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Abstract

Background: Cotton fiber is a single-celled seed trichome that originates from the ovule epidermis. It is an
excellent model for studying cell elongation. Along with the elongation of cotton fiber cell, the plasma membrane
is also extremely expanded. Despite progress in understanding cotton fiber cell elongation, knowledge regarding
the relationship of plasma membrane in cotton fiber cell development remains elusive.

Methods: The plasma membrane of cotton fiber cells was marked with a low toxic fluorescent dye, di-4-
ANEPPDHQ, at different stages of development. Fluorescence images were obtained using a confocal laser
scanning microscopy. Subsequently, we investigated the relationship between lipid raft activity and cotton fiber
development by calculating generalized polarization (GP values) and dual-channel ratio imaging.

Results: We demonstrated that the optimum dyeing conditions were treatment with 3 μmol·L− 1 di-4-ANEPPDHQ
for 5 min at room temperature, and the optimal fluorescence images were obtained with 488 nm excitation and
500–580 nm and 620–720 nm dual channel emission. First, we examined lipid raft organization in the course of
fiber development. The GP values were high in the fiber elongation stage (5–10 DPA, days past anthesis) and
relatively low in the initial (0 DPA), secondary cell wall synthesis (20 DPA), and stable synthesis (30 DPA) stages. The
GP value peaked in the 10 DPA fiber, and the value in 30 DPA fiber was the lowest. Furthermore, we examined
the differences in lipid raft activity in fiber cells between the short fiber cotton mutant, Li-1, and its wild-type. The
GP values of the Li-1 mutant fiber were lower than those of the wild type fiber at the elongation stage, and the GP
values of 10 DPA fibers were lower than those of 5 DPA fibers in the Li-1 mutant.

Conclusions: We established a system for examining membrane lipid raft activity in cotton fiber cells. We verified
that lipid raft activity exhibited a low-high-low change regularity during the development of cotton fiber cell, and
the pattern was disrupted in the short lint fiber Li-1 mutant, suggesting that membrane lipid order and lipid raft
activity are closely linked to fiber cell development.
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Background
Cotton is the premier natural fiber for textiles. Cotton fi-
bers are highly elongated single cells of the seed epidermis.
The unicellular extremely elongated structure makes cot-
ton fiber cell an ideal model for studying plant cell growth
(Kim and Triplett 2001; Shi et al. 2006; Singh et al. 2009a;

Qin and Zhu 2011). The developmental process of cotton
fiber consists of five distinctive but overlapping stages: ini-
tiation, elongation, transition, secondary cell wall depos-
ition, and maturation (Haigler et al. 2012). Lint fiber
initiates elongation near the day of anthesis and continues
up to approximately 21 days post anthesis (DPA). During
this period, the elongation rate exhibits a slow-fast-slow
regularity. The elongation rate reaches a peak in approxi-
mate 10 DPA, and the fibers finally grow to 30–40mm
length (Liu et al. 2012). Subsequently, the elongation of
fiber cells completely stops, and the fibers enters a stable
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secondary wall deposition period (20–45 DPA) (Singh
et al. 2009b), followed by a dehydration period (45–50
DPA), which generates mature fibers.
Extremely elongated fiber cells require change in cell

turgor pressure, plasmodesmatal regulation, and trans-
porter activities (Ruan et al. 2004; Zhu et al. 2003). A
large-scale transcriptome analysis revealed that during
fiber cell elongation, lipid metabolism pathways are up-
regulated significantly (Gou et al. 2007). According to a
cotton lipid spectrum analysis, the amount of unsatur-
ated fatty acids in elongation stage fiber cells (α-linolenic
acid: C18:3) is greater than that in ovules, and the
amount of very-long-chain fatty acids (VLCFAs, from
C20 to C26) eventually increases to three to five times
(Wanjie et al. 2005). In addition, treating in vitro cul-
tured cotton ovules with VLCFAs can promote the
elongation of cotton fibers significantly, while treating
with VLCFAs inhibitor acephrachlor (ACE) completely
inhibits fiber growth, indicating that VLCFAs are in-
volved in the cotton fiber elongation process (Qin et al.
2007). The study on Δ12 fatty acid desaturase revealed
that the formation of unsaturated fatty acids under cold
stress could maintain the specific membrane structure
required for fiber elongation (Kargiotidou et al. 2008).
Furthermore, plant-specific glycosylphosphatidylinositol
(GPI) anchoring protein encoded gene COBL influences
the orientation and crystallinity of fiber microfilaments,
and is closely linked to fiber development (Roudier et al.
2010; Niu et al. 2019). During the rapid elongation stage,
high phytosterol concentrations were also observed. In
addition, numerous plant sterol biosynthesis genes were
down-regulated in the short fiber of the Li-1 mutant, indi-
cating that plant sterol also participates in the development
of cotton fiber (Deng et al. 2016). VLCFAs are some of the
substrates required for the synthesis of sphingolipids, and
GPI is a precursor in the synthesis of complex sphingoli-
pids. Sphingolipids and sterols are critical structural com-
ponents of cell membranes, organelle membranes, and
vacuolar membranes, and they form membrane lipid rafts
(Hill et al. 2018). The relationship between the substances
and fiber development indicates that the fiber membrane
plays an important role in fiber development. However, the
roles of membrane lipid raft in the development of cotton
fiber remain unclear.
Fluorescent probes have been extensively used as bio-

markers in biological studies. Laurdan and di-4-ANEPPDHQ
are two phase-sensitive membrane probes and they respond
uniquely to lipid packing, in a manner different from mem-
brane associated peptides (Dinic et al. 2011). Laurdan and di-
4-ANEPPDHQ display blue shifts of approximately 50 nm in
their emission peaks for membranes in liquid-ordered (lo)
phase relative to membranes in liquid-disordered (ld) phase
(Jin et al. 2005; Jin et al. 2006), and can be quantified by cal-
culating the generalized polarization (GP) values (Aron et al.

2017). Laurdan is a type of ultra violet-excited dye that is
usually imaged using a two-photon excited fluorescence
(TPF) microscope to avoid the photobleaching tendency ob-
served under single-photon excitation (Jin et al. 2005). The
peak emission spectrum of Laurdan has been reported to be
at 440 nm for lo phase and 490 nm for ld phase (Dinic et al.
2011). Di-4-ANEPPDHQ is a single photon excited dye, and
its spectrum range is in the 500–750 nm, covering the entire
spectral range of most microscope systems (Owen and Gaus
2010), while the spectrum blue shift of the di-4-ANEPPDHQ
dye is 60 nm (Aron et al. 2017). Quantitative in vivo imaging
of lipid raft using di-4-ANEPPDHQ in artificial membrane
systems and animal cells is well established (Owen et al.
2006; Owen and Gaus 2010; Owen et al. 2012). A few studies
have mentioned the application of di-4-ANEPPDHQ in the
visualization of plasma membrane microdomains in plant
cells (Roche et al. 2008; Liu et al. 2009; Zhao et al. 2015).

Materials and methods
Plant materials
Wild-type Jimian 14 (Gossypium hirsutum L.
cv. Jimian 14) was provided by professor MA Zhiying
(Hebei Agricultural University) and was propagated and
preserved at the Biotechnology Research Center of
Southwest University. Short fiber cotton mutant Ligon
lintless (Li-1) was provided by the Institute of Cotton
Research, Chinese Academy of Agricultural Sciences,
and the corresponding wild type (TM-1) for Li-1 mutant
was segregated from a heterozygous Li-1 mutant. All
plants were grown under natural conditions in the ex-
perimental field of the Biotechnology Research Center of
Southwest University in Chongqing.

In vitro cotton ovule culture
Cotton ovules were collected 1 day after flower opening
(defined as 1 DPA), soaked in 75% ethanol for 1 min,
rinsed in distilled and deionized water, and soaked again
in 0.1% (W/V) HgCl solution containing 0.05% Tween-
80 at 100 g for 10 min to sterilize. Ovules were placed in
Beasley and Ting’s medium under aseptic conditions
(Beasley and Ting 1973).

Di-4-ANEPPDHQ staining
Di-4-ANEPPDHQ was purchased from Invitrogen (CAT
#D36802). The stock solution of di-4-ANEPPDHQ [5
mmol·L− 1 in dimethyl sulphoxide (DMSO)] was stored
in dark at − 20 °C. For di-4-ANEPPDHQ staining, the
in vitro cultured cotton ovules were incubated in stain-
ing solution as described in Results.

Confocal laser scanning microscope observation
An SP8 confocal laser scanning microscope (SP8 CLSM,
Leica, Germany) was used for the imaging of di-4-
ANEPPDHQ-labelled cotton fibers. The sample was
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excited using a 488-nm laser, and the emission spectra
were 500–580 nm (green) and 620–720 nm (red). A 63×
oil immersion objective (N.A. = 1.3) was used in this
study. Identical microscope settings were maintained for
quantitative imaging of membrane components.

GP processing
After CLSM imaging, generalized polarization (GP) im-
ages were generated by a previously described protocol
(Owen et al. 2012), with some modifications. Briefly, the
GP values were calculated according to the following
equations:

GP ¼ ðI500−580−G� I620−720Þ=ðI500−580 þ G� I620−720Þ

G ¼ GPref þ GPrefGPmes−GPmes−1ð Þ= GPmesþ GPrefGPmes−GPref−1ð Þ

I indicates the fluorescence intensity of each pixel of
the image obtained within the receiving range of the two
channels; G is the calibration constant; GPmes is the cali-
brated GP value of di-4-ANEPPDHQ in pure DMSO so-
lution with similar device parameters; when the ordered
phase and the disordered phase are separated, GPref = 0.
The fluorescence intensity value of each image was cal-
culated using Image J 1.46 (https://imagej.nih.gov/ij/
download.html).

Ratio image processing
Dual-channel ratio imaging (ratio) can be used for
quantitative analysis of membrane organization (Jin
et al. 2005). In the present study, fluoviewFV1000 was
used for ratio imaging of di-4-ANEPPDHQ stained
cotton fiber cells. The formula for calculating ratio
images is as follows:

Ratior=g ¼ intr−bkgrð Þ= intg−bkgg
� �

�MF

intr and intg represent the fluorescence intensities of red
channel and green channel images, respectively; bkgr
and bkgg represent the background values set for intr
and intg, respectively; the background values are set
similarly to avoid interference. MF is the multiplication
factor.

Results
Di-4-ANEPPDHQ is a low toxicity fluorescent probe dye
for cotton fibers
During the growth and development of cotton fiber cells,
the changes in cell morphology are closely related to the
cell membrane. Considering di-4-ANEPPDHQ is used as
probe for detecting membrane order. In the present
study, we use the fluorescent dye to detect the mem-
brane lipid raft organization in cotton fiber cells. First,
we investigated the toxicity of di-4-ANEPPDHQ to cot-
ton fiber growth and development. Following exogenous
application of di-4-ANEPPDHQ at various concentra-
tions, we observed that the lengths of di-4-ANEPPDHQ-
treated cotton fibers were similar to those of untreated
fibers after culture for similar periods (Fig. 1). The re-
sults indicated that di-4-ANEPPDHQ is a low toxicity
fluorescent probe for cotton fiber and could be used for
the observing of lipid raft microregions of cotton fiber
cells.

The fluorescence emission spectra of di-4-ANEPPDHQ in
cotton fibers
Di-4-ANEPPDHQ is a fluorescent probe that responds
rapidly to changes in electric potential in the environment.

Fig. 1 Effects of di-4-ANEPPDHQ on the growth of cotton fiber cells. Cotton ovules were treated with 0 μmol·L− 1, 2 μmol·L− 1, 4 μmol·L− 1,
6 μmol·L− 1 di-4-ANEPPDHQ and cultured in vitro for 5 day, 10 day and 15 day
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Its spectral characteristics are related to environment, cell
type, and electric potential. To determine the spectral
characteristics of di-4-ANEPPDHQ in fiber cells, we used
excitation light at 488 nm to collect emission spectra at
10-nm intervals in a lambda acquisition mode and calcu-
lated the spectral intensity. The range of emission fluores-
cence intensity of di-4-ANEPPDHQ-dyed cotton fiber
cells was 550–660 nm and the peak emission fluorescence
intensity was observed at 580 nm (Fig. 2).

The optimum labeling conditions of di-4-ANEPPDHQ for
cotton fibers
Considering di-4-ANEPPDHQ is a very sensitive fluores-
cent probe, treatment time and concentrations are two
key factors to be taken into account in the application of
the dye. To determine the optimal labeling conditions
for di-4-ANEPPDHQ for dyeing cotton fibers, we exam-
ined the fluorescence of di-4-ANEPPDHQ-stained fiber
cells under different concentrations and treatment times.
When the staining time was 3 min, the fluorescence sig-
nal could hardly be detected under the low concentra-
tion treatments (Fig. 3a), while treatment for 5 min with
3 μmol·L− 1 di-4-ANEPPDHQ, yielded fluorescence im-
ages could be recorded (Fig. 3b). Therefore, we selected
3 μmol·L− 1 and 5min treatment as the optimal labeling
conditions for staining cotton fiber cells using di-4-
ANEPPDHQ.

Membrane lipid raft order of wild-type cotton fibers
To understand the change regularity in plasma membrane
lipid raft organization in the course of the development of
cotton fiber cells, we detected the fluorescence signals at 0
DPA, 5 DPA, 10 DPA, 20 DPA, and 30 DPA, in fiber cells
stained with di-4-ANEPPDHQ. The fluorescence intensity
of the green channel (liquid-ordered phase, 500–580 nm)
was stronger at 0 DPA, 5 DPA, and 10 DPA fibers, but
weaker at 20 DPA and 30 DPA. Conversely, the fluores-
cence intensity of the red channel (liquid-disordered
phase, 620–720 nm) was weaker in 0 DPA, 5 DPA, and 10
DPA fibers, but stronger in 20 DPA and 30 DPA fibers
(Fig. 4). The results indicated that the plasma membrane
order was higher at the early stages of fiber development,
while the plasma membrane is disorder at the later stages
of fiber development. Furthermore, the ratio (red/green)
of the double channel fluorescence intensity was plotted,
and the white color indicated that the membrane order
and the lipid raft activity were low, while the blue color
represented higher membrane order and lipid raft activity.
The ratio images indicated that the fiber membranes at 0
DPA were almost all white and red; the blue were the
highest at 10 DPA, with almost no distribution of white
dot; the fiber membranes had a certain amount of white
distribution at 20 DPA; the fiber membranes were almost
all white at 30 DPA (Fig. 4). These suggested that at the
initiation stage, the lipid order of fiber cell membrane and

Fig. 2 Spectral characteristics of Di-4-ANEPPDHQ in cotton fiber cells. a Raw images series taken by the lambda mode of confocal laser scanning
microscope (CLSM) in WT cotton fiber cell stained with di-4-ANEPPDHQ. b Raw emission profile of di-4-ANEPPDHQ in wild type cotton fiber cell
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Fig. 3 Optimized the di-4-ANEPPDHQ staining parameter for cotton fiber cells. a Di-4-ANEPPDHQ dye treatment for 3 min. b Di-4-ANEPPDHQ dye
treatment for 5 min. 1 μmol·L− 1, 2 μmol·L− 1, 3 μmol·L− 1, 4 μmol·L− 1, 5 μmol·L− 1, and 6 μmol·L− 1 indicate the treatment concentrations

Fig. 4 Fluorescence imaging of di-4-ANEPPDHQ labeled wild-type cotton fiber cells. 500–580 nm, the green channel; 620–720 nm, the red
channel; Merged, the merged channel of green and red channels; Ratio, the ratio images of red channel/ green channel. 0 DPA, 5 DPA, 10 DPA,
20 DPA, 30 DPA represent the period of cotton fiber cell development
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the lipid raft activity were lower, and the fiber cell mem-
brane lipid order and lipid raft activity increased gradually
as the fibers transitioned into the rapid elongation stage.
In addition, with the termination of fiber cell elongation,
fiber cells entered the secondary wall synthesis phase, and
fiber cell membrane lipid order and lipid raft activity de-
creased. Therefore, during cotton fiber cell development,
membrane lipid order and lipid raft activity change from
low to high, then to low, and the physiological and bio-
chemical activities of fiber cells were the greatest in elong-
ation phase.
For quantitative analysis of the obtained pictures, we

calculated the generalized polarization (GP) values and
red/green ratio (Ratior/g) values based on more images.
The GP values in fiber cells at 0 DPA were relatively
lower. With the development of fiber cells, the GP values
increased gradually, reaching the peak at 10 DPA, and
then decreased to the lowest level at 30 DPA (Fig. 5a).
The results are consistent with the fluorescence signal
observations, which also indicated that the fiber cell
membrane lipid order and lipid raft activity were higher
at the rapid elongation stage, and lower in the secondary
wall synthesis phase. The Ratior/g value in the 10 DPA
fiber cells was 0.557 ± 0.131, which was the lowest value
observed in the course of fiber development. Conversely,
the value was 1.410 ± 0.090 at 30 DPA, which was the
highest value observed in the course of fiber develop-
ment (Fig. 5a). The results suggest that the lipid raft ac-
tivity, cell membrane order, and physiological activity of
fiber cells were the greatest during the rapid elongation
phase.

Membrane lipid raft order of Li-1 mutant cotton fibers
To further verify the relationship between lipid raft
activity and fiber cell elongation development, we exam-
ined changes in GP value during the elongation of fiber

cells of a short fiber mutant, Ligon lintless-1 (Li-1). Not-
ably, the GP value in Li-1 mutant fibers was remarkably
lower than the GP values in wild-type fibers at the simi-
lar development stages (Fig. 6), indicating that lipid raft
activity was lower in mutant fiber cells. In addition, the
GP value in wild-type fibers increased from 5 DPA to 10
DPA, while the GP value in mutant fibers decreased
from 5 DPA to 10 DPA (Fig. 6), which further indicated
that membrane lipid order and lipid raft activity were
closely correlated with cotton fiber development.

Discussion
Biomembranes play an important role in cell growth and
development. The cotton fiber cell is one of the longest
cells in plants. Owing to its highly elongated structure
and high cellulose content, the cotton fiber serves as an
excellent system for studying cell elongation, cell wall
formation, and other fundamental aspects of plant cell
growth and development (Kim and Triplett 2001).There-
fore, it is assumed that membrane also play an important
role in fiber growth. On the one hand, with the expan-
sion of cell size, the area of the plasma membrane and
the inner membrane needs to increase correspondingly;
conversely, it serves as the site of attachment of most
enzymes (about 80% of the enzymes are membrane-
binding proteins, for example, the cellulose synthase
complex is located in the plasma membrane). However,
studying membrane functions and properties is challenging
due to its dynamic structure and limited technologies. In
recent years, following advancements in technologies, re-
searchers have demonstrated that lipid rafts (lipid microdo-
mains) are the functional domains of membranes using
diverse approaches (Mongrand et al. 2004; Borner et al.
2005).
Plasma membranes (PMs) are composed of three major

classes of lipids, including glycerolipids, sphingolipids, and

Fig. 5 The GP and Ratio value of wild-type cotton fiber. a The GP value of 0 DPA, 5 DPA, 10 DPA, 20 DPA, and 30 DPA wild-type cotton fibers. b
The Ratior/g value statistics of 0 DPA, 5 DPA, 10 DPA, 20 DPA, 30 DPA wild-type cotton fibers
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sterols, which may account for up to 100 000 distinct mo-
lecular species (Yetukuri et al. 2008; Shevchenko and Si-
mons 2010). Overall, all glycerolipids share similar
molecular moieties in plants, animals, and fungi. In con-
trast, sterols and sphingolipids are varied and specific to
each kingdom, and are the major components of lipid rafts
(Cacas et al. 2016). Membrane lipid raft activity has be-
come a major index for characterizing membrane proper-
ties. Higher order cell membranes and higher lipid raft
activity could offer stable reaction platforms and ordered
dynamic environment for various physiological and bio-
chemical reactions (Maccioni et al. 2002; Yu et al. 2004),
which are closely linked to the polar elongation of cells
(Meder et al. 2006; Sorek et al. 2007; Cánovas and Pérez-
Martín 2009). Over the last two decades, considerable
progress has been made in cotton fiber studies. The com-
ponents of lipid raft have been verified to play a key role
in fiber development. For example, VLCFAs are required
for fiber development and mainly served as precursors of
sphingolipid biosynthesis (Qin et al. 2007). In addition,
the compositions and concentrations of plant sterols influ-
ence fiber growth (Deng et al. 2016; Niu et al. 2019). Fur-
thermore, it has been demonstrated that inhibiting
sphingolipid synthesis seriously suppresses fiber cell
growth. The results indicate that lipid rafts play a key role
in the development of fiber cells. Therefore, it is critical to
examine membrane lipid raft activity during fiber
development.
The fluorescence probe di-4-ANEPPDHQ could bind

both liquid-order (lo) and liquid-disorder (ld) phase
membranes. Due to its strong polarity-dependent spec-
tral shifts, di-4-ANEPPDHQ could stain lo and ld phase
membranes in different colors (Klymchenko and Kreder
2014). Through fluorescence lifetime imaging and
CLSM, the optical properties of di-4-ANEPPDHQ in
animal cells have been well studied and applied to detect

lipid raft activity in living cells (Owen et al. 2006, 2012).
However, few studies that focus on plant cells have been
performed. Roche et al. (2008) used the dye to explore
changes in membrane lipid activity in BY2 cells follow-
ing treatment with plant sterol chelate-β-cyclodextrin,
and they demonstrated that the sterol influenced lipid
raft activity significantly in plant cells. Liu et al. (2009)
used di-4-ANEPPDHQ to investigate the aggregation of
lipid micro area (lipid raft) at the tip of a pollen tube in
Picea meyeri, which is analogous to the polar elongation
of the pollen tube. In addition, Zhao et al. (2015) studied
root epidermal cell and root hair cell using di-4-
ANEPPDHQ in Arabidopsis, and reported that the or-
dered degree of plasma membrane was higher than that
of the inner membrane in root epidermal and root hair
cells.
In the present study, we investigated the toxicity and

optical properties of di-4-ANEPPDHQ to cotton fiber
cell. The toxicity of the di-4-ANEPPDHQ to fiber cell
was relatively low. Furthermore, there was no obvious
difference in fiber cell elongation between the fiber
treated with 6 μmol·L− 1 di-4-ANEPPDHQ and the con-
trol, which is similar to the results observed in root hair
cells (Zhao et al. 2015). In the fiber cell, incubation with 3
mmol·L− 1 of the di-4-ANEPPDHQ probe in the culture
medium for 5min at room temperature was adequate,
while for root epidermal cells and root hairs, incubation
with 5mmol·L− 1 of the di-4-ANEPPDHQ probe in the
culture medium for 5min at room temperature was ad-
equate (Zhao et al. 2015). The results suggested that the
optimal stain condition depended on the materials.
Changes in lipid raft activity in the plasma membrane

were observed in the course of fiber cell development. In
addition, the rapid elongation phase of the fiber cell ex-
hibited higher lipid raft activity, while the elongation ter-
mination and the early elongation stages exhibited

Fig. 6 Fluorescence images and the GP value of Li-1 mutant fibers. a Confocal laser scanning microscope images of di-4-ANEPPDHQ stained 5
DPA (top) and 10 DPA (bottom) Li-1 fibers. 500–580 nm, the green channel; 620–720 nm, the red channel; Merged, the merged channel of green
and red channels; Ratio, the ratio images of red channel/ green channel. b The GP value of 5 DPA and 10 DPA wild-type and Li-1 fibers
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relatively low lipid raft activity, which showed that
lipid raft activity of the plasma membrane and plasma
membrane organization were closely related to fiber
cell elongation. Phytosterol is one of components of
lipid raft. During fiber growth, higher concentrations
of sitosterol and campesterol, two major phytosterols,
were detected in the rapid elongation phase fiber cells,
when compared with the concentrations in the early
fiber elongation and secondary cell wall deposition
stages (Deng et al. 2016). The change in trends of
membrane lipid raft activity was consistent with the
phytosterol concentration trends oberserved in the
course of fiber cell development. Roche et al. (2008)
used cyclic oligosaccharide methyl-β-cyclodextrin,
commonly used in animal cells to decrease cholesterol
levels, to induce a drastic reduction (50%) in the total
free sterol concentrations in PM of BY2 cells and the
depletion of sterol concentrations increased lipid acyl
chain disorder. The results confirm that higher phytos-
terol concentrations are associated with higher mem-
brane lipid raft activity (membrane order). Since
phytosterols and sphingolipids are two key compo-
nents of lipid raft, further studies should focus on the
role of sphingolipids and various molecule species of
phytosterols or sphingolipids on lipid raft activity in
the cotton fiber cell.

Conclusion
In the present study, we investigated lipid raft activity in
cotton fiber cell during its developmental process by
labeling it with di-4-ANEPPDHQ. Using an in vitro cot-
ton ovule culture system, we verified that the dye exhib-
ited low toxicity to cotton fiber, and we established the
optimal labeling conditions of the dye for the cotton
fiber plasma membrane as follows: incubation with
3 μmol·L− 1 of the di-4-ANEPPDHQ probe for 5 min at
room temperature. Based on the phase separation char-
acteristics of di-4-ANEPPDHQ, dual channel images
were obtained using CLSM (Leica SP8) and were proc-
essed based on GP values and a Ratior/g processing algo-
rithm. According to the results, the membrane order
degrees of cotton fiber cell exhibited a low-high-low
change regularity with the development of cotton fiber
cell. In addition, the regularity was disrupted in the short
lint fiber Li-1 mutant. Overall, the results imply that
there is a close relationship between cotton fiber cell de-
velopment and cell membrane lipid organization and
lipid raft activity.
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