVA).




Biochemical and Physiological Analyses


SuS Activity

Comparison of the SuS activity levels in the vegetative (subtending leaf) and reproductive (fiber development) stages of transgenic and non-transgenic control cotton plants showed significantly higher enzyme activity in the transgenic plants due to overexpression of the SuS gene. The SuS activity levels in the transgenic cotton lines MA0023, MA0034, and MA0038 were 0.278, 0.248, and 0.227 mg g–1 h–1, respectively, which was 54%, 37%, and 26% higher than the activity level in the non-transgenic control (0.180 mg g–1 h–1 at the vegetative stage; Figure 3C). SuS activity at the reproductive stage (15 DPA) was also increased in MA0038 to 0.177 mg g–1 h–1 (an increase of 40%). At 20 DPA, maximum activity was observed in MA0023 (0.195 mg g–1 h–1), which was an increase of 54% compared to non-transgenic control cotton plants (0.126 mg g–1 h–1). Among the transgenic cotton lines, MA0034 showed the lowest SuS activity, which was 28% higher than that in the non-transgenic control line (Figure 3D).



Sucrose and Total Soluble Sugars

The sucrose and total soluble sugar contents are directly proportional to SuS activity levels, which is correlated with SuS mRNA expression levels. In the fibers of the transgenic cotton lines, a decrease in sucrose content and an increase in total soluble sugar contents were evident at the elongation stage (15 DPA) and during secondary wall synthesis and the maturation stage (40 DPA). In the non-transgenic control cotton lines, significant variations in sucrose content were observed at different stages (Figure 3E). However, the increase in total soluble sugars from the elongation stage to the secondary wall synthesis and maturation stages was not as significant as that observed in the transgenic cotton plants (Figure 3F). Sucrose cleavage, which is catalyzed by SuS, was higher in the transgenic cotton plants than in the non-transgenic control cotton plants.



Cellulose Contents

Analysis of the cellulose contents showed substantial increases in the transgenic cotton plants compared to the contents in the non-transgenic control cotton plants. In the transgenic cotton lines, the maximum and minimum cellulose contents were 96.2% and 92.6 % in MA0023 and MA0035, respectively. In the non-transgenic control cotton plants, the cellulose content was 90% (Figure 4). The transgenic cotton plants contained 6.8% more cellulose than the non-transgenic control plants. At the onset of maturation, a high concentration of sugar contributes to increased cellulose content in the fibers.
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FIGURE 4. Cellulose contents in mature cotton fibers of transgenic and control plants. Values represent the average of three replicates from each transgenic line. Asterisks indicate a significant difference between transgenic and control (∗∗P ≤ 0.01; ns, non-significant using one-way ANOVA).




Fiber Characteristics

The fibers in the transgenic cotton plants were longer than the fibers in the non-transgenic control cotton plants (Figure 5). In the transgenic cotton lines MA0023, MA0038, and MA0034, the maximum fiber lengths were 29.1, 28.00, and 27.78 mm, respectively, whereas in the non-transgenic control lines, the fiber length was 26 mm. However, in one of the transgenic cotton lines, MA0035, the fiber length was 27.09 mm, which was not statistically different from that of the non-transgenic control cotton plants (Figures 5A,B). The maximum increase in fiber length, 11.7%, was observed in line MA0023.
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FIGURE 5. (A) Fiber lengths in transgenic and control plant lines. Photographs of cotton fibers in transgenic (MA0023, MA0034, MA0035, and MA0038) and control plant lines. (B) Fiber characteristics of transgenic and control plant lines. (A) Fiber strength. (B) Micronaire value. (C) Uniformity index. (D) Maturity ratio. (E) Fiber length. Values represent the average of three replicates from each transgenic and control line. Asterisks indicate a significant difference between transgenic and control (*P ≤ 0.05, **P ≤ 0.01; ns, non-significant using one-way ANOVA).


In addition, the strength of the bundled fibers of the transgenic plants also increased to 26.46, 25.76, and 24.45 g/tex in lines MA0023, MA0034, and MA0038, respectively, compared to that of the non-transgenic control cotton plants at 22.35 g/tex (Figure 5B). Compared to the non-transgenic control cotton plants, the increases in fiber strength in the transgenic cotton lines MA0023, MA0034, and MA0038, were 18.65%, 15.25%, and 9.3%, respectively.

The transgenic cotton lines MA0034 and MA0035 showed average micronaire values of 4.6 and 5.01, respectively. The highest micronaire value, of 5.7, was measured in the non-transgenic control sample (Figure 5B). The micronaire values of MA0023 and MA0038, were found to be 3.0 and 4.21. The micronaire 4.21 in MA0038 was considered to be the optimal value as it falls within the optimal range (3.8 to 4.5), indicative of increased fineness. In the case of MA0023 and MA0035, these values are outside the optimal range, which were rated poorly, with coarse fibers depicted in the CCRI Lab reports.

Comparison of the uniformity index (UI %) between the transgenic and non-transgenic control cotton lines showed almost similar values for both groups. The transgenic cotton lines MA0023, MA0034, MA0035, and MA0038 showed UI values of 83.98%, 81.25%, 81.05%, and 83.03%, respectively, whereas the non-transgenic control cotton plant showed a UI of 80.25% (Figure 5B).

The fiber maturity values of the transgenic cotton lines MA0023, MA0034, MA0035, and MA0038 were 0.86, 0.85, 0.90, and 0.86, respectively, which were higher than the value for the non-transgenic control cotton plants, at 0.80 (Figure 5B).

The surface microstructures of the mature fibers were observed by SEM at 400×, 1,000×, and 4,000× magnification. The analysis showed that transgenic fiber samples were highly spiral with more fiber twists per unit length when compared to the non-transgenic cotton fiber samples. SEM analysis also showed that the mature fiber surface of the transgenic cotton plants was more compact and smoother than that of the non-transgenic control cotton plants (Figure 6).
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FIGURE 6. Observation of surface microstructure of transgenic and control fibers by SEM. In each row left-hand image is control fiber, while the others are transgenic fibers. Top Row: Surface of mature fiber at 4,000x left-hand image is control fiber, while others are transgenic fibers. The surface of control fiber is rough with wrinkles compared to the control. Middle Row: Surface of mature fiber at 1,000x showing twists in a single fiber. Bottom Row: Fibers observed at 400x; transgenic fibers highly spiraled with increased fiber twist number compared to control.


In terms of fiber length and strength, MA0023 showed better results compared to other transgenic and control cotton plants. In the case of micronaire value, MA0038 showed considerable improvement, although SEM results of MA0023 and MA0038 are not very different.



Phenotypic Characteristics of Transgenic Cotton Plants

The determination of morphological characteristics was undertaken just to observe the influence of the transgenic process on plant appearance in comparison to non-transgenic control cotton plants. The obtained results indicated that plant height was increased in transgenic cotton lines compared to control. The maximum average plant height measured in transgenic cotton lines MA0023 was 114.3 cm, and the minimum height that was recorded in MA0038 was 84.75 cm. The average plant height in control non-transgenic plant line was 60.55 cm. There was an increase of 39.96% to 88.76% in height compared to non-transgenic control plants (Figure 7A). Statistical analysis showed a significant difference in MA0023 (P ≤ 0.01).


[image: image]

FIGURE 7. Phenotypic characteristics of transgenic and control plants. (A) Plant height of transgenic and control plant lines. (B) Number of bolls per plant line. (C) Average boll weight of transgenic and control plants (D). Leaf area of transgenic and control cotton plants. Values represent the average of three plants from each transgenic and control line. Asterisks indicate significant difference (∗P ≤ 0.05, ∗∗P ≤ 0.01 using one-way ANOVA; ns, non-significant).


The total numbers of bolls were counted on each plant, and the difference between transgenic and non-transgenic control was calculated. The total number of bolls on MA0023, MA0034, MA0035, and MA0038 was found to be 77.00, 73.66, 67.60, and 59.00, respectively, while the total numbers of bolls in non-transgenic control were counted to be 41.00. Numbers of bolls in transgenic cotton plants were significantly increased compared to the non-transgenic control cotton plant (Figure 7B).

The average boll weight calculated for transgenic cotton plants was found to range from 4.00 to 5.13 g. Ten bolls from each cotton plant were randomly picked, and their average weight was calculated after weighing and drying. The lowest boll weight recorded in non-transgenic control plant was 3.63 g (Figure 7C). Comparison of average boll weight between transgenic and control is presented in Figure 7C.

Increased SuS activity was found to be correlated with leaf surface area at the initial stages of development. The leaf surface area of MA0023, MA0034, MA0035, and MA0038 was found to be 190.21, 184.39, 123.15, and 153.451 cm2, respectively. In the control plant, the calculated leaf area was 96.90 cm2 (Figure 7D).



DISCUSSION

Cotton is the most important cash crop in Pakistan, and its fiber is a single-cell trichome, which is considered to be an ideal system for studying the different stages of cell growth. Genetic transformation of plants is a powerful tool for trait modification, breeding, gene overexpression, and physiological and biochemical research. It is a fast, accurate, and economical alternative approach to breeding. Improvement of cotton fiber quality through genetic modification can be an excellent economical approach to achieve the desired modification in a very short time. Several genes that play key roles in cotton fiber initiation and development have been identified (Ruan, 2007; Ahmed et al., 2018b). The SuS gene has been reported to regulate carbohydrate interconversion and cellulose synthesis, and SuS overexpression and repression play a crucial role in plant growth and cotton fiber quality (Wang et al., 2011; Li et al., 2015; Stein and Granot, 2019).

In the current study, investigations were made of SuS-overexpressing cotton lines generated by genetic transformation. The resulting changes in sugar levels, cellulose contents, fiber length, and fiber smoothness were evaluated as reported in a previous study where overexpression of GhUGP1 in Gossypium hirsutum improved fiber characteristics in transgenic plants compared to the wild type (Li et al., 2015). Analysis of the mRNA expression levels of the SuS gene by qRT-PCR revealed a 30- to 45-fold increase in the transgenic cotton lines MA0034 and MA0023 (Figure 3), with concomitant increases in SuS activity (as measured with a spectrophotometer). A single copy number at chromosome 9 was detected through fluorescent in situ hybridization (FISH), while no signal was detected in non-transgenic control cotton plants (Figure 2). The results coincide with results of early researchers who determined transgene expression of Cry1ac and Cry2A along with GT gene in cotton and found a single copy number (Ali et al., 2016). This finding is consistent with a previous study in which overexpression of potato SuS in cotton under S7 promoter caused an increase in SuS activity and promoted fiber elongation (Xu et al., 2012).

Sucrose and soluble sugar levels were also correlated with the increased SuS gene expression levels (Figures 3E,F). The current findings are in close agreement with a little bit of deviation from previous investigations (Jiang et al., 2012; Xu et al., 2012). The overexpression of the SuS gene in cotton resulted in improved fiber characteristics that coincide with these studies, but improvement in vegetative growth and seed set mentioned in these reported studies may be due to difference in variety, promoter used, and climatic conditions (Jiang et al., 2012; Xu et al., 2012). In addition, in the current study, increased cellulose contents and fiber length were also observed (Figures 4, 5). It has also been reported by Jiang et al. (2012) that overexpression through Agrobacterium mediated transformation of SuSA1 under CaMV35S promoter resulted in increased biomass and fiber quality by increasing carbohydrate content due to elevated SuS activity in leaves and fibers. The gene SuSA1 used by Jiang et al. (2012) was taken from the cotton and was overexpressed compared to this study where the source of gene used is synthetic. While the promoter used in both studies is the same, that is, 35S, the expression of SuS in leaves and fiber at elongation stage follows almost the same trend. Antisense suppression of GhSuSA1 under the same promoter caused reverse effect on plant biomass (Jiang et al., 2012). Higher levels of sugars at fiber elongation (20 DPA) may result in increased fiber length by generating increased turgor pressure, as was evident in earlier studies (Ruan et al., 2000, 2001).

The increase in sugar content is directly proportional to the increase in turgor pressure, which results in an increase in fiber length and increase in leaf area. The elevated sugar levels enhanced the cellulose content in fiber cells by providing more carbohydrates to be polymerized into cellulose, and the increased deposition of cellulose in fiber improved the fiber characteristics. Gou et al. (2007) also reported increased levels of UDPG during secondary wall synthesis, which could be correlated with elevated SuS activity levels, as reported by Jiang et al. (2012). These results clearly demonstrate a role for SuS in fiber elongation and secondary wall biosynthesis in addition to its role in the early stages of cotton fiber development, in accordance with previous report in which this gene has been found to play an essential part in early (-2 to 5 DPA) cotton fiber development (Ahmed et al., 2019). Moreover, the SuS expression pattern in the transgenic cotton plants at 8, 15, and 20 DPA, positively linked with SuS activity, reflects the role of this gene in fiber elongation, as previously reported by the overexpression of GhSuSA1 and GhUGP1 under CaMV35S promoter (Jiang et al., 2012; Li et al., 2015).

Our cotton fiber analysis data clearly showed an increase in the length of the cotton fibers, from 26 mm in the non-transgenic control to 29.1 mm in the MA0023 transgenic cotton line (Figure 5). Similarly, the cellulose contents also increased, from 90% in the non-transgenic control cotton line to 96.2% in the MA0023 transgenic line (Figure 4). The results of cellulose correlates with previous studies where 95.88% and 97.7% cellulose are reported (Haigler et al., 2001; Wang et al., 2009). Considering the increased SuS gene expression and SuS enzymatic activity, it can be assumed that the increase in the secondary cellulose contents in the transgenic cotton lines occurred due to faster conversion of sucrose to other hexoses at the vegetative and fiber developmental stages (Pettogrew, 2001; Yuan et al., 2012). Increases in sucrose, at 15 DPA, and in total soluble sugars, at 30 and 40 DPA, were observed (Figures 3E,F), and these increases might influence the physiology of the cotton fibers through sucrose transport via a symplastic pathway (plasmodesmata), which may result in increased sucrose cleavage by activated SuS, as reported previously (Ruan et al., 2001, 2005, 2010). The fact that SuS expression was increased at 20 DPA in MA0023 and the other transgenic cotton plants (Figure 3B) suggests a role in fiber elongation. The trend of sucrose contents in transgenic and non-transgenic cotton fibers are in agreement with earlier studies (Jiang et al., 2012). The values of sucrose contents are lower than those reported previously (Pettogrew, 2001; Yuan et al., 2012). The variations in these sugar levels might occur on developmental, seasonal, diurnal, varietal, and environmental bases (Pettogrew, 2001; Yuan et al., 2012). The difference in fiber cellulose contents may be due to the change in SuS expression level and probably corresponds to difference in fiber quality (Yuan et al., 2012).

The SEM observations showed the increased fineness/smoothness and fiber crimp of some transgenic cotton plants in comparison to the non-transgenic control cotton plants (Figure 6). These changes may be due to the increased cellulose contents by elevated SuS catalytic activity that generated more hexoses leading to high cell turgor pressure that causes fiber elongation. The improvement in the surface fineness of the fiber surface is also supported by Haigler et al. (2001) that SuS increases carbon partitioning toward the cells that serve as a sink for deposition of cellulose during secondary wall synthesis. It can be assumed that the decrease in micronaire value in some transgenic plants is due to reduction in sucrose contents. Prior study also concluded that the decrease in fiber sucrose at the time of secondary wall synthesis perhaps contribute to the reduction of micronaire and extent of cellulose deposition in fiber ascertain the enhanced quality of fiber (Ryser, 1985; Delmer and Amor, 1995; Pettogrew, 2001; Martin and Haigler, 2004; Pan et al., 2010).

Morphological characteristics of plants were determined to note the effect of transgenic process on phenotypic features of plants. In comparison to non-transgenic control cotton plants, overexpression of SuS driven by CaMV35S promoter caused visible difference in phenotypic traits like plant height, boll number per plant, average boll weight, and leaf area (Figure 7). Overexpression of GhSuSA1 and GhUGP1 increased plant biomass, plant height, leaf area, and number of sympodial branches in cotton, Arabidopsis, and tobacco (Coleman et al., 2006; Wang et al., 2011; Jiang et al., 2012; Li et al., 2015). The results depict that transformation of SuS under CaMV35S promoter is expressed in whole cotton plant, and this expression is beneficial for vegetative growth and fiber characteristics as well.

Based on these results, we can infer that SuS is an essential enzyme involved in cotton fiber development, as the activity of this enzyme is correlated with cotton fiber quality. The study further concludes that there is a direct association between sucrose metabolism and fiber quality traits. Thus, SuS is a key target for improving the fiber characteristics and yield of local cotton cultivars to meet the demands of the mechanized textile industry. Furthermore, the transgenic cotton produced in this study is the best source for use in cotton variety development programs.
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Supplementary Table 1 | Transformation efficiency of cotton embryos in used different experiments.


FOOTNOTES

1https://www.ncbi.nlm.nih.gov

2http://www.kazusa.or.jp/codon/

3https://eu.idtdna.com/CodonOpt

4https://web.expasy.org/translate

5https://www.biobasic.com/gene-splash/

6http://www.ccri.gov.pk


REFERENCES

Abidi, N., Hequet, E., and Cabrales, L. (2010). Changes in sugar composition and cellulose content during the secondary cell wall biogenesis in cotton fibers. Cellulose 17, 153–160. doi: 10.1007/s10570-009-9364-3

Ahmed, M., Akhtar, S., Fanglu, M., Hasan, M., Shahid, A. A., Yanang, X., et al. (2019). Sucrose Synthase (SuSy) gene expression: an indicator for cotton fiber initiation and early development. Russ. J. Plant Physiol. 66, 41–49.

Ahmed, M., Shahid, A. A., Akhtar, S., Latif, A., ud Din, S., Fanglu, M., et al. (2018a). Sucrose synthase genes: a way forward for cotton fiber improvement. Biologia 73, 703–713. doi: 10.2478/s11756-018-0078-6

Ahmed, M., Shahid, A. A., Din, S. U., Akhtar, S., Ahad, A., Rao, A. Q., et al. (2018b). An overview of genetic and hormonal control of cotton fiber development. Pak. J. Bot. 50, 433–443.

Akhtar, S., Shahid, A. A., Rao, A. Q., Bajwa, K. S., Muzaffar, A., Latif, A., et al. (2014). Genetic effects of Calotropis procera CpTIP1 gene on fiber quality in cotton (Gossypium hirsutum). Adv. Life Sci. 1, 223–230.

Ali, A., Ahmed, S., Nasir, I. A., Rao, A. Q., Ahmad, S., and Husnain, T. (2016). Evaluation of two cotton varieties CRSP1 and CRSP2 for genetic transformation efficiency, expression of transgenes Cry1Ac+ Cry2A, GT gene and insect mortality. Biotechnol. Rep. 9, 66–73. doi: 10.1016/j.btre.2016.01.001

Amor, Y., Haigler, C. H., Johnson, S., Wainscott, M., and Delmer, D. P. (1995). A membrane-associated form of sucrose synthase and its potential role in synthesis of cellulose and callose in plants. Proc. Natl. Acad. Sci. U.S.A. 92, 9353–9357.

Arnold, K., Kiefer, F., Kopp, J., Battey, J. N., Podvinec, M., Westbrook, J. D., et al. (2009). The protein model portal. J. Struct. Funct. Genomics 10, 1–8.

Bajwa, K. S., Shahid, A. A., Rao, A. Q., Bashir, A., Aftab, A., and Husnain, T. (2015). Stable transformation and expression of GhEXPA8 fiber expansin gene to improve fiber length and micronaire value in cotton. Front. Plant Sci. 6:838. doi: 10.3389/fpls.2015.00838

Bajwa, K. S., Shahid, A. A., Rao, A. Q., Kiani, M. S., Ashraf, M. A., Dahab, A. A., et al. (2013). Expression of Calotropis procera expansin gene CpEXPA3 enhances cotton fibre strength. Aust. J. Crop Sci. 7:206.

Botha, F. C., and Black, K. G. (2000). Sucrose phosphate synthase and sucrose synthase activity during maturation of internodal tissue in sugarcane. Aust. J. Plant Physiol. 27, 81–85. doi: 10.1071/PP99098

Brill, E., van Thournout, M., White, R. G., Llewellyn, D., Campbell, P. M., Engelen, S., et al. (2011). A novel isoform of sucrose synthase is targeted to the cell wall during secondary cell wall synthesis in cotton fiber. Plant Physiol. 157, 40–54. doi: 10.1104/pp.111.178574

Campbell, B. T., Dever, J. K., Hugie, K. L., and Kelly, C. M. (2018). “Cotton fiber improvement through breeding and biotechnology,” in Cotton Fiber: Physics, Chemistry and Biology, ed. D. D. Fang (Cham: Springer), 193–215.

Chee, P., Draye, X., Jiang, C. X., Decanini, L., Delmonte, T. A., Bredhauer, R., et al. (2005). Molecular dissection of interspecific variation between Gossypium hirsutum and Gossypium barbadense (cotton) by a backcross-self approach: I. Fiber elongation. Theor. Appl. Genet. 111, 757–763. doi: 10.1007/s00122-005-2063-z

Coleman, H. D., Ellis, D. D., Gilbert, M., and Mansfield, S. D. (2006). Up-regulation of sucrose synthase and UDP-glucose pyrophosphorylase impacts plant growth and metabolism. Plant Biotechnol. J. 4, 87–101. doi: 10.1111/j.1467-7652.2005.00160.x

Constable, G., Llewellyn, D., Walford, S. A., and Clement, J. D. (2015). “Cotton breeding for fiber quality improvement,” in Industrial Crops, eds V. M. V. Cruz and D. A. Dierig (Berlin: Springer), 191–232.

Cotistics (2018). An official Bulletin on cotton. Karachi: Pakistan Central Cotton Committee.

Delmer, D. P., and Amor, A. (1995). Cellulose biosynthesis. Plant Cell 7, 987–1000. doi: 10.1105/tpc.7.7.987

Doyle, J. J., and Doyle, J. L. (1990). Isolation of plant DNA from fresh tissue. Focus 12, 13–15.

Easlon, H. M., and Bloom, A. J. (2014). Easy Leaf Area: automated digital image analysis for rapid and accurate measurement of leaf area. Appl. Plant Sci. 2, 1–4. doi: 10.3732/apps.1400033

Economic Survey of Pakistan, (2016–17). Islamabad, Pakistan: Ministry of Food and Agriculture.

Gasteiger, E., Gattiker, A., Hoogland, C., Ivanyi, I., Appel, R. D., and Bairoch, A. (2003). ExPASy: the proteomics server for in-depth protein knowledge and analysis. Nucleic Acids Res. 31, 3784–3788.

Gou, J. Y., Wang, L. J., Chen, S. P., Hu, W. L., and Chen, X. Y. (2007). Gene expression and metabolite profiles of cotton fiber during cell elongation and secondary cell wall synthesis. Cell Res. 17, 422–434. doi: 10.1038/sj.cr.7310150

Haigler, C. H., Ivanova-Datcheva, M., Hogan, P. S., Salnikov, V. V., Hwang, S., Martin, K., et al. (2001). Carbon partitioning to cellulose synthesis. Plant Mol. Biol. 47, 29–51.

Jaakola, L., Pirttilä, A. M., Halonen, M., and Hohtola, A. (2001). Isolation of high quality RNA from bilberry (Vaccinium myrtillus L.) fruit. Mol. Biotechnol. 19, 201–203.

Jiang, Y., Guo, W., Zhu, H., Ruan, Y. L., and Zhang, T. (2012). Overexpression of GhSusA1 increases plant biomass and improves cotton fiber yield and quality. Plant Biotechnol. J. 10, 301–312.

Kelly, C. M., Osorio-Marin, J., Kothari, N., Hague, S., and Dever, J. K. (2019). Genetic improvement in cotton fiber elongation can impact yarn quality. Ind. Crop. Prod. 129, 1–9. doi: 10.1016/j.indcrop.2018.11.066

Kim, H. J., Tang, Y., Moon, H. S., Delhom, C. D., and Fang, D. D. (2013). Functional analyses of cotton (Gossypium hirsutum L.) immature fiber (im) mutant infer that fiber cell wall development is associated with stress responses. BMC Genomics 14:889. doi: 10.1186/1471-2164-14-889

Kleczkowski, L. A., Kunz, S., and Wilczynska, M. (2010). Mechanisms of UDP-glucose synthesis in plants. Crit. Rev. Plant Sci. 29, 191–203. doi: 10.1080/07352689.2010.483578

Latif, A., Rao, A. Q., Khan, M. A. U., Shahid, N., Bajwa, K. S., Ashraf, M. A., et al. (2015). Herbicide-resistant cotton (Gossypium hirsutum) plants: an alternative way of manual weed removal. BMC Res. Notes 8:453. doi: 10.1186/s13104-015-1397-0

Lee, J. J., Woodward, A. W., and Chen, Z. J. (2007). Gene expression changes and early events in cotton fibre development. Ann. Bot. 100, 1391–1401. doi: 10.1093/aob/mcm232

Li, B., Yang, Y., Hu, W. R., Li, X. D., Cao, J. Q., and Fan, L. (2015). Over-expression of Gh UGP 1 in upland cotton improves fibre quality and reduces fibre sugar content. Plant Breed. 134, 197–202. doi: 10.1111/pbr.12247

Li, F., Wu, S., Lü, F., Chen, T., Ju, M., Wang, H., et al. (2009). Modified fiber qualities of the transgenic cotton expressing a silkworm fibroin gene. Chinese Sci. Bull. 54, 1210–1216.

Li, X., Wang, X., Zhao, X., and Dutt, Y. (2004). Improvement of cotton fiber quality by transforming the acsA and acsB genes into Gossypium hirsutum L. by means of vacuum infiltration. Plant Cell Rep. 22, 691–697.

Liu, J., Ma, Y., Lv, F., Chen, J., Zhou, Z., Wang, Y., et al. (2013). Changes of sucrose metabolism in leaf subtending to cotton boll under cool temperature due to late planting. Field Crops Res. 144, 200–211. doi: 10.1016/j.fcr.2013.02.003

Martin, L. K., and Haigler, C. H. (2004). Cool temperature hinders flux from glucose to sucrose during cellulose synthesis in secondary wall stage cotton fibers. Cellulose 11, 339–349. doi: 10.1023/B:CELL.0000046420.10403.15

Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth and bio assays with tobacco tissue cultures. Physiol. Plant. 15, 473–497.

Murray, A. K., Nichols, R. L., and Sassenrath-Cole, G. F. (2001). Cell wall biosynthesis: glycan containing oligomers in developing cotton fibers, cotton fabric, wood and paper. Phytochemistry 57, 975–986. doi: 10.1016/s0031-9422(01)00143-1

Owczarzy, R., Tataurov, A. V., Wu, Y., Manthey, J. A., McQuisten, K. A., Almabrazi, H. G., et al. (2008). IDT SciTools: a suite for analysis and design of nucleic acid oligomers. Nucleic Acids Res. 36(Suppl._2), W163–W169.

Pan, Z. E., Sun, D. L., Sun, J. L., Zhou, Z. L., Jia, Y. H., Pang, B. Y., et al. (2010). Effects of fiber wax and cellulose content on colored cotton fiber quality. Euphytica 173, 141–149. doi: 10.1007/s10681-010-0124-0

Pang, C. Y., Wang, H., Pang, Y., Xu, C., Jiao, Y., Qin, Y. M., et al. (2010). Comparative proteomics indicates that biosynthesis of pectic precursors is important for cotton fiber and Arabidopsis root hair elongation. Mol. Cell. Proteomics 9, 2019–2033. doi: 10.1074/mcp.M110.000349

Perlak, F. J., Fuchs, R. L., Dean, D. A., McPherson, S. L., and Fischhoff, D. A. (1991). Modification of the coding sequence enhances plant expression of insect control protein genes. Proc. Natl. Acad. Sci. U.S.A. 88, 3324–3328.

Pettogrew, W. T. (2001). Environmental effects on cotton fiber carbohydrates concentration and quality. Crop Sci. 42, 1108–1113.

Pruitt, K. D., Tatusova, T., and Maglott, D. R. (2006). NCBI reference sequences (RefSeq): a curated non-redundant sequence database of genomes, transcripts and proteins. Nucleic Acids Res. 35(Suppl._1), D61–D65.

Rao, A. Q., Bakhsh, A., Kiani, S., Shahzad, K., Shahid, A. A., Husnain, T., et al. (2009). The myth of plant transformation. Biotechnol. Adv. 27, 753–763. doi: 10.1016/j.biotechadv.2009.04.028

Rao, A. Q., Irfan, M., Saleem, Z., Nasir, I. A., Riazuddin, S., and Husnain, T. (2011). Overexpression of the phytochrome B gene from Arabidopsis thaliana increases plant growth and yield of cotton (Gossypium hirsutum). J. Zhejiang Univ. Sci. B. 12, 326–334.

Ruan, Y. L. (2005). Recent advances in understanding cotton fibre and seed development. Seed Sci. Res. 15, 269–280. doi: 10.1079/SSR2005217

Ruan, Y. L. (2007). Rapid cell expansion and cellulose synthesis regulated by plasmodesmata and sugar: insights from the single-celled cotton fibre. Funct. Plant Biol. 34, 1–10. doi: 10.1071/FP06234

Ruan, Y. L. (2012). Signaling role of sucrose metabolism in development. Mol. Plant 5, 763–765.

Ruan, Y. L., Jin, Y., Yang, Y. J., Li, G. J., and Boyer, J. S. (2010). Sugar input, metabolism, and signaling mediated by invertase: roles in development, yield potential, and response to drought and heat. Mol. Plant. 3, 942–955. doi: 10.1093/mp/ssq044

Ruan, Y. L., Llewellyn, D. J., and Furbank, R. T. (2000). Pathway and control of sucrose import into initiating cotton fibre cells. Funct. Plant Biol. 27, 795–800. doi: 10.1071/PP99154

Ruan, Y. L., Llewellyn, D. J., and Furbank, R. T. (2001). The control of single-celled cotton fiber elongation by developmentally reversible gating of plasmodesmata and coordinated expression of sucrose and K+ transporters and expansin. Plant Cell 13, 47–60. doi: 10.1105/tpc.13.1.47

Ruan, Y. L., Llewellyn, D. J., Furbank, R. T., and Chourey, P. S. (2005). The delayed initiation and slow elongation of fuzz-like short fibre cells in relation to altered patterns of sucrose synthase expression and plasmodesmata gating in a lintless mutant of cotton. J. Exp. Bot. 56, 977–984. doi: 10.1093/jxb/eri091

Ryser, U. (1985). Cell wall biosynthesis in differentiating cotton fibres. Eur. J Cell Biol. 39, 236–256.

Sarwar, M. B., Ahmad, Z., Rashid, B., Hassan, S., Gregersen, P. L., Leyva, M. O., et al. (2019). De novo assembly of Agave sisalana transcriptome in response to drought stress provides insight into the tolerance mechanisms. Sci. Rep. 23, 396. doi: 10.1038/s41598-018-35891-6

Satyavathi, V., Prasad, V., Lakshmi, B. G., and Sita, G. L. (2002). High efficiency transformation protocol for three Indian cotton varieties via Agrobacterium tumefaciens. Plant Sci. 162, 215–223. doi: 10.1016/S0168-9452(01)00547-7

Stein, O., and Granot, D. (2019). An overview of sucrose synthases in plants. Front. Plant Sci. 10:95. doi: 10.3389/fpls.2019.00095

Updegraff, D. M. (1969). Semimicro determination of cellulose inbiological materials. Anal. Biochem. 32, 420–424. doi: 10.1016/S0003-2697(69)80009-6

Wang, L., and Ruan, Y. L. (2013). Regulation of cell division and expansion by sugar and auxin signaling. Front. Plant Sci. 4:163. doi: 10.3389/fpls.2013.00163

Wang, H. Y., Wang, J., Gao, P., Jiao, G. L., Zhao, P. M., Li, Y., et al. (2009). Down-regulation of GhADF1 gene expression affects cotton fibre properties. Plant Biotechnol. J. 7, 13–23. doi: 10.1111/j.1467-7652.2008.00367.x

Wang, Q., Zhang, X., Li, F., Hou, Y., Liu, X., Zhang, X., et al. (2011). Identification of a UDP-glucose pyrophosphorylase from cotton (Gossypium hirsutum L.) involved in cellulose biosynthesis in Arabidopsis thaliana. Plant Cell Rep. 30, 1303–1312. doi: 10.1007/s00299-011-1042-x

Weschke, W., Panitz, R., Gubatz, S., Wang, Q., Radchuk, R., Weber, H., et al. (2003). The role of invertases and hexose transporters in controlling sugar ratios in maternal and filial tissues of barley caryopses during early development. Plant J. 33, 395–411. doi: 10.1046/j.1365-313X.2003.01633.x

Xiao, G., Zhao, P., and Zhang, Y. (2019). A Pivotal role of hormones in regulating cotton fiber development. Front. Plant Sci. 10:87. doi: 10.3389/fpls.2019.00087

Xu, S. M., Brill, E., Llewellyn, D. J., Furbank, R. T., and Ruan, Y. L. (2012). Overexpression of a potato sucrose synthase gene in cotton accelerates leaf expansion, reduces seed abortion, and enhances fiber production. Mol. Plant. 5, 430–441. doi: 10.1093/mp/ssr090

Yasmeen, A., Kiani, S., Butt, A., Rao, A. Q., Akram, F., Ahmad, A., et al. (2016). Amplicon-based RNA interference targeting V2 gene of cotton leaf curl Kokhran Virus-Burewala strain can provide resistance in transgenic cotton plants. Mol. Biotechnol. 58, 807–820. doi: 10.1007/s12033-016-9980-8

Yuan, S., Hua, S., Malik, W., Bibi, N., and Wang, X. (2012). Physiological and biochemical dissection of fiber development in colored cotton. Euphytica 187, 215–226. doi: 10.1007/s10681-012-0653-9

Zhang, Y., He, P., Yang, Z., Huang, G., Wang, L., Pang, C., et al. (2017). A Genome-Scale Analysis of the PIN gene family reveals its functions in cotton fiber development. Front. Plant Sci. 8:461. doi: 10.3389/fpls.2017.00461

Zhang, Z., Chen, S., Liu, Z., Zhou, B., and Zhang, X. (2004). Transformation of cotton (Gossypium hirsutum L.) with a silkworm fibroin gene to achieve strength-enhanced fiber. Acta Agricult. Jiangxi 16, 15–19.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ahmed, Iqbal, Latif, Din, Sarwar, Wang, Rao, Husnain and Ali Shahid. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-11-476251-g006.jpg
: \\IHHl‘.\J“\\lt.






OPS/images/fpls-11-476251-g007.jpg
AR AR AR AR R )
FEFFFNINININNINIINNININNNNNNNGDY

222323333333333523333333333%

P
resreRran
Sesnbans

AR

m Jue|d 194 S[1og Jo pquinyN

AL UL L U
FEFFIRIINRNNIINNNNINNNINNNNNININTDY

EAAAR R L AR AR R A A A AL A )
DAX232223232222222222

(wd) W31y ey

A

DEIFIIFIFFINNINNINNNINRINNNINNNY
BEBBORNRRNNNNRNNNRNNNNNINNRNNDGD

S

n

*
—

PREFIFRIRINNRNNRFNNNRNNNRNRNNINNNNININNNNINNDY
FEIRRFINIFFNNINNINNNNINNNININNINNNNINNNN Y,

D
RN

**
i

0
(S
r v T v T v \V

O < ™ o
(3) yS1om [jog 28rioAy
(&)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Overexpression of a Sucrose Synthase Gene Indirectly Improves Cotton Fiber Quality Through Sucrose Cleavage



		INTRODUCTION



		MATERIALS AND METHODS



		Plant Material



		SuS Transgene Construct and Plant Transformation



		Molecular Analysis of Putative Transgenic Cotton Plants



		Histochemical Analysis of GUS Expression



		Genomic DNA Isolation and PCR



		RNA Isolation and Quantitative Real Time-PCR (qRT-PCR)



		Fluorescence in situ Hybridization (FISH)



		Determination of SuS Activity and Sucrose and Total Soluble Sugar Contents



		Determination of Cellulose Contents



		Fiber Characteristics



		Scanning Electron Microscopy Analysis of Mature Fibers



		Phenotypic Characteristics of Transgenic Cotton Plants







		Statistical Analysis







		RESULTS



		Generation and Identification of Transgenic Cotton Plants



		Molecular Analysis of Transgenic Cotton Plants (T1 Generation)



		Determination of Copy Number and Location of SuS Gene



		Quantification of SuS Gene Expression in Transgenic Cotton Plants



		Biochemical and Physiological Analyses



		SuS Activity



		Sucrose and Total Soluble Sugars



		Cellulose Contents



		Fiber Characteristics







		Phenotypic Characteristics of Transgenic Cotton Plants







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Plant Science










OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-11-476251-g001.jpg
o & BstX1

BstX1 MCS
Xhol i

GusS First
NCO1

Exon

Catalase
Intron






OPS/images/fpls-11-476251-g002.jpg





OPS/images/fpls-11-476251-g003.jpg
E=1 8§ DPA

* %

=X 8 DPA
= 15 DPA
= 20 DPA

*

*

15

*

-
o

F

5

* 2k

K\
0.257-**.
0.20
0.15

n

*

*

50
0
0
0
0
0L

100
8
6
4
2

F

-
S
- (10q1y) uoissaxdxa pjoyg 4 _-m suw

15 DPA

E228 30 DPA
= 40 DPA

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
R R R R R R R
BPERFFRER PRI FIIIIERFIIRRRRIRRIRRE
AR R R R R LR

%
A s
A

2
A
A
A
A

/

¢

A

R R R

PP F PR R RR PR ERRRRIRRRIRIRIIRIY ﬂme

R R vlffﬁﬁ i, o ,\.U
vl OO NN
A

AR RS EEEEREEEEEEREE LR L]
tEEREEEE R RS RS EREE
LR R R R R R R R R R R )
335353 EFE S EEESEFEFEEIEFEEEE]

-
v

(Jeay Surpuaigns) uoissardxa poJ aAne[Y

Aianoe N Q Jea] Bw 31 aso1ong
< (&) (1]





OPS/images/fpls-11-476251-g004.jpg
AN
AN
AANY -
AAASAAS
AAANAAAY
AAANAAAN

LN o o o e e e o e e e e e e e o e

AR AR AR R RNk,

PR R IR PRI RIFPRRIIFFINY
PRI IR IR RTRIR DR
EEREEEER RS EEEERREEEEEEE R
FEEEEEEEEEEEEEEEEEEEEEEEEEEE S

IR
EEEIE R RN
=22y e
I EEREERERE

EE N
Trr ey
CEE I I

100+

85

04 2SOINJ[2D)






OPS/images/fpls-11-476251-g005.jpg
LRI L]

MA0034 MAO0035 MAO0038 Control

MA0023

Fiber Length (mm)

enmngmssnh

100

' Index (%)

ormity

Unif

iber strength (g/tex)

I.

atunity ratio

M

—
—
p—

=
o

4

5. b
2

-~

-

icronaire

M






