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Abstract
Background: Gossypium barbadense L. is the most important renewable source of textile �ber. Cotton
�ber cell initiation and elongation are often affected by various environmental stimulus, such as high
temperature. However, little is known about the underlying mechanisms of temperature regulating the
fuzz �ber initiation.

Results: In the present study, phenotypic observation revealed that high temperature (HT) accelerated the
�ber development, improved �ber quality and induced fuzz �ber initiation. It has been proved that the
fuzz �ber initiation was inhibited by low temperature (LT), and 4 days post-anthesis (DPA) was the key
stage for fuzz �ber initiation. Based on comparative transcriptome analysis, a total of 43,826
differentially expressed genes (DEGs) were identi�ed, of which 9,667 were involved in both �ber
development and temperature response with 901 transcription factor genes and 189 genes related to
plant hormone signal transduction. Further analysis of gene expression patterns revealed that 240 genes
were involved in fuzz �ber initiation. Functional annotation revealed that the candidate genes related to
fuzz initiation were signi�cantly involved in asparagine biosynthetic process, cell wall biosynthesis and
stress response. Furthermore, the expression trends of sixteen selected genes from the RNA-seq data
were almost consistent with the results of qRT-PCR results.

Conclusions: Our study revealed several potential candidate genes and pathways that related to fuzz �ber
initiation induced by high-temperature and provided a new view of temperature-induced tissue and organ
development in Gossypium barbadense.

Background
The genus Gossypium includes two allotetraploid cultivars, G. hirsutum L. (AD1) and G. barbadense L.
(AD2), whose annual yield is more than 90% of the cotton �ber production. G. hirsutum is widely
cultivated all over the world due to its high yield, while G. barbadense is not high in yield but prized
because of its excellent �ber quality [1]. Mature cotton seeds are covered with two different types of
�bers, lint and fuzz, both of which are mainly composed of cellulose. The development of cotton �bers
can be divided into four overlapping stages: �ber initiation, elongation, thickening of secondary cell walls,
and dehydration [2]. Lint �ber initiation occurs from − 3 DPA to 3 DPA [3]. With the help of scanning
electron microscope (SEM) and cotton �ber mutants, the fuzz �ber initiation stage was determined to be
4 DPA [4, 5]. The �rst three stages of �ber development are hypersensitive to environmental stress [6].
Extreme temperature and other abiotic stresses during �ber development can signi�cantly reduce cotton
�ber yield and quality, and may even lead to falling bolls and squares [7–9].

In plants, studies of trichomes and root hairs in Arabidopsis thaliana has greatly expanded our
understanding of cotton �ber initiation and elongation. Numerous genes have been found to be involved
in trichome initiation in this model plant. In Arabidopsis, it has been widely believed that the MBW
transcriptional complex (GL3/EGL3-GL1-TTG1) determines the fate of trichome cells by inducing the
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expression of GL2 [10]. In addition, GIS2, ZFP8, ZFP6 and ZFP5 were found to promote the expression of
MBW complex members in Arabidopsis [11–13]. There are many similarities between cotton �bers and
Arabidopsis trichomes in the regulatory mechanism of initiation and elongation development, which has
been proven by some cotton homologs. GhMYB25-like and GhMYB25 are two R2R3 MYB genes that
regulate �ber initiation and elongation. GhMYB25-like plays a major role in regulating �ber initiation and
development. Silencing GhMYB25-like will inhibit cotton lint and fuzz �ber initiation development [14].
Overexpression of GhMYB25 in cotton increases the number of trichomes on leaves and the �bers
number on ovule epidermis at anthesis [15]. As another R2R3 MYB transcription factor, GhMYB109 also
speci�cally expressed during lint initiation and elongation development [16]. As a homeodomain-leucine
zipper (HD-ZIP) transcription factor, GhHOX3 is revealed to play a major role in regulating �ber
elongation. Overexpression of GhHOX3 increases �ber length, while silencing the gene reduces �ber
length [17]. Overexpression of another HD-ZIP transcription factor, GhHD1, increased the number of
initiating �bres, but had not other adverse effects on leaf hairs [18]. Cotton PROTODERMAL FACTOR1
gene (GbPDF1) is mainly expressed during �ber initiation and early elongation stages, and silencing of
GbPDF1 will retard �ber initiation [19].

Cotton �ber initiation and elongation are not only dependent on their genetic speci�city, but also
regulated by environmental factors and endogenous hormones. Auxin, gibberellin and brassinolide have
long been known to play important roles in plant cell expansion and elongation. As another
phytohormone, ethylene is widely studied in fruit ripening, dormancy release, and stress response. In
addition, ethylene also has been found to play an important role in regulating root hair and hypocotyl
development [20, 21]. Auxin, gibberellin, brassinolide and ethylene have positive effects on the �ber
development, while abscisic acid and cytokinin inhibit the �ber cell development [22–24]. Jasmonic acid
increases the number of leaf trichomes in Arabidopsis by promoting the expression of GL3 [25, 26]. In
cotton, JA-related metabolism promotes �ber initiation [27]. In addition to phytohormones, Ga2+ and H2O2

also regulate the �ber cells development [28].

Temperature is a major environmental factor affecting plant growth and development. Plants of different
species require different growth temperatures, and different developmental stages or developing organs
of the same plant also require favorable temperatures. High temperature stress is an abiotic stress
common to all crops from subtropical origin. High temperature stress during �owering period can cause
male sterility in some crops, such as rice and cotton [29, 30]. Some molecular mechanisms of plant
response to high temperature have been revealed, including the response of transcription factors and
heat shock proteins, calcium ion and reactive oxygen species signal transduction, and response of
endogenous plant hormones such as auxin and gibberellin [31–33]. These studies provide a model for
temperature-regulated development of speci�c tissues or organs, such as the development of cotton
�bers in high temperatures.

Most G. barbadense varieties have a low density of fuzz �bers, which is different from most G. hirsutum
varieties whose seeds surface are completely covered by fuzz �bers. It is often observed that the fuzz
density of the same G. barbadense cultivar varies with different environments, and the fuzz density in
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Xinjiang and Hainan Province is lower than that in Anyang City [34]. In this study, 121 G. barbadense
cultivars were used for fuzz density evaluation. The temperature of full-bloom stage in three main
growing sites in China was investigated. Accession L7009 was considered sensitive to environmental
stimulus. We also veri�ed the in�uence of temperature on fuzz �ber initiation of L7009 and when the fuzz
�ber initiation occurred, and examined the effect of different temperatures on �ber quality. In order to
understand the transcriptional regulation mechanism of temperature on the early development of lint
�bers and fuzz �ber initiation, we conducted comparative transcriptome on ovules of L7009 in different
temperatures. Then we performed functional enrichment analysis and co-expression analysis of
differentially expressed genes from different pro�les. These �ndings in this study extend our
understanding of how temperature affects the development of cotton �bers, and also provide valuable
data for studying the mechanism of temperature-regulated fuzz �ber development.

Results

Temperature regulates fuzz �ber initiation and affects lint �ber
development
To reveal the environmental in�uence on fuzz and lint �bers development, we investigated fuzz density
(FD) and lint �ber quality of 121 G. barbadense cultivars in three cities (Korla, Anyang and Sanya). For
convenience, we visually graded the fuzz density to eight levels (Additional �le 1: Figure S1). In Sanya,
23.97% of the cultivars showed low fuzz density (FD=0.5) and 20.66% showed high fuzz density (FD=3 or
3.5). However, in Korla and Anyang, 15.70% and 2.48% of the cultivars showed low fuzz density, while
29.75% and 60.34% showed high fuzz density, respectively (Fig. 1a). This suggests that the environment
of Sanya is more likely to reduce fuzz density, and the environment of Anyang is more likely to increase
the fuzz density. We also investigated the relationship between lint quality and fuzz density of 98
cultivars planted in Sanya. Three of the �ve �ber quality indexes showed an signi�cant positive
correlation between fuzz density and lint �ber quality (FL, r=0.59; FS, r=0.61; FE, r=0.47) (Additional �le 2:
Figure S2). To test whether temperature affects the fuzz density, we investigated the temperature of three
environments during the blooming period of three years. The days with minimum temperature above
24℃ accounted for 64.6% of the total survey days (n=96) in Anyang, while 71.9% of the days (n=93)
were below 22℃ in Sanya (Fig. 1b). Therefore, we infered that temperature may be the key environmental
factor affecting fuzz density of G. barbadense. We assumed that high temperature may increase the fuzz
density, while low temperature may have the opposite effect on it.

To test our hypothesis, we simulated the ambient temperature of the natural environments (Fig. 1c). It
was found that the fuzz density in high-temperature environment (HT, 28~35℃) was signi�cantly higher
than that in low-temperature environment (LT, 20~25℃) (Fig. 1d). This indicates that temperature is
indeed the decisive environmental factor regulating fuzz initiation, and that high temperature increases
the fuzz density. Based on the fact that fuzz density of L7009 was signi�cantly affected by temperature,
we designed an experiment to con�rm the time when the fuzz initiation occurs. First, by transferring
cotton plants from HT to LT (HTL), we found that the fuzz density at 4 DPA (or DT) was signi�cantly
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lower than that at 5 DT or higher han that at 2 DT, while there was no signi�cant difference when
compared to 3 DT, indicating that 3~4 DPA was an important period for fuzz �ber initiation development
(Additional �le 3: Table S1; Fig. 2a-b). To make the results more credible, we transported another batch of
cotton plants from LT to HT (LTH), and found that the fuzz density at 4 DT was signi�cantly lower than
that at 3 DT or higher han that at 6 DT, while there was no signi�cant difference when compared to 5 DT,
indicating that 4~5 DPA was also important for fuzz �ber initiation development (Additional �le 3: Table
S1; Fig. 2c-d). By comparing the fuzz density of HTL and LTH at the same stages, it was found that there
was no signi�cant difference between HTL and LTH at 4 DPA, while signi�cant differences between any
other stages were found, indicating that 4 DPA was the key stage for fuzz initiation, which was consistent
with previous �ndings in G. hirsutum (Additional �le 3: Table S1) [5]. For further study, the early and later
stages of fuzz �ber differentiation were assigned to 1 and 7 DPA, respectively. With phenotypic
observation, we found that high temperature could accelerate �bers initiation and development and
increase the fuzz density on seed surface (Fig. 3a-b). In addition, it was found that SFC_n, FS, HGW, FP,
SS, Length_w, UQL, MR, FNC, SCNC,  FL, SFC_w, Fineness, SCNMS and Micronaire in HT were signi�cantly
different from those in LT (p<0.05) (Additional �le 4: Figure S3; Fig. 3c). Among them, six �ber traits in HT
were signi�cantly better than those under LT, and the differences in Length_n and IFC were not signi�cant.

Transcriptome sequencing and comparative analysis of differentially
expressed genes between different stages and environments
To reveal the molecular regulation mechanism of ambient temperature on the fuzz �ber initiation and
development of L7009, we constructed cDNA libraries from 12 samples of three stages under two
environments. The cDNA libraries were then sequenced using an Illumina HiSeq 4000 sequencing
platform based on paired-end sequencing. All RNA-seq raw datasets were deposited in the NCBI database
with a SRA accession number SUB6753336. We totally obtained 73.43 Gb clean data after mRNA
sequencing for 12 samples with at least 6.00 Gb clean data for each sample. In each sample, more than
93.30% of bases score Q30 and above (Table 1). The clean data were then mapped to the reference
genome, with the mapping ratio varying from 90.62% to 95.17%. Based on the mapped results, alternative
splicing prediction, genetic structural optimization and novel genes discovery were analyzed. Finally,
5,994 novel genes were identi�ed, 5,180 of them are functionally annotated (Additional �le 5: Table S2).
Based on the alignment results, gene expression analysis was performed. We utilized StringTie to
estimate its expression level based on a maximum �ow algorithm, and used FPKM (Fragments Per
Kilobase of transcript per Million fragments mapped) to measure the transcript or gene expression levels.
A total of 63,113 transcripts were obtained with FPKM values > 0 in at least one sample, of which 44,864
were expressed with FPKM values ≥ 1 (Additional �le 6: Table S3).

Table 1 Summary of sequencing data for different fuzz �ber developmental stages in high and low
temperatures.
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Sample Raw Reads 
(×107)

Raw Bases 
(×109)

Clean Reads
(×107)

Clean Bases 
(×109)

GC
(%)

Q30
(%)

Mapped
Reads
(%)

H1-1 4.26 6.38 4.18 6.27 45.94 93.71 92.62

H1-2 4.15 6.22 4.07 6.10 45.63 93.83 94.86

H4-1 4.23 6.34 4.14 6.22 46.19 93.46 94.49

H4-2 4.19 6.28 4.11 6.16 45.81 93.61 95.17

H7-1 4.11 6.17 4.03 6.05 46.13 93.32 94.54

H7-2 4.25 6.37 4.17 6.25 45.80 93.56 94.89

L1-1 4.10 6.16 4.02 6.03 45.25 93.50 91.86

L1-2 4.10 6.15 4.01 6.01 45.54 93.62 90.62

L4-1 4.14 6.21 4.05 6.08 46.98 93.30 92.65

L4-2 4.17 6.25 4.09 6.13 45.76 93.45 94.36

L7-1 4.17 6.25 4.08 6.13 45.92 93.33 95.05

L7-2 4.08 6.11 4.00 6.00 45.84 93.56 92.36

 

The Pearson correlation coe�cient between two biologically repeated samples of the same
developmental stage in different environments �uctuated between 0.98 and 0.99, and the sample
clustering also showed a good correlation between the two biological replicates (Fig. 4a). The results of
principal component analysis (PCA) of the 12 samples were also consistent with the above analysis
results (Fig. 4b).

Intra-environment and inter-environment comparisons of all expressed genes were performed to reveal
the dynamic transcriptional changes during fuzz �ber initiation. In total, 26048 DEGs were identi�ed
under the thresholds of absolute log2 ratio ≥ 1.0 and p-value < 0.01. In HT, 14,490 DEGs were found at 1
DPA vs 4 DPA (3393 up-regulated, 11,097 down-regulated), 2160 DEGs at 4 DPA vs 7 DPA (1230 up-
regulated, 930 down-regulated), and 12,716 DEGs at 1 DPA vs 7 DPA (3628 up-regulated, 9088 down-
regulated) (Fig. 4c-d). In LT, 5694 DEGs were found at 1 DPA vs 4 DPA (1473 up-regulated, 4221 down-
regulated), 4290 DEGs at 4 DPA vs 7 DPA (1667 up-regulated, 2623 down-regulated), and 17,748 DEGs at
1 DPA vs 7 DPA (3352 up-regulated, 14,396 down-regulated) (Fig. 4c-d). Compared to LT, the HT samples
had 2480 DEGs at 1 DPA (951 up-regulated, 1529 down-regulated), 7355 DEGs at 4 DPA (3072 up-
regulated, 4283 down-regulated), and 4164 DEGs at 7 DPA (2876 up-regulated, 1288 down-regulated)
(Fig. 4c-d). This indicated that the fuzz �ber  initiation development is more susceptible to temperature
stress at 4 DPA. Of these DEGs, the genes differentially expressed between LT and HT treatments at the
same stages were identi�ed as temperature responsive genes, and those identi�ed at different stages
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under the same temperature environment were de�ned as possibly related to �ber development.
Therefore, we identi�ed 9667 DEGs that were likely to be involved in both temperature response and �ber
development (Additional �le 7: Figure S4).

Gene expression trend analysis and PPI network construction
The 9667 DEGs were subjected to hierarchical clustering using Mfuzz package of R sortware and divided
into 9 clusters (Additional �le 8: Figure S5), in which 4756 (49.2%) genes with membership ≥ 0.7 were
illustrated with a hierarchical clustering heatmap (Fig. 5a). The expression levels of 512 genes in cluster 5
were continuously up-regulated from H1 to H7 and L4 to L7 (Fig. 5b). Genes in clusters 6 (823) and 7
(240) were predominantly expressed at L1 and H4, respectively. According to our previous veri�cation,
fuzz �ber initiation occured at 4 DPA under HT (H4), but didn't occur in low temperature condition.
Combined with phenotypic observation, we speculated that the genes in cluster 7 were mainly involved in
fuzz �ber initiation induced by high temperature. In contrast, genes in cluster 5 and 6 were involved in lint
�ber elongation and initiation under temperature regulation, respectively. However, most of the genes
were involved in lint �ber initiation development, and only a small number of genes were related to the
fuzz �ber initiation, which indicated that the regulation of lint �ber development is relatively complicated
and preferentially.

The 240 genes with membership ≥ 0.7 in cluster 7 were mapped to the STRING database (https://string-
db.org/) and the PPI network was visualized using the Cytoscape software to investigate the possible
interaction between the differentially expressed genes (Fig. 6a). In the PPI network, the node genes with
larger degree are de�ned as hub genes. In the cluster 7, P5CS1 (GB_D01G2569), KING1 (GB_A12G2167),
STZ (GB_D05G2149), BCAT-2 (GB_A05G2168), ACX4 (GB_A13G1045), and HSPRO2 (GB_A10G2743) were
de�ned as hub genes, which were considered as candidate genes involved in regulating fuzz initiation in
high temperature.

Gene ontology and KEGG pathway analysis of DEGs
There is a partial overlap in the developmental stages of lint �ber elongation and fuzz �ber initiation. Not
only are their underlying gene expression patterns different, but the functions of related genes may also
differ signi�cantly. To further understand the functions of the DEGs in the three clusters, GO enrichment
for each cluster was performed (Additional �le 9: Table S4). To reduce the functional redundancy among
GO-terms, the presence of overrepresented GO-terms were obtained using REVIGO program
(http://revigo.irb.hr/) and visualized using treemap package of R software [35].

The DEGs in cluster 5 were signi�cantly (FDR < 0.05) enriched into 30 GO-terms of biological process, of
which the terms involved "fatty acid biosynthetic process", "monocarboxylic acid biosynthetic process",
"lipid biosynthetic process", "microtubule-based process" and "intracellular protein transport" were the
most signi�cant (Additional �le 9: Table S4). Forty signi�cant terms for molecular functions were

https://string-db.org/
http://revigo.irb.hr/
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enriched, the most signi�cant of which were redundant and involved "structural constituent of
cytoskeleton", "GTPase binding", "UDP-glycosyltransferase activity" and "actin binding" (Additional �le 9:
Table S4). For cell component 16 terms were also enriched and the most signi�cant involved
"microtubule", "cytoskeleton" and "membrane" (Additional �le 9: Table S4). The DEGs in cluster 6 were
signi�cantly enriched into 104 GO-terms of biological process, of which the supercluster terms involved
"glycerolipid metabolism", "dephosphorylation" and "protein deacetylation" (Fig. 7). Fifty-one signi�cant
terms for molecular functions were enriched, the superclusters of which involved "phosphoric ester
hydrolase activity" and "1-phosphatidylinositol-4-phosphate 5-kinase activity" (Additional �le 10: Figure
S6). For cell component 10 terms were signi�cantly enriched and “cytosol” was the main supercluster
(Additional �le 10: Figure S6). The DEGs in cluster 7 were signi�cantly (p < 0.05) enriched into 63 GO-
terms of biological process, of which the supercluster terms involved "asparagine biosynthesis",
"response to stress" and "hemicellulose metabolism" (Fig. 7). Forty-one signi�cant terms for molecular
functions were enriched, the superclusters of which involved "xyloglucan:xyloglucosyl transferase
activity" and "peroxidase activity" (Additional �le 10: Figure S6). Nine signi�cant terms for cell component
were enriched, and the supercluster terms of treemap involved "extracellular region" and "external
encapsulating structure" (Additional �le 10: Figure S6). Genes in the PPI network of cluster 7 were mainly
enriched in the GO-terms supercluster "response to stress" and "response to stimulus" (Fig. 6b).

At the same time, we performed KEGG pathway enrichment analysis on the DEGs in the three clusters
(Additional �le 11: Table S5). DEGs in cluster 5, 6 and 7 were signi�cantly (p < 0.05) mapped into 11, 7
and 14 KEGG pathways, respectively. This indicated that there might be more pathways involved in fuzz
�ber initiation compared with lint �ber development in high temperature. The most signi�cant pathways
in cluster 5 were "Phagosome (14 DEGs)", "Fatty acid elongation (5 DEGs)", "Metabolic pathways (59
DEGs)" and "Amino sugar and nucleotide sugar metabolism (9 DEGs)" (Fig. 5c). The most signi�cant
pathways in cluster 6 were "Circadian rhythm (7 DEGs)", "Plant hormone signal transduction (18 DEGs)"
and "Brassinosteroid biosynthesis (3 DEGs)" (Fig. 5c). And the top three pathways with the most DEGs in
cluster 7 were "Biosynthesis of secondary metabolites (29 DEGs)", "Phenylpropanoid biosynthesis (8
DEGs)" and "Metabolic pathways (32 DEGs)" (Fig. 5c).

Differentially expressed transcription factors involved in fuzz �ber
initiation
Numerous studies have shown that the development of Arabidopsis trichome or cotton �ber was strictly
regulated by several transcription factors [36-42]. To identify the differentially expressed TFs associated
with fuzz �ber initiation induced by high-temperature, twenty-�ve differentially expressed TF genes
assigned to thirteen families were detected in cluster 7.

In this study, totally 20 and 105 TF genes were identi�ed in cluster 5 and 6, respectively (Additional �le 12:
Table S6). Of these, there were more genes involved in lint �ber initiation, and relatively few genes
involved in fuzz �ber initiation. Different genes of four families, such as NAC, bHLH, MYB and C2H2, were
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found to be participated in lint �ber early development and fuzz �ber initiation in high temperature,
respectively. However, transcription factors of four families, such as AP2/ERF(ERF), C2C2-LSD, HD-ZIP
and PLATZ, were mainly participated in lint and fuzz �ber initiation. In addition, six genes distributed in
�ve families (RAV1, BLH1, HB40, LBD1 and OFP11) were exclusively enriched in cluster 7. According to
the PPI network, STZ related to Cys2/His2-type zinc-�nger proteins was identi�ed as the key transcription
factors of cluster 7, which might play a pivotal role in fuzz �ber initiation induced by high-temperature.

DEGs involved in plant hormone signal transduction pathway
Previous studies have found that cotton �ber development is also regulated by some genes related to
plant hormone signal transduction. We identi�ed 189 genes related to hormone signal transduction from
9667 DEGs involved in both temperature response and �ber development. Eighteen unigenes were from
cluster 6, including 7 auxin (AUX1, IAA and SAUR), 5 abscisic acid (PYR/PYL, PP2C, SnRK2 and ABF), 3
cytokinine (CRE1, AHP and B-ARR), 1 ethylene (CTR1) and 2 brassinosteroid (CYCD3) signal transduction
component-encoding genes (Additional �le 13: Table S7). Five unigens were were from cluster 7, and
these genes encode the components of auxin (GH3) and brassinosteroid (TCH4) signal transduction,
respectively (Additional �le 13: Table S7). There were more genes in cluster 6 than that in cluster 7. For
example, no genes related to abscisic acid, cytokinine, and ethylene signal transduction were found in
cluster 7, but several genes were identi�ed in cluster 6. Although genes for the auxin and brassinosteroid
signaling pathways were found in both c6 and c7, the components encoded by these genes were
different, indicating that GH3 and TCH4 may play a key role in regulating the fuzz �ber initiation induced
by high-temperature.

DEGs related to cotton �ber development
According to previous reports, it is believed that the homologous genes related to trichome initiation of
Arabidopsis in cotton may also be involved in the �ber initiation. We collected more than 100 genes
associated with trichome initiation of Arabidopsis and identi�ed 695 homologous genes in the G.
barbadense genome. These 695 genes were compared with 9667 environment-related DEGs, and 56
genes were shared in the two gene sets. Based on the expression pro�le, we found that some of these
genes were affected by temperature (Fig. 8). Among these temperature-responsive genes, the expression
of the gene homologious to ARP3 (GB_D01G1926 and GB_A01G1791), NAC029 (GB_A12G1914), and
MYB82 (GB_A08G2828) in L7009 showed an expression trend positively correlated with fuzz �ber
initiation development. Hence these genes were identi�ed as candidate genes that might be involved in
fuzz �ber initiation induced by high-temperature.

Changes in antioxidant enzyme activity and ROS content during fuzz
initiation
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According to the GO analysis, some genes, such as RCI3 (GB_A03G1340), DOX2 (GB_A09G2023), PRX52
(GB_A03G0328), GPX4 (GB_D08G0779) and ERD10 (GB_A01G1053), potentially related to fuzz initiation
were involved in stress response. Therefore, we measured the activities of four antioxidant enzymes and
the contents of two ROS (Fig. 9). The results showed that the H2O2 content at 4 DPA was signi�cantly
higher than 1 or 7 DPA under HT environment, and the content at 4 DPA under LT environment was
signi�cantly higher than that of HT environment. The content of OFR in the early development of �bers
under HT environment was generally higher than that in LT environment, indicating that the two ROS, OFR
and H2O2, might play different roles in fuzz �bers initiation development. The activity of the four enzymes
showed a downward trend from 1 to 7 DPA under different temperature environments. Among them, the
enzyme activities of SOD, CAT and APX at 4 DPA in HT environment were generally higher than those in
LT environment. This indicates that the regulation level of ROS homeostasis is an important cause of the
difference during fuzz �ber initiation in different temperatures.

Veri�cation of RNA sequencing data by qRT-PCR
To validate the RNA-seq data, quantitative real-time PCR (qRT-PCR) was performed for sixteen genes
randomly selected from different expression pro�les. The sixteen genes and their primer sequences were
listed (Additional �le 14: Table S8). In general, the relative expression levels based on qRT-PCR were
consistent with the results of RNA-seq and the correlation between them was signi�cant (R2=0.78)
(Additional �le 15: Figure S7; Fig. 10b). However, when we clustered the sixteen selected genes according
to the RNA-seq data and qRT-PCR results, we found that GB_A01G1791 was not clustered with the other
three genes of cluster 7, but with the genes of cluster 2 and 9 (Fig. 10a). We then calculated the
correlation between the nine clusters and found that the Pearson correlation of cluster 2 and cluster 9
reached 0.94, indicating that the gene expression patterns from these two clusters are similar (Additional
�le 16: Table S9). These results indicated that the RNA-seq data was basically credible and accurate.

Discussion

Temperature is the key external factor that determines the fate of
epidermal cells of G. barbadense ovules and the quality of lint �ber
As an important �ber source plant, G. barbadense has been favored by scienti�c researchers and
production industries for its excellent �ber quality traits. The quality of cotton �bers is sensitively affected
by environmental stimulus [43, 44]. The difference in �ber quality mainly comes from meteorological
factors (e.g. temperature and rainfall) and soil factors [45]. Of these environmental stimulus, temperature
is the most important factor affecting �ber quality. Low temperature stress, especially the mean daily
minimum temperature (< 20 ℃), is the major abiotic stress limiting the formation of cotton �ber quality
such as �ber length [46]. In this study, it led to signi�cant differences in �ber quality when the ambient
temperature was set to 20~25 ℃ and 28~36 ℃, respectively. Interestingly, high temperature signi�cantly
increased the fuzz density (FD) when compared to a low temperature. This indicates that the change of
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FD is regulated by the ambient temperature. Moreover, as the FD increased, FL, FS, and FE also increased
accordingly. Since FD had a similar change trend with the quality traits of lint �bers, we speculated that
the lint �ber quality must be regulated by the ambient temperature, that is, higher temperature will
increase FL, FS and FE. However, the underlying mechanism remains unknown and the relevancy
between them is noticeable. It is reported that the elevated temperature can indeed accelerate �ber
elongation process. Nevertheless, if the temperature is too high, it will shorten the �ber rapid elongation
duration and terminate the elongation earlier, leading to the reduction of �nal �ber length [47]. Similarly,
the relative low temperature can also encumber �ber elongation development [48]. Fiber development is
often affected by abiotic stresses, such as temperature, salt, drought and waterlogging, and most of them
have a negative impact on the formation of �ber quality. We believe that these abiotic stresses may have
some commonalities in regulatory pathways and molecular mechanisms in terms of negative regulation
of �ber quality.

Utilizing scanning electron microscopy and �ber mutants of G. hirsutum, it was found that fuzz �ber
initaition occurred at 4 DPA. We also found that the fuzz initiation of G. barbadense occurred at 4 DPA.
This fully demonstrates that the two allotetraploid cotton species are identical in the fuzz �ber initaition
time. Based on the QTL method, some fuzzless locus have been reported, including N1 and n2. The
homozygous N1N1 is completely fuzzless, and the fuzz development of the n2 mutant is reported to be
controlled by genetic background and environmental conditions together [49, 50]. Almost all G.
barbadense varieties contain the n2 gene, which makes their fuzz density generally low and is often
in�uenced by the environmental stimulus [51]. A recent study mapped N1 to chromosome A12, which is
thought to be a homologous gene of MYB25-like (GhMML3_A12) [52]. However, the n2 gene has still not
been discovered, and the environmental stimulus affecting the function of the n2 gene remain unclear. In
this study, we explored the effect of temperature on G. barbadense fuzz density and believed that n2 may
also be temperature-regulated.

Major transcription factors involved in �ber development
In cotton, many TF families have been studied, and a large number of TF genes participate in regulating
the �ber development and plant responses to environmental factors. In the three clusters, four TF families
with the most genes are NAC, bHLH, MYB and GRAS, whose members participate in the development of
different types �bers.

NAC transcription factors have multiple functions not only in abiotic stress responses but also in plant
development. The role of NAC in plant tolerance against extreme temperature has been demonstrated. In
rice, it was reported that SNAC3 play a positive role in heat resistance through regulating downstream
ROS-associated genes expression [53]. In plants, NAC genes overexpression also generated cold tolerance
by upregulating some thermotolerance-related genes, as well as inducing the increased activity of
antioxidant enzymes [54]. In the present study, 16 genes related to NAC TFs were enriched in the three
clusters, and six of these genes were expressed in cluster 7. Of these, NAC074 was only expressed at 4
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DPA in HT but with lower expression at other stages in both high and low temperature. These �ndings
indicate that NAC TFs play a key regulatory role in fuzz �ber initiation in cotton.

The bHLH transcription factors, AtGL3 and AtEGL3, play redundant roles in root hair regulation, and the
double mutants have hairy roots [55]. As a bHLH protein, GhDEL65 can partially restore the trichome
development of Arabidopsis gl3 egl3 double mutants, and overexpression in wild plants increase the
trichome density of leaves and stems [56]. AtMYC1, another bHLH gene, functions upstream of GL2 by
interacting with MYB and TTG1 [57]. GhFP1 (a bHLH gene) as a positive regulator participates in
controlling �ber elongation by activating BR biosynthesis and signaling transduction [58]. GhbHLH18 is
negatively associated with �ber strength and length by activating peroxidase-mediated lignin metabolism
[59]. In summary, members of the bHLH family not only regulate trichome or �ber initiation, but also
control lint �ber elongation and quality. Our results also indicated that bHLH family members were widely
involved in the development of lint and fuzz �bers, which further indicates that this TF family members
can not only positively regulate lint but also positively regulate fuzz development.

In addition to bHLH and NAC, members of MYB and C2H2 also play an important role in regulating cotton
�ber development. As mentioned earlier, the MYB genes play an important role in regulating the initiation
and elongation of cotton �bers, such as GaMYB2, GhMYB109, GhMYB25, and GhMYB25-like [14, 15]. In
this study, two MYB genes homologous with MYB116 and MYB305 were expressed in fuzz �ber initiation
stages, indicating that they play a role in regulating fuzz development. C2H2 genes have also been
reported to play an important role in determining the epidermal cell fate. As members of the C2H2 genes,
GIS, ZFP5, and ZFP6 promote trichome initiation by transcriptional activation of the downstream
trichome initiation complex (GL1-GL3-TTG1) [60]. Our results showed that the only C2H2 gene STZ highly
expressed during fuzz �ber initiation development. Although few C2H2 genes have been reported to be
involved in �ber development in cotton, there should be functional homologous genes of Arabidopsis in
cotton according to the regulatory similarity between cotton �bers and Arabidopsis trichomes.

Major genes related to phytohormones signal transduction involved
in �ber development
The main plant hormones produced by plants include abscisic acid (ABA), auxin, brassinolide (BR),
cytokinin (CK), ethylene (ET), gibberellic acid (GA), jasmonates (JA) and salicylic acid (SA). It is well
known that many plant hormones are involved in regulating the differentiation and elongation of cotton
�ber cells. Brassinolides (BRs) as steroid hormones play an important role in the regulation of plant
growth and stress response. Most genes expressed during BR biosynthesis and signal transduction have
been reported to be involved in regulation of cotton �ber development. BR biosynthesis begins when
campesterol (CR) is catalyzed by DET2 to produce campestanol (CN). DET2, as a steroid 5α-reductase, is
considered to be the rate-limiting enzyme in BR biosynthesis. The loss of this enzyme activity will lead to
a reduction in BRs levels [61]. The GhDET2 is positively regulated during the process of �ber initiation and
extreme elongation, and inhibition of this gene will restrain �ber initiation and elongation [62]. GhPAG1,
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as a homologous gene of CYP734A1, controls cotton �bers development by regulating the endogenous
BR level through ethylene signal-mediated VLCFA synthesis [63]. GhBZR1, as a member of the BR signal
transduction cascad, can be regulated by Gh14-3-3, and bind to the promoter of GhXTH1 to regulate �ber
initiation and elongation development [64]. As a xyloglucan endotransglycosidase gene, the expression of
TCH4 is induced by auxin, BR, and environmental stimulus and is mainly expressed in trichomes, lateral
root primordia, and elongating hypocotyls [65]. In this study, we identi�ed three homologous genes of
TCH4, which were mainly present in cluster 7 expression pattern. These results indicate that temperature
stimulation may control the fuzz initiation development by regulating the expression of genes in BR
signal transduction pathways.

In addition, two GH3 genes related to auxin signal transduction pathway were also identi�ed during fuzz
�ber initiation (cluster 7). Studies have found that auxin plays an important role in the initiation and
elongation development of cotton �bers [28]. GhARF2 and GhARF18 are two homologous genes of ARF
in the auxin signal transduction pathway, which are mainly expressed during the �ber initiation process
[66]. Overexpression of these two genes in Arabidopsis promotes the initiation of trichomes. The
homologous genes of IAA, GhAux8 and GhIAA16, are mainly expressed during the �ber development
stage [67]. Of these, GhAux8 is preferentially expressed in elongating �bers, and GhIAA16 is expressed in
�ber initiation stage. This shows that the IAA signal may play an important role in lint and fuzz �ber
initiation stages. This suggests that these two hormones play different roles in the development of the
two type �bers, and that the hormones involved in the lint �ber initiation may also be involved in the fuzz
�ber initiation.

Maintenance of ROS homeostasis is su�cient to temperature-
regulated �ber initiation
Reactive oxygen species (ROS) mainly include superoxide radical, hydrogen peroxide and hydroxyl
radical, which can regulate plant cell proliferation and expansion, cell differentiation (such as root hair
and lateral root), dedifferentiation and tissue regeneration [68]. Ascorbate peroxidase (APX), a hydrogen
peroxide scavenging enzyme, is involved in regulating ROS homeostasis [69]. The expression of GhAPX1
at 5 DPA in the � mutant ovule was much lower than that of the wild type, and application of H2O2

induced GhAPX1 expression to promote �ber elongation. Enzyme activity and H2O2 content assays
showed that APX members except GhAPX1 were mainly involved in the late development of �bers (30
DPA) [70]. GhPOX1 encodes a class III peroxidase that functions during �ber elongation by mediating
ROS production [71]. Studies have shown that homeostasis the H2O2 and redox level is the core
mechanism leading to inhibition of �ber initiation or elongation [72]. Increased hydrogen peroxide content
was detected in 5 DPA ovules of cotton, and H2O2 could promote fuzz �ber initiation in vivo [73]. In the
present study, we found that a portion of the fuzz �ber initiation-related candidate genes were
signi�cantly enriched in the oxidative stress response pathway, in which two hydrogen peroxide
scavenging enzyme genes, GbPrx52 and GbRCI3, were found. In Arabidopsis, AtPrx52 is involved in lignin
synthesis as a hydrogen peroxide scavenging enzyme, while AtRCI3 is primarily involved in tolerance
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regulation under various abiotic stresses [74, 75]. In this study, the content of H2O2 and antioxidant
enzymes activity at 4 DPA in the HT environment were lower than that in LT environment, indicating that
the ROS level in the HT environment was maintained at a suitable state for the fuzz �ber initiation
development, and the ROS homeostasis of LT environment may be disrupted to a certain extent, which
may lead to the failure of the fuzz �ber initiation development. In summary, it is believed that the ROS
homeostasis regulation must play a key role in fuzz �bers initiation stage.

Conclusions
This study emphasized that thermal stimulus has a signi�cant effect on lint and fuzz �ber development,
and validated the regulatory model that temperature determines the fuzz �ber initiation of G. barbadense.
Low temperature could inhibite the fuzz �ber initiation and delay the lint �ber development, while high
temperature could relieve the negative effects of low temperature on these phenotypes. Through
comparative transcriptome analysis, a large number of DEGs (9667) involved in both �ber development
and temperature response were identi�ed, and three expression patterns closely related to the different
development of the �bers were obtained, of which the genes in SC6 were differentially expressed between
the two temperature environments during the fuzz �ber initiation. Functional enrichment analysis
indicated that DEGs involved in asparagine biosynthetic process, cell wall synthesis and stress response
were related to the fuzz �ber initiation induced by high-temperature. Transcription factors, plant hormone
signals and ROS homeostasis maintenance may also be potentially involved in fuzz �ber initiation.
These �ndings can better help us understand the morphology and molecular mechanism of fuzz �ber
initiation regulated by high temperature.

Materials And Methods

Plant materials and temperature treatments
A total of 121 G. barbadense cultivars (provided by the Cotton Research Institute of the Chinese Academy
of Agricultural Sciences) were used to investigate the effects of different environment on fuzz density
and lint �ber quality. A cultivar named L7009 (provided by Zhejiang Agriculture and Forestry University)
was used to evaluate the effects of temperature on fuzz density and �ber quality. We simulated the high
temperature environments with 25°C in the day and 20°C at night, and the low temperature environments
with 36°C in the day and 28°C at night. Both environments had the same photoperiod (15 h light and 9 h
dark) and light intensity. First, we transplanted the three-leaf seedlings into �owerpots with one plant per
pot and then transferred them to the greenhouse. When it came to full-bloom stage, 120 cotton plants
were equally divided into two groups and transferred into high and low temperature environment,
respectively. Dated cards were hanged on the �owers, and the �owers in the HT environment were
arti�cially pollinated everyday. When transferred into the cotton growing rooms on the 15th day, ovules of
0 to 7 DPA in the two environments were separately collected and stored in liquid nitrogen. Each
biological replicate at each stage came from a mixed sample of three bolls. The seeds were harvested
when the cotton bolls were split and dried. The seeds and lint �bers were manually separated, the fuzz
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density was investigated, and the �ber quality was measured. To reveal the time when fuzz �ber initiation
occurred, we planted another batch plants of the L7009 cultivar, and the management was the same as
the previous batch. To accurately track the temperature changes sensed by each seed during �ber
development, we numbered sixty plants in each environment and dated cards were hanged on the �owers
every day. After ten days cotton plants from two environments were exchanged. The �owers that
bloomed on the day of changing the growing environment were recorded as 0 days after transfer (DT).
The �ower that bloomed on the day before changing the growing environment was recorded as 1 DT, and
�ower that bloomed on the �rst day after changing the growth environment was recorded as -1 DT.
Flowers that bloomed every day were tagged with dated cards.

Ovule samples preparation for SEM analysis
Ovule samples collected from HT and LT environments were immersed in electron microscope �xative
and vacuumed. The �xed samples were rinsed with 0.1M phosphate buffer PB ((PH7.4) for 3 times. The
samples were �xed with 1% osmium·0.1M phosphate buffer PB (PH7.4) at room temperature (20℃) for
1~2 h, and then rinsed with 0.1M phosphate buffer PB (PH7.4) for 3 times. The samples were
successively dehydrated with 30% to 100% alcohol solution for 15 minutes intervals, and then dehydrated
with isoamyl acetate for 15 minutes. After critical point drying and ion sputtering, the sample was
observed by scanning electron microscope (SEM).

Fuzz phenotype determination and �bre quality measurement
The fuzz density of seeds was classi�ed into eight grades by visual inspection. The seeds with a score of
"0" were fuzzless, and the seeds with a score of "3.5" were covered with dense fuzz �bers. The fuzz
density score was used to quantitatively characterize the fuzz phenotype of the seeds, and it was
measured in the same way as previously reported [76]. After the �ber and seed were separated manually,
the seed size (SS), fuzz density (FD) and the hundred-grain weight (HGW) were determined, respectively.
The lint �ber samples were sent to the Center of Cotton Fibre Quality Inspection and Testing, Chinese
Ministry of Agriculture (Anyang, Henan province, China) for �ber quality testing, including High Volume
Instrument (HVI) analysis and Advanced Fiber Information System (AFIS) analysis.

Determination of physiological and biochemical phenotype
Data analysis showed that some of the genes potentially related to fuzz �ber initiation were involved in
stress response and ROS homeostasis, so the activities of SOD, POD, CAT and APX were determined, and
the contents of H2O2 and oxygen free radical (OFR) were also measured. L7009 ovules were collected
from HT and LT environments at three time points based on RNA-seq sampling time, and frozen in liquid
nitrogen for later use. The six physiological and biochemical indexes were all determined according to the
manufacturer's protocol of assay kits (Comin Biotech, Suzhou, China).
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Transcriptome sequencing and data analysis
Ovules of 1, 4, and 7 DPA were collected from HT and LT and conserved in liquid nitrogen, with two
biological replicates per treatment. The RNA extraction kit was then used to extract the total RNA
according to its standard procedure. RNA purity was measured with a NanoDrop 2000
microspectrophotometer, its concentration was measured with an Agilent 2100 Bioanalyzer, and integrity
was monitored with an Agilent RNA 6000 Nano Kit. The cDNA libraries construction and transcriptome
sequencing were completed by Annoroad Gene Technology. The company used the PE150 sequencing
method of Illumina HiSeq 4000 sequencing platform to complete the sequencing project and feed raw
data back to us for further analysis. The clean data were obtained from the raw reads after removing the
adaptor sequences and low-quality reads. High-quality sequences were aligned with the latest version
genome of G. barbadense, which can be available at http://ibi.zju.edu.cn/cotton. The FPKM value of each
gene in each sample was obtained by Cu�inks software. Genes with FPKM < 0 were removed, and genes
with FPKM ≥ 1 in at least one sample were de�ned as expressed genes. Pearson correlation coe�cient
analysis and principal component analysis were performed with all FPKM > 0 genes. The edgeR package
of R software was used to analyze the differentially expressed genes, and the genes with |Log2FC| ≥ 1
and p-value < 0.01 were assigned as differentially expressed. The Mfuzz program of R software was used
for clustering analysis. GO and KEGG were used for functional annotation and pathway enrichment
analysis of genes in important modules. The interaction relationship of genes with membership ≥ 0.70 in
each module was obtained from the STRING database (https://string-db.org/), and the interaction
relationship was imported into Cytoscape to construct a co-expression network diagram.

Validation of RNA-Seq data by qRT-PCR
Total RNA was extracted with RNAprep Pure Plant Plus Kit (Polysaccharides & Polyphenolics-rich). The
�rst strand of cDNA was synthesized using RNA and PrimeScriptTM II 1st Strand cDNA Synthesis Kit. All
qRT-PCR primers were designed using Oligo7 software and synthesized by Sangon Biotech (Shanghai)
Co., Ltd .. The GbUBQ7 was used as a reference gene. Follow the system and procedures recommended
by the UltraSYBR Mixture (Low ROX) instructions. qRT-PCR was perfomed on an 7500 real-time PCR
system. The relative expression of genes was analyzed by 2-△△CT method. The experiment was
performed in three biological replicates, with three technical replicates in each biological replicate.
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Supplementary Files Legend
Additional �le 1: Figure S1. Visual grading of fuzz density.

Additional �le 2: Figure S2. Correlation between �ber quality and fuzz density. The correlation coe�cient
is given by r-value, and the correlation signi�cance is marked by p-value. The data came from 121
samples of island cotton planted in Sanya, Hainan province in 2016. The �ber quality was measured by
High Volume Instrument (HVI), and the fuzz density was graded by manual visual measurement.

Additional �le 3: Table S1. The p-value matrix for the comparisons between the same and different
treatments.

Additional �le 4: Figure S3. Cotton �ber quality developed in development temperature environments
measured by AFIS and HVI. Twelve �ber quality traits measured by Advanced Fiber Information System
(AFIS): Length_w (length based on weight), Length_n (length based on number), SFC_w (short �ber
content based on weight), SFC_n (short �ber content based on number), UQL (upper quartile length),
Fineness, MR (mature ratio), IFC (Immature �ber content), FNC (�ber neps content), FNS (�ber neps size),
SCNC (seed coat neps content), and SCNMS (seed coat neps mean size). The �ber quality trait of
Uniformity and FE (�ber elongation) measured by HVI. Three seed traits, such as HGW (100-grain weight),
SS (seed size), and FP (fuzz percentage), were determined by arti�cial methods. The signi�cant
difference was represented by p-value.

Additional �le 5: Table S2. Alternative splicing prediction and novel genes annotation.

Additional �le 6: Table S3. All expressed genes with FPKM value ≥ 1.

Additional �le 7: Figure S4. Venn diagram of differentially expressed genes (DEGs) from low temperature
(LT), high temperature (HT) and the comparison between different temperatures (HL). The overlapping
parts of the different ellipses represent the number of DEGs common to these comparison groups. The
gene sets labelled with orange number represent genes that involved in both temperature response and
�ber development.

Additional �le 8: Figure S5. Clusters of expression patterns of DEGs involved in both temperature
response and �ber development. The change of expression level is shown after Z-score conversion. The
Mfuzz program of R software was used for clustering analysis.

Additional �le 9: Table S4. The enriched GO terms of the three clusters.

Additional �le 10: Figure S6. Treemap of cellular component and molecular function GO-terms found in
three clusters. In each treemap, rectangles represent signi�cant GO-terms. GO-terms sharing the same
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color belong to the same GO superclusters whose names are labelled in white color. The sizes of
rectangles re�ect the relative corrected p-value (the larger the rectangle, the more signi�cantly the GO-term
was).

Additional �le 11: Table S5. KEGG enrichment of genes in the three clusters.

Additional �le 12: Table S6. Differentially expressed transcription factors of three clusters.

Additional �le 13: Table S7. DEGs involved in plant hormone signal transduction pathway in the three
clusters.

Additional �le 14: Table S8. Primers for qRT-PCR

Additional �le 15: Figure S7. The relative gene expression of sixteen randomly selected genes examined
by qRT-PCR. Correlation coe�cients between RNA-seq data and qRT-PCR expression data were
correspondingly represented by r-values. All values were shown with mean ± SE.

Additional �le 16: Table S9. Pearson correlation between the nine Mfuzz clusters.

Figures
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Figure 1

Dynamic change of fuzz density and veri�cation of environmental factor. (a) The change of fuzz density
between the three natural environments. Fuzz density with seven levels and percentages of
corresponding cultivars are shown. The width of the strip indicates the number of varieties. (b) Statistics
of daily minimum temperature during the three-year �owering period in the three natural environments.
Daily minimum temperature is divided into two groups of 24~36℃ and 15~22℃, which represent the
number of high temperature days and low temperature days, respectively. (c) Real-time temperature
monitoring of arti�cial climate chamber. (d) Fuzz density in HT and LT environments. The number of
seeds investigated at HT and LT was n = 64 and n = 57, respectively. The number of asterisks represents
a signi�cant level (***, p < 0.001).
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Figure 2

Validation the time of fuzz �ber initiation. After being moved from HT to LT, the dynamic variation of fuzz
density with time (a), and the signi�cant difference of fuzz density between different treatment depths
(b). After being moved from LT to HT, the dynamic variation of fuzz density with time (c), and the
signi�cant difference (p-value) matrix of fuzz density between different treatment depths (d).
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Figure 3

Impact evaluation of different temperatures on developing ovules, fuzz density and �ber quality. (a)
Scanning electron microscopy of ovules and corresponding epidermal �bers affected by high and low
temperatures during fuzz �ber development. Scale bar: 500 μm (the �rst two columns of the �rst row and
the third row); 1 mm (the third column of the �rst row); 200 μm (the second and fourth rows). Rows two
and four are enlarged versions of the SEM images on rows one and three, respectively. (b) Mature seeds
developed in high (Temp > 28℃, n = 191) and low (Temp < 25℃, n = 311) temperature environments. (c)
The �ber quality of �ber length (FL), �ber strength (FS) and Micronaire developed under high and low
temperature environments measured by HVI system.
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Figure 4

Relationship between transcriptome samples and loop comparison of DEGs within and between HT and
LT. (a) Cluster dendrogram and correlation coe�cient heatmap based on normalized FPKM values of
expressed genes. (b) PCA analysis of transcriptome data from 12 samples. The dots in the bisque
background represent samples from the HT environment, and the dots in the powderblue background
represent samples from the LT environment. (c) Loop comparisons of the differentially expressed genes
within and between the two environments at three stages during fuzz �ber development. Samples are
represented by stage numbers with environmental pre�xes, such as H1 and L1, which represent ovules of
1 DPA in HT and LT, respectively. The red numbers indicate the up-regulated genes, and the blue numbers
indicate the down-regulated genes. (d) Venn diagram of up-regulated DEGs (upper) and down-regulated
DEGs (lower) within and between HT and LT at different stages or at the same stages.
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Figure 5

Hierarchical cluster analysis of DEGs. (a) Heatmap of the expression pro�les of 9667 DEGs participating
in both temperature response and �ber development. The color scale represents the Z-score of the gene
expression level. (b) Trend analysis of genes in the three clusters related to �ber and fuzz development.
(c) KEGG pathway enrichment analysis of the three clusters related to �ber development. The color scale
on the left of the heatmap represents different levels of signi�cance.

Figure 6
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PPI network analysis of the genes in speci�c module. (a) PPI network based on co-expressed genes in
cluster 7. The larger the circle, the more genes that interact with it in the module. The circles with gradient
colors represent the hub genes, and their names are highlighted in bold. (b) Treemap of BP GO-terms
found in the PPI network. Each rectangle represents a single cluster of related terms. Related GO terms
are clustered together in superclusters of the same color. The size of each rectangle is adjusted to re�ect
the p-value of the enrichment of the GO terms.

Figure 7

Treemap of BP GO terms found in the three clusters. Each rectangle represent a signi�cant GO-term.
Related GO terms are clustered together in superclusters of the same color and supercluster names are
labelled in white. The sizes of rectangles are adjusted to re�ect the relative corrected p-value.
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Figure 8

Heatmap of the genes potentially related to �ber development.
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Figure 9

Antioxidant enzyme activities and ROS levels under different temperature environments during early �ber
development. The height of the bar represents the mean value, and the error bar represents mean ± SE.

Figure 10

Validation of the RNA-seq data by qRT-PCR. (a) Heat map of RNA-seq data and qRT-PCR data of 16
selected genes from three clusters. (b) Correlation between RNA-seq data (FPKM) and qRT-PCR results (2-
△△Ct) of 16 selected genes. Scatter points represent the fold-changes in expression levels at 4 DPA
compared with 1 DPA. The R2 value represents the correlation between RNA-seq data and qRT-PCR
results.
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