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ABSTRACT: Using green, brown, and white cotton as materials, the contents of cellulose, carbohydrates, and flavonoid
compounds as well as enzyme activities related to cellulose synthesis were investigated at various stages of fibre
development to elucidate the characteristics of cellulose synthesis. The results showed that cellulose contents in all three
cotton fibres showed ‘S-shaped curve’ changing patterns. According to a logistic growth model, the lower maximum
accumulative rate of cellulose in the coloured cotton indicated less cellulose accumulation during fibre development.
No significant differences in the carbohydrate content and carbohydrate transformation rates were observed between
coloured and white cotton fibre. However, the flavonoid content in coloured cotton fibres was significantly higher
than white cotton, and the flavonoid biosynthesis in coloured cotton fibres consumed a large amount of carbohydrates
which should normally be used for cellulose synthesis. Low indoleacetic acid oxidase and peroxidase activities lowered
cellulose accumulation in coloured cotton fibres. High activities of sucrose synthetase and β-1,3-glucanase in coloured
cotton fibres may promote efficient utilization of carbohydrates. However, carbohydrate metabolism in the coloured
cotton fibre should not only be responsible for cellulose biosynthesis but also for flavonoid biosynthesis.
KEYWORDS: fibre development, flavonoid, carbohydrate, enzyme activities, logistic growth model

INTRODUCTION
Coloured cotton comprise fibres containing natural
pigment. The fibre colour results from pigment
deposition in cells during fibre differentiation and
development. The content and distribution of pigment directly determine the colour characteristics
of the fibre 1 . Hua et al 2 showed that flavonoid
compounds are the main components for fibre pigment in coloured cotton. Because of the poor
fibre quality of coloured cotton, only brown and
green varieties are used in production 3 . Scientists
have attempted to cross white cotton with coloured
cotton to improve fibre quality of coloured cotton,
but the results were unsatisfactory 4 . The inferior
quality of coloured cotton fibre is mainly due to
short fibre length, bad fibre strength, and micronaire, especially for low cellulose contents. White
cotton exhibits higher cellulose content compared
to coloured cotton 5, 6 .
The biosynthesis of cellulose may be related to
the carbohydrate concentration and the transformation rate of carbohydrates in addition to their
physiological and biochemical characteristics during
fibre development 7, 8 . Sucrose synthase (SuSy) can
catalyse the transformation of sucrose into fructose
and uridine diphosphate glucose (UDPG), which can
www.scienceasia.org

be transported to the cellulose synthase catalytic
subunit to provide a substrate for cellulose synthesis 9, 10 . During the fibre secondary wall thickening
stages, large amounts of non-cellulosic material,
namely β-1,3-dextran, are produced in the inner cell
wall of the fibre 11 . β-1,3-glucanase can hydrolyse
the covalent bond of β-1,3-dextran and transport
sugar molecules to the non-reduction end of cellulose, which can promote the synthesis of fibrilla 12 .
In addition, indoleacetic acid oxidase (IAAO) and
peroxidase (POD) are two important enzymes related to cellulose accumulation in cotton fibre. High
IAAO and POD activities can promote the decomposition of indoleacetic acid (IAA) and increase the
level of abscisic acid (ABA) to IAA in fibre cells
enhancing the accumulation of cellulose 13, 14 .
At present, the reason for the lower cellulose
contents in coloured cotton is not well understood.
In this study, green, brown, and white cotton cultivars were used to compare the differences in carbohydrate contents, the key enzyme activities related
to cellulose synthesis, and flavonoid contents during
fibre development. The practical application of this
work was to elucidate the relationship between the
physiological characteristics of cellulose accumulation and flavonoid synthesis in differently coloured
cotton fibres.
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MATERIALS AND METHODS
Cotton fibres
Three upland cotton genotypes, namely Zongcaixuan No. 1 (brown cotton), Lvcaixuan No. 1 (green
cotton) and Simian No. 3 (white cotton), were cultivated in the experimental farm of Anhui Agricultural
University, Hefei, China. The cultivars were planted
in the same homogeneous field with a randomized
block design and three field replications. Plant-toplant and row-to-row distances of 50 and 100 cm,
respectively, were maintained. The conventional
practices of cultivation were adopted during the
entire growing period. The cotton blossoms on
the upper branch of plants developing normally
and with no pests were tagged. Tagged bolls were
harvested at 5, 10, 15, 20, 25, 30, 35, and 40 days
post-anthesis (DPA). Harvested bolls were stored at
−70 °C prior to determinations.
Determination of carbohydrate and cellulose
contents
Fibre samples (0.25 g) were placed in test tubes, and
5 ml of distilled water was then added. The fibre
was distilled in boiling water 4 times with the first
time lasting for 30 min and the other times lasting
for 15 min. The fibre solvent was then filtered,
and distilled water was added to a final volume
of 25 ml. Carbohydrates were determined by the
anthrone method 15 .
The residue from extracting soluble carbohydrates was dried in the oven until the weight of
the fibre was stable. The residue was hydrolysed
with 80% (v/v) H2 SO4 for 30 min in cold water,
and it was then diluted with distilled water. After
filtering, distilled water was added to a final volume
of 100 ml. The hydrolysis sugar content was determined in accordance with the method of soluble
carbohydrates 16 .
Determination of enzyme activities
SuSy and β-1,3-glucanase activities were determined by a previously described 17 . Four times
the volume of extraction buffer (100 mM Tris-HCl,
10 mM MgCl2 , 2 mM EDTA, 2%(v/v) ethylene glycol, and 20 mM mercaptoethanol) was added to
0.5 g of fibre, and the fibre was ground in an ice
bath. The sample was then centrifuged at 10 000g
for 10 min at 4 °C, and the generated sucrose was
determined by the fructose and UDPG colorimetric
method. For β-1,3-glucanase activity, 5 times the
volume of 0.05 M (pH 5.0) sodium acetate buffer
was added to 0.5 g of fibre, and the fibre was ground

in an ice bath. After centrifugation at 10 000g for
15 min at 4 °C, the sugar that was released from
laminaria was determined by the DNS method.
For analysis of IAAO activity, 5 times the volume
of 0.01 M (pH 6.1) phosphate buffer was added to
0.5 g of fibre, and the fibre was ground in an ice
bath. The sample was then centrifuged at 13 200g
for 10 min at 4 °C, and the resulting supernatant was
used as the enzyme solution. Enzyme activity was
determined by the FeCl3 -HClO4 reagent method 18 .
The determination of POD activity was done
according to the guaiacum colorimetric method 19 .
Briefly, 5 ml of 0.05 M (pH 8.7) phosphate buffer
and a small amount of quartz sand were added to
0.5 g of fibre, and the fibre was ground in an ice
bath. The sample was then centrifuged at 13 200g
for 15 min at 4 °C, and the resulting supernatant
was used as the POD enzyme solution. The reaction
system contained 2.9 ml of 0.05 M phosphate buffer,
1 ml of 2% (v/v) H2 O2 , 1 ml of 0.05 M guaiacum,
and 0.1 ml of enzyme. The enzyme solution was
inactivated in boiling water for 5 min as a blank control. The absorbance was measured at 470 nm with
a spectrophotometer, and the absorbance change of
0.01 per min was considered the peroxidase activity
unit.
Determination of flavonoid contents
Methanol (20 ml) was added to 0.5 g of fibre,
and the fibre was extracted for 1.5 h by the reflux
method in a 75 °C water bath. The fibre solvent
was filtered using Whatman paper, and methanol
solution was added to a volume of 25 ml. The
sample solvent (1 ml) was placed in a flask, and
30% (v/v) ethanol was added to a volume of 5 ml.
Then, 0.3 ml of NaNO2 5% (w/v) was added, and
the mixture was mixed thoroughly and placed on
a bench for 5 min before 0.3 ml of Al(NO3 )3 10%
(w/v) was added. After 6 min, 2 ml of 1 N NaOH
was added, and then 30% (v/v) ethanol was added
to a final volume of 10 ml. The absorbance was
measured at 510 nm after the sample was placed
on a bench for 10 min 20 .
Data analysis
The graphs were generated using EXCEL. The variance analysis (ANOVA) was performed with SAS
9.1. Logistic equations were analysed with SPSS 19.
The cellulose accumulation was described by
the logistic growth model: Y = Ya /(1+m ekt ), where
t is the DPA (d), Y is the cellulose content (%), Ya
is the maximum cellulose content (%), and m and k
are growth parameters.
www.scienceasia.org
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Fig. 1 Flavonoid contents in differently coloured fibres at
various growth stages. DW, dry weight.

Fig. 2 Cellulose contents in differently coloured fibres at
various growth stages.

The parameters of T1 (start time of cellulose
rapid accumulation), T2 (terminal time of cellulose
rapid accumulation), and Vmax (maximum accumulative rate of cellulose) were derived from the
following equations:

coloured cotton were significantly lower compared
to the white cotton at 40 DPA (F = 7.37; p =
0.0032). The maximum value of cellulose content
in white, green, and brown cotton was 85, 67,
and 74%, respectively (Fig. 2). The biosynthesis of
cellulose in white cotton sharply increased from 10–
25 DPA. However, the cellulose accumulation rate
in brown cotton and green cotton were slower compared to white cotton, which led to lower cellulose
contents in coloured cotton than in white cotton.

p
p
−kYa
1 2+ 3
1 2− 3
T1 = ln
, T2 = ln
, Vmax =
.
k
m
k
m
4
RESULTS
Changes in flavonoid contents
Fig. 1 shows a peak of flavonoid content at 15 DPA in
white cotton fibre, which then gradually decreased.
However, the flavonoid content in the coloured
cotton fibres had a peak at 15 DPA in addition to
another smaller peak at 35 DPA. From 15–35 DPA,
the flavonoid contents were significantly higher in
coloured cotton fibres compared to white cotton
(F = 52.30–174.23; p ¶ 0.0047), but at 40 DPA,
only brown cotton had a higher flavonoid content
than white cotton (F = 159.06; p ¶ 0.0062).
Changes in cellulose contents
The characteristics of cellulose accumulation in cotton fibres of different genotypes are shown in Fig. 2.
The cellulose contents in three kinds of cotton fibres
presented an ‘‘S-shaped curve’’ changing patterns
that could be described by the logistic growth model
(Fig. 2, Table 1). The cellulose contents in the

Simulation equations and eigenvalues of
cellulose contents
The eigenvalues are presented in Table 1. The
differences of cellulose accumulation characteristics
among cotton fibres included the maximum accumulative rate of cellulose and the period length for
rapid cellulose accumulation. Green cotton had
the longest periods for rapid cellulose accumulation,
and white cotton had the shortest periods. In contrast, the maximum accumulative rates of cellulose
in coloured cotton were slower, but this rate was
faster in white cotton fibre. In addition, coloured
cotton entered the rapid cellulose accumulation
phase one day earlier than the white cotton.
Changes in carbohydrate contents
The patterns of carbohydrate content were similar
between coloured and white cotton fibres (Fig. 3).

Table 1 Simulation equations and eigenvalues of cellulose contents in differently coloured fibres.
Cultivar
White cotton
Green cotton
Brown cotton

Model
Y = 81.956/(1 + 244.412 e
)
Y = 66.170/(1 + 74.40 e−0.243t )
Y = 73.478/(1 + 105.267 e−0.257t )
−0.323t

R2

n

T (d)

0.994
0.992
0.994

8
8
8

8.2
10.9
9.6

T1 (d)

T2 (d)

Vmax (%/d)

12.9
12.3
12.1

21.1
23.2
21.7

6.615
4.00
4.71

R2 = correlation coefficient, n = number of cellulose contents used in equation, T = period length for rapid cellulose
accumulation; T1 = start time of rapid cellulose accumulation; T2 = terminal time of rapid cellulose accumulation;
Vmax = maximum accumulative rate of cellulose.
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The carbohydrate contents presented as single-peak
curves during fibre development. At 10 DPA, the
white, brown, and green cotton fibres had the
highest carbohydrate contents of 39, 38, and 34%,
respectively. However, no significant differences
were observed between coloured and white cotton
at this time point (F = 4.87; p = 0.1142). From
10–40 DPA, the carbohydrate contents in all three
fibres decreased continuously and gradually. The
carbohydrate transformation rate of white cotton
fibre (78%) was higher than those of green and
brown cotton (75 and 76%, respectively), but there
were also no significant differences among them
(F = 2.39; p = 0.2399).
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Fig. 3 Carbohydrate contents in differently coloured
fibres at various growth stages. FW, fresh weight.
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Fig. 4a shows the changes of fibre SuSy activity
in the developmental stages for both white and
coloured cotton cultivars. The decrease of SuSy
activity of white cotton was found in the fibre developmental stage and declined sharply at 15–20 DPA.
The SuSy enzyme activities of coloured cotton fibres
sharply decreased at 5–15 DPA, increased gradually
at 15–20 DPA, and then declined gradually again at
20–40 DPA. During fibre development, the SuSy activities in coloured cotton were significantly higher
compared to white cotton (F = 478.97–13.98; p ¶
0.0301), except at 15 DPA.
Similar patterns of fibre β-1,3-glucanase activities were observed in brown, green and white cotton
(Fig. 4b). The fibre β-1,3-glucanase activities of
coloured and white cotton were increased before 15
DPA and decreased after 15 DPA. During fibre development, the brown cotton had the highest β-1,3glucanase activity, and the white cotton had the lowest β-1,3-glucanase activity. The β-1,3-glucanase activity was significantly higher in brown cotton fibre
compared to white cotton during fibre development
(F = 26.59–530.37; p ¶ 0.0356), except at 40 DPA.
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Fig. 4 Enzyme activity in differently coloured fibres at
various growth stages: (a) SuSy, (b) β-1,3-glucanase,
(c) IAAO, and (d) POD. FW, fresh weight.

For green cotton fibre, the β-1,3-glucanase activity
was significantly higher than white cotton but only
at 10, 20, 25, and 30 DPA (F = 27.89–302.11; p ¶
0.034).
The IAAO activity changes during fibre development in each cotton cultivar are shown in Fig. 4c.
The single-peak curves obtained at 20 DPA for fibre
IAAO activities were similar between coloured and
white cotton. At this time point, the IAAO activities
in brown, green, and coloured cotton fibres were
6.69, 5.60, and 4.87 µg IAA g−1 h−1 , respectively.
www.scienceasia.org
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And the IAAO activities were significantly higher
in coloured cotton fibres compared to white cotton
fibre (F = 21.27, p ¶ 0.0169). The fibre IAAO activities in coloured cotton were higher before 20 DPA
and significantly lower after 20 DPA (F = 11.35–
49.07; p ¶ 0.0399).
The general trends were similar among the
white, brown, and green cotton fibres for changes
in POD activities (Fig. 4d). The POD activities of all
three fibres showed a single peak (enzyme activities
were highest at the 30 DPA) followed by a decrease
for all enzyme activities. The POD activity of white
cotton fibre was significantly higher than that of
coloured cotton (F = 69.69–314.59, p ¶ 0.0031),
except at 5 DPA.
DISCUSSION
Flavonoid compounds are important secondary
metabolites that not only exist in young plant tissues but also in senescent organs 21, 22 . Flavonoid
synthesis is regulated by many factors, and the
concentration of carbohydrates is one of the dominant factors 20, 23 . Previous research has shown that
flavonoid compounds are synthesized as the major
pigments in colour cotton fibres 2 . Our results indicates that large amounts of flavonoid compounds
were produced in coloured cotton fibres during fibre
development, and their contents were significantly
higher than that of white cotton (Fig. 1). We therefore conclude that a competition for carbohydrates
between cellulose and flavonoid metabolic pathways exists during fibre development in coloured
cotton.
Cellulose accumulation is responsible for the development of cotton fibre maturity and is important
for the formation of fibre quality. Cellulose biosynthesis depends on the carbohydrate content and its
transformation rate 24 . It is generally accepted that
coloured cotton has lower cellulose contents when
compared to white cotton 20 . Our results indicated
that the white cotton fibre had the highest cellulose content and that green cotton had the lowest
cellulose content. Moreover, the cellulose content
in brown cotton was intermediate (Fig. 2, Table 1).
A lower cellulose content might be an indication
for lower carbohydrate content and carbohydrate
transformation rate in coloured cotton fibre. Our
findings indicate however that the differences of
fibre carbohydrate contents and the carbohydrate
transformation rates were not significant between
coloured cotton and white cotton (Fig. 3), which
may be due to the synthesis of flavonoid compounds
consuming part of the carbohydrates that might be
www.scienceasia.org
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used for the synthesis of cellulose.
The logistic equation showed that there were
some differences of the maximum accumulative rate
of cellulose and the period length for rapid cellulose accumulation between coloured cotton and
white cotton fibres (Table 1). The period length
for rapid cellulose accumulation of coloured cotton
was higher than that of white cotton (Table 1). In
theory, a longer period for rapid cellulose accumulation should produce more cellulose in coloured
cotton fibre 25 , but the maximum accumulative rate
of cellulose in the coloured cotton fibres was much
lower than that of white cotton fibre (Table 1).
The lower accumulative rate of cellulose might be
related to insufficient carbohydrate transformation
during fibre development in the coloured cotton 4 .
In the cotton fibre development process, IAAO
and POD have certain effects on the regulation of
cellulose synthesis, including secondary wall thickening and elongation 26 . Low POD and IAAO activities restrain cell elongation during the fibre elongation stages of cotton 27, 28 . During the secondary
wall thickening stages, higher activities of POD and
IAAO can accelerate the formation of fibre cell walls
and promote steady cellulose accumulation 14 . The
results of this study showed that the IAAO activity
of colour cotton fibres was higher than that of white
cotton from 5–25 DPA (Fig. 4c), which may inhibit
fibre elongation. However, lower IAAO and POD
activities during secondary cell wall synthesis stages
in coloured cotton fibres had negative effects on
cellulose accumulation (Fig. 4c,d).
SuSy and β-1,3-glucanase are two important
enzymes involved in cellulose synthesis 29, 30 . For
fibre cells, SuSy can cleave sucrose into UDPG and
fructose, and UDPG is then the main substrate for
cellulose synthesis 9 . β-1,3-glucanase widely exists
in higher plants, and β-1,3-glucanase plays an important role in plant defence responses 31 . However,
in cotton fibre cells, β-1,3-glucanase is related to
secondary wall thickening rather than a stress response. β-1,3-glucanase can digest β-1,3-dextran
glycosidic bonds, hydrolyse callose, and provide
UDPG for the synthesis of cellulose 32 . The onset of
secondary wall thickening occurs at approximately
17 DPA. Thus 20–40 DPA are involved in the key
stages for cellulose formation. In our experiments,
the coloured cotton fibres had higher SuSy and
β-1,3-glucanase activities than those of white cotton
during later stages of fibre development (20–40
DPA) (Fig. 4c,d). Generally, higher activities of SuSy
and β-1,3-glucanase are consistently correlated with
high rates cellulose deposition in coloured cotton
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fibres 28 . Carbohydrate metabolism is however a
complex process in coloured cotton fibre, and carbohydrates are not only used to synthesize cellulose
but also to form flavonoid compounds 33 .
Conclusions
In summary, the final cellulose contents in the
coloured cotton were significantly lower compared
to that of the white cotton. Cellulose accumulation
can be influenced by carbohydrate concentration,
enzyme activities, and flavonoid biosynthesis in cotton fibre. The biosynthesis of flavonoid compounds
may consume a part of the carbohydrates that might
be used for cellulose synthesis. Lower IAAO and
POD activities resulted in lower cellulose contents in
coloured cotton fibres. However, higher SuSy and
β-1,3-glucanase activities in coloured cotton fibres
did not result in higher cellulose contents, which
may be related to the competition for carbohydrates
between cellulose biosynthesis and pigmentation.
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