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Highlight

This article revealed the path of sucrose flow from cottonseed coat to cotton fiber and sucrose

competition patterns within cotton fiber under drought and their relationships with fiber strength loss.

Abstract

The formation of cotton fiber strength largely relies on continuous and steady
sucrose supply to cellulose synthesis and is greatly impaired by drought. However,
the effects of drought on sucrose import into fiber and its involvement in cellulose
biosynthesis within fiber remain unclear. To end this, moisture deficiency
experiments were conducted using two Gossypium hirsutum cultivars of Dexiamian
1 (drought-tolerant) and Yuzaomian 9110 (drought-sensitive). Fiber strength was
significantly decreased under drought. The results of *3C isotope labeling indicated
that drought notably reduced sucrose efflux from cottonseed coat to fiber, and this
was caused by down-regulation of sucrose transporter genes (GhSWEET10 and
GhSWEET15) in the outer cottonseed coat, finally leading to decreased sucrose
accumulation in fiber. Further, under drought, the balance of sucrose allocation
within fiber was disrupted by increasing the flow of sucrose into B-1,3-glucan
synthesis and lignin synthesis but hindering that into cellulose synthesis in both

cultivars. Additionally, glycolysis and starch synthesis were specifically enhanced by
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drought in Yuzaomian 9110, which further reduced the flow of sucrose into cellulose
synthesis. Under drought, the cellulose deposition was decreased due to promoted
cellulose degrading process in Dexiamian 1 and stunted cellulose synthesis in
Yuzaomian 9110. Consequently, reduced cellulose content was measured in drought-
stressed fibers for both cultivars. In summary, the inhibited cellulose accumulation
caused by drought was mainly due to reduced sucrose translocation from the outer
cottonseed coat to fiber, and less sucrose partitioned to cellulose synthesis pathway
under the condition of intensified competition for sucrose by different metabolic
pathways within fiber, finally degrading the fiber strength.

Keywords: Gossypium hirsutum. L, the flowering and boll-forming stage, drought, fiber, cellulose
synthesis, fiber strength

Abbreviations: DEGs, differentially expressed genes; DPA, days post anthesis; INV, invertase;
SuSy, sucrose synthetase; SUT, sucrose transport; SWEET, sugars will eventually be exported

transporter; UDPG, uridine-5'-diphosphoglucose.
Introduction

Upland cotton (Gossypium hirsutum), one of the most important industrial crops in the world (Ruan,
2013), produces up to 95% of the natural lint fiber used for the textile industry (Huang et al., 2021).
Although cotton is typically grown in heat and semi-arid regions, it is sensitive to drought (Viglioni
et al., 1998), especially during the flowering and boll-forming stage when the occurrence of drought
could do great damage to the fiber yield and quality (Snowden et al., 2014). Over the last decades,
drought has caused dramatic losses in cotton yield and quality every year (Abdelraheem et al., 2019).
Fiber strength is a key parameter for fiber quality assessment and is closely related to yarn property.
Mild drought has little effect on fiber strength, but as severe drought occurred, fiber strength was
dramatically reduced (Basal et al., 2009; Dagdelen et al., 2009; Wang et al., 2016; Hu et al., 2018).
Climate change scenarios are predicting that the frequency, severity, and duration of drought will
significantly increase in the near future (Dai, 2011), posing a bigger threat to cotton fiber development
and fiber strength.

Cotton fiber development is identified as a progressive process of cellulose deposition and cell

wall construction. At about 16 days post anthesis (DPA), the cotton fiber enters into the secondary
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wall synthesis stage which ceases at around 40 DPA (Haigler et al., 2012). The formation of cotton
fiber strength largely depends on the cellulose synthesis and deposition during this phase (Gou et al.,
2007), as cellulose accounts for up to 95% of secondary wall dry weight at maturity (Haigler et al.,
2012). Cellulose biosynthesis is located at the plasmamembrane and requires the participation of a
variety of enzymes and substances. Sucrose is widely believed to be the initial precursor for cellulose
synthesis and it has to be degraded into uridine-5'-diphosphoglucose (UDPG) by sucrose synthase
(SuSy) before streaming into cellulose biosynthesis pathway (Carpita and Delmer, 1981; Coleman et
al., 2009). Then the cellulose synthase (CesA) complexes, also known as the rosettes, catalyze UDPG
to produce B-(1,4)-linked glucan chains (Read and Bacic, 2002) that are organized into cellulose.
Except for cellulose biosynthesis, the imported sucrose is also consumed by many other metabolic
pathways like respiration and biosynthesis of -1, 3-glucan (callose), lignin, and starch (Amthor, 2003;
Koch, 2004; Scheible and Pauly, 2004; Farrokhi et al., 2006). These metabolisms could affect
cellulose synthesis and cell wall formation by competing for sucrose. For instance, inhibited cellulose
biosynthesis was observed when starch biosynthesis was enhanced in some mutants of Pisum sativum
and Arabidopsis thaliana (Harrison et al., 1998; Peng et al., 2000), and the down-regulation of lignin
biosynthesis is accompanied by an increase in cellulose biosynthesis in Populus tremuloides mutants
(Hu et al., 1999). It has been reported that drought decreased cellulose biosynthesis in cotton fiber
(Ibrahim et al., 2019; Gao et al., 2020). Unfortunately, whether the reduction of cellulose under
drought is somehow related to changes in biosynthesis of B -1, 3-glucan, lignin, or starch, etc. is not
clear, which hinders our panoramic understanding of cotton fiber development under drought.

The developing cottonseed can be divided into three parts: the fiber, also known as trichome to
the cottonseed coat epidermis, the cottonseed coat where phloem terminates and the embryo
predominately consisting of cotyledons (Hendrix, 1990; Ruan et al., 1997). Since the fiber initiates
from the cottonseed coat, its development is tightly controlled by the cottonseed coat which works as
a nutrients transfer station (Ruan and Furbank, 2003; Ruan, 2013). As the principal form of
photosynthates in higher plants, sucrose is primarily produced in the photosynthetic organs and
transported to the sink via phloem (De Schepper et al., 2013). The sucrose is firstly unloaded from
the phloem in the outer cottonseed coat and then transported outwards to the fiber (Ruan et al., 1997;

Ruan and Chourey, 1998). The transfer efficiency of sucrose in cottonseed coat is an essential limiting
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factor for the development of cottonseed and fiber (Pugh et al., 2010). The sucrose transporters: SUT
(sucrose transporter) also called SUC (sucrose carrier), and SWEET (sugars will eventually be
exported transporter) are believed to participate in the sucrose transport and movement in plants (Ayre,
2011; Zhang and Turgeon, 2018). Sucrose-specific SWEETs mediate passive sugar efflux out of the
cytosol and SUTSs catalyze active uptake of sucrose from the apoplast against concentration gradient
energized by ATP (Baker et al., 2012; Chen et al., 2015). Both transport processes are involved in
phloem loading in source leaves as well as in the post-phloem pathway in sink tissues (Chen et al.,
2015). Nine SUTs were identified in Arabidopsis and classified into three types (Kihn and Grof,
2010; Peng et al., 2020). On this basis, a total of nine pairs of homologous SUT genes were identified
in Gossypium hirsutum and they participated in the responses to multiple abiotic stresses (Li et al.,
2018). GhNSWEET10, GhSWEET12, and GhSWEET15 have been demonstrated to mediate sucrose
efflux and involve fiber development and biotic stress in cotton (Cox et al., 2017; Sun et al., 2019;
Ding et al., 2021). Nonetheless, little is known about sucrose translocation from the cottonseed coat
to the fiber under drought and its relationship with fiber strength loss needs to be elucidated.
Therefore, it was hypothesized that (1) drought would alter the efficiency of sucrose transfer
from cottonseed coat to fibers, and (2) drought would further inhibit sucrose flow to the cellulose
synthesis pathway. In this study, the objectives were 1) to explore the effects of drought on sucrose
import into fibers, and 2) to elucidate the effects of drought on the flow of sucrose into different
metabolic pathways within fibers. The results will broaden our understanding of fiber strength decline
under drought conditions, and provide new ideas for breeding drought-resistant varieties and

improving fiber quality.
Materials and methods

Experimental design and treatment

The experiments were carried out in an open-top rain-proof shed (25 m long, 6 m wide, 3 m high) at
Pailou experimental station of Nanjing Agricultural University, Nanjing (118.78E, 32.04 N),
Jiangsu, China from 2018 to 2019. Two Gossypium hirsutum cultivars, Dexiamian 1 (drought-
tolerant) and Yuzaomian 9110 (drought-sensitive) (Zou et al., 2020), were selected as plant materials.
Cottonseeds were sown in nutrimental bowls on 7 April 2018, and 12 April 2019, respectively. As

the third true leaves were fully expanded, thriving seedlings were selected and transplanted into
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plastic pots containing around 12 kg (dry weight) soil (clay, mixed, thermic, Typic Alfisols). Each
pot contained one cotton seedling. Before different water regimes were established, equivalent and
sufficient irrigation was applied to every plant to keep the soil relative water content (SRWC) at
(7535)% which was the optimum soil moisture for cotton growth in this type of soil (Wang et al.,
2016).

When approximately 50% of white flowers at the first fruit nodes of the middle fruit branches
(4-6 fruit branches) bloomed, two levels of SRWC (7535)% (control, CK) and (4545)% which was
considered severe drought that significantly impaired the fiber yield and quality in this type of soil
(Wang et al., 2016), were administered until boll opening. During the trial period, soil samples were
taken every 2-3 days and dried in a 105°C ventilated oven for 8 hours to estimate SRWC
gravimetrically according to Wang et al. (2016).
Sampling method
White flowers at the first fruit nodes of the middle fruit branches were tagged and marked as 0 days
post anthesis (DPA). Six to eight tagged bolls were harvested every seven days at 9:00 am from 17
DPA to 38 DPA. The cottonseeds were quickly stripped from the boll and were separated into fibers,
cottonseed coats, and embryos. In addition, the outer cottonseed coat was further isolated at 17 and
24 DPA. All samples were immediately immersed into liquid nitrogen and stored at -80°C for
subsequent physiological and molecular determinations.
Fiber yield and quality
Tagged mature cotton bolls of 20 from each treatment were reaped and air-dried. Each boll was
weighed and ginned individually, then the seeds and lint were weighed separately. Moreover, seed
number in each boll was counted. The lint index (fiber weight per 100 seeds) was calculated. Finally,
fiber strength was measured with six replications by using Uster HVI MF100 (USTER®, Uster,
Zurich, Switzerland).
Biomass accumulation and distribution

For cotton boll biomass accumulation, three tagged bolls per treatment at 17, 24, 31, 38 DPA

and maturation were harvested. Fibers and cottonseed coats were isolated from ten seeds of each boll,
weighed for the fresh weight (FW), dried at 80°C to constant weight for the dry weight (DW), and

biomass per seed was calculated.
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The biomass distribution was calculated as follows:

BMi
Biomass distribution (%) = BMtotal X 100%

Where BMi represents the biomass of fibers, cottonseed coats, or embryos of ten seeds and the sum-
up of the three parts makes BMtotal value.

Cottonseed coat observation and measurement of cottonseed coat thickness

For cottonseed coat observation, thin slices were cross-cut from fresh seeds in the middle position
with a sharp razor blade. Slices were examined on a stereomicroscope (SZX16, Olympus Corporation,
Japan). Digital images were captured and stored as TIFF files and the thickness of cottonseed coat,
inner cottonseed coat, and outer cottonseed coat was measured by using the Image-pro Plus program
(Olympus).

13CO. feeding experiment and '3C-photoassimilate translocation rate within the cottonseeds
To investigate the photosynthates translocation rate within cottonseeds, the 3CO; feeding experiment
was conducted in 2019. Because both Dexiamian 1 and Yuzaomian 9110 are short-season cotton
cultivars and their bolls start to open at about 38 DPA, *C-photoassimilate translocation rate within
cottonseeds was measured at 17, 24, and 31 DPA. The isotope labeling method was based on the
report of Hu et al. (2020). Three bolls from each treatment were marked with plastic tags, and each
leave subtending the boll was placed into a sealed transparent chamber with pre-injected 5 ml of
13CO, (Shanghai Research Institute of Chemical Industry, China) for four hours from 08:30 h -12:30
h. After 24 hours at 8:30 h, the marked bolls were harvested and swiftly divided into fibers, cottonseed
coats, and embryos. Then they were dried in a ventilated oven at 80°C to constant weight and were
grounded into fine powder for the following tests.

About 3 mg of finely grounded sample powder was used to detect the total carbon and the *C
abundance (8!°C), with an EA-1110 elemental analyzer (Carlo Erba Thermoquest, Milan, Italy) at
1020 <T coupled to an isotope ratio mass spectrometer (Finnigan MAT, Bremen, Germany). The
standard was applied according to the international Pee Dee Belemnite standard (Pee-Dee Belemnite,
SC, USA). The 3C distribution ratio among each tissue was calculated according to Ruehr et al.
(2009).

13C content in a given sample was calculated as follow:

atom% = (67°C +1000) X Rpos__ 100%
7 313C + 1000 X Rppp + 1000 °

6
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Where atom% is the 3C abundance of the labeled tissue, R is the corresponding ratio *3C/*?C, the §
value represents the ratio of heavy and light isotopes in the samples compared with the standard
reference material.

The 3C accumulation in the given tissue was calculated as follow:

atom%t — atom%n W x C%
100 100

Where atom%t is the atom% of 13C of labeled tissue, atom%n is the atom% of 13C of unlabeled natural

13C(mg) =

tissue, W is the dry weight of each tissue (mg), C% is the percentage of total carbon content in each
tissue.

The 13C distribution ratio was calculated as:
13

DR3¢ (%) = Woial x 100%

Where 3Ci represents the biomass of fibers, cottonseed coats, or embryos per boll and the sum-up of
the three parts makes 3Ctotal value.
Determination of the content of sucrose, glucose, fructose, cellulose, -1, 3-glucan, and
starch
Soluble sugars were extracted and determined according to Hu et al. (2020) with slight modification.
Frozen samples of 0.2 g were grounded into fine powder with liquid N, then transferred into tubes
with 80% ethanol, extracted at 80°C for three times, and after centrifugation, the supernatants were
combined and diluted to 25 ml with 80% ethanol. Extraction of 20 uLL was pipetted into a colorimetric
96-well microtiter plate. After drying at 45°C, 20 pL of distilled water was added into each well and
let it stand for 10 min. For the determination of glucose, 100 puL of glucose assay reagent (Sigma-
Aldrich) was added to each sample followed by incubation at 30°C for 15 min. To measure the
fructose, the samples were premixed with 0.25 U phosphoglucose isomerase and then incubated at
30°C for 15 min. For the measurement of sucrose, 83 U invertase was added into each sample and
the mixture was incubated at 30°C for 60 min. The absorbances of the mixtures at 340 nm wavelength
were read after each incubation.

Starch was extracted and determined according to Hu et al. (2018) with some modifications.
Dried cotton fiber of 0.2 g was washed with distilled water for three times to remove soluble sugars.
The residues were digested with 2 mL of 1M KOH at 100°C for 60min. Next, the pH of extraction

was adjusted to 6.5—7.5 with 0.2 M acetic acid. After that, 250 uL of amyloglucosidase was added to
7
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the mixture followed by incubation at 65°C for 60 min to convert starch into glucose. Finally, the
glucose content in the mixture was determined according to the aforementioned method.

Cellulose content was measured with the anthrone method (Updegraff, 1969). In brief, 0.2 g
dried fiber was immersed into the acetic—nitric acid reagent for digestion, washed with distilled water,
and dried again. Then the samples were dissolved in 67% H>SO4 and added with 0.2% anthrone
reagent for reaction. The absorbance of the reaction mixture was measured using a UV—Vis
spectrophotometer at 625 nm and the calibration was prepared with microcrystalline cellulose. -1,
3-glucan content was determined using a modified method described by (Kdhle et al., 1985). Dried
cotton fiber of 0.2 g was preprocessed in 10 ml of 80% ethanol containing 10 mM EDTA for 30 min
to remove autofluorescent soluble compounds. After dried, the samples were soaked with 10 ml of
1M NaOH, incubated at 80°C for 30 min to solubilize the -1, 3-glucan, and centrifuged for 15 min
at 380 g. Next, 600 | of supernatant was mixed with 0.1% aniline blue solution (400 i), 1 M HCI
(210 i), and 1 M glycine/NaOH buffer (590 i, pH 9.5). Then the mixture was water bathed at 50°C
for 20 min and cooled at room temperature for 30 min. The fluorescence was read with a fluorimeter
using 400 nm excitation light and 510 nm emission light. The -1, 3-glucan content was calculated
according to the calibration curve established by using a freshly prepared solution of pachyman (-1,
3-glucan) in 1 M NaOH.

Transcriptome analysis

The fiber from CK and drought treatments were sampled with three biological replicates at 17 DPA
in 2019. The total RNA of each sample was individually extracted using RNAprep Pure Plant Kit
(Polysaccharides & Polyphenolics-Rich) (Vazym, China). Following RNA-sequencing (RNA-seq)
analysis based on next-generation sequencing and estimation of transcript expression levels were
conducted by Allwegene (Beijing, China). After RNA libraries were produced, they were sequenced
using lllumina second-generation high-throughput sequencing platform (HiSeqTM 2500/4000) and
PE150 sequencing strategy. Attained clean reads were assembled to Gossypium hirsutum genome

(Gossypium hirsutum, CRI; https://cottonfgd.org/about/download/assembly/genome.Ghir.CRI.fa.qz)

using Hisat2 v2.0.4. The gene expression levels were normalized and computed as transcripts per
million (TPM) (Vera et al., 2019). For differential expression analysis, genes with a |log. fold

change|>1 and an adjusted P-value or false discovery rate (FDR)<0.05 were designated as
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differentially expressed genes (DEGS). Gene function annotation was defined by using the Gossypium

hirsutum, CRI database (https://cottonfgd.org/about/download/annotation/gene.Ghir.CRI.gff3.9z).

Analysis of gene ontology (GO) term enrichment and pathway enrichment was conducted using
GOseq (Young et al., 2010) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et
al., 2008) database respectively. GO terms or pathways with a P-value<0.05 were considered as
differentially regulated.

Quantitative real-time PCR (qRT-PCR) analysis

Total RNA of the outer cottonseed coat and the fiber was extracted using RNAprep Pure Plant Kit
(Polysaccharides & Polyphenolics-Rich) (Vazym, China). Then total RNA of 1 pg was used to
produce cDNA with PrimeScript™ RT Master Mix (Vazym, China). qRT-PCR was performed using
TB Green™ Premix Ex Taq™ II (Vazym, China) on a CFX Connect (TM) Real-Time PCR Detection
System (BIO-RAD, Singapore). The results obtained were standardized to the expressions of a cotton
polyubiquitin gene (RUBIQ1) and gene expression levels were calculated according to 22T method
in the outer cottonseed coat and 22T method in the fiber, respectively. All primers used in this study
are listed in Table S1.

Statistical analysis

The data presented in tables and figures are the mean = standard deviation (SD) of at least three
replications. The effects of water treatment, cultivar, and the interaction of the two factors on lint
index, fiber strength, and biomass of fiber, cottonseed coat, and embryo within a given year were
assessed using a two-way analysis of variance (ANOVA) and the significant difference was
determined with the least significant difference (LSD) test (P<0.05). The other parameters with the
same cultivar between water treatments within a given year were processed using a one-way analysis
of variance (ANOVA) and the comparison of means was performed using Student's t-test (P<0.05).
All statistical analyses were performed using SPSS 26.0 software. Figures were generated by using

Origin 2021 software.

Results

Effects of drought on cotton lint index and fiber strength
Under drought, lint index and fiber strength were dramatically decreased by 4.6-10.5% and 4.8-5.8%
in Dexiamian 1, and 11.6-16.1% and 9.4-10.8% in Yuzaomian 9110, respectively (Table. 1). In

9
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addition, a significant difference in the interaction effect of water treatment>cultivar was observed in
both 2018 and 2019.
Effects of drought on biomass distribution within cottonseed
Under drought, the biomass of fiber and embryo at maturity stage was significantly decreased, and
the biomass of cottonseed coat was little affected (Table S2). Drought notably enhanced the
proportion of biomass partitioned to cottonseed coat, but decreased the proportion distributed to fiber,
and the fraction of embryo was not affected (except for Yuzaomian in 2019, Fig. 1A). Under drought,
the biomass accumulation of cottonseed coat was elevated during 17-24 DPA (Fig. 1B), and that of
fiber was significantly decreased, especially during 17-31 DPA (Fig. S1). As presented in Fig. 1C,
the cottonseed coat can be clearly identified into two parts: outer cottonseed coat and inner cottonseed
coat. The thickness of cottonseed coat, outer cottonseed coat, and inner cottonseed coat was measured
and was little affected under drought (Fig. S2).
Effects of drought on newly produced photosynthates translocation to fiber
Under drought, 13C distribution ratio (DR3¢ ) value in fiber was consistently lower by comparing to
CK, and an opposite tendency was observed in cottonseed coat (Fig. 2). Meanwhile, DR3¢ value in
embryo under drought was increased at 17 DPA but decreased during 24-31 DPA (Fig. 2). These
results indicated that drought affected the photosynthates transportation and distribution patterns in
developing cottonseed.
Effects of drought on sucrose content in cottonseed coat and fiber
As the main form of photosynthates for transportation, sucrose content in fiber and cottonseed coat
was measured. Compared with CK, sucrose level in cottonseed coat was significantly enhanced
during 17-24 DPA while was little affected during 31-38 DPA under drought (Fig. 3A). Oppositely,
the fiber sucrose content was notably decreased under drought during 17-31 DPA (Fig. 3B).
Effects of drought on the expressions of sucrose transporter genes in the outer cottonseed
coat
A total of nine pairs of homologous SUT genes have been identified in Gossypium hirsutum (Li et
al., 2018). Among the nine paralogous SUT genes, GhASUTI1A/D, GhSUT3A4/D, GhSUT7A/D, and
GhSUT9A4/D were not detectable in the outer cottonseed coat, thus only GhASUT2A4/D, GhSUT4A/D,
GhSUT5A4/D, GhSUT6A/D, and GhSUTS8A/D were shown in this work (Fig. 4). Overall, the

10


https://doi.org/10.1101/2021.09.14.460198
http://creativecommons.org/licenses/by-nc-nd/4.0/

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460198; this version posted September 15, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

expression levels of SUTs (except GhSUTS5A/D) in the outer cottonseed coat were markedly promoted
at 17 DPA under drought, especially GhSUT2A/D and GhSUT4A/D (Fig. 4). At 24 DPA, the
expression levels of GhSUT4A/D, GhSUT6A/D, and GhSUTS8A/D in the outer cottonseed coat were
significantly decreased, while the expression of GASUTS5A/D showed an opposite changing trend and
GhSUT2A/D was little affected (Fig. 4). SWEET10, SWEET12, and SWEET15 were confirmed to
be sucrose effluxer in cotton (Cox et al., 2017; Sun et al., 2019; Ding et al., 2021). Under drought,
GhSWEETI0 and GhSWEET15 in the outer cottonseed coat were significantly down-regulated at 17
and 24 DPA, and the expression of GASWEETI2 was little affected at 17 DPA but significantly up-
regulated at 24 DPA (Fig. 4).

Changes of cellulose, -1, 3-glucan, and starch contents in cotton fiber

Under drought, the cellulose content in mature cotton fiber was significantly decreased by 5.2-5.6%
in Dexiamian 1 and 5.5-6.1% in Yuzaomian 9110, respectively (Table. 2). In developing cotton fiber,
the cellulose accumulation was notably decreased under drought (Fig. 5A). While B-1, 3-glucan
content was elevated under drought, and the largest gap between drought and CK appeared at 17 DPA
(Fig. 5B). Compared with CK, starch content in fiber significantly increased in Yuzaomian 9110 at
17 DPA under drought, and little significant difference was observed in Dexiamian 1 (Fig. 5C).
Changes of glucose and fructose contents in cotton fiber

The contents of glucose and fructose in developing cotton fiber gradually decreased with DPA and
reached extremely low levels at 38 DPA. Compared to CK, both glucose and fructose contents were
significantly decreased during 17-24 DPA under drought (Fig. 6A, B). Taken together, drought
induced huge physiological changes in the cotton fiber, especially at 17 DPA, which prompted us to
further investigate the molecular responses.

Differentially regulated gene networks in cotton fiber under drought

Cotton fibers at 17 DPA under CK and drought were sampled for transcriptional profile testing to
identify drought-responsive genes that influenced secondary cell wall and fiber strength forming. The
results revealed that differentially expressed genes (DEGs) induced by drought of 531 (274 up-
regulated and 247 down-regulated) in Dexiamian 1 and 641 (458 up-regulated and 183 down-
regulated) in Yuzaomian 9110 were detected respectively (Fig. 7A). Compared to CK, the majority

of DEGs in cotton fiber at 17 DPA were up-regulated under drought. Moreover, 224 DEGs
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synchronously participated in the response to drought in two cultivars, accounting for 23.6% of total
DEGs (Fig. 7B). However, most of them exhibited different changing modes in the two cultivars. For
instance, genes involved in the oxidation-reduction process were up-regulated in Dexiamian 1 but
down-regulated in Yuzaomian 9110, and the generation of ATP was suppressed in Dexiamian 1 but
promoted in Yuzaomian 9110 (Fig. S3).

To further identify the drought-responsive metabolisms and pathways, the DEGs were annotated
and classified by using both Gene Ontology (GO) analysis and Encyclopedia of Genes and Genomes
(KEGG) analysis. The GO enrichment analysis results showed that the two cultivars shared many
metabolisms in response to drought, like ‘response to oxidative stress’, ‘ATP metabolic process’, and
‘carbohydrate metabolic process’. Besides, ‘cellulose biosynthetic process’, ‘cellulular glucan
metabolic process’, and ‘cell wall biogenesis’ were enriched in Dexiamian 1, and ‘cell wall
modification’ and ‘cell wall organization” were enriched in Yuzaomian 9110 (Fig. S4), which
indicated the cell wall forming was strongly affected under drought. Regarding the KEGG analysis,
the top 15 KEGG pathways were displayed in Fig. 7C. The analysis results revealed that pathways of
‘pentose and glucuronate interconversions’, ‘phenylpropanoid biosynthesis’, ‘fatty acid metabolism,
and cutin’, ‘suberine and wax biosynthesis’ were significantly enriched in both cultivars under
drought (Fig. 7C). The lignin metabolic pathway was assigned to ‘phenylpropanoid biosynthesis’ in
both cultivars. Concerning the cellulose metabolic pathway, ‘starch and sucrose metabolism’ was
enriched in Yuzaomian 9110 (Fig. 7C).

To further confirm the RNA-seq results, the expression levels of 15 randomly selected DEGs in
cotton fiber at 17 DPA we determined with qRT-PCP for each cultivar. As shown in Fig. S5, the qRT-
PCR results were well matched to the RNA-seq data with a high correlation coefficient (R=0.89),
which validated the accuracy of the transcriptome.

Expression patterns of genes related to sucrose metabolism and cell wall construction in
cotton fiber under drought

During secondary wall thickening, cellulose and other cell wall components (B-1,3-glucan and lignin)
are rapidly deposited in cotton fiber, and this requires an abundance of sucrose as substrates and
energy supply. Thus the following analysis was focused on the DEGs related to sucrose metabolism

and cell wall construction. As shown in Fig. 8, lignin synthesis, sucrose degrading, 1,3-glucan
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metabolism, glycolysis, and cellulose metabolism were notably regulated under drought.

In cotton fiber cells, the imported sucrose has to be converted into UDPG, glucose, and fructose
by sucrose synthase (SuSy) and invertases (INV) before being directed into downstream metabolic
processes like biosynthesis of B-1,3-glucan and cellulose, and glycolysis, etc. Under drought, the
expression of GhSuSy was decreased in Dexiamian 1 while increased in Yuzaomian 9110, and GhINV
was specifically up-regulated in Yuzaomian 9110 (Fig. 8, Fig. S6). Compared to CK, GhFRK7
correlated with glycolysis exhibited increased expression in Dexiamian 1 but decreased expression
in Yuzaomian 9110 under drought (Fig. 8, Fig. S6).

Consistently, the lignin biosynthesis pathway in cotton fiber was promoted in both cultivars
under drought. Laccases (LACSs) are key enzymes in lignin biosynthesis. Under drought, GRLAC17
was up-regulated in Dexiamian 1, and GhLAC4 and GhLAC22 were up-regulated in Yuzaomian 9110
(Fig. 8, Fig. S6). Concerning 3-1,3-glucan synthesis, GhCALS7 that encodes a B-1,3-glucan synthesis-
related protein was up-regulated in Yuzaomian 9110 under drought (Fig. 8, Fig. S6). In addition, -
1,3-glucanase (BG) genes associated with B-1,3-glucan degrading were down-regulated in Dexiamian
1 (GhBGA6, GhBG1, and GhBG3) and up-regulated in Yuzaomian 9110 (GhBGA6 and GhBGI) under
drought (Fig. 8, Fig. S6). Regarding the cellulose accumulation, two cellulose synthase-like protein
genes (GhCSLEl and GhCSLG2) and two cellulose-degrading related genes encoding
endoglucanase6 (EG6) were simultaneously up-regulated in Dexiamian 1 under drought. Whereas in
Yuzaomian 9110, a cellulose synthase-like protein gene (GhCLEG6) was down-regulated under

drought (Fig. 8, Fig. S6).
Discussion

Drought decreased sucrose translocation from cottonseed coat to fiber

Drought is one of the most universal and destructive abiotic stress, which could do great harm to
cotton production and fiber quality, especially fiber strength. Previous studies have reported that the
occurrence of drought during the flowering and boll forming stage could lead to the biggest loss in
fiber yield and quality (Snowden et al., 2014) including fiber strength (Wang et al., 2016; Gao et al.,
2021). Consistent with the previous studies, the fiber strength was dramatically decreased under
drought (Table. 1). Moreover, a significant difference in the interaction effect of water treatment

(WT)>cultivar was observed in both 2018 and 2019 (Table. 1), since the drought-sensitive cultivar
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of Yuzaomian 9110 had a greater decreasing amplitude in fiber strength than the drought-tolerant
cultivar of Dexiamian 1, which was also observed in a previous study (Basal et al., 2009), where
STN-8A suffered a greater loss in fiber strength than Sahin-2000.

Cotton bolls are highly active sink organs during the flowering and boll forming stage, receiving
photosynthates produced by source leaves (Pace et al., 1999). Previous studies found that although
the photosynthetic rates of source leaves were decreased under drought (Pettigrew, 2004; Tsonev et
al., 2011; Wang et al., 2016), the assimilate accumulation in source leaves was still promoted
(Albacete et al., 2014). Lemoine et al. and Sevanto suggested that this was because the long-distance
transport of photosynthates through the phloem was blocked (Lemoine et al., 2013; Sevanto, 2018).
Hence, fewer photosynthates were transported to reproductive organs, resulting in the decreased boll
weight (Wang et al., 2016). Within the boll, there are 26-30 cottonseeds and each cottonseed could
be subdivided into three sink tissues: fiber, cottonseed coat, and embryo. In the present study, the
final biomass and thickness of the cottonseed coat were little affected by drought, while the biomass
of cotton fiber and embryo were significantly decreased (Table. S2, Fig. S2), indicating that lower
boll weight due to drought reported by previous studies (Wang et al., 2016) was mainly reflected in
the reduced biomass of fiber and embryo. The unaffected cottonseed coat might be an adaptive
scheme to drought stress (Noodén et al., 1985). Moreover, results about the biomass distribution
within cottonseed showed that the proportion of embryo biomass was little affected (except for
Yuzaomian 9110 in 2019), and the proportion of cottonseed coat biomass was significantly increased,
and the proportion of fiber biomass was dramatically decreased (Fig. 1A), indicating that the balance
of biomass allocation within the boll was disturbed and the fiber was most adversely affected. Within
the boll, the photosynthates are first delivered to cottonseed coat and then transport outwards to fiber
and inwards to embryo (Ruan et al., 1997), so cottonseed coat as a nutrient transfer station plays a
critical role in maintaining the balance of biomass allocation (Ruan and Furbank, 2003; Ruan, 2013).
Compared with CK, the 3C distribution percentage (DP1sc) was remarkably increased in cottonseed
coat and was decreased in fiber under drought (Fig. 2), meaning that the carbon flow from cottonseed
coat to fiber was impaired by drought, which explained why the proportion of cottonseed coat

biomass was significantly increased, but the proportion of fiber biomass was dramatically decreased.
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Sucrose is the main transport medium for carbon flow from cottonseed coat to fiber (Ruan et al.,
1997), and the apoplasmic route for sucrose transport prevails at the later stage of fiber development
when plasmodesmata are closed and sucrose transporter genes are highly expressed (Zhang et al.,
2017). SUT (sucrose transporter) also called SUC (sucrose carrier), and SWEET (sugars will
eventually be exported transporter) are two major identified sucrose transporter families in higher
plants (Chen et al., 2015). Both proteins were readily detectable in the outer cottonseed (Ruan et al.,
2000; Sun et al., 2019), and SUT proteins are responsible for the active uptake of sucrose from the
apoplast against a concentration gradient (Zhou et al., 2007) while GhNSWEET10, GhSWEET12, and
GhSWEET15 mediate sucrose efflux (Cox et al., 2017; Sun et al., 2019; Ding et al., 2021). In this
study, drought notably enhanced the expressions of GhSUT2A/D, GhSUT4A/D, GhSUT6A/D, and
GhSUTB8A/D in the outer cottonseed coat at 17 DPA (Fig. 4), which facilitated the absorption of
sucrose from the apoplast, resulting in higher sucrose concentration in cottonseed coat (Fig. 3A). A
similar correlation between SUT gene expression and sucrose content in cottonseed coat was also
reported in a previous study (Ding et al., 2019). However, under drought, the transcripts of
GhSWEET10 and GhSWEET15 in the outer cottonseed coat were dramatically decreased at 17 DPA
(Fig. 4), blocking sucrose outflow to fiber cells, which led to reduced sucrose content in the fiber (Fig.
3B). When the drought extended to 24 DPA, GhSUT4A4/D, GhSUT6A/D, and GhSUT8A/D were
significantly down-regulated, meaning that at this stage, the sucrose intake in seedcoat was
suppressed. Similar results were obtained in developing soybean seeds as drought prolonged to the
later developing stage (Zhao et al., 2020). However, compared to 17 DPA, more dramatic down-
regulation of GhSWEET10 and GhSWEET15 at 24 DPA (Fig. 4) implied that the sucrose efflux from
cottonseed coat to fiber was even more hampered leading to more sucrose remained in cottonseed
coat, and this explained elevated sucrose level in cottonseed coat but decreased sucrose content in
fiber (Fig. 3A, B). These results strongly indicated that under drought, the incoming sucrose in
developing cottonseed was preferentially utilized by cottonseed coat to sustain its sink strength but
not transferred to fiber, and this was probably a stress-adoptive strategy (Leisner et al., 2017).
Drought reduced the flow of sucrose into cellulose synthesis within cotton fiber
Cellulose content in mature cotton fiber accounts for more than 90% (Haigler et al., 2012), and was

reported to be positively correlated to fiber strength (Haigler et al., 2007). In cotton fiber, usually up
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to 80% of the incoming sucrose is partitioned to cellulose synthesis during the secondary wall
synthesis stage (Haigler et al., 2001). Besides, sucrose is also the substrate for many other
metabolisms in fiber, such as B-1,3-glucan (callose) synthesis, lignin synthesis, and starch synthesis,
etc. and these metabolisms could affect cellulose synthesis and cell wall formation by competing for
sucrose, especially under stresses (Velasco et al., 1994; Scheible and Pauly, 2004; Farrokhi et al.,
2006; Bang et al., 2019). In the current study, transcriptome analysis by using fiber at 17 DPA showed
that many drought-induced DEGs were closely correlated to lignin biosynthesis, accumulation of -
1,3-glucan and cellulose, and glycolysis (Fig. 8).

The sucrose degrading is essential for cotton fiber cell development since its cleavage products
are the central molecules for cell wall construction, carbon partitioning, and energy generating
(Haigler et al., 2001; Gou et al., 2007). Up to now, the known enzymatic paths of sucrose
decomposition in plants are catalyzed by sucrose synthesis (SuSy) or invertases (INV) (Koch, 2004).
SuSy reversibly converts sucrose into fructose and uridine-5'-diphosphoglucose (UDPG) (Braun et
al., 2014), while INV irreversibly catalyzes sucrose into fructose and glucose (Roitsch and Gonzdez,
2004). Under drought, the expression of GhSuSy was up-regulated in Yuzaomian 9110 and down-
regulated in Dexiamian 1 (Fig. 8, Fig. S6), meaning that the production of UDPG was promoted in
Yuzaomian 9110 and restricted in Dexiamian 1. In addition, up-regulating SuSy gene contributed to
increased starch level (Mufbz et al., 2005), and this explained the elevated starch content in
Yuzaomian 9110 under drought (Fig. 5C). The transcript level of GhINV1 under drought was
specifically enhanced in Yuzaomian 9110 (Fig. 8, Fig. S6) implying promoted production of hexose
(glucose and fructose), which was probably intended to increase carbon availability or to strengthen
osmotic adjustment to improve drought resistance(Kim et al., 2000; Yang et al., 2004).

In Yuzaomian 9110, the transcript of GhFRK7 encoding a fructokinase that mediates fructose
phosphorylation was significantly increased under drought (Fig. 8, Fig. S6), which prevented fructose
accumulation (Fig. 6). In addition, fructokinase is a core kinase in glycolysis pathway (Plaxton, 1996).
In Hevea brasiliensis, increased transcript abundance of HbFRK2 gene strengthened glycolysis and
energy generating (Fang et al., 2021). Similarly, GhFRK7 and GhATPA showed higher expression
levels in Yuzaomian 9110 under drought (Fig. 8, Fig. S3, Fig. S6), indicating promoted glycolysis

and ATP generating, which probably contributed to meeting with higher energy demand in
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maintaining homeostasis under drought (Velasco et al., 1994). And as a result, more sucrose being
directed into glycolysis and energy producing, the sucrose available to cell wall synthesis was
decreased under drought. Similarly, reduced kernel weight in wheat was observed with up-regulation
of glycolysis enzymes under heat stress (Rollins et al., 2013).

UDPG, the decomposition product of sucrose by SuSy, is the precursor to the synthesis of -1,
3-glucan and cellulose, which is competed by these two metabolisms (Amor et al., 1995). B-1,3-
glucan commonly regarded as callose in higher plants was synthesized by callose synthases (CALS)
in a small amount during the early stage of fiber thickening development and was decomposed by f3-
1,3-glucanases (BG) at the later stage (Maltby et al., 1979; Tokumoto et al., 2002). For Yuzaomian
9110 under drought, the expression of GhCALS7 was increased (Fig. 8, Fig. S6), and this indicated
more UDPG was directed into pB-1,3-glucan synthesis. Whereas in Dexiamian 1, no -1,3-glucan
synthesis-related gene was induced under drought, however, the B-1,3-glucan degrading process was
significantly repressed by down-regulating GhBGA6, GhBG1, and GHBG3 (Fig. 8, Fig. S6),
facilitating the B-1,3-glucan deposition. Therefore, increased B-1,3-glucan content was observed in
both cultivars under drought (Fig. 5B), which was consistent with the previous study (Gao et al.,
2020).

Lignin is complex phenylpropanoid polymers (Chen et al., 2012). Although the lignin exists in
cotton fiber with a small amount, it has significant functions in secondary wall synthesis and fiber
quality formation (Gao et al., 2019). And its biosynthesis is inseparable from the carbon skeleton
provided by sucrose (Amthor, 2003). Hence, the deposition of lignin and cellulose could be adjusted
in a compensatory way. For example, Hu et al. reported the lignin content was reduced by up to 45%
by suppressing a lignin biosynthesis related gene, however, a 15% increase in cellulose compensated
for this reduction (Hu et al., 1999). Emerging studies showed that drought could promote lignin
synthesis to enhance drought resistance in rice (Oryza sativa), oriental melon (Cucumis melo), and
grapevine (Vitis vinifera) (Bang et al., 2019; Liu et al., 2020; Tu et al., 2020). Without exception, our
data showed that ‘phenylpropanoid biosynthesis’ that is closely associated with lignin synthesis was
significantly regulated in developing cotton fiber under drought (Fig. 7C). Laccases (LACs) are
crucial for lignin biosynthesis, and the higher enzymatic activity of laccases corresponded to higher

lignin content in cotton fiber (Balasubramanian et al., 2016). Under drought, the transcripts of
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GhLAC4, GhLACL17, and GhLAC22 in cotton fiber were significantly increased (Fig. 8, Fig. S6),
suggesting that lignin synthesis process would be promoted, which might reduce sucrose partitioned
to cellulose synthesis to some extent. Hence, decreased cellulose content was observed under drought
(Fig. 5A).

From the foregoing, drought increased sucrose flow to starch, glycolysis, B-1,3-glucan, and
lignin, and this meant reduced sucrose flux to cellulose synthesis in the case of limited sucrose.
Moreover, a cellulose synthase-like protein gene (GhCSLE6) was down-regulated in Yuzaomian
9110 under drought (Fig. 8, Fig. S6), directly limiting the cellulose synthesis. Whereas in Dexiamina
1, two cellulose synthase-like protein genes (GhCSLG2 and GhCSLEL) displayed relatively higher
expression levels under drought (Fig. 8, Fig. S6), which seemed to imply promoted cellulose synthesis.
Indeed, expressions of genes (GhEG6) encoding endoglucanase that converts the cellulose into
hemicellulose (Moneo-Sanchez et al., 2020) were significantly increased in Dexiamian 1 under
drought (Fig. 8, Fig. S6), which could restrict cellulose accumulation since cellulose deposit is
controlled by both cellulose synthesis and degradation processes (Gou et al., 2007). Therefore, both
cultivars exhibited reduced cellulose content under drought (Fig. 5A).

Conclusion

Drought altered the biomass distribution modes within the cottonseed: the proportion of biomass
partitioned to cottonseed coat was significantly increased, while the proportion distributed to fiber
was dramatically decreased. And this was largely due to blocked photosynthates (sucrose)
translocation from the cottonseed coat to the fiber under drought. Further, the down-regulation of
GhSWEET10 and GhSWEET15 in the outer cottonseed coat was responsible for the restricted sucrose
transfer under drought. In cotton fiber, lignin synthesis and p-1,3-glucan deposition were promoted
under drought, leading to decreased sucrose flux to cellulose synthesis. Additionally, starch synthesis
and glycolysis were exclusively enhanced in Yuzaomian 9110 under drought, which further reduced
sucrose flow into cellulose. Under drought, the cellulose synthesis was stunted due to down-
regulation of cellulose synthase-like protein gene (GhCSLES6) in Yuzaomian 1, while the cellulose
deposition was impaired due to promoted cellulose degrading process in Dexiamian 1. In brief,
blocked sucrose translocation from cottonseed coat to fiber and reduced sucrose partitioned to

cellulose resulted in reduced fiber cellulose content and inferior fiber strength under drought. Overall,

18


https://doi.org/10.1101/2021.09.14.460198
http://creativecommons.org/licenses/by-nc-nd/4.0/

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460198; this version posted September 15, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

this study revealed novel insights into understanding how drought affected cotton fiber strength and

provided new ideas on cotton breeding for resistance against drought.
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Table S1. Primers used for qRT-PCR in this study.
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coat, and outer cottonseed coat.

Fig. S3. Comparison of drought-induced differentially expressed genes (DEGs) involved in
oxidation-reduction process and ATP metabolic process in cotton fiber at 17 DPA of Dexiamian 1 and
Yuzaomian 9110.

Fig. S4. Enriched GO terms of drought-induced DEGs in cotton fiber at 17 DPA of Dexiamian 1 and
Yuzaomian 9110.

Fig. S5. Comparison of the relative expression values of randomly selected drought-induced DEGs
in cotton fiber at 17 DPA determined by RNA-seq and qRT-PCR.

Fig. S6. The relative expression levels of selected drought-responsive genes related to sucrose

metabolism and cell wall construction by qRT-PCR in Dexiamian 1 and Yuzaomian 9110
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Table 1. Effects of drought on lint index and fiber strength in 2018 and 2019. Values are the means
of six replicateststandard deviation (SD). Different letters within in the same column indicate
statistically significant differences (P<0.05). * and ** indicate statistically significant differences at

P=0.05 and P=0.01, respectively, and ns means no significant difference.

Table 2. Effects of drought on the cellulose content in mature cotton fiber in 2018 and 2019.Values
are the means of six replicateststandard deviation (SD). Different letters within in the same column
indicate statistically significant differences (P<0.05). * and ** indicate statistically significant

differences at P=0.05 and P=0.01, respectively, and ns means no significant difference.

Fig. 1. Biomass distribution among embryo, cottonseed coat and fiber at maturity stage (A), dynamic
changes of cottonseed coat biomass per seed (B) in 2018 and 2019, and dynamic observation of
cottonseed coat slices in 2019 (C) in different treatments. OSC, outer cottonseed coat; ISC, inner
cottonseed coat. Scale bars in Fig. 1C: 200 pm. Values are means of three replicates +SD. Different
letters in Fig. 1A indicate statistically significant differences between different treatments (P<0.05).
* and ** in Fig. 1B indicate statistically significant differences determined between different

treatments at P=0.05 and P=0.01, respectively.

Fig. 2. Effects of drought on the relative distribution of *C among fiber, cottonseed coat and embryo
in 2019. All values are the mean of three replicates £SD. * and ** indicate statistically significant

differences determined between different treatments at P=0.05 and P=0.01, respectively.

Fig. 3. Effects of drought on the sucrose content in cottonseed coat (A) and fiber (B) in 2018 and
2019. Values are the mean of three replicates £SD. * and ** indicate statistically significant

differences determined between different treatments at P=0.05 and P=0.01, respectively.

Fig. 4. Effects of drought on the relative expression levels of sucrose transporter genes in the outer
cottonseed coat at 17 and 24 DPA in 2019. Values are the means of three replicates =SD. * and **
indicate statistically significant differences determined between different treatments at P=0.05 and

P=0.01, respectively.
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Fig. 5. Effects of drought on the dynamic changes of cellulose content (A), B-1, 3-glucan content (B),
and starch content (C) in cotton fiber in 2018 and 2019. Values are the means of three replicates =SD.
* and ** indicate statistically significant differences determined between different treatments at

P=0.05 and P=0.01, respectively.

Fig. 6. Effects of drought on the dynamic change of glucose content (A) and fructose content (B) in
cotton fiber in 2018 and 2019. Values are the means of three replicates £SD. * and ** indicate
statistically significant differences determined between different treatments at P=0.05 and P=0.01,

respectively.

Fig. 7. Number (A), venn diagram (B), and enriched KEGG pathways (C) of drought-induced
differentially expressed genes (DEGs) in cotton fiber of Dexiamian 1 and Yuzaomian 9110. Fibers
were sampled at 17 dasys post anthesis (DPA). DD and DCK respectively represent Dexiamian 1
under drought and control conditions, and YD and YCK respectively represent Yuzaomian 9110 under
drought and control conditions. In Fig. 7C, rich factor refers to the ratio of the number of transcripts
in the pathway entry in the differentially expressed transcript to the total number of transcripts in the
transcript that are located in the pathway entry. The dot size shows the number of DEGs enriched in

the pathway, and the dot color represents the -log1 0(FDR).

Fig. 8. Drought-induced DEGs and pathways related to sucrose metabolism and cell wall construction
in cotton fiber at 17 DPA. The box above and below the leader line indicate the varied genes in
Dexiamian 1 and Yuzaomian 9110 under drought, respectively. The color scale represents the value

of log2 fold change. UDPG, uridine-5'-diphosphoglucose.


https://doi.org/10.1101/2021.09.14.460198
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.14.460198; this version posted September 15, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Table 1. Effects of drought on lint index and fiber strength in 2018 and 2019

. Water treatment Lint index (g) Fiber strenth (cN tex?)
Cultivar
(WT) 2018 2019 2018 2019
o CK 6.5740.19a 6.9640.34a 28.7640.55a 28.4240.65a
Dexiamian 1
Drought 6.2740.25a 6.2340.32b 27.1340.65b 27.0740.53b
) CK 7.5740.35a 7.44490.31a 30.5540.66a 29.97H.02a
Yuzaomian 9110
Drought 6.3540.25b 6.5840.24b 27.6940.57b 26.7240.66b
Significance of factors
WT ** ** ** **
Cultivar ol *x * ns
WT>Cultivar ol ns * *

Values are the means of six replicates=standard deviation (SD). Different letters within in the same column indicate
statistically significant differences (P<0.05). * and ** indicate statistically significant differences at P=0.05 and

P=0.01, respectively, and ns means no significant difference.

Table 2. Effects of drought on the cellulose content in mature cotton fiber in 2018 and 2019

Water treatment 2018 2019
(WT) Dexiamian 1 Yuzaomian 9110 Dexiamian 1 Yuzaomian 9110
%
CK 91.47#.35a 92.72+# .5a 92.52+.83a 93.15#.07a
Drought 86.7340.85b 87.6441.54b 87.3840.69b 87.47+1.11b

Values are the means of three replicates+=SD. Different letters in the same column indicate statistically significant
differences (P<0.05).
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Fig. 1. Biomass distribution among embryo, cottonseed coat and fiber at maturity stage (A), dynamic changes of
cottonseed coat biomass per seed (B) in 2018 and 2019, and dynamic observation of cottonseed coat slices in 2019
(C) in different treatments. OSC, outer cottonseed coat; ISC, inner cottonseed coat. Scale bars in Fig. 1C: 200 pm.
Values are means of three replicates +SD. Different letters in Fig. 1A indicate statistically significant differences
between different treatments (P<0.05). * and ** in Fig. 1B indicate statistically significant differences determined
between different treatments at P=0.05 and P=0.01, respectively.
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Fig. 2. Effects of drought on the relative distribution of '*C among fiber, cottonseed coat and embryo in 2019. All
values are the mean of three replicates £SD. * and ** indicate statistically significant differences determined

between different treatments at P=0.05 and P=0.01, respectively.
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Fig. 3. Effects of drought on the sucrose content in cottonseed coat (A) and fiber (B) in 2018 and 2019. Values are
the mean of three replicates =SD. * and ** indicate statistically significant differences determined between different
treatments at P=0.05 and P=0.01, respectively.
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Fig. 4. Effects of drought on the relative expression levels of sucrose transporter genes in the outer cottonseed coat
at 17 and 24 DPA in 2019. Values are the means of three replicates £SD. * and ** indicate statistically significant
differences determined between different treatments at P=0.05 and P=0.01, respectively.
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Fig. 5. Effects of drought on the dynamic changes of cellulose content (A), -1, 3-glucan content (B), and starch
content (C) in cotton fiber in 2018 and 2019. Values are the means of three replicates £SD. * and ** indicate

statistically significant differences determined between different treatments at P=0.05 and P=0.01, respectively.
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Fig. 6. Effects of drought on the dynamic change of glucose content (A) and fructose content (B) in cotton fiber in
2018 and 2019. Values are the means of three replicates =SD. * and ** indicate statistically significant differences

determined between different treatments at P=0.05 and P=0.01, respectively.
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Fig. 7. Number (A), venn diagram (B), and enriched KEGG pathways (C) of drought-induced differentially
expressed genes (DEGs) in cotton fiber of Dexiamian 1 and Yuzaomian 9110. Fibers were sampled at 17 dasys post
anthesis (DPA). DD and DCK respectively represent Dexiamian 1 under drought and control conditions, and YD
and YCK respectively represent Yuzaomian 9110 under drought and control conditions. In Fig. 7C, rich factor refers
to the ratio of the number of transcripts in the pathway entry in the differentially expressed transcript to the total

number of transcripts in the transcript that are located in the pathway entry. The dot size shows the number of DEGs

enriched in the pathway, and the dot color represents the -logl0(FDR).
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Fig. 8. Drought-induced DEGs and pathways related to sucrose metabolism and cell wall construction in cotton
fiber at 17 DPA. The box above and below the leader line indicate the varied genes in Dexiamian 1 and Yuzaomian
9110 under drought, respectively. The color scale represents the value of log2 fold change. UDPG, uridine-5'-
diphosphoglucose.
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