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Plasmodesmata (PDs) play vital roles in cell-to-cell communication and plant development. Emerging evidence suggests that
sterols are involved in PD activity during cytokinesis. However, whether sterols contribute to PD gating between established
cells remains unknown. Here, we isolated GhSCP2D, a putative sterol carrier protein gene from elongating cotton (Gossypium
hirsutum) fibers. In contrast to wild-type fiber PDs, which opened at 5 to 10 d postanthesis (DPA) and closed only at 15 to
25 DPA, plants with suppressed GhSCP2D expression had reduced sterol contents and closed PDs at 5 through 25 DPA. The
GhSCP2D-suppressed fibers exhibited callose deposition at the PDs, likely due to reduced expression of GhPdBG3-2A/D,
which encodes a PD-targeting b-1,3-glucanase. Both GhPdBG3-2A/D expression and callose deposition were sensitive
to a sterol biosynthesis inhibitor. Moreover, suppressing GhSCP2D upregulated a cohort of SUT and SWEET sucrose
transporter genes in fiber cells. Collectively, our results indicate that (1) GhSCP2D is required for GhPdBG3-2A/D expression
to degrade callose at the PD, thereby contributing to the establishment of the symplasmic pathway; and (2) blocking the
symplasmic pathway by downregulating GhSCP2D activates or increases the expression of SUTs and SWEETs, leading to the
switch from symplasmic to apoplasmic pathways.

INTRODUCTION

Cotton (Gossypium hirsutum) fibers are single-celled trichomes
derived from the ovule epidermis. These fibers represent themost
important natural source of cellulose for the textile industry
worldwide. Fiber development consists of four overlapping
stages: initiation (2 d before to 2 d postanthesis [DPA]), rapid
elongation (2–20 DPA), secondary wall thickening (16–35 DPA),
and maturation (35–50 DPA) (Graves and Stewart, 1988; Kim and
Triplett, 2001; Ji et al., 2003; Chen and Guan, 2011). Sucrose, the
major carbon source imported into developing cotton fibers, is
thought to be used directly as a substrate for the cellulose syn-
thase complex (Amor et al., 1995) and for energyproduction (Ruan
et al., 2003). Wang et al. (2010) suggested that sucrose, K+, and
malate provide themajor osmotically active solutes to cotton fiber
cells to generate the turgor required to drive fiber elongation.
Sucrose synthase, which degrades sucrose into UDP-glucose
and fructose, plays important roles in fiber cell elongation and
secondary cell wall synthesis (Ruan et al., 2003). Therefore,

sucrose import and metabolism are essential for cotton fiber
development.
Sucrose is imported into fiber cells from the underlying seed

coat cells symplasmically through the plasmodesmata (PDs) or
apoplasmically across the cell wall space and plasma membrane
by SUCROSE TRANSPORT PROTEINS (SUTs), a process ener-
gized by plasmamembraneH+-ATPases (Ruan et al., 2001;Wang
and Ruan, 2010). In the apoplasmic pathway, SUTs function as
sucrose/proton symporters to transport sucrose from the cell wall
matrix into thecytosol (Ruanet al., 2000). Recently, a new family of
sucrose transporters named SUGARS WILL EVENTUALLY BE
EXPORTED TRANSPORTERs (SWEETs) was isolated from Ara-
bidopsis thaliana, rice (Oryza sativa), and other species (Eomet al.,
2015). SWEETs function in sugar uptake or efflux across the
plasma membranes or tonoplast down a concentration gradient
(Chen et al., 2012; Lin et al., 2014; Eom et al., 2015). In the
symplasmic pathway, themovement of freely diffusingmolecules
strongly depends on the aperture size of the PD pores, which can
be quantitatively described as the size exclusion limit (De Storme
and Geelen, 2014). PD-mediated transport is a major mechanism
for controlling cell-to-cell communication in plants (Levy et al.,
2007; Guseman et al., 2010; Vatén et al., 2011). Compelling evi-
dence suggests that the deposition of callose at the PD neck
region reduces the size exclusion limit of the trans-PD cyto-
solic channel, thereby limiting symplasmicpermeability between
neighboring cells (Chen and Kim, 2009; Zavaliev et al., 2011).
Callose deposition is controlled by GLUCAN SYNTHASE-LIKEs
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(GSLs) (Gusemanet al., 2010) andb-1,3-glucanases (BGs) (Doxey
et al., 2007; Levy et al., 2007), which synthesize and degrade the
callose, respectively (Ruan et al., 2004). However, the molecular
components regulating the expression of GSL and BG genes
remain largely unknown.

Emerging evidence indicates that sterols play a role in PD ac-
tivity. Sterols are integral components of the cell membrane. Over
100 types of sterols have been identified in plants, the most
abundant being sitosterol, stigmasterol, and campesterol (Guo
et al., 1995; Hartmann, 1998). The sterol-deficient mutants hyd1,
fk/hyd2, and smt1/cph in Arabidopsis exhibit abnormal or ectopic
accumulation of callose in their embryonic and vascular tissues
(Dieneretal., 2000;Souteretal., 2002;Schricketal., 2004;Carland
et al., 2010; Pullen et al., 2010). Modulating the overall ste-
rol composition of young dividing cells in vitro reversibly im-
paired the PD localization of the glycosylphosphatidylinositol
(GPI)-anchored protein, b-1,3-glucanase, and altered PD per-
meability (Grison et al., 2015). However, this study was limited to
the analysis of primary PDs in dividing cells of youngmeristematic
tissues. Whether PD gating among established cells is controlled
by sterol, and the identity of the genes underlying the functioning
of sterol in this process, remains to be investigated (Grison et al.,
2015).

Cotton fibers are an excellent single-celled model for study-
ing cell-to-cell communication in relation to cellular expan-
sion and cellulose biosynthesis (Ruan et al., 2001, 2004).
Here, we examined the role of a putative sterol carrier protein
(SCP), GhSCP2D, in cotton fiber PD gating and cell expansion.
GhSCP2D was predominantly expressed during the rapid elon-
gation period in fibers of upland cotton. Transgenically sup-
pressing GhSCP2D expression reduced the expression of
GhPdBG3-2A/D, encoding a GPI-anchored, PD-targeted b-1,3-
glucanase, leading to callose deposition at the PD and, conse-
quently, PD closure during the 5- and 10-DPA elongation period.
We substantiated the positive role of SCP2D in establishing PD
permeability by investigating another cotton species,Gossypium
barbadense, inwhichmoreextensive expressionof ahomologous
SCP2D gene correlated with longer periods of PD opening and
longer fibers. The GhSCP2D-suppressed transgenic fibers were
characterized by reduced levels of sterol and soluble sugars but
enhanced expression of a cohort of SUT and SWEET sucrose
transporter genes. These findings provide insights into the
GhSCP2D-mediatedmolecular control of PDpermeability and the
activation of sucrose transporters via the closure of the sym-
plasmic pathway.

RESULTS

Isolation and Characterization of GhSCP2D in Cotton

As the first step in our analysis, we isolated cDNA from the genetic
standard upland cotton line TM-1 (G. hirsutum) encoding SCP2,
a 121-amino acid protein with a conserved domain characteristic
of a eukaryotic SCP (Figure 1A). Sequence analysis revealed that
this putative SCP shares 77% sequence similarity with Arabi-
dopsis AtSCP2 (Supplemental Figure 1A). The allotetraploid
cotton was developed from an interspecific hybridization of the

diploid ancestral species G. arboreum (A2) and G. raimondii (D5)
(Cedroni et al., 2003; Wendel, 1989). The G. hirsutum (AD)1 ge-
nomeusually contains twoormorecopiesof eachgene locatedon
the A and D subgenome chromosomes, representing homoeol-
ogous or duplicate copies of the A and D genomes of the diploid
ancestral species. Six putative SCP genes were previously found
in the allotetraploid cotton genome (Zhang et al., 2015), each
encoding a protein containing a complete SCP domain and
peroxisomesignal peptide1 (PTS1) (Supplemental Table1),which
are characteristics of known SCPs (Edqvist et al., 2004; Edqvist
andBlomqvist, 2006). Among these,GhSCP1Dwas found tohave
a longer amino acid sequence than its homologs due to a shift in
the stop codon toward the 39 coding sequence (Supplemental
Figure 1A and Supplemental Table 1).
RNA-seq and qRT-PCR analysis showed that the expression

levels of the GhSCP genes are biased to the D subgenome and
that these genes are predominantly expressed in fibers and the
cotyledons of seedlings (Figure 1B; Supplemental Figure 2).
Among the six homologs, GhSCP2D had the highest expression
level in elongating cotton fibers (Figure 1B).GhSCP2D transcripts
were detected in 3 d before anthesis ovules, reached the highest
level in 5- and 10-DPA fibers, and decreased sharply thereafter.
GhSCP2Dwasexpressedat very low levels in other cotton tissues
(Figure 1C; Supplemental Figure 1B). Importantly, GhSCP2D
mRNA levels in cultured cotton seeds were reduced upon treat-
mentwith the sterol synthesis inhibitor lovastatin (lova) (Figure 1D)
and increased in response to sucrose treatment (Figure 1E).
Since GhSCP2D has a peroxisome signal peptide (PTS1) at the

C terminus (Figure 1B; Supplemental Table 1), a common feature
of SCPs (Edqvist et al., 2004), we constructed two vectors with
the GFP sequence fused with the N- and C-terminal coding
sequences of GhSCP2D, respectively, and investigated which
fusion protein would exhibit the expected localization after
transformation. Green fluorescent signals distinct from chlor-
oplasts were observed in protoplasts expressing GhSCP2D-N
terminus fused to GFP, whereas fluorescent signals were evenly
distributed in the cytosol in protoplasts expressing GhSCP2D-C
terminus fusedwithGFP (Supplemental Figure 1C), indicating that
the fusion of GFP to the C terminus of GhSCP2D interfered with
PTS1-induced targeting of this protein. We then used a pumpkin
(Cucurbita sp cv Kurokawa Amakuri Nankin) malate synthase
gene as a positive control to verify the subcellular localization of
GhSCP2D. This pumpkin protein contains a PTS1 signal peptide
and is known to target peroxisomes when expressed in Arabi-
dopsis (Hayashi et al., 1996). We fused the pumpkin cDNA en-
coding this protein with red fluorescent protein at the N terminus
and cotransformed this construct with GFP-GhSCP2D. Green
fluorescent signals from GFP (Figure 1F) and red fluorescent
signals from the peroxisomal marker RFP-PTS1 (Figure 1G)
completely overlapped in Nicotiana benthamiana epidermal cells
(Figures 1H and 1I), indicating that GhSCP2D is localized to
peroxisomes, as expected for SCPs (Edqvist et al., 2004).

Downregulation of GhSCP2D Shortens Fiber Length Due to
the Reduced Sucrose and Hexose Levels

To explore the role of GhSCP2D in cotton fiber elongation, we
produced GhSCP2D antisense and overexpression constructs
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Figure 1. Phylogenetic Analysis of the SCP2 Gene Family and Expression Pattern of GhSCP2D.

(A) Phylogenetic analysis of the deduced protein sequences of SCP2 family genes fromG. hirsutum (Gh),G. arboreum (Ga),G. raimondii (Gr), Vitis vinifera
(Vv), Populus trichocarpa (Pt), Carica papaya (Cp), Arabidopsis thaliana (At), Glycine max (Gm), Zea mays (Zm), Setaria italica (Si), Oryza sativa (Os),
Brachypodium distachyon (Bd), Selaginella moellendorffii (Sm), and Physcomitrella patens (Pp). GhSCP2D is indicated by a red asterisk. The neighbor-
joining tree was constructed using the MEGA 6.0 program (http://www.megasoftware.net/).
(B) RNA-seq analysis of GhSCPs in tissues and organs of G. hirsutum. Yellow and blue indicate up- and downregulated genes, respectively.
(C) qRT-PCR analysis ofGhSCP2D expression in developing fibers and germinating seedlings ofG. hirsutum. The “h” indicates hours of germination (after
imbibition). RNA was extracted from germinating seeds at 0, 12, or 24 h and from roots and cotyledons at 48 or 72 h after imbibition. Three biological
replicates were used for each reaction with two technical replicates each. Error bars represent the SD of triplicate experiments.
(D)Theeffect of lova treatmentonGhSCP2D expression inwild-type cotton lineW0.Seedsat 1DPAwere cultured inBTmediumcontaining0, 1, 5, or 10mM
lova for 2 d.
(E) qRT-PCR analysis ofGhSCP2D expression in response to sucrose treatment in cvW0. Seeds at 1DPAwere cultured in BTmediumcontaining different
concentrations of sucrose or mannitol (instead of glucose, as used in the original BT medium) for 2 d.
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using the full coding sequence of this gene (Supplemental Figures
3A and 3B), both driven by the constitutive 35S promoter. We
introduced the constructs into cotton via Agrobacterium tume-
faciens-mediated transformation. Comprehensive PCR-based
genotyping and expression analysis of GhSCP2D mRNA iden-
tified eight antisense and two cosuppression primary trans-
formants (Supplemental Figure 4A). The screening did not identify
any overexpression lines (Supplemental Figure 4A), probably due
to sequence homology-dependent cosuppression (Taylor, 1997).
We selected three GhSCP2D-downregulated lines, designated
AS1, AS2, andAS10, for further analysis basedon theobservation
that GhSCP2D transcript levels were dramatically reduced in the
fibers without affecting the expression levels of the other GhSCP
homologs (Figure 2A; Supplemental Figures 4A to 4C). Compared
with the wild type and empty vector transgenic control (pBI121),
the GhSCP2D-downregulated lines showed reduced fiber length
at maturity (Figures 2B and 2C), as well as smaller cotyledons and
shorter hypocotyls and roots at the seedling stage (Figures 2F
and 2G).

To investigate whether GhSCP2D is associated with fiber
elongation, we examined the fiber growth rate in GhSCP2D-
downregulated lineAS10. In5- to10-DPAand10- to15-DPAwild-
type fibers, in which GhSCP2D transcripts were enriched (Figure
1C), the fiber elongation rates were ;1.80 and 2.00 mm/d, re-
spectively, whereas in the GhSCP2D-downregulated line AS10,
these rates were only 1.36 and 1.85 mm/d, respectively (Figures
2D and 2E). By 15 to 20 DPA, the fiber elongation rates in the wild
type and AS10 were almost identical (Figures 2D and 2E). The
sensitivity of fiber elongation to reducedGhSCP2D expression at
5 to10DPAmatched thehighexpression level ofGhSCP2Dat this
stage in the wild type (Figure 1C), suggesting that GhSCP2D
expression is required for fiber elongation.

Toexplore themetabolic basis of reduced fiber elongation in the
transgenic plants,wemeasured thecontents of glucose, fructose,
and sucrose, representing the major energy sources and osmotic
solutes required for fiber elongation (Ruan, 2007). We detected
a 10 to 15% reduction in hexose and sucrose levels in 5- and
10-DPA fibers of the GhSCP2D-downregulated lines compared
with the wild type (Table 1). Perhaps sucrose and hexose levels
were reduced to similar degrees because sucrose is transported
into the cytoplasm of the fiber, where it is cleaved by invertase or
sucrose synthase into hexoses (Ruan et al., 2003; Wang et al.,
2010). Interestingly, adding sucrose to the germination medium
complemented the defect in seedling growth in the GhSCP2D-
downregulated lines (Figures 2F and 2G), which was also ob-
served in the Atscp2-1 Arabidopsis mutants (Zheng et al.,
2008). However, the reduced fiber growth of the GhSCP2D-
downregulated lines was not restored by sucrose treatment, as
demonstrated in in vitro-cultured cotton seeds (Figures 2H and
2I). These results suggest that the sucrose transport pathway

may be blocked in the 5- and 10-DPA fibers of GhSCP2D-
downregulated plants.

Suppressing GhSCP2D Reduces Fiber PD Permeability

Sucrose is imported into fiber cells from the underlying seed coat
cells through thePDsorbysucrose transporters (Ruanetal., 2001;
Wang and Ruan, 2010). To evaluate the permeability of PDs in the
fibers of GhSCP2D-suppressed lines, we used a phloem-mobile
fluorescent probe, the membrane-impermeable fluorescent dye
carboxyfluorescein (CF), since unloaded CF can only enter fiber
cells from the phloemof the outer seed coat through the PD (Ruan
et al., 2001, 2004). We monitored the movement of CF into fiber
cells in situ via confocal laser scanning microscopy.
In the wild type, the fluorescent dye entered 5- and 10-DPA

fibers from the vascular bundles of the seed coat (Figures 3A and
3B), indicating that thePDsconnectingfibercellswith theadjacent
cells at the fiber basewere open at this stage. However, almost no
fluorescent dye was observed in 15-, 20-, and 25-DPA wild-type
fibers (Figures 3C to 3E), indicating that the PDs were closed
during this period. In the three transgenic lines inwhichGhSCP2D
expression was dramatically suppressed (Figure 2A), no or only
trace amounts of fluorescent dye were observed in 5-DPA fibers
comparedwith thewild type (Supplemental Figure 5). In lineAS10,
fluorescent dye signals were very weak or undetectable in 5- to
25-DPA fibers (Figures 3F to 3J), suggesting that fiber PDs are
closed in the transgenic plants during the entire fiber elongation
period. These results suggest that suppressing GhSCP2D ex-
pression results in PD closure and that GhSCP2D plays a key role
in controlling PD gating in cotton fibers.

GhSCP2D-Downregulated Plants Exhibit Extensive Callose
Deposition at PD in the Base of the Fiber

A major mechanism regulating symplasmic conductivity (PD
permeability) is callose deposition at the PD (De Storme and
Geelen, 2014; Guseman et al., 2010; Levy et al., 2007; Vatén et al.,
2011). To determine whether callose deposition is altered in the
fiber PDs of GhSCP2D-downregulated plants, we used aniline
blue, a callose-specific dye, to detect callose in 5-DPA fibers. In
the fibers of wild-type plants, no fluorescent signals from callose
weredetectedat thebasesoffibers (Figure4A)when thePDswere
open (Figure 3A). By contrast, in the three transgenic lines, fluo-
rescent signals from callose were evident at the fiber bases lo-
cated in the seed coat epidermis (Figures 4B to 4D), indicating
that callose deposition was induced at the bases of fibers in
GhSCP2D-downregulated plants.
We also performed electron microscopic immunogold labeling

experiments to detect callose deposition at PDs at the bases of
fibers. Gold particles (labeling callose) were localized in or around
the PDs of 5-DPA fibers in the three transgenic lines (Figures 4F to

Figure 1. (continued).

(F) to (I) Transient expression of GhSCP2D fused to the C terminus of GFP (GFP-GhSCP2D) in epidermal cells of N. benthamiana leaves. Green and red
fluorescent signals, representing GFP-GhSCP2D and the peroxisomal marker RFP-PTS1, respectively, were examined at 48 h after transformation. Bar =
50 mm.
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Figure 2. Phenotypic Analysis of Cotton Fibers and Seedlings of GhSCP2D-Downregulated Plants.

(A)qRT-PCRanalysisof theexpressionofGhSCP2D in0-DPAseeds,5- to15-DPAfibersof thewild type,and35S-antisense-GhSCP2D (35SAC) transgenic
lines (AS1, AS2, and AS10). Error bars represent the SD of triplicate experiments (**P < 0.01, Student’s t test).
(B)Lintfibers,whichbecomedehydratedandmatureafter40 to50DPA, from35SACtransgeniccotton lines (AS1,AS2,andAS10)appearshorter than those
from the null control (pBI121) and wild-type fibers.
(C) The average length of mature fibers of the null control (pBI121), wild type, and 35SAC (lines AS1, AS2, and AS10). Error bars indicate the SD of triplicate
experiments (**P < 0.01, Student’s t test).
(D) Reduced fiber elongation in transgenic line AS10 compared with the wild type. Each value is the mean6 SD of fiber length from at least ten seeds from
three individual plants for transgenic line AS10 and the wild type.
(E) Phenotypes of fiber-bearing seeds in the wild type and transgenic line AS10. The stages are indicated above the graphs. Bar = 10 mm.
(F)Phenotypes ofGhSCP2D-downregulated cotton seedling grown onMurashige andSkoogmediumwith andwithout 1%sucrose for 3 d after imbibition.
Bar = 1 cm.
(G) Average root length of the null control (pBI121), wild-type, and 35SAC (lines AS1, AS2, and AS10) plants grown on MS medium with and without 1%
sucrose. At least 30 seedlings were measured in each case. Error bars indicate the SD of triplicate experiments (**P < 0.01, Student’s t test).
(H)PhenotypesofGhSCP2D-downregulatedandwild-typecottonseedscultured inBTmedium (inwhich50mMsucrosewasadded inplaceof glucose) for
10 d. Bar = 10 mm.
(I) Fiber length of wild-type and 35SAC (lines AS1, AS2, and AS10) fibers from seeds cultured in BT medium containing 50 mM sucrose for 10 d. At least
30 seeds were measured per genotype. Error bars indicate the SD of triplicate experiments (**P < 0.01, Student’s t test).
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4H), but not in thewild-type fiber PDs (Figure 4E).Wedetected 1.8
to 2.9 gold particles per PD in the three transgenic lines compared
with only 0.5 per PD in wild-type plants (Table 2). These data
confirm the notion that suppressing GhSCP2D expression re-
sulted in callose deposition at PDs at the bases of cotton fibers,
which connect the underlying or adjacent seed coat cells in
GhSCP2D-downregulated plants.

During fiber development, some PDs become branched when
CF import into fibers is restricted (Ruan et al., 2001). We therefore
compared the PD ultrastructure in 5-DPA fibers of GhSCP2D-
downregulated lines versus the wild type. While the frequency of
PDsperunitofcellwall lengthat thefiberbasewassimilar in5-DPA
fibers between transgenic and wild-type plants (Table 2), more
branched PDs were observed in the GhSCP2D-downregulated
lines than in the wild type (Table 3). In wild-type fibers, almost all
PDswereunbranched, as reportedbyRuanetal. (2001) (Figure4I).
By contrast, two typesofPDstructures, simplePDsandbranched
PDs, were observed in the GhSCP2D-downregulated lines, as
revealed by transmission electron microscopy (Figures 4J to 4L).
The threeGhSCP2D-downregulated lines had a higher frequency
of branched PDs (9–18%) than the wild type (;2%; Table 3).

Downregulation of GhSCP2D and the Application of a Sterol
Biosynthesis Inhibitor Suppress the Expression of the b-1,3
Glucanase Gene GhPdBG3-2A/D in Cotton Fibers

Callose accumulation is controlled by the joint action of GSLs
and BGs, which synthesize and degrade callose, respectively
(Bucher et al., 2001; Ruan et al., 2004). We identified 16 and
26 GSLs in the G. raimondii and G. hirsutum genomes, re-
spectively (Supplemental Figure 6A and Supplemental Table 2).
RNA-seq analysis showed that some genes are expressed in
G. hirsutum fibers (Supplemental Figure 6B) and that this ex-
pression is unaffected in the fibers of GhSCP2D-downregulated
lines (Supplemental Figure 6C).

On the other hand, 51 and 66 BG genes were identified in the
ArabidopsisandG. raimondiigenomes, respectively (Figure5A). In
Arabidopsis, several GPI-anchored and plasmodesmal-localized
b-1,3 glucanases, including the putative PD-associated protein
(AtBG_ppap), as well as PdBG1, PdBG2, and PdBG3, which lo-
calize to thePD (hence their name,PdBGs), are thought toplay key
roles in callose degradation at the PD neck region (Levy et al.,
2007; Benitez-Alfonso et al., 2013). Sixteen genes in G. hirsutum

are phylogenetically homologous to these PdBGs (Figure 5A;
Supplemental Table 3). RNA-seq and qRT-PCR analysis revealed
that transcripts from a pair of homoeologous genes, GhPdBG3-
2A/D, were abundant in 5- and 10-DPA versus 15-, 20-, and
25-DPA fibers in wild-type plants (Figures 5B and 5M), which
corresponds with the opening and closure of the PDs in wild-type
fibers, respectively (Figures 3A to 3E).
Analysis using Big PI plant predictor and GPI-SOM suggested

that GhPdBG3-2A and GhPdBG3-2D are GPI-anchored proteins
(Figure 5C). To assess the cellular localization of these proteins,
we produced GFP internal fusion constructs for GhPdBG3-2A/D
and transiently expressed them inN. benthamiana leaves. Strong
GFP signals were detected in punctate spots at the cell periphery,
a pattern reminiscent of PD localization (Figures 5D and 5H), as
indicated by aniline blue staining for callose at PDs (Figures 5E
and 5I). Indeed, GhPdBG3-2A- and GhPdBG3-2D-GFP signals
colocalized with aniline blue-stained callose (Figures 5F and 5J).
The findings suggest that GhPdBG3-2A and GhPdBG3-2D lo-
calize to PDs and might control callose turnover by degrading
callose at the PDs during fiber development.
Importantly, GhPdBG3-2A/D expression was dramatically

suppressed in the transgenicfibers (Figures5Land5M), indicating
that transgenic suppression ofGhSCP2D reducedGhPdBG3-2A/
D expression, allowing callose to be deposited at the PD. In-
terestingly, Grison et al. (2015) reported that altering sterol
composition in young, dividing cells of Arabidopsis seedlings
impaired the PD localization of theGPI-anchored proteins PdBG2
and altered callose-mediated PD permeability. To investigate
whether the expression of GhPdBG3-2A and GhPdBG3-2D is
affected by sterol, we cultured wild-type and transgenic seeds at
1 DPA in medium containing various concentrations of the sterol
biosynthesis inhibitor lova (Grison et al., 2015) for 10 d using an
in vitro cotton ovule culture system described by Beasley (1971).
As shown in Figure 6A, GhPdBG3-2A and GhPdBG3-2D mRNA
levels were reduced in the fibers of both GhSCP2D-down-
regulated andwild-type plants treatedwith lova at concentrations
of 5 mMor higher (Figure 6A; Supplemental File 6). The fiber length
wasalso reducedby lova treatment in asimilarmanner (Figures6B
to 6J).
The permeability of PDs in wild-type fibers, as judged by the

movement of CF,was not affected in 10-d fibers treatedwith 1 mM
lova compared with the control (Figures 6L versus 6K). Consis-
tently, no fluorescent signals from aniline blue (indicating callose)

Table 1. Sugar Contents in Fibers of GhSCP2D-Downregulated and Wild-Type Plants

Fiber Stage Line Fructose (mg/mg FW) Glucose (mg/mg FW) Sucrose (mg/mg FW) Total (mg/mg FW)

5-DPA fiber Wild type 19.21 6 3.67 21.69 6 1.28 11.51 6 1.05 52.57 6 1.87
AS1 16.65 6 2.57* 18.79 6 0.56* 8.62 6 0.89** 44.24 6 2.49**
AS2 17.08 6 1.96* 19.67 6 1.45* 8.51 6 0.64** 45.04 6 1.36**
AS10 16.59 6 2.43* 18.73 6 1.75* 8.07 6 1.32** 43.40 6 3.23**

10-DPA fiber Wild type 18.74 6 0.58 21.21 6 2.64 11.30 6 2.16 51.15 6 2.17
AS1 15.23 6 1.10* 17.19 6 0.98* 9.09 6 1.45** 45.25 6 2.49**
AS2 16.01 6 2.24* 18.32 6 1.01* 9.22 6 1.05** 47.05 6 2.61**
AS10 16.96 6 2.16* 18.61 6 0.62* 8.57 6 2.05** 44.24 6 3.65**

Mean values and standard errors were calculated from three biological replicates. The analysis of significance was calculated via comparison with data
from the wild type. Significance of the phenotypic results was assessed using Student’s t tests (*P < 0.05 and **P < 0.01). FW, fresh weight.
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wereobservedat thebasesoffibers (Figures6Sand6T).However,
treatment of wild-type fibers with 5 or 10 mM lova dramatically
reduced the permeability of PDs (Figures 6M and 6N), owing to
callose deposition at the fiber base (Figures 6U and 6V). As ob-
served in vivo (Figure 3F), someweak CF signals were detected in
fibers from cultured seeds of GhSCP2D-downregulated plants
(Figure 6O), and these transgenic fibers exhibited fluorescent
signals fromcalloseat their bases (Figure6W). Treatmentwith1, 5,
or 10 mM lova elicited the production of callose, as revealed by
intense fluorescent signals (Figures 6X to 6Z), with no fluores-
cent signals from CF were detected in fibers (Figures 6P to 6R).
These results indicate that the defect in callose-mediated PD

permeability in fibers of the GhSCP2D-downregulated plants
intensified when sterol biosynthesis was inhibited.

Suppression of GhSCP2D Reduces Sterol Contents in
Cotton Fibers

We then investigatedwhether suppressingGhSCP2D expression
reduces sterol contents and alters the expression of sterol bio-
synthesis genes. Sterols are synthesized from cycloartenol and
converted intoawidevarietyofsterol variants, includingsitosterol,
campesterol, and stigmasterol (Edwards and Ericsson, 1999).
RNA-seq analysis revealed the expression of several sterol

Figure 3. Confocal Images of CF Transport to Fibers of the Wild Type and GhSCP2D-Downregulated Line AS10.

(A) and (B)Optical sectionsof 5- and10-DPAseeds in thewild type, showing transport andaccumulation ofCF fromvascular bundles to fibers and theouter
seed coat but not to the inner seed coat.
(C) to (E)Optical sectionsof15-, 20-, and25-DPAseeds in thewild type, showingstrong,widespreadCFsignals in thevascular regionbut fewornosignals in
the fibers.
(F) to (J)Optical sections of 5-, 10-, 15-, 20-, and 25-DPA seeds from transgenic lines AS10, showing strong, widespread CF signals in the vascular region
but few or no signals in the fibers. The upper and lower panels show bright-field and merged images, respectively. For each line, imaging analysis was
performedonfiveseeds fromthreeplantswitha total ofat least15optical sections.F,fibers;VB, vascularbundle;OSC,outerseedcoat; ISC, innerseedcoat.
Bars = 50 mm.
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synthesisgenes inelongatingcottonfibers, includingSMT1,CPI1,
HYD2, HYD1, SMT2, and SMT3 (Supplemental Figure 7), all of
which exhibited significantly lower mRNA levels in GhSCP2D-
suppressed fibers than in the wild type (Figures 7A to 7F). Mea-
surement of sterol contents using gas chromatography-mass
spectrometry (GC-MS) showed that sitosterol, campesterol, and

stigmasterol levels were enriched in 5- and 10-DPA fibers com-
paredwith15-, 20-, and25-DPAfibers inwild-typeplantsbutwere
significantly reduced in 5- and 10-DPA fibers in the GhSCP2D-
downregulated lines (Figures 7G to 7J). These results indicate that
GhSCP2D is required for maintaining sterol levels and the ex-
pression of sterol biosynthesis genes in elongating cotton fibers.

Figure 4. Detection of Callose at the Base of 5-DPA Fibers in GhSCP2D-Downregulated and Wild-Type Plants.

(A) to (D) Aniline blue staining for callose at the fiber base inGhSCP2D-downregulated and wild-type plants. No aniline blue fluorescent signals (indicating
callose) were detected at the fiber bases of wild-type plants. By contrast, AS1, AS2, and AS10, representing the three transgenic lines of GhSCP2D-
downregulated plants, exhibited clear fluorescent signals (callose) at the fiber base (red arrows). The upper and lower panels show bright-field andmerged
images, respectively. For each line, imaging analysis was performed from three individual plants with a total of at least 15 optical sections. Bar = 20 mm.
(E) to (H) Electron microscopy immunolocalization of callose at the fiber base of GhSCP2D-downregulated (AS1, AS2, and AS10) and wild-type plants.
Immunogold labeling with a monoclonal antibody against callose was performed in cross sections of 5-DPA seeds. No immunogold particles (indicating
callose) were detected at the fiber base (boxed area in the upper panel) of wild-type plants. By contrast, the three transgenic lines showed strong im-
munogold-labeling of callose at the fiber base (red arrows). Bars = 10 mm in the upper panel and 100 nm in the lower panel.
(I) to (L) Transmission electronmicroscopy analysis of fiber sections showing simple PDs at the fiber base of wild-type plants but branched PDs at the fiber
base of GhSCP2D-downregulated plants (red arrows). Bar = 100 nm.
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Suppression of GhSCP2D Activates the Expression of
Sucrose Transporter Genes in Elongating Fibers

The developmentally controlled closure of the symplasmic
pathway may switch on the apoplasmic route for nutrient uptake
(Ruan et al., 2001). We therefore investigated whether the closure
of PDs in 5 to 10-DPA fibers observed in GhSCP2D-suppressed
plants would activate or increase the expression of sugar trans-
porter genes to compensate for the reduced symplasmic nutrient
transport.

Plants contain two distinct types of sucrose transporters: SUT
and clade III SWEET proteins (Eom et al., 2015). SUTs fall into the
major facilitator superfamily (MFS) (Eom et al., 2015; Tao et al.,
2015). There are 77 and 93 genes belonging to the MFS gene
family in Arabidopsis and G. raimondii, respectively. Three SUTs
in G. raimondii (Supplemental Figure 8A) corresponding to six
SUTs in G. hirsutum (Supplemental Table 4) are phylogenetically
clustered with Arabidopsis SUTs (AtSUC1, AtSUC2, AtSUC5,
AtSUC6, AtSUC7, AtSUC8, and AtSUC9). These SUTs encode
proteins responsible for sucrose transport across the plasma
membrane, a process energized by H+-ATPases (Ruan et al.,
2001; Baud et al., 2005; Dasgupta et al., 2014; Pommerrenig et al.,
2013; Sivitz et al., 2007; Wippel and Sauer, 2012). RNA-seq and
qRT-PCR analysis revealed that the transcripts of GhSUT1A/D,
includingGhSUT1 (Ruanetal.,2001),GhSUT2A/D,andGhSUT3A/D,
were highly expressed in 15- to 25-DPA fibers, but only weakly
expressed (<10%) in the early stage of fiber development (5 to
10 DPA) in wild-type plants (Figures 8A and 8B; Supplemental
Figure 9B). Notably, GhSUT1 has been immunologically localized
to theplasmamembranesat thebasesof cottonfibers (Ruanet al.,
2001). However, the suppression of GhSCP2D drastically acti-
vated the expression of GhSUT1A/D and GhSUT3A/D in 5- and
10-DPA fibers but had no obvious effect on the expression of
these genes at stage 15-DPA onwards (Figures 8A and 8B;
Supplemental Figure 8C).

We further investigated the effect of suppressing GhSCP2D
expression on SWEET gene expression in cotton fibers. There
are 12 and 21 SWEETs in G. raimondii and G. hirsutum, re-
spectively, which are clustered with clade III SWEETs (SWEET
9-15) in Arabidopsis (Supplemental Figure 9A and Supplemen-
tal Table 5). RNA-seq showed that clade III SWEET genes, in-
cluding GhSWEET1A/D, GhSWEET5A/D, GhSWEET6A/D, and
GhSWEET10A/D,wereexpressedatextremely low levels in5-and

10-DPA wild-type fibers (Supplemental Figure 9B). Most ob-
viously, in the GhSCP2D-downregulated lines, the transcript
levels of these SWEETs dramatically increased in 5- and
10-DPA fibers but remained unchanged in 15-, 20-, and
25-DPA fibers compared with the wild type (Figures 8C to 8F;
Supplemental Figure 9C). These results indicate that sup-
pressingGhSCP2D expression in cotton activatesor enhances
the expression of SUT and clade III SWEET genes during early
fiber elongation.

Prolonged Expression of GbSCP2D, a GhSCP2D Homolog,
Correlates with Extended PD Opening and Delayed
Expression of SUTs and SWEETs during G. barbadense
Fiber Development

Finally, we investigated whether overexpressing GhSCP2D
prolongs PD opening by increasing the expression of
GhPdBG3-2A/D. As mentioned, we failed to obtain transgenic
lines overexpressing GhSCP2D from cotton plants trans-
formed with the overexpression construct (Supplemental
Figure 4), probably due to sequence homology-dependent
cosuppression (Taylor, 1997). To circumvent this problem,
we isolated GbSCP2D and GbPdBG3-2A/D, which are the
homologous genes of GhSCP2D and GhPdBG3-2A/D, re-
spectively, from another cultivated tetraploid cotton species,
G. barbadense cultivar H7124, which has much longer fibers
than G. hirsutum accession W0 (wild type) (Wendel and Cronn,
2003). The transcript levels of GbSCP2D and GbPdBG3-2A/D
in H7124 fibers were enriched not only at 5 and 10 DPA, as

Table 3. PD Morphology in Fibers from GhSCP2D-Downregulated and
Wild-Type Plants

Genotype Total Simple Branched

Wild type 111 109 2 (1.8%)
AS1 132 117 15 (11.4%)*
AS2 102 84 18 (17.6%)*
AS10 117 106 11 (9.4%)*

PDs from at least 10 cell wall interfaces between fiber bases and
adjacent cells (neighboring nontrichomes and underlying seed coat cells)
were examined from 5 to 10 nonserial sections derived from three seeds
per genotype (*t test versus the wild type at P < 0.05).

Table 2. Number of Immunogold Particles Representing Callose at the PD in Fibers from GhSCP2D-Downregulated and Wild-Type Plants

Genotype

Total Cell Wall
Length at Fiber
Base (mm)

No. of PD
Observed

PD Frequency
(PD/mm)

Total No. of Gold
Particles at PD Relative
to the Cell Wall

Gold Particles
per PD

Wild type 749 102 0.14 6 0.03 41/54 0.5 6 0.2
AS1 849 127 0.15 6 0.04 278/75 2.3 6 0.3**
AS2 805 112 0.14 6 0.04 197/49 1.8 6 0.3**
AS10 768 97 0.13 6 0.03 295/77 2.9 6 0.5**

All branches of a branched PD were counted as one PD. For PD frequency and gold particles per PD, each value was derived from at least 10 fiber cells.
Total number of gold particles at PD relative to the cell wall was counted across the specified total cell wall length at the fiber base. Statistical
significance was assessed using Student’s t tests (**P < 0.01).
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observed for GhSCP2D and GhPdBG2-2A/D (Figures 1C and
5M), but also at 15-DPA, and theybecameundetectable at 20 to
30 DPA (Figures 9A and 9B). Accordingly, this prolonged ex-
pression ofGbSCP2D andGbPdBG3-2A/D correlated with the
detection of CF fluorescent signals in 5-, 10-, and 15-DPA
H7124 fibers (Figures 9I to 9K), whereas these signals were
undetectable in 20-, 25-, and 30-DPA fibers (Figures 9L to 9N).
The CF data indicate that an extensive period of PD opening
occurred at 5 to 15DPA inH7124, whereas in thewild type, fiber
PDs were open only at 5 to 10 DPA (Figures 3A and 3B). In
conjunction with the prolonged PD opening (Figures 9I to 9K),
little or no GbSUT and GbSWEET expression was detected
during this period (Figures 9C to 9H). These findings help
confirm the notion that SCP2D helps keep the PD open by
positively regulating PdBG expression.

DISCUSSION

GhSCP2D Is Required for Maintaining Symplasmic
Permeability by Positively Regulating GhPdBG3-2A/D
Expression to Degrade Callose at the PD during Cotton
Fiber Elongation

Callose turnover represents a major mechanism regulating
symplasmic conductivity at the PD (De Storme andGeelen, 2014;
Guseman et al., 2010; Levy et al., 2007; Ruan et al., 2004; Vatén
et al., 2011). Callose deposition at the PDgenerally correlateswith
reduced PD permeability and PD branching (Benitez-Alfonso
et al., 2009; Ruan et al., 2001). In this study, we found that sup-
pressing the expression of GhSCP2D, encoding a putative SCP,
resulted in intensivecallosedepositionat thePDregionat thebase

Figure 5. GhPdBG3-2A andGhPdBG3-2DExpression IsSuppressed inGhSCP2D-Downregulated Lines (AS1,AS2, andAS10)ComparedwithWild-Type
Plants.

(A) Phylogenetic analysis of BGs in G. raimondii and Arabidopsis. A total of 66 BGs in G. raimondii and 51 BGs in Arabidopsis were used to construct the
neighbor-joining tree using MEGA 6.0 software. The names are given for the genes encoding PD-localized b-1,3 glucanase proteins.
(B) RNA-seq analysis of GhPdBGs in different tissues and organs of G. hirsutum. Yellow and blue indicate up- and downregulated genes, respectively.
(C) Schematic model of GhPdBG3-2A and GhPdBG3-2D protein structure. GhPdBG3-2A/D contain a signal peptide, a typical glycosyl hydrolase domain,
and a X8 domain involved in carbohydrate binding. The insertion site for GFP and the predicted v site are at positions 447 and 471, respectively.
(D) to (K)GhPdBG3-2A-andGhPdBG3-2D-GFP (GFPwas fused in frame to the structural protein at position 447) greenfluorescent signals colocalizedwith
callose deposits, as revealed by aniline blue staining at the PD. Bar = 50 mm.
(L)Transcript levelsofGhPdBG3-2A/D in5-DPAfibersofGhSCP2D-downregulated lines (AS1,AS2,andAS10)and thewild type.Error bars represent the SD

of triplicate experiments (**P < 0.01, Student’s t test).
(M) Transcript levels of GhPdBG3-2A/D in fibers of AS10 and wild-type plants. Error bars represent the SD of triplicate experiments (**P < 0.01, Student’s
t test).
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of the cotton fiber during early elongation as well as increased PD
branching, leading to the closure of PDs throughout fiber elon-
gation, as revealed by the movement of the symplasmic dye CF.
By contrast, in wild-type plants, little or no callose was observed
at the fiber base, and the PDs remained open at 5 and 10
DPA (Figures 3 and 4). Furthermore, prolonged expression of
GbSCP2D, a homolog of GhSCP2D in G. barbadense, correlated
with a longer period of PD opening (Figure 9). Collectively, these

findings suggest that GhSCP2D plays a major role in controlling
symplasmic transport, likely via regulating callose turnover in
the PD.
Callose accumulation is controlled by the joint action of GSLs

and BGs, which synthesize and degrade callose, respectively
(Bucher et al., 2001; Ruan et al., 2004). GhGSL expression was
not affected in the fibers of GhSCP2D-downregulated plants.
However, the expression of GhPdBG3-2A/D, a putative b-1,3

Figure 6. Inhibiting Sterol Biosynthesis Alters PD Permeability (Controlled by Callose) in Cotton Fibers.

(A) The effect of lova treatment on GhPdBG3-2A/D expression in fibers of the wild type and the GhSCP2D-downregulated line AS10. 1 DPA seeds were
cultured inBTmediumcontaining0, 1, 5, or 10mMlova for10d. For eachcondition, theseeds removed from the independent bollwereusedas thebiological
replicate. Error bars indicate the SD of three biological replicates. Asterisks indicate significant difference at *P<0.05 and **P<0.01basedonStudent’s t test
for pairwise comparisons of AS10 and wild-type plants at a given concentration of lova. Different letters indicate significant differences among different
concentrations of lova within AS10 or wild-type plants at P < 0.01 according to a randomization one-way ANOVA test (Supplemental File 6).
(B) Lova treatment reduces fiber length in wild-type andGhSCP2D-downregulated AS10 plants following in vitro culture in BTmedium containing lova for
10d starting from1DPA.At least 30 seedsweremeasured in eachcase. Error bars indicate the SDof threebiological replicates. Asterisks indicate significant
differenceat *P<0.05and **P<0.01basedonStudent’s t test for pairwisecomparisonsbetweenAS10andwild-typeplants at agivenconcentrationof lova.
Different letters indicate significant difference among different concentrations of lova within AS10 or wild-type plants at P < 0.01 according to a ran-
domization one-way ANOVA test (Supplemental File 6).
(C) to (J) Phenotypes of wild-type andGhSCP2D-downregulated cotton seeds cultured in BT medium containing 0, 1, 5, or 10 mM lova for 10 d. (C) to (F)
represent wild-type seeds exposed to lova treatment at the specified concentration. (G) to (J) represent AS10 seeds subjected to lova treatment at the
specified concentration. Bar = 10 mm.
(K) to (N)Optical sections ofwild-type seeds treatedwith 0, 1, 5, or 10 mM lova for 10 d starting from1DPA, showing transport and accumulation of CF from
vascular bundles to fibers and the outer seed coat but not to the inner seed coat. Confocal images showing strong CF signals in (K) and (L), but few or no
signals in (M) and (N). Bar = 50 mm.
(O) to (R)Optical sections of 0, 1, 5, or 10 mM lova-treated AS10 seeds, showing transport and accumulation of CF from vascular bundles to fibers and the
outer seedcoatbutnot to the innerseedcoat.Confocal imagesshowfewornosignals.At least30sectionsproduced fromtenseeds fromthreecottonplants
were examined for each growth condition. Bar = 50 mm.
(S) to (V)Confocal imagesof anilinebluestaining for calloseat thefiberbaseat10DPA inwild-typeandGhSCP2D-downregulatedplantscultured inmedium
containing 0, 1, 5, or 10 mM lova for 10 d. Wild-type fibers from seeds treated with 0 and 1 mM lova showed no aniline blue signals ([S] and [T]), but strong
signals were observed in seeds treated with 5 and 10 mM lova ([U] and [V]).
(W) to (Z)Confocal images of 0, 1, 5, or 10 mM lova-treated fibers from line AS10, showing stronger callose signals at the fiber base upon treatmentwith lova
compared with the control. At least 30 sections from 10 seeds were analyzed in each case. Bar = 20 mm.
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Figure 7. The Sterol Content Is Lower in 5- and 10-DPA Fibers of GhSCP2D-Downregulated Plants Than in the Wild Type.

(A) to (F) Transcript levels of the genes involved in sterol biosynthesis in 5-DPA fibers of GhSCP2D-downregulated (AS1, AS2, and AS10) and wild-type
plants. Error bars represent the SD of triplicate experiments (**P < 0.01, by Student’s t test).
(G) GC-MS quantification of the sitosterol, campesterol, and stigmasterol contents in 5-DPA fibers of GhSCP2D-downregulated (AS1, AS2, and AS10)
and wild-type plants. Error bars indicate SD from six replicate samples. The data were evaluated by Student’s t test; *P < 0.05 and **P < 0.01. DW, dry
weight.
(H) to (J)Quantification byGC-MSof the sitosterol (H), campesterol (I), and stigmasterol (J) content in 5- to 25-DPA fibers of transgenic line AS10 andwild-
type plants. Error bars indicate SD from six replicate samples. The data were evaluated by Student’s t test; *P < 0.05 and **P < 0.01. DW, dry weight.
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glucanasegene that ispredominantly expressed in5- and10-DPA
fibers inwild-type plants, was dramatically reduced in the fibers of
GhSCP2D-suppressed plants (Figure 5). These results suggest
thatGhSCP2Dpositively regulatesGhPdBG3-2A/Dexpression to
degrade the callose deposited at the PD during cotton fiber
elongation.

In wild-type cotton, a cohort of genes involved in sterol bio-
synthesis are highly expressed during early fiber elongation
(Supplemental Figure7).Consistently, sterol is enriched infibersat
the elongation stage compared with the late secondary wall

thickening period (Figure 7; Deng et al., 2016). Suppressing
GhSCP2D expression downregulated sterol biosynthesis genes
and reduced thesterol contents in5-and10-DPAfiberscompared
withwild-typeplants (Figure7),demonstratinga role forGhSCP2D
in maintaining sterol homeostasis within the elongating cotton
fiber cell.
We found that pharmacologically inhibiting sterol biosynthesis

using lova significantly reduced the expression of GhPdBG3-2A/
D, encoding GPI-anchored and PD-targeted proteins, in cotton
fibers (Figures 5 and 6). Interestingly, Grison et al. (2015) used

Figure 8. Suppression of GhSCP2D Activates the Expression of SUT and Clade III SWEET Sucrose Transporter Genes in 5- and 10-DPA Fibers.

qRT-PCR analysis of genes encoding sucrose transporter (SUTs and SWEETs) in 5- to 25-DPA fibers of the wild type and GhSCP2D-downregulated line
AS10.Threebiological replicateswereperformedper reaction, eachwith two technical replicates (using thesamesample). Eachvalue representsmean6 SE

(**P < 0.01, Student’s t test).
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a similar approach to reduce the sterol contents in Arabidopsis
root tips, leading to the mislocalization of AtPdBG2 in sterol-
enriched PDs in the plasma membrane and the accumulation of
callose in this region. Further studies are required to elucidate
exactlyhowGhSCP2Dregulates theexpressionofGhPdBG3-2A/D.
Nevertheless, given the reduced sterol content and the ex-
pression of sterol synthesizing genes observed in the fibers of
GhSCP2D-suppressed plants, it is plausible that GhSCP2D
regulatesGhPdBG3-2A/D expression throughmodulating sterol
contents or composition. Altering sterol composition might af-
fect the expression of GhPdBG3-2A/D through a feedback
mechanism, aswell as the targeting of GhPdBG3-2A/D to PDs in
the plasma membranes of cotton fiber cells.

Closure of PD Induced by the Suppression of GhSCP2D
Activates the Expression of Sucrose Transporter Genes SUT
and SWEET during Fiber Elongation

Sucrose is themajor organic nutrient and energy source imported
into cotton fiber cells (Ruan et al., 2001, 2003).We found that fiber
and seed growth were positively correlated with sucrose con-
centration in the culture medium (Supplemental Figure 10), in-
dicating the importance of sucrose import to cotton fiber
development. The GhSCP2D-downregulated cotton plants had
reduced sucrose and hexose levels and shortened fiber length
(Table 1, Figure 2). Unlike what was observed in seedlings, the

addition of sucrose did not compensate for the defects in fiber
growth where GhSCP2D transcripts were enriched (Figure 2).
These findings, together with the observation that GhSCP2D is
required for PD opening during fiber elongation, indicate that
GhSCP2Dplaysa role insymplasmic sucrose transport to support
fiber development.
SUTs and clade III SWEETs are the two classes of sucrose

transporters responsible for sucrose transport across the plasma
membrane (Eom et al., 2015; Chen et al., 2012; Gottwald et al.,
2000). In Arabidopsis, SUC2, SWEET11, and SWEET12 are ex-
pressed in the vascular tissues of mature leaves, and their en-
coded proteins are localized to the plasmamembranes of phloem
parenchyma (Truernit and Sauer, 1995; Chen et al., 2012). The
growth of Arabidopsis mutants suc2 and sweet11 sweet12 is
retarded, likely due to reduced sucrose efflux from leaves to
sink organs such as roots (Chen et al., 2012). Interestingly, the
Arabidopsis scp2 mutant shows reduced seedling growth,
a phenotype complemented by the addition of 1% sucrose to the
medium, which is similar to that observed for the suc2 and
sweet11 sweet12mutants and for GhSCP2D-suppressed cotton
seedlings in this study (Figure2). Theseobservationspoint toa link
between SCP2 and sucrose transport.
Notably, in parallel to the strong expression of GhSCP2D and

GhPdBG3-2A/D in 5- and10-DPA fiberswhenPDswereopenand
the weak expression of these genes during the late stage of fiber
development (Figures 2 and5),wedetected little or noGhSUT and

Figure 9. GbSCP2D Is Expressed in 5- to 15-DPA Fibers of G. barbadense, Which Is Accompanied by the Prolonged Opening of PDs in G. barbadense.

(A) to (H) qRT-PCR analysis of the SCP2D, PdBG3-2A/D, SUTs, and SWEETs in 5 to 30 fibers of G. barbadense. SCP2D and PdBG3-2A/D transcripts
accumulate in 5- to 15-DPA fibers of G. barbadense. By contrast, SUT and SWEET transcripts accumulate in 20- to 30-DPA fibers of G. barbadense.
(I) to (K)Optical sectionsof 5-, 10-, and15-DPAG.barbadense seeds, showing the transport andaccumulationofCF fromvascular bundles tofibers and the
outer seed coat but not to the inner seed coat.
(L) to (N)Optical sectionsof20-,25-, and30-DPAG.barbadenseseeds, showingstrong,widespreadCFsignals in thevascular regionbut fewornosignals in
fibers. Bars = 50 mm.
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clade IIIGhSWEET transcriptsduring theearly stageofelongation,
which significantly increased during late elongation when the PD
were closed (Figure 9). Such an inverse relationship between PD
gating and the expression of SUTs and clade III SWEETs
was further demonstrated by suppressingGhSCP2D expression.
The transgenic fibers exhibited PD closure during the early
stage of elongation and, hence, the blockage of PD perme-
ability throughout the elongation period (Figures 3, 4, and 10).
Interestingly, the expression of SUTs and clade III SWEETs in-
creased dramatically in 5- and 10-DPA fibers of GhSCP2D-
downregulated plants compared with the wild type (Figure 8).
Genotypic evidence from G. barbadense further supports the
absenceor activation of sugar transporter gene expression via the
opening or closure of PDs in cotton fibers, respectively. In this
genotype, fiber PDs were open at 5, 10, and 15 DPA but closed at
20, 25, and 30 DPA. Accordingly,GbSUT and clade IIIGbSWEET
mRNA was undetectable in 5-, 10-, and 15-DPA fibers but en-
riched in late-stage fibers (Figure 9). These results indicate that
sucrose import into fiber cells occurs through the symplasmic
pathway controlled by SCP2D andPdBG3-2A/D during early fiber
elongation but switches to a SUT- and SWEET-mediated apo-
plasmic route once SCP2D and PdBG3-2A/D expression is re-
duced or suppressed. These findings provide an example of the
developmental versatility of cell-to-cell communication linking
SCP2D with callose turnover, PD gating, and the expression of
sugar transporter genes.

We found thatSUTsandclade IIISWEETswerecoexpressed in
cotton fibers (Figure 8). How this coordination is achieved re-
mains to be determined. We hypothesize that this coordination
might contribute to cytosolic sugar homeostasis, which is vital
for metabolism and cellular function (Ruan, 2014). The joint

action of energy-coupled sucrose influx mediated by the SUTs
could lead to increased sucrose or hexose levels in the fiber
cytosol, whereas the clade III SWEETsmight transport sucrose
from the cytosol back to the apoplasm once the intracellular
sucrose concentration is high enough, since SWEETs are
uniporters that mediate bidirectional sugar transport de-
pending on the concentration difference (Chen et al., 2012). It is
also possible that both the SUTs and clade III SWEETs might
function in the uptake of phloem-unloaded sucrose into fiber
cells from the apoplasm at the interface between the fiber base
and seed coat. Under this scenario, the GhSUTsmight function
as energy-independent sucrose facilitators to transport su-
crose from the apoplasm into the fiber cytosol in a manner
similar to that predicted for the uniporters, GhSWEETs. Indeed,
such a function in facilitating sucrose diffusion has been
demonstrated for a class of SUTs in the legume seed coat (Zhou
et al., 2007).
Overall, our study shows that suppressing GhSCP2D expres-

sion in cotton fibers reduced the expression of GhPdBG3-2A/D,
likely by disrupting sterol homeostasis, leading to enhanced
callose deposition and reduced PD permeability as well as fiber
elongation. Moreover, we provided evidence that the symplasmic
pathway prevails during early cotton fiber elongation and that the
apoplasmic route for sucrose transport is switched on during later
development to compensate for the loss of the symplasmic
pathway (Figure 10). Further studies are needed to elucidate the
biochemical pathway by which peroxisome-localized GhSCP2D
regulates sterol content. In this context, several key enzymes for
the formation of sterol precursors are also localized to the per-
oxisome (Simkin et al., 2011). Thus, it will be interesting to es-
tablish whether GhSCP2D acts alone or with sterol-synthesizing

Figure 10. Model Describing the Roles of GhSCP2D in PD Gating for Fiber Cell Elongation.

GhSCP2Dmodulates theexpressionofGhPdBG3-2A/D, encoding ab-1,3-glucanase, aswell as the expressionof sugar transporter genesSUTsandclade
III SWEETs.
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enzymes to transfer sterol or its precursors into or out of
peroxisomes.

METHODS

Plant Materials and Growth Conditions

Cotton plants (Gossypium hirsutum accession W0 and G. barbadense
cultivar H7124) were cultivated in the field at the experimental station of
Nanjing Agricultural University and Zhejiang University, China. Cotton boll
age was determined by tagging each pedicel on the day of flowering. The
bollswereharvested in theafternoon. Fiber cells at different developmental
stages were carefully removed from the seeds and immediately snap-
frozen in liquid nitrogen for DNA and RNA extraction and sugar and sterol
content determinations.

Phylogenic Analysis and Gene Cloning

Thegenomeandannotation database used in this study (except for cotton)
was obtained from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.
html). The genome and annotation database of cotton was obtained
from the laboratory website (http://mascotton.njau.edu.cn) and in the
CottonGen database (http://www.cottongen.org). Profile generation and
searches were performed using the HMMER 3.0 software package (Finn
et al., 2014). The conserved domains of SCP, BG,GSL, SUT, and SWEET
genes were used as queries to search the genome database by tBLASTn
using the local BLASTprogramversion2.2.28. Predictionof gene structure
from genomic contigs was performed using FGENESH software in the
Softberry server (http://www.softberry.com/berry.phtml). Sequenceswere
editedandanalyzedusingDNAMANsoftware version6.0 (LynnonBiosoft).
Phylogenetic and molecular evolutionary analyses were conducted using
MEGA version 6.0 (Tamura et al., 2013). The protein sequences were
alignedusingClustalX (Larkin et al., 2007). The results ofmultiple sequence
alignments are provided in Supplemental Files 1 to 5. The neighbor-joining
method was used to construct different phylogenetic trees with the fol-
lowing parameters: Poisson model, pairwise deletion, and bootstrap
method (1000 replicates). The tree nodes were evaluated by boot-
strap analysis with 1000 replicates and are shown in the phylogenetic
trees. Genome-wide transcriptome data from G. hirsutum at differ-
ent developmental stages were downloaded from the database (SRA:
PRJNA248163) as described by Zhang et al. (2015). The method for cal-
culating gene expression levels was performed according to Zhang et al.
(2015). MeV software (http://www.tm4.org/mev.html) was used to display
the data.

The GhSCP and GhPdBG3-2A/D sequences were obtained from the
prediction described above. Pairs of gene-specific primers (Supplemental
Table 6) were designed to amplify full-length cDNA from 5-DPA fibers of
G. hirsutum accession TM-1. After purification (Qiagen), the PCR products
were cloned into the pMD18-T plasmid (Takara) and sequenced.

qRT-PCR

Total RNA from various cotton tissues was isolated using a Biospin Plant
Total RNA Extraction kit (BioFlux) and reverse transcribed to cDNA with
SuperScript III reverse transcriptase (Invitrogen).PrimersbasedontheSNP
site between the exons ofGhSCP genes in the At andDt subgenomes from
WebSNAPER (http://pga.mgh.harvard.edu/cgi-bin/snap3/websnaper3.
cgi) were used to detect the expression of GhSCP genes in these sub-
genomes. EF-1a (Supplemental Table 7) from cotton was used as an in-
ternal control for normalization of the cDNA samples. qRT-PCR was
performed using a LightCycler FastStart DNA Master SYBR Green I kit
(Roche) inaCFX96Touch real-timePCRdetection systemaccording to the
manufacturer’s protocol (Bio-Rad). The data were evaluated using the

comparative cycle threshold method described by Livak and Schmittgen
(2001). Three biological replicates (three samples harvested from three
plants, one from each) were performed per reaction, each with two
technical replicates (using the same sample). Mean values and standard
errors were calculated according the data from three replicates. The pri-
mers used for qRT-PCR are listed in Supplemental Table 7.

Vector Construction and Plant Transformation

To produce the overexpression/suppression constructs, two pairs of
primers (OE-GhSCP2D-F/R and AS-GhSCP2D-F/R) with added BamHI
and SacI, SacI, and BamHI restriction sites, respectively, were used to
amplify the open reading frame of GhSCP2D, which was then cloned into
the pBI121 vector under the control of the constitutive Cauliflower mosaic
virus (CaMV) 35S promoter. GhSCP2D overexpression (35SSC) and
GhSCP2D-downregulated (35SAC) constructs (Supplemental Figure 3A)
were introduced into G. hirsutum accession W0 via Agrobacterium
tumefaciens-mediated transformation as described previously (Wu et al.,
2008). The homozygosity of the transgenic plants was determined using
the kanamycin selectionmarker coupledwithPCR-basedgenotyping. The
primersused forvectorconstructionandPCR-basedscreeningare listed in
Supplemental Table 6.

Subcellular Location in Cotton Protoplasts and Nicotiana
benthamiana Leaves

For subcellular location of GhSCP2D in cotton protoplasts, the full-length
cDNA of GhSCP2D without a stop codon was introduced into pJIT166-
GFP upstream of the GFP sequence through a recombination reaction. In
addition, the full-length cDNA of GhSCP2D with a stop codon was in-
troduced into pJIT166-GFP downstream of the GFP sequence through
overlap extension PCR (Bryksin and Matsumura, 2010). The resulting
constructs consisted of GhSCP2D fused to the N terminus of GFP and
GhSCP2D fused to the C terminus of GFP under the control of the CaMV
35S promoter. These constructs were introduced into cotton protoplasts
via PEG-mediated transformation as described previously (Li et al., 2014).

For subcellular location of GhSCP2D in N. benthamiana leaves, the
coding sequence ofGhSCP2Dwas cloned into vector pBINGFP4 (GFP) to
form GFP-GhSCP2D. GPI-anchor domains of GhPdBG3-2A/D were
predicted using two programs, GPI-modified: Big PI plant predictor (http://
mendel.imp.ac.at/gpi/plant_server.html) and GPI-SOM (http://gpi.unibe.
ch; Fankhauser and Mäser, 2005). The coding sequence of GFP was in-
serted within the GhPdBG3-2A/D coding sequence immediately after
amino acid 447, which is located 22 amino acids before the v site, using
published protocols (Tian et al., 2004). This region into which GFP was
inserted does not affect the X8 domain, which may be involved in car-
bohydrate binding, as predicted by the SMART program (http://smart.
embl-heidelberg.de; Letunic et al., 2015). The genes for GFP-tagged
proteins were subcloned into pBINGFP4 (GFP). Agrobacterium strain
GV3101 carrying the construct was used together with the p19 strain
(Lombardi et al., 2009) and the peroxisomal marker, RFP-PTS1 (Hayashi
et al., 1996), to infiltrate 5- to 6-week-old N. benthamiana leaves. Analysis
was performed on a Zeiss LSM780 confocal microscope using a 488-nm
excitation laser for GFP, a 405-nm laser for aniline blue fluorochrome, and
a 561-nm laser for mCherry.

Cotton Ovule Culture

Bolls at 1 DPA were harvested and surface-sterilized in 75% ethanol for
5 min, followed by washing with sterile water. The seeds were peeled from
the bolls and placed in liquid BT medium (Beasley, 1971) supplemented
with the following compounds at various concentrations: sucrose (0, 25,
50, or 75 mM), or lova (stock solution in DMSO) (0, 1, 5, or 10 mM)
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(Sigma-Aldrich). For lova treatment, the control contained an equal
amount of 0.1% DMSO solvent.

Soluble Carbohydrate and Sterol Analysis

Carbohydrate analysis was performed according to Jiang et al. (2012).
Fibers (;200 mg) were ground in liquid nitrogen and extracted with 80%
ethanol, followed by 50% ethanol and water. The aqueous phase of the
samples was collected, dried in a vacuum, and redissolved in 1 mL water.
An anion-exchange HPLC system (Agilent 1100 series; Agilent Technol-
ogies)was used tomeasure the sucrose, glucose, and fructose contents of
the samples. Quantification of each sugar was accomplished by com-
paring the peak areas of the samples with standard samples of sucrose,
glucose, and fructose (Sigma-Aldrich).

Sterol extraction was performed according to Henry et al. (2015) with
some modifications: 100 mg of dried cotton fibers was ground in liquid
nitrogenandextractedwith4mLchloroform:methanol (2:1) (v/v) containing
1.25mg/L5-a-cholestan-3-a-ol asan internal standard.After incubationat
70°C for 1 h, the sampleswere dried under nitrogen at 25°C and saponified
with 2 mL 6% (w/v) KOH in methanol for 3 h at 90°C to release the sterol
moiety of steryl esters. Sterols were extracted three times with 2 mL
hexane:water (1:1) (v/v) and dried under nitrogen at 25°C. The dried res-
idues were derived using 100 mL of BSTFA-TMCS (1:1) (v/v). Sterol levels
were analyzed on a Thermo-Fish GC-MS (DSQ II mass spectrometer
combinedwith focusGC).SeparationwasperformedonaHP-5MScolumn
(30m3 0.25 mm3 0.25 mm film; Agilent Technologies) with helium as the
carriergas.The temperatureprogramwas170°C for1.5min, ramp to280°C
at 37°C/min, 300°C at 1.5°C/min, and hold for 5 min.

Loading of CF and Confocal Laser Scanning Microscopy

The loading of CF and confocal imaging of the movement of CF into fibers
were conducted according to Ruan et al. (2001). After excision, the de-
tached fruit-bearing shoots were immediately recut under water, with or
without 100 mg/mL of the nonfluorescent dye 5(6)-carboxyfluorescein
diacetate (Sigma-Aldrich), and illuminatedusing light emittingdiodebulbat
6500Kcolor temperature and thephoton fluxdensitywas 500mmolm22 s21

at 25°C. After 24 h, intact seeds were removed from the fruits. Free-hand
sections (;1 mm) of seeds were produced, and CF was viewed in the seed
coat and interconnecting fibers via confocal laser scanning microscopy
(LSM780; Zeiss) at an excitation wavelength of 488 nm and emission
wavelength range of 493 to 598 nm.

Aniline Blue Staining, Electron Microscopy of PD Structure, and
Immunolocalization of Callose

Aniline blue was prepared in water at 0.05% (w/v) and stored in the dark at
4°C.Free-handsections (;1mm)of seedswereproducedandstainedwith
aniline blue for 10 min in the dark, followed by a 30-s wash with water
(Shang et al., 2015). Fluorescent signals from aniline blue were observed
under a Zeiss LSM780 confocal microscope using a 405-nm excitation
laser (Benitez-Alfonso et al., 2013). Sections stained with water only were
used as a control.

Seeds fixation and embedding were performed as described by Shang
et al. (2015). Cotton seeds (5DPA)were fixed in 2% (v/v) paraformaldehyde
and 0.1% (v/v) glutaraldehyde in phosphate buffer (25 mM, pH 7.2) for 2 h.
Theseedsweredehydrated inastep-gradedethanol seriesandembedded
in LR White resin (medium grade; Alltech) through a step-graded series
after washing in buffer. Infiltrated seeds were polymerized in gelatin
capsules at 70°C for;2 h under nitrogen gas. Sections (90 nm thick) were
cut with an ultramicrotome (EMUC7; Leica), collected on nickel mesh, and
stainedwith uranyl acetate for 10min and lead citrate for 5min, followedby
washingwith0.01MPBS (six times,3mineach) andwater (four times,3min
each). The sections were viewed under a Hitachi H-7650 transmission

electronmicroscope at 80 kV to observe PD structure. Five to ten nonserial
sections per genotype from three seeds were examined per line. At least
10 cell wall interfaces between the fiber and fiber base and adjacent seed
coat cells from three seeds per genotype were examined.

For immunolocalization of callose, the sections were preincubated in
0.01MPBS (1%BSA, 0.05 Triton X-100, and 0.05% Tween 20, pH 7.4) for
5 min, followed by incubation in 1:300 diluted monoclonal antibody to
(1→3)-b-glucan (Biosupplies Australia) for 4 h at room temperature. After
washing in PBS, the sections were incubated in 1:500 diluted goat anti-
mouse IgG-Gold antibody (Bellancom Chemistry) for 1 h. The sections
were stained with uranyl acetate for 5 min and lead citrate for 3 min, fol-
lowed by washing with 0.01 M PBS (six times, 3 min each) and water (four
times, 3 min each). The sections were viewed under a Hitachi H-7650
transmission electronmicroscope at 80 kV.Negative control sampleswere
producedbyomitting the incubationwithprimaryantibodyorby incubating
with normalmouse serumonly. Five to ten nonserial sections per genotype
from three seeds were examined per line. At least 10 cell wall interfaces
between thefiber andfiberbaseand theadjacent seedcoat cells from three
seeds per genotype were examined.

Accession Numbers

Sequence data for Arabidopsis from this article can be found in TAIR10
under accession number AT5G42890 (AtSCP2). Sequence data for cotton
canbe foundon the laboratorywebsite (http://mascotton.njau.edu.cn) and
in the CottonGen database (http://www.cottongen.org). Accessions
numbers are listed in Supplemental Tables 1 to 5.
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Supplemental Figure 1. Expression and sequence analyses of
GhSCP2D in cotton.

Supplemental Figure 2. qRT-PCR analysis of GhSCP1D, GhSCP3A,
and GhSCP3D expression during fiber and seed germination in G.
hirsutum.

Supplemental Figure 3. GhSCP2D constructs used for genetic
transformation.

Supplemental Figure 4. Expression analysis of GhSCPs in 5-DPA
fibers of wild-type, GhSCP2D-overexpressing, and GhSCP2D-
downregulated cotton plants.

Supplemental Figure 5. Confocal images of CF transport to fibers in
GhSCP2D-downregulated lines (AS1, AS2, and AS10) and wild-type
plants.

Supplemental Figure 6. Expression analysis of GSL in GhSCP2D-
downregulated lines (AS1, AS2, and AS10) and wild-type cotton
plants.

Supplemental Figure 7. RNA-seq analysis of genes involved in sterol
synthesis in various tissues and organs of G. hirsutum.

Supplemental Figure 8. Expression analysis of GhSUT in GhSCP2D-
downregulated lines (AS1, AS2, and AS10) and wild-type cotton
plants.

Supplemental Figure 9. Expression analysis of GhSWEET in
GhSCP2D-downregulated lines (AS1, AS2, and AS10) and wild-type
cotton plants.

Supplemental Figure 10. Sucrose is positively correlated with fiber
development.

Supplemental Table 1. Distribution of SCP genes in cotton.

Supplemental Table 2. Distribution of GSL in the genomes of diploid
and tetraploid cotton.
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Supplemental Table 3. Distribution of PdBG in the genomes of
tetraploid and diploid cotton.

Supplemental Table 4. Distribution of GhSUT in the genomes of
tetraploid and diploid cotton.

Supplemental Table 5. Distribution of GhSWEET in the genomes of
tetraploid and diploid cotton.

Supplemental Table 6. Oligonucleotides used for gene cloning and
vector construction in this study.

Supplemental Table 7. Oligonucleotides used for qRT-PCR in this
study

Supplemental File 1. Alignment used to construct the phylogenetic
tree shown in Figure 1A.

Supplemental File 2. Alignment used to construct the phylogenetic
tree shown in Figure 5A.

Supplemental File 3. Alignment used to construct the phylogenetic
tree shown in Supplemental Figure 6A.

Supplemental File 4. Alignment used to construct the phylogenetic
tree shown in Supplemental Figure 8A.

Supplemental File 5. Alignment used to construct the phylogenetic
tree shown in Supplemental Figure 9A.

Supplemental File 6. One-way ANOVA tables.
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