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Abstract
Background

Naturally colored cotton has become increasingly popular because of their natural properties of color, UV
protection, �ame retardant, antibacterial activity and anti-mildew. But poor �ber quality and restricted color choices
are two key issues that have limited the cultivation of naturally colored cotton. To identify the possible pathways
participating in �ber pigmentation in naturally colored cottons, three differently colored cottons (with green, brown
and white colored �ber) were chosen for a comprehensive analysis of phenylpropanoid metabolism during �ber
development.

Results

The expression levels of �avonoid biosynthesis pathway genes in brown cotton �bers were signi�cantly higher
than in white and green cotton �bers. Total �avonoids and proanthocyanidin (PA) were high in brown cotton �bers
but low in white and green cotton �bers, which suggested that �avonoid biosynthesis pathway might not
participate in the pigmentation of green cotton �bers. Further expression analysis indicated that genes encoding
enzymes for the synthesis of caffeic acid derivatives, lignin and lignan were activated in 10 DPA (days post-
anthesis) and 15 DPA �bers of green cottons.

Conclusions

Our results strengthen the understanding of phenylpropanoid metabolism and pigmentation in different colored
cottons, and may provide strategies for improving the breeding of green and brown cottons.

1. Background
Cotton as the world’s most important natural textile crop shares more than one third of the world textile �ber
market, playing a signi�cant role in the world economy (Ma et al. 2018). Naturally colored cottons (NCC) refer to
the cotton varieties that have natural color and can be directly used for colored products processing (Günaydin et
al. 2019; Matusiak and Frydrych, 2014; Rathinamoorthy and Parthiban, 2017). It is also called “5C cotton” (cotton,
color, charming, certi�cation, and care) (Zhang et al. 2011). As a peculiar type of cotton varieties, colored cotton
has the characteristics of UV protection (Crews and Hustvedt, 2005), �ame retardancy (Hinchliffe et al. 2016),
antibacterial activity (Chen and Cluver, 2010). It requires fewer dyeing in the textile production process, satisfying
consumers' advocation of natural and health-conscious consumer products. The International Committee on
Organic Agriculture predicts that 30% of the total global cotton production will be replaced by colored cotton and
organic cotton in the next 30 years, and NCC �ber will be a valuable commodity in the textile market (Günaydin et
al. 2019; Hinchliffe et al. 2016; Rathinamoorthy and Parthiban, 2017).

Accompanied by the growing demands for NCC products, there has been no corresponding increase in its
cultivation because of the tight association between natural color and poor �ber quality and low yield (Chen and
Cluver, 2010; Feng et al. 2015; Semi̇zer-Cumıng et al. 2015; Tu et al. 2014). Since brown and green are the major
two �ber colors in the NCCs production, the corresponding limited color choices for consumers has been another
major problem inhibiting the large-scale commercialization of NCC products (Blas-Sevillano et al. 2018). Therefore,
the chemical basis underpinning NCC colors and the control of the biosynthesis of associated pigments have
become key issues in NCC research.
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Over the past ten years, many studies have focused on the metabolic and transcriptional analyses and QTL
mapping of brown cotton �bers. Flavonoids are detected in the extractions of brown cotton �bers (Hua et al. 2007),
and the �avonoid biosynthesis pathway, especially proanthocyanidin (PA) biosynthesis, is activated during �ber
development of brown cottons (Feng et al. 2013; Liu et al. 2018; Tan et al. 2013; Xiao et al. 2014). QTL mapping
found six genetic loci (Lc1, Lc2, Lc3, Lc4, Lc5 and Lc6) which are associated with �ber colors of brown cottons,
and further studies showed that GhTT2-3A(Gh_A07G2341), a gene controlling PA biosynthesis, is a candidate gene
that was con�rmed by transgenic analysis to control �ber pigmentation of brown cotton (Hinchliffe et al. 2016;
Wen et al. 2018; Yan et al. 2018).

Therefore both metabolic and gene expression analyses show that the pigments in brown cotton �bers are PA or
PA derivatives (Feng et al. 2014; Xiao et al. 2014; Yan et al. 2018), while the pigments in green cotton �bers remain
uncertain. Some transcriptional and metabolic analyses support the view that flavonoids and their derivatives are
the dominant pigments in green cotton �bers (Hua et al. 2007; Liu et al. 2018; Yuan et al. 2012), but other analyses
suggest that caffeoyl residues are related to pigmentation in these �bers (Feng et al. 2017; Ma et al. 2015).
Proteomics-based analysis of green cotton �bers found the phenylocumaran benzylic ether reductase (PCBER), a
key enzyme in lignan biosynthesis, is speci�cally expressed in green cotton �bers, and the total lignan contents in
green cotton �bers are signi�cantly higher than in white cotton �bers (Li et al. 2018). Although the pigments in
green cotton �bers have not been de�nitively identi�ed, it is certain that phenylpropanoid metabolism plays a key
role.

To date, no studies have compared the entire phenylpropanoid metabolism in green and brown cotton �bers to
con�rm the associated pigmentation pathways. In this study, both brown and green colored cottons were
compared with white cotton as a control. The expression of phenylpropanoid pathway genes and the contents of
�avonoids and PAs in these 3 kinds of cotton �bers were analyzed. Our data may shed some light on the molecular
pathways underlying the differences between the �ber coloration of green and brown cottons.

2. Materials And Methods
2.1. Plant materials and growth conditions

Three different types of �ber color and �ve cotton genotypes were used in this study, and all these accessions
belong to Gossypium hirsutum. These include one accession with white �ber (YZ1), one accession with brown �ber
(T586/T, dark brown) and three accessions (G1, G2, G3) with green �ber. G1, G2, G3 were developed by crossing of
green cotton accessions with one white cotton accession. Plants were grown in parallel in a controlled greenhouse
(Wuhan, China) at a constant temperature of 28°C to 32°C under a 14 h day/10 h night photoperiod with identical
management practice. Cotton bolls were tagged on the day of flowering as 0 day post anthesis (0 DPA). Bolls were
harvested at 5-d intervals during the course of �ber development (0 DPA, 5 DPA, 10 DPA, 15 DPA, 20 DPA), and
frozen in liquid nitrogen immediately after removing the cotton shells. All samples were collected from 9:00-
11:00am to minimize potential variability associated with circadian rhythms. For 0 DPA and 5 DPA ovule samples,
whole ovules were ground into powder in liquid nitrogen. For 10 DPA, 15 DPA and 20 DPA, �bers were gently
knocked off ovules in liquid nitrogen, and seeds were removed with forceps. Then �bers were ground into powder
and stored at −80 °C until RNA and metabolite extraction.

2.2. Length measurement of cotton �bers
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Mature cotton bolls from similar fruit-bearing positions of individual plants were collected at the same time. The
middle two mature seeds from each ovary were speci�cally chosen for �ber length measurement and color
observation. The �ber length was measured with a ruler according to a previous report (Tang et al. 2014). For each
accession, at least 15 seeds were measured. Error bars represent the standard deviation (SD) of the mean.

2.3. Retrieval and identi�cation of phenylpropanoid metabolism genes from the cotton genome

The coding sequences (CDS) of phenylpropanoid metabolism genes from Arabidopsis (Table S1) were used as
BLAST queries against the Gossypium hirsutum L. TM-1 genome to identify all homologues to the query genes
using the COTTONGEN database (https://www.cottongen.org/blast/nucleotide/nucleotide) (Wang et al. 2019; Yu
et al. 2014). These sequences were then selected according to the annotation information and Fragments Per
Kilobase of transcript per Million fragments mapped (FPKM) values of these genes were downloaded. Genesis
software (Sturn et al. 2002) was used to generate heatmaps from the expression values.

2.4. RNA extraction and qRT-PCR analysis

Total RNA of cotton �ber samples (0 DPA, 5 DPA, 10 DPA, 15 DPA) was extracted using RNAprep Pure Plant Kit
(TIANGEN Biotech). For each sample, 2 mg of total RNA was reverse transcribed into cDNA using M-MLV reverse
transcriptase (Promega). For qRT-PCR analysis, 15 µL reactions for each sample were performed using SYBR
Green (Applied Biosystems) as �uorescent dye on an ABI 7500 Real-Time PCR System (Applied Biosystems) (Guo
et al. 2017). GhUB7 (GenBank: DQ116441.1) was used as the reference gene to normalize gene expression levels.
Primers were designed according to previous studies (Hu et al. 2018; Tan et al. 2013) and are listed in Table S2.
Three technical replicates were performed, and the error bars represented the standard deviations.

2.5. Determination of the total �avonoid content

The total �avonoid content was determined based on a previous method (Hu et al. 2018). In brief, approximately
100 mg �ber (precise weight recorded) for each sample was placed in 2 mL centrifuge tube. 1 mL of 80% (v/v)
methanol was added to extract the metabolites on a shaker at 4℃ overnight. The supernatant was collected after
centrifugation at 12 000 r·min -1, and the residual pellet was re-extracted with 1 mL of 80% (v/v) methanol. The
supernatants were combined and mixed thoroughly. 0.2 mL of the extract was mixed with 0.4 mL 0.1 mol·L-1

aluminum chloride (AlCl3) solution in a test tube, to which was added 0.6 mL 1 mol·L-1 potassium acetate (KAc)
solution. Then the mixture was diluted to 2 mL with 0.8 mL 80% (v/v) methanol and mixed thoroughly. After
standing for 30 min, the absorbance was immediately measured at 420 nm using a Multimode Plate Reader
(PerkinElmer). Rutin standard solutions were prepared as shown in Table S3 to make a standard curve.

2.6. Determination of the proanthocyanidin (PA) content

4-dimethylaminocinnamaldehyde (DMACA) was used to visualize PA in cotton �bers (Xiao et al. 2007). Mature
seeds with �bers were immersed in 6 mol·L-1 HCl/95% ethanol (v/v) containing 0.1% (w/v) DMACA solution for 10
min. Seeds immersed in 6 mol·L-1 HCl/95% ethanol (v/v) solution were used as control.

The PA content was measured according to a previously reported method with some modi�cations (Tan et al.
2013). Approximately 100 mg samples were extracted with 500 mL of 80% methanol, then shaken at 4°C for 12 h.
The residues were extracted with 500 mL of 80% (v/v) methanol again, and the two supernatants were combined
as the extract solution. 600 mL of 3 mol·L-1 HCl/80% methanol (v/v) containing 0.1% (w/v) DMACA solution were

https://www.cottongen.org/blast/nucleotide/nucleotide


Page 5/20

added to 40 mL extract solutions and mixed thoroughly. Place at room temperature for 20 min in the dark. The
absorbance was measured at 643 nm using a Multimode Plate Reader (PerkinElmer).

3. Results
3.1. Fiber phenotypic characterization of brown and green cottons

We collected four colored cotton accessions, including three accessions of green colored cottons (G1, G2, G3) and
one accession of brown colored cotton (T586/T). YZ1, one accession of white colored cotton was used as control.
The �ber color and length of these materials are shown in Fig. 1. The �ber color of the three green cotton
accessions is yellow-green, and similar to each other. Another feature of these three green cotton �bers is the
uneven coloration. The regions of the �bers near the base of the seed coat, which were wrapped inside, are dark
green, but �bers exposed to the outside exhibit a light green or even white. The brown cotton T586 (T) �ber colored
uniformly (Fig. 1A-B).

The �ber lengths of these three different colored cottons were measured, and white cotton YZ1 has the longest
�ber, with an average length of 27.9 mm. The length of three accessions of green cotton (G1, G2, G3) was similar
to each other but shorter than white cotton YZ1, with a length of about 24 mm. The brown cotton T586 (T) had
signi�cantly shorter �bers than white and green cottons, at a mean of 15.8 mm (Fig. 1B-C).

3.2. Expression analysis of �avonoid biosynthesis genes in brown and green cotton �bers.

Flavonoids are thought to be involved in the formation of NCC �ber pigments (Feng et al. 2014; Hua et al. 2007; Liu
et al. 2018; Tan et al. 2013; Yan et al. 2018). To investigate expression patterns, annotated �avonoid biosynthesis
genes in G. hirsutum genome were selected, and a heatmap for these genes in white cotton �ber was constructed
to illustrate transcriptional changes during �ber development (Fig. 2). All genes in the �avonoid biosynthesis
pathway had only one or two copies in each subgenome except CHS, which has 9 copies in the Dt subgenome and
8 copies in the At subgenome. Most genes of �avonoid biosynthesis pathway had a similar expression pattern,
being highly expressed at the �ber initiation stage (0 DPA, 5 DPA), and the expression levels decreased during �ber
development.

To reveal the relationship between endogenous �avonoid biosynthesis gene expression and �ber colors, the
expression levels of �avonoid biosynthesis pathway genes were analysed by qRT-PCR in NCC accessions (Fig. 3).
F3H was the most abundantly expressed gene in brown cotton �ber, and its expression gradually increased during
�ber development, with the highest expression level at 15 DPA. The stage with the highest F3H expression in green
cottons was 10 DPA and in white cotton was 5 DPA. Moreover, the expression of F3H in brown cotton �bers was 10
times higher than in white and green cotton �bers.

As the �rst key enzyme in the �avonoid biosynthesis pathway, CHS plays an extremely important role in �avonoid
metabolism. The expression of CHS in brown cotton �bers was the highest in 10 DPA �ber. Like F3H, the
expression level peak in green cottons was in 10 DPA and white cotton was 5 DPA. ANR can catalyze the synthesis
of PAs, and the corresponding gene was also found to be highly expressed in brown cotton �ber. ANR shows the
highest expression at 10 DPA in the brown �bers, and its expression level was 4-5 times higher than that in white
and green �bers.
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ANS is the downstream gene of �avonoid metabolism, catalyzing the synthesis of anthocyanins. ANS was highly
expressed in brown cotton �bers to a level of 4-5 times higher than that of white and green cotton �bers. Whether
anthocyanins are involved in brown �ber pigmentation remains to be explored. Nevertheless, the expression level
of �avonoid biosynthetic genes in brown cotton �bers was signi�cantly higher than in green and white cotton
�bers.

3.3. Endogenous �avonoid contents in brown and green cotton �bers

We measured the total �avonoid contents (TFCs) in the ovules and �bers from 5 DPA to 20 DPA to determine
whether they changed during the development of different colored �bers (Fig. 4A). White cotton and green cotton
�bers had similar trends in TFCs during different developmental stages. In these accessions, the TFCs
accumulated to the highest levels in 5 DPA ovule samples, about 8mg/g. In �bers, TFCs were the highest in 15 DPA
�bers. TFCs of all �ber samples were signi�cantly lower than in 5 DPA ovule samples. In contrast for brown �bers,
the total �avonoid contents in 10 DPA, 15 DPA and 20 DPA �bers were markedly higher than in 5 DPA ovule
samples. The TFCs concnetrations in 10 DPA �bers were the highest (35mg/g), and at 15 DPA �ber the levels
decreased sharply, but then increased again in 20 DPA �bers. Overall, the TFC contents in brown �bers were
signi�cantly higher than those of white and green �bers.

3.4. Proathocyanidin (PA) contents in brown and green cotton �bers.

To further investigate whether PA plays the same role in the pigmentation of green and brown cotton �bers, the PA
contents were measured. 4-dimethylaminocinnamaldehyde (DMACA) staining method, which gives a blue
coloration in the presence of PA, was employed to visualize PA in mature �bers. Brown cotton �bers showed the
presence of PA while white and green �bers showed no difference with controls (Fig. 5). These results suggested
that PA accumulated in mature brown cotton �bers, but not detectably in mature �bers of white and green cottons.

We also checked the PA contents in immature �bers (Fig. 4B-C). Like the results found for the total �avonoids, the
PA contents at different developmental stages in white and green cotton �bers were similar, but signi�cantly lower
than those in brown �ber samples. The highest PA content in brown cotton �bers was at 10 DPA, and PA contents
decreased slightly at 15 DPA and 20 DPA. In summary, signi�cantly higher level of PA was accumulated in brown
cotton than in green and white cottons.

3.5. Expression analysis of lignin and lignan biosynthesis pathway genes in brown and green cotton �bers.

The presence of caffeoyl and caffeoyl glycerides in extracts of green cotton �bers have been studied (Feng et al.
2017; Ma et al. 2015). Caffeic acid and caffeoyl-CoA are intermediate metabolites of lignin and lignan metabolism
(Davin and Lewis, 2000). Therefore, qRT-PCR was used to detect the expression levels of lignin and lignan
biosynthetic pathway genes in these three types of cotton �bers (Fig. 6).

PAL, C4H and 4CL are the most upstream genes in phenylpropanoid metabolism, and are involved in the synthesis
of not only �avonoids, but also lignin and lignan. The expression levels of PAL and C4H in brown �bers were
signi�cantly higher than those in white and green �bers. PAL and C4H transcripts accumulated to the highest
levels in 5 DPA samples of white cotton (Fig. 6, Table S4), but in 10 DPA �bers of green cottons. The expression
levels of these two genes in green �bers were slightly higher than in white �bers. The expression of 4CL in brown
�bers was higher than in ovules at 0 DPA and 5 DPA and than in white and green cotton �bers, but lower than in
green �bers at 10 DPA and 15 DPA.
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HCT is the �rst key enzyme in the lignin synthesis pathway. The expression of this gene in white and green �bers
was higher than in brown �bers, and the expression levels in G1 �bers were signi�cantly higher than in white �bers.
CCoAOMT and COMT are downstream genes in lignin metabolism, and in�uence the biosynthesis of monolignols,
which are further used to synthesize lignin or lignan. The green �bers showed a slightly higher expression of this
gene than brown or white �bers at 10 DPA and 15 DPA (Fig. 6). PCBER encodes a key enzyme in the metabolism of
lignan, and is a novel candidate gene that potentially is responsible for pigmentation in green cotton �bers (Li et al.
2018). Analysis of its expression in �bers showed that, similar to HCT, the expression levels of this gene were
higher in white cotton and green cotton �bers than in brown �bers (Fig. 7).

4. Discussion
4.1. Flavonoid accumulation is not a key determinant in green cotton �ber pigmentation

Green and brown cotton are the major two NCC types grown around the world. Determining the pigment
components of colored �bers is a key �rst step in breeding improved colored cotton cultivars. Most research has
been carried out on the pigmentation of brown cotton �ber, with little known about green �ber pigments. We
therefore chose 3 green cotton accessions, 1 brown cotton accession and 1 white cotton accession to study the
differences between these 3 type cottons. Unlike brown cotton, green cotton �bers colored unevenly (Fig. 1). Green
but not white or brown cotton �ber color changed when treated with 6 mol·L-1 HCl/95% ethanol solution (Fig. 5),
likely due to the instability of the green �ber pigments. Previous studies have shown the color of green cotton �ber
was easily changed by oxidants, reductants, metallic ions, alkalis, UV exposure and high temperature (Günaydin et
al. 2019; Zhang and Hu, 2003). All these results suggested that the �ber pigment components of brown and green
cotton are different.

Flavonoids are one of the three major plant pigments, including six major subgroups such as chalcones,
anthocyanins and proanthocyanins. Intensive biochemical and transcriptomics analyses have indicated that
�avonoid biosynthesis, and especially PAs biosynthesis and accumulation, plays a key role in the coloration of
brown cotton �bers (Feng et al. 2014; Gong et al. 2014; Li et al. 2013; Yan et al. 2018). In agreement with previous
studies, we found that �avonoid metabolism was transcriptionally activated in brown cotton �bers, and high levels
of �avonoids were synthesized during �ber development (Fig. 2 - Fig. 5).

The relationship between green �ber pigmentation and �avonoids is still controversial. Flavonoids have been
found to be the dominant pigment in green cotton �bers by measuring the �avonoids content during �ber
development in previous work (Hua et al. 2007; Yuan et al. 2016). Further study found PAs were not the pigments
in green cotton �bers based on DMACA staining (Li et al. 2018). But a recent study about transcriptomic and
transgenic analyses of green and brown cotton suggested that the �avonoid biosynthetic pathway controls green
�ber pigmentation (Liu et al. 2018).

Our results found that differences in the �avonoid metabolism between green and white �bers were not as
signi�cant as between brown and white �bers (Fig. 2 - Fig. 5). The expression levels of �avonoid metabolism
genes in green �bers were similar to those in white �bers and signi�cantly lower than in brown �bers (Fig. 3), which
was consistent with the measurement of �avonoid contents (Fig. 4 - Fig. 5). The measurement of PA contents and
DMACA staining of green �bers also indicated that PA was not the accumulated pigment in green �bers. These
results suggest that �avonoids are not the key determinant of pigmentation in green cotton �bers.
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4.2. Lignin and lignan biosynthesis pathways were slightly activated at the transcriptional level during the
development and coloration of green cotton �bers.

Caffeic acid is a key intermediate in the biosynthesis of lignin and lignan (Davin and Lewis, 2000)and caffeic-acid
derivatives have been detected in green cotton �bers (Feng et al. 2017; Ma et al. 2015; Schmutz et al. 1993;
Schmutz et al. 1994). Furthermore, colored cotton �bers have been found to contain more lignin and lignan than
white cotton �bers (Ioelovich and Leykin, 2008; Li et al. 2018). However, the comparison of lignin contents in green
cotton and brown cotton �bers depends on the variety tested. Some brown cotton �bers contained higher total
lignin contents than green cotton �bers (Morais Teixeira et al. 2010), but some are exactly the opposite (Ioelovich
and Leykin, 2008).

We checked the expression levels of six key genes involved in caffeic acid and lignin biosynthesis to gain insights
into whether this pathway participates in green �ber development. The phenylpropanoid pathway was signi�cantly
up regulated in brown �bers compared with white and green �bers (Fig. 6), consistent with previous reports. The
expression levels of PAL and C4H in brown �bers were markedly higher than in white and green �bers. However, the
expression of genes for the metabolic �ux to lignin biosynthesis was similar or slightly lower than in white and
green �bers, implying that a large amount of phenylpropanoid metabolism is directed to �avonoids in brown �bers.

Although most of the caffeic-acid and lignin and lignan biosynthesis genes in green �bers did not exhibit
noticeably increased expression compared with white and brown �bers, they did have a slightly higher expressions
during some stages of �ber development. C4H, 4CL, HCT are the enzymes directly responsible for caffeic acid and
caffeoyl-CoA synthesis (Vanholme et al. 2012). At 10 DPA and 15 DPA, the expression levels of C4H, 4CL in green
�bers were higher than in white �bers, and the green accession G1 had a signi�cantly higher expression of HCT at
10 DPA and 15 DPA (Fig. 6). A similar situation also was seen for lignan metabolism. 15 DPA is the point of
secondary cell wall biosynthesis, and also an important stage for the initiation of pigmentation in colored cotton
�bers (Kim, 2015; Yuan et al. 2012). Our results indicate that caffeic acid derivatives, and lignin and lignan
biosynthesis pathways are activated during the development and coloration of green �bers, which may explain
why green �bers have a higher lignan and caffeic acid derivatives contents than white �bers. Detailed biochemical
and transcriptional systems biology analyses should be carried out to investigate the precise roles of the caffeic
acid derivatives, lignin and lignan in the pigmentation of green cotton �bers.

Suberin is an analogous biopolymer of cutin found in some specialized plant cell walls(Cohen et al. 2017; Graca,
2015) . It is composed of very long chain aliphatic acid derivatives, glycerol, and linked with phenolics and
embedded waxes. Typically, the phenolic components are ferulic acid, caffeic acid, coumaric acid and monolignol
derivatives (Cohen et al. 2017; Vishwanath et al. 2015), which are derivatives of phenylpropanoid metabolism.

Interestingly, electron microscope thin sections of cotton �bers revealed that suberin lamellae are only found in the
cell wall of green cotton �bers (Ryser et al. 1983). Caffeic acid and glycerol have been detected in extracts of green
�bers, and presence of these two chemicals in the suberin of green �ber has been con�rmed in subsequent studies,
leading to the proposal that they may be the pigments in green �bers (Schmutz et al. 1996). By comparing the
previous studies on the location of pigments and suberin lamellae in green cotton �bers and surprisingly, we found
both are deposited in alternating layers with cellulose in the secondary cell walls of �bers (Ryser et al. 1983; Zhang
et al. 2011). Suberin lamellae must therefore be a key feature of green cotton �bers that is involved in �ber
coloration.
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Since some caffeic acid derivatives have a yellow-green color and have been detected in extracts of green �bers
(Feng et al. 2017), caffeic acid derivatives are likely to be some of the pigments in green �bers. Monolignol
derivatives and lignan might act as structural components of suberin. So far, few studies have focused on this
particular cell wall structure as compared with other components in plant cell walls. More effort is needed in this
area and on the relationship between the suberin lamellae and lignin and lignan. A comprehensive research effort
on suberin lamellae will greatly assist in understanding the control of green cotton pigmentation and inform �ber
quality breeding in green cotton cultivars.

5. Conclusions
For the �rst time, a comprehensive analysis of phenylpropanoid metabolism during three differently colored
cottons (three with green, one with brown and one with white colored �ber) �ber development have been carried out
in this work. The expression levels of �avonoid structural genes were signi�cant higher, and the endogenous total
�avonoids and PA were highly accumulated in brown cotton �bers than white cotton �bers during the �ber
development, but not in green cotton �bers. So, �avonoid is not a key determinant in green cotton �ber
pigmentation. Compared with white cotton �bers, the lignin and lignan biosynthesis were activated in 10DPA and
15DPA �bers of green cottons.

Declarations
Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Availability of data and materials

Not applicable.

Competing interests

The authors declare no con�ict of interest.

Funding

This work was �nancially supported by the National Natural Science Foundation of China (31471540) and
National Transgenic Plant Research of China (2016ZX08005-001) to X.Z. This project was also supported by the
Fundamental Research Funds for the Central Universities (2662017JC030). Funding was also provided by Science
and Technology Innovation Talent program (2020CB017), Scienti�c and Technological Breakthrough and
Achievement Transformation Projects of Xinjiang Production and Construction Corps (2016AC027), and Scienti�c
Research Project of Shihezi (2016HZ09) to C.Y.

Author information

LI Zhonghua



Page 10/20

Email: zhonghuali@webmail.hzau.edu.cn

Post code: 430070

SU Qian

Email: sssuqian@163.com

Post code: 430070

XU Mingqi

Email: xumingqi@webmail.hzau.edu.cn

Post code: 430070

YOU Jiaqi

Email: jiaqiyou@webmail.hzau.edu.cn

Post code: 430070

KHAN Anam Qadir

Email: anamhemud@hotmail.com

Post code: 430070

LI Junyi

Email: ljy1655981924@163.com

Post code: 430070

ZHANG Xianlong

Email: xlzhang@mail.hzau.edu.cn

Post code: 430070

*Author for correspondence

TU Lili

Email: lilitu@mail.hzau.edu.cn

Post code: 430070

YOU Chunyuan

Email: xjycy99@126.com

mailto:zhonghuali@webmail.hzau.edu.cn
mailto:sssuqian@163.com
mailto:xumingqi@webmail.hzau.edu.cn
mailto:jiaqiyou@webmail.hzau.edu.cn
mailto:anamhemud@hotmail.com
mailto:ljy1655981924@163.com
mailto:xlzhang@mail.hzau.edu.cn
mailto:lilitu@mail.hzau.edu.cn
mailto:xjycy99@126.com


Page 11/20

Post code: 832000

Author’s contributions

You CY, Tu LL and Zhang XL conceived and designed the project. You CY provided green cotton. Li ZH and Li JY
managed and collected �ber samples and performed experiments. Li ZH, Su Q and Xu MQ analysed the qRT-PCR
results. You JQ modi�ed the heatmap. KHAN AQ contributed to project discussion. Li ZH wrote the manuscript
draft, Tu LL and Zhang XL revised the manuscript.

Acknowledgments

We are grateful for Dr. Keith Lindsey for his time and support in supervising the writing of the manuscript.

References
1. Blas-Sevillano RH, Veramendi T, La Torre B, Velezmoro-Sánchez CE, et al. Physicochemical characterization of

several types of naturally colored cotton �bers from Peru, Carbohydr Polym. 2018;197:246-252.
https://doi.org/10.1016/j.carbpol.2018.06.006.

2. Chen HL, Cluver Biodegradation and mildew resistance of naturally colored cottons, Text Res J. 2010;80:2188-
2194. https://doi.org/10.1177/0040517510376264.

3. Cohen H, Szymanski J, Aharoni A, Dominguez E. Assimilation of 'omics' strategies to study the cuticle layer
and suberin lamellae in plants, J Exp Bot. 2017;68:5389-5400. https://doi.org/10.1093/jxb/erx348.

4. Crews PC, Hustvedt G. The ultraviolet protection factor of naturally-pigmented cotton, J Cotton Sci. 2005;9:
47–55. https://www.cotton.org/journal/2005-09/1/47.cfm.

5. Davin LB, Lewis NG. Dirigent proteins and dirigent sites explain the mystery of speci�city of radical precursor
coupling in lignan and lignin biosynthesis, Plant Physiol. 2000;123:453-462.
https://doi.org/10.1104/pp.123.2.453.

�. Feng H, Tian X, Liu Y, Li Y, et al. Analysis of �avonoids and the �avonoid structural genes in brown �ber of
upland cotton, PloS One. 2013;8:e58820. https://doi.org/10.1371/journal.pone.0058820.

7. Feng H, Li Y, Wang S, Zhang L, et al. Molecular analysis of proanthocyanidins related to pigmentation in brown
cotton �bre (Gossypium hirsutum), J Exp Bot. 2014;65:5759-5769. https://doi.org/10.1093/jxb/eru286.

�. Feng H, Guo L, Wang G, Sun J, et al. The negative correlation between �ber color and quality traits revealed by
QTL analysis, PloS One. 2015;10:e0129490. https://doi.org/10.1371/journal.pone.0129490.

9. Feng H, Yang Y, Sun S, Li Y, et al. Molecular analysis of caffeoyl residues related to pigmentation in green
cotton �bers, J Exp Bot. 2017;68:4559-4569. https://doi.org/10.1093/jxb/erx281.

10. Gong W, He S, Tian J, Sun J, et al. Comparison of the transcriptome between two cotton lines of different �ber
color and quality, PloS One. 2014;9:e112966. https://doi.org/10.1371/journal.pone.0112966.

11. Graca. Suberin: the biopolyester at the frontier of plants, Front Chem. 2015;3:62.
https://doi.org/10.3389/fchem.2015.00062.

12. Günaydin GK, Avinc O, Palamutcu S, Yavas A, et al. Naturally colored organic cotton and naturally colored
cotton �ber production, in: M. Gardetti, S. Muthu (Eds), Organic Cotton, Springer, Singapore, 2019, pp. 81-99.
https://doi.org/10.1007/978-981-10-8782-0.

https://xs.scihub.ltd/https:/doi.org/10.1016/j.carbpol.2018.06.006
https://doi.org/10.1177%2F0040517510376264
https://doi.org/10.1093/jxb/erx348
https://www.cotton.org/journal/2005-09/1/47.cfm
https://doi.org/10.1371/journal.pone.0058820
https://doi.org/10.1093/jxb/eru286
https://doi.org/10.1371/journal.pone.0129490
https://doi.org/10.1093/jxb/erx281
https://doi.org/10.1371/journal.pone.0112966
https://doi.org/10.3389/fchem.2015.00062


Page 12/20

13. Guo K, Tu L, He Y, Deng J, et al. Interaction between calcium and potassium modulates elongation rate in
cotton �ber cells, J Exp Bot. 2017;68:5161-5175. https://doi.org/10.1093/jxb/erx346.

14. Hinchliffe DJ, Condon BD, Thyssen G, Naoumkina M, et al. The GhTT2_A07 gene is linked to the brown colour
and naturally �ame retardancy phenotypes of Lc1 cotton (Gossypium hirsutum) �bres, J Exp Bot.
2016;67:5461-5471. https://doi.org/10.1093/jxb/erw312.

15. Hu Q, Min L, Yang X, Jin S, et al. Laccase GhLac1 modulates broad-spectrum biotic stress tolerance via
manipulating phenylpropanoid pathway and jasmonic acid synthesis, Plant Physiol. 2018;176:1808-1823.
https://doi.org/10.1104/pp.17.01628.

1�. Hua S, Wang X, Yuan S, Shao M, et al. Characterization of pigmentation and cellulose synthesis in colored
cotton �bers, Crop Sci. 2007;47:1540-1546. https://doi.org/2135/cropsci2006.12.0835.

17. Ioelovich M, Leykin A. Structural investigations of various cotton �bers and cotton celluloses, BioResources.
2008;3:170-177.
https://ojs.cnr.ncsu.edu/index.php/BioRes/article/view/BioRes_03_1_0170_Ioelovich_L_Structure_Cotton/104.

1�. Kim HJ. Fiber Biology, in: D.D. Fang, R.G. Percy (Eds) Cotton, 2nd edn. Agronomy monograph. American
Society of Agronomy, Crop Science Society of America, and Soil Science Society of America, Madison, WI,
2015, pp. 97–127. https://doi.org/2134/agronmonogr57.2013.0022.

19. Li YJ, Zhang XY, Wang FX, Yang CL, et al. A comparative proteomic analysis provides insights into pigment
biosynthesis in brown color �ber, J Proteomics. 2013;78:374-388. https://doi.org/10.1016/j.jprot.2012.10.005.

20. Li YJ, Sun SC, Zhang XY, Wang XF, et al. New clues concerning pigment biosynthesis in green colored �ber
provided by proteomics-based analysis, J Integr Agric. 2018;17:46-53. https://doi.org/10.1016/S2095-
3119(17)61692-7.

21. Liu HF, Luo C, Song W, Shen H, et al. Flavonoid biosynthesis controls �ber color in naturally colored cotton,
Peer J. 2018;6:e4537. https://doi.org/10.7717/peerj.4537.

22. Ma M, Hussain M, Memon H, Zhou W. Structure of pigment compositions and radical scavenging activity of
naturally green-colored cotton �ber, Cellulose. 2015;23:955-963. https://doi.org/10.1007/s10570-015-0830-9.

23. Ma Z, He S, Wang X, Sun J, et al. Resequencing a core collection of upland cotton identi�es genomic variation
and loci in�uencing �ber quality and yield. Nat Genet. 2018;50:803-813. https://doi.org/10.1038/s41588-018-
0119-7.

24. Matusiak M, Frydrych I. Investigation of naturally coloured cotton of different origin – analysis of �bre
properties, Fibres Text East Eur. 2014;22: 34-42. http://www.�btex.lodz.pl/article1336.html.

25. de Morais Teixeira E, Corrêa AC, Manzoli A, de Lima Leite F, et al. Cellulose nano�bers from white and naturally
colored cotton �bers, Cellulose. 2010;17:595-606. https://doi.org/10.1007/s10570-010-9403-0.

2�. Rathinamoorthy R, Parthiban M. Colored cotton: Novel eco-friendly textile material for the future, in: Martínez
L, Kharissova O, Kharisov B (Eds), Handbook of Ecomaterials, Springer Cham, Switzerland, 2017, pp. 1-21.
https://doi.org/10.1007/978-3-319-48281-1.

27. Ryser U, Meier H, Holloway PJ. Identi�cation and localization of suberin in the cell walls of green cotton �bres
(Gossypium hirsutum, var. green lint). Protoplasma. 1983;117:196-205. https://doi.org/10.1007/BF01281823.

2�. Schmutz A, Jenny T, Amrhein N, Ryser U. Caffeic acid and glycerol are constituents of the suberin layers in
green cotton �bres, Planta. 1993;189:453-460. https://doi.org/10.1007/BF00194445.

29. Schmutz A, Jenny T, Ryser U. A caffeoyl-fatty acid-glycerol ester from wax associated with green cotton �bre
suberin, Phytochemistry. 1994;36:1343-1346. https://doi.org/10.1016/S0031-9422(00)89721-6.

https://doi.org/10.1093/jxb/erx346
https://doi.org/10.1093/jxb/erw312
https://xs.scihub.ltd/https:/doi.org/10.1016/j.jprot.2012.10.005
https://xs.scihub.ltd/https:/doi.org/10.1016/S2095-3119(17)61692-7
https://doi.org/10.7717/peerj.4537
https://doi.org/10.1038/s41588-018-0119-7
http://www.fibtex.lodz.pl/article1336.html


Page 13/20

30. Schmutz A, Buchala AJ, Ryser U. Changing the dimensions of suberin lamellae of green cotton �bers with a
speci�c inhibitor of the endoplasmic reticulum-associated fatty acid elongases. Plant Physiol. 1996;110:403-
411. https://doi.org/10.1104/pp.110.2.403.

31. Semi̇zer-cumıng D, Altan F, Akdemir H, Tosun M, et al. QTL analysis of �ber color and �ber quality in naturally
green colored cotton (Gossypium hirsutum), Turk J Field Crops. 2015;20:49-58.
https://doi.org/10.17557/.94527.

32. Sturn A, Quackenbush J, Trajanoski Z. Genesis: cluster analysis of microarray data, Bioinformatics.
2002;18:207-208. https://doi.org/10.1093/bioinformatics/18.1.207.

33. Tan J, Tu L, Deng F, Hu H, et al. A genetic and metabolic analysis revealed that cotton �ber cell development
was retarded by �avonoid naringenin, Plant Physiol. 2013;162:86-95. https://doi.org/10.1104/pp.112.212142.

34. Tang W, He Y, Tu L, Wang M, et al. Down-regulating annexin gene GhAnn2 inhibits cotton �ber elongation and
decreases Ca2+ in�ux at the cell apex, Plant Mol Biol. 2014;85:613-25. https://doi.org/10.1007/s11103-014-
0208-7.

35. Tu L, Tan J, Guo K, Li Z, et al. Flavonoid Pathway in Cotton Fiber Development, Sci Sin Vitae. 2014;44:758-765.
https://doi.org/10.1360/052014-89.

3�. Vanholme R, Storme V, Vanholme B, Sundin L, et al. A systems biology view of responses to lignin
biosynthesis perturbations in Arabidopsis, The Plant cell. 2012;24:3506-29.
https://doi.org/10.1105/tpc.112.102574.

37. Vishwanath SJ, Delude C, Domergue F, Rowland O. Suberin: biosynthesis, regulation, and polymer assembly of
a protective extracellular barrier, Plant Cell Rep. 2015;34:573-86. https://doi.org/10.1007/s00299-014-1727-z.

3�. Wang M, Tu L, Yuan D, Zhu D, et al. Reference genome sequences of two cultivated allotetraploid cottons,
Gossypium hirsutum and Gossypium barbadense, Nat Genet. 2019;51:224-229.
https://doi.org/10.1038/s41588-018-0282-x.

39. Wen T, Wu M, Shen C, Gao B, et al. Linkage and association mapping reveals the genetic basis of brown �bre
(Gossypium hirsutum), Plant Biotechnol J. 2018;16:1654-1666. https://doi.org/10.1111/pbi.12902.

40. Xiao YH, Zhang ZS, Yin MH, Luo M, et al. Cotton �avonoid structural genes related to the pigmentation in
brown �bers, Biochem Biophys Res Commun. 2007;358:73-78. https://doi.org/10.1016/j.bbrc.2007.04.084.

41. Xiao YH, Yan Q, Ding H, Luo M, et al. Transcriptome and biochemical analyses revealed a detailed
proanthocyanidin biosynthesis pathway in brown cotton �ber, PloS One. 2014;9:e86344.
https://doi.org/10.1371/journal.pone.0086344.

42. Yan Q, Wang Y, Li Q, Zhang Z, et al. Up-regulation of GhTT2-3A in cotton �bres during secondary wall
thickening results in brown �bres with improved quality, Plant Biotechnol J. 2018;16:1735-1747.
https://doi.org/10.1111/pbi.12910.

43. Yu J, Jung S, Cheng CH, Ficklin SP, et al. CottonGen: a genomics, genetics and breeding database for cotton
research, Nucleic Acids Res. 2014;42(Database issue):D1229-1236. https://doi.org/10.1093/nar/gkt1064.

44. Yuan S, Hua S, Malik W, Bibi N, et al. Physiological and biochemical dissection of �ber development in colored
cotton, Euphytica. 2012;187:215-226. https://doi.org/10.1007/s10681-012-0653-9.

45. Zhang M, Hu BT. A study on colorant stability of naturally colored cotton, Dyeing and Finishing. 2003;3.
http://en.cnki.com.cn/Article_en/CJFDTOTAL-YIRA200303000.htm.

4�. Zhang ML, Song XL, Sun XZ, Wang ZL, et al. Observation of differentiation and pigment deposition process in
colored cotton �bers, Acta Agron Sin. 2011;37:1280-1288.

https://doi.org/10.17557/.94527
https://doi.org/10.1093/bioinformatics/18.1.207
https://doi.org/10.1360/052014-89
https://xs.scihub.ltd/https:/doi.org/10.1111/pbi.12902
https://xs.scihub.ltd/https:/doi.org/10.1016/j.bbrc.2007.04.084
https://doi.org/10.1371/journal.pone.0086344
https://xs.scihub.ltd/https:/doi.org/10.1111/pbi.12910
https://doi.org/10.1093/nar/gkt1064
http://en.cnki.com.cn/Article_en/CJFDTOTAL-YIRA200303000.htm


Page 14/20

http://zwxb.chinacrops.org/EN/abstract/abstract4856.shtml.

Figures

Figure 1

Fiber color and length of brown and green cottons. (A) The typical phenotype of ten mature seeds of white (YZ1),
green (G1, G2, G3) and brown (T) colored cottons. All these accessions belong to Gossypium hirsutum; (B) Images
of �bers from YZ1, G1, G2, G3, T; Bars = 1 cm; (C) The �ber length of YZ1, G1, G2, G3, T. Error bars represent the
standard deviations. ** represent P < 0.01 based on Student’s t test.

http://zwxb.chinacrops.org/EN/abstract/abstract4856.shtml
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Figure 2

Expression patterns of �avonoid biosynthesis genes in white cotton �bers. The color scale at the bottom
represents log2 expression values, with blue indicating low levels and red indicating high levels of transcript
abundance. FPKM values of these genes were downloaded from the G.hirsutum accession Texas Marker-1 (TM-1)
transcriptome.
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Figure 3

qRT-PCR analysis of �avonoid biosynthesis genes in brown (T) and green (G1-3) cotton �bers. CHS: CHALCONE
SYNTHASE; CHI: CHALCONE ISOMERASE; F3H: FLAVANONE 3-HYDROXYLASE; F3’H: FLAVONOID 3’-
HYDROXYLASE; F3’5’H: FLAVONOID- 3’5’-HYDROXYLASE; DFR: DIHYDROFLAVONOL 4-REDUCTASE; LAR:
LEUCOANTHOCYANIDIN REDUCTASE; ANR: ANTHOCYANIN REDUCTASE; ANS: ANTHOCYANIDIN SYNTHASE. Error
bars represent the standard error of 3 biological replicates.



Page 17/20

Figure 4

Total �avonoid and PA contents in white (YZ1), brown (T) and green (G1-3) cotton �bers. (A) Total �avonoid
contents and (B) PA contents in white and natural colored cottons; 5D: ovules from 5 DPA; 10D, 15D, 20D: �bers
from 10, 15, 20 DPA. Error bars represent the standard error of 3 biological replicates. * and ** represent P < 0.05
and P < 0.01 based on Student’s t test, respectively; (C) Images of 4-dimethylaminocinnamaldehyde (DMACA)
reaction solutions. The �ve small pictures from left to right correspond to the DMACA reaction solutions of YZ1,
G1, G2, G3 and T. For each small picture from left to right correspond to 5DPA, 10DPA, 15DPA, and 20DPA samples.
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Figure 5

DMACA staining of mature �bers of brown (T) and green (G1-3) cottons. DMACA-: Mature �bers treated with 6 M
HCl/95% ethanol (v/v); DMACA +: Mature �bers treated with 6 M HCl/95% ethanol (v/v) containing 0.1% (w/v)
DMACA. Bars = 1 cm.
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Figure 6

qRT-PCR analysis of lignin biosynthesis structural genes in brown (T) and green (G1-3) cotton �bers. PAL:
PHENYLALANINE AMMONIA LYASE; C4H: CINNAMATE 4-HYDROXYLASE; 4CL: 4-COUMAROYL: COA LIGASE; HCT:
HYDROXYCINNAMOYL TRANSFERASE; CCOAOMT: CAFFEOYL-COA O-METHYLTRANSFERASE; COMT: CAFFEIC
ACID O-METHYLTRANSFERASE. Error bars represent the standard error of 3 biological replicates.



Page 20/20

Figure 7

qRT-PCR analysis of PCBER in brown (T) and green (G1-3) cotton �bers. PCBER: PHENYLOCUMARAN BENZYLIC
ETHER REDUCTASE. Error bars represent the standard error of 3 biological replicates.
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