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ARTICLE INFO ABSTRACT

Keywords: Hexose transporters play many important roles in plant development. However, the role of hexose transporter in
Hexose transporter secondary cell wall growth has not been reported before. Here, we report that the hexose transporter gene CsHT3
Cucumber is mainly expressed in cells with secondary cell walls in cucumber. Spatiotemporal expression analysis revealed
Peduncle 1 wall that the transcript of CsHT3 mainly accumulates in the stem, petiole, tendril, and peduncle, all of which contain
Secondary cell wa high cellulose levels. Immunolocalization results show that CsHT3 is localized at the sclereids in young ped-
Cellulose . ) . . . .

Localization uncles, shifts to the phloem fiber cells during peduncle development, and then shifts again to the companion cells

when the development of secondary cell walls is almost completed. Carboxyfluoresce unloading experiment
indicated that carbohydrate unloading in the phloem follows an apoplastic pathway. Overexpression of CsHT3 in
cucumber plant can improve the cellulose content and cell wall thickness of phloem fiber cells in the peduncle.
The expression of cellulose synthase genes were increased in the CsHT3 overexpression plants. These results
indicated that CsHT3 may play an important role in cellulose synthesis through promoting the expression of

cellulose synthase genes.

1. Introduction

Sugars play many important roles in plant, such as providing energy
source for cellular metabolism and acting as the main component of
carbon skeletons and the signal material recognized by cells (Eastmond,
2006). Plant cell wall is mainly composed of cellulose, hemicellulose,
and pectin polysaccharides, all of which are sugar polymers (Taylor-
Teeples et al., 2015; Zhong and Ye, 2015). In plants, almost all cells
have a primary wall surrounding the plasma membrane to determine
cell shape. Specialized plant cell types, such as vessels, xylary fibers,
phloem fibers, and sclereids, produce secondary cell walls, which pro-
vide mechanical support to the plant and the ability to transport solutes
(Taylor-Teeples et al., 2015; Didi et al., 2015). Cellulose is the main
component of secondary cell walls and fibers (Zhong and Ye, 2015;
Abidi et al., 2010). In general, sucrose is the main source of carbon
supplied to the fibers (Tarczynski et al., 1992). A recent study has found
that the sucrose transporter SWEET12 participates in cotton fiber
elongation (Sun et al., 2019). However, the cellulose macromolecule is
the outcome of polymerization reactions between glucose units (Abidi
et al., 2010). In addition, analysis of the sugar composition of cell wall
polysaccharides in Arabidopsis leaves showed that the main

monosaccharide components are glucose, xylose, galactose, rhamnose,
arabinose, mannose, and fucose (Lee et al., 2007). Therefore, glucose
and galactose probably play important roles in cellulose synthesis and
cell wall formation. In Arabidopsis, the hexose transporter STP14 plays
a role in recycling of cell wall-derived galactose during different de-
velopmental processes (Poschet et al., 2010). However, whether any
hexose transporter is involved in cellulose synthesis and cell wall for-
mation remains unclear to date.

In our previous research, we found that the hexose transporter
CsHTS3 (has glucose and galactose transport activity) is highly expressed
in the phloem fiber cells of cucumber fruit (Cucumis sativus) peduncle,
indicating that this protein has a special function (Cheng et al., 2015a).
Cucumber fruit can grow fast in a few days. Thus, cucumber needs a
tough peduncle to support its increasing weight, and the phloem fiber
in the peduncle also needs to grow fast. Large amounts of carbohydrates
are required to be transported from the source to the fruit and the fruit
peduncle during cucumber fruit enlargement. Different from most
plants, cucumber is a typical raffinose family oligosaccharide-trans-
porting plant with stachyose and raffinose as the major transporting
sugars (Hu et al., 2009, 2011; Dai et al., 2011). Although stachyose is
the main transport sugar in cucumber phloem, the major free sugars in
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the peduncle and fruit tissues are sucrose and hexoses (glucose and
fructose) (Hu et al., 2009; Handley et al., 1983). Stachyose and raffi-
nose are apparently metabolized to sucrose and galactose in the fruit
peduncles, and the released galactose is converted into UDP-glucose
before distribution or rapidly transferred directly (Dai et al., 2006,
2011; Gross and Pharr, 1982; Smart and Pharr, 1981). The released
galactose and glucose need to be transferred and the hexose can be
absorbed as a raw material for the growth of phloem fiber cells, in-
dicating that hexose transporters are important in cucumber fruit
peduncle during fruit development.

In the present study, we combined qRT-PCR, immunohistochemical
localization, and transgenic technology to analyze the function of
CsHT3 during cucumber fruit peduncle development. Results indicated
that the localization of CsHT3 shifts to different cell types in the phloem
during peduncle development and that overexpression of CsHT3 im-
proves the cellulose content and cell wall thickening of phloem fiber in
the cucumber fruit peduncle.

2. Materials and methods
2.1. Plant materials

Cucumber (wild type: Cucumis sativus L. cv. Xintaimici and trans-
genic lines) plants were grown under plastic house conditions from
March to June in Wuhan (central China). The plastic house condition is
approximately 26°C-30 °C/18°C-23 °C day/night average temperatures
and 60%-80% of the air relative humidity, with a natural sunlight
(midday average photonflux density of 700-800pumolm~™! s™1).
Tissues were sampled for testing of gene transcription. Cucumber fruit
peduncles at different developmental stages (stages 9-12; 0, 3, 6, and 9
DAA) were harvested for temporal expression and immunolocalization.
The division of peduncle development stages is the same as the division
of ovary/fruit development stages, such as stage 9-11 means the ped-
uncle connected to stage 9-11 of cucumber ovary development (Bai
et al., 2004).

2.2. qRT-PCR

RNA extraction and reversion were based on the report of Cheng
et al. (2018). The primers for qRT-PCR analysis are shown in
Supplementary Table S1. TUA was used as the control gene. SYBR green
(TaKaRa) and ABI7500 system (Bio-Rad) were used to perform qRT-
PCR. The mean expression level of relevant genes was calculated by the
2744 €t method (Livak and Schmittgen, 2001).

2.3. Western blot analysis

Membrane proteins from yeast cells expressing CsHT3 (KP113694),
CsHT9 (XP_011657575.1), CsHT12 (XP_004146580.1), CsHT16
(XP_011658192.1), or empty PDR196 vector were prepared, and 100 pug
of each preparation was separated on SDS-PAGE, blotted onto ni-
trocellulose, and then incubated with anti-CsHT3 or anti-CsHT16 an-
tiserum.

2.4. Immunolocalization of CsHT3 during the development of cucumber
fruit peduncle

The CsHT3 antibody was prepared as previously described (Cheng
et al., 2015a). To detect the antibody's quality and specificity, we used
the proteins extracted from cucumber plant lysis and yeast expression
CsHT3, other CsHTs, or empty vector as templates in Western blot.

For immunohistochemical analysis, cucumber fruit peduncles at
different developmental stages were sliced into transverse paraffin
sections (14 um) and used as previously described (Cheng et al., 2015a,
2015b). The specimens were viewed with a Nikon eclipse 80i micro-
scope.
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2.5. Fluorescent imaging of CF

The loading and fluorescent imaging of CF were conducted as pre-
viously described (Ruan et al., 2001). Peduncles were collected after
48 h. Tissue was sectioned by hand (~1 mm), and glycerol was used as
a mounting solution to prevent dye loss. Sections were viewed and
imaged via confocal laser scanning microscopy (FV1200, Olympus).

2.6. Construction of expression vector and generation of transgenic
cucumber plants

To construct the CsHT3 overexpression vector pBI121, we isolated
the coding region of CsHT3 from ‘Xintaimici’ cucumber fruit through
RT-PCR using the primers listed in Supplementary Table S1. The DNA
was digested with Xbal/Smal and cloned into the pBI121 vector under
the control of the CaMV 35S promoter. Then, the vector was trans-
formed into Agrobacterium tumefaciens LBA4404. A. tumefaciens with the
CsHT3 overexpression vector was transformed into the cucumber pure
line ‘Xintaimici’ by using fresh expanding cotyledon disk transforma-
tion as previously described (Cheng et al., 2015b). The regenerated
plants were screened by RT-PCR analysis.

2.7. Determination of cellulose content

The 12 DAA fruit peduncles of CsHT3 overexpression plants and
wild-type plants were harvested and incubated in 80% ethanol at 65 °C
overnight. Tissues were exchanged with acetone. Dry cell wall materials
were ball milled to fine powder. Cellulose was measured by anthrone-
H,S0,4 colorimetry according to Xiao et al. (2016). D-Glc (Sigma) was
used as a standard for calculation of cellulose content in samples.

2.8. Bioinformatics analysis

Primers were designed using the Primer Premier 5.0. Sequence
homology search in GenBank was performed with the BLAST program
(http://www.ncbi.nlm.nih.gov/BLAST/ (Madden et al., 1996);).

2.9. Statistical analysis

Student's t-tests were performed using the algorithm embedded in
Microsoft Excel, and significance was evaluated at the 5% level
(P < 0.05) for all comparisons. For each treatment, the standard error
of the mean (SE) was calculated based on at least three biological re-
plicates.

3. Results

3.1. Spatiotemporal expression analysis of CsHT3 during peduncle
development

In our previous research, we found a high expression of CsHT3 in
the cucumber fruit peduncle (Cheng et al., 2015a). To detect the de-
tailed expression motif of CsHT3 during peduncle development, we
performed qRT-PCR and found that CsHT3 expression was upregulated
at stage 11 and remained high at stage 12. However, the expression
decreased at the day of anthesis (DAA), increased again during fruit
enlargement (3-6 DAA), and then decreased again at 9 DAA (peduncle
connected to the commodity maturity fruit) (Fig. 1).

3.2. CsHT3 localization to different cell types of phloem during peduncle
development

Immunolocalization was performed to detect the expression/loca-
tion of CsHT3 in the peduncles during cucumber fruit development. To
detect the specificity of anti-CsHT3 antiserum, we performed Western
blot using the proteins extracted from plant lysis and yeast expression,
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Fig. 1. Developmental expression profile of CsHT3 in developing cucumber
fruit peduncles. S9-S12, four developmental stages of ovary; DAA, day after
anthesis; TUA (a-tubulin) was used as the control. Error bars represent the SE
for four technical replicates of three biological replicates.
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different CsHT genes, or the empty vector. A specific band was only
detected at about 55 KD in plant lysis or cells expressing CsHT3
(Fig. 2A; Supplementary Fig. S1). Immunolocalization results show that
the CsHT3 protein was dispersed among the parenchyma cells of the
external phloem in the peduncles connected to the early-development
ovaries (stages 9-11) (Fig. 2B). A partially enlarged image indicates
that the dispersed cells are sclereids (Fig. 2C). The expression of CsHT3
shifted to the PF cells at stage 11 and concentrated on the PF cells at
stage 12. However, CsHT3 expression gradually decreased in the PF
cells and appeared in the cells around the SE after anthesis (Fig. 2B).
Upon close observation, these cells were determined as companion cells
(CCs) (Fig. 2C). No signals can be detected in the histological sections
incubated with their respective pre-immune sera (Supplementary Fig.
S2).

3.3. Phloem unloading in cucumber fruit peduncles following an apoplastic
pathway

The phloem unloading in the cucumber fruit follows an apoplastic
pathway (Hu et al., 2011). However, the carbohydrate unloading in the
peduncle remains unclear to date. We loaded the phloem-mobile

HT12 HT16 HT3

% Anti-CsHT3

Fig. 2. Immunolocalization of CsHT3 in cucumber fruit peduncles at different developmental stages. (A) Western blot to test the quality of anti-CsHT3 antiserum, a specific
band was detected in cells expressing CsHT3 when anti-CsHT3. (B) Cross-sections of peduncles. Bar = 100 um. (C) Close-up of the boxes in (a). Bars = 50 um. PF,
phloem fiber; EP, external phloem; IP internal phloem; X, xylem; SE, sieve element; SC, sclereid; CC, companion cell; PP, phloem parenchyma cell; Arrows, phloem-

specific cells.
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Green fluorescence

symplasmic tracer carboxyfluorescein (CF) into the peduncle connected
to the 6 DAA fruit. Results revealed that CF was restricted to the phloem
cells without diffusing into the surrounding tissues (Fig. 3), indicating
that carbohydrate unloading in the phloem also follows an apoplastic
pathway similar to that in fruits and that sugar transporters are in-
volved in this process.

3.4. Overexpression of CsHT3 can improve the cellulose content in
cucumber fruit peduncle

To test the role of CsHT3 during the development of cucumber fruit
peduncle, we generated a CsHT3 overexpression construct (cloning the
coding region of CsHT3 into the restriction site of Xbal and Smal in the
pBI121 vector under the control of the CaMV35S promoter) and ob-
tained more than 10 OE-CsHT3 lines (T1). Two independent transgenic
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Fig. 3. Phloem unloading follows an apoplasmic
pathway in the peduncle, as revealed by mon-
itoring the movement of the symplasmic dye car-
boxyfluorescein (CF). CF fluorescence was de-
tected in 9 DAA fruit peduncles after 24 h feeding
of carboxyfluorescein diacetate. CF fluorescence
was only restricted in the EP and IP cells. (A-C)
transverse sections; (D-F) longitudinal sections;
EP, external phloem; IP, internal phloem; X,
xylem. Bars = 200 pm.

lines for each transformation construct were selected for the subsequent
generation. The expression of CsHT3 significantly increased in the OE-
CsHT3 lines compared with the wild type (Fig. 4A). The phenotypes of
peduncle in the overexpression lines were detected, and results showed
that the cell wall of PF in OE-CsHT3 was thicker than that in the wild
type (Fig. 4B-C). The cellulose content in the peduncle of OE-CsHT3
was also higher than that in the wild type (Fig. 4D). However, the other
cell wall, but PF cells, did not become thicker in HT3-OE plants
(Supplementary Fig. S3).

To analyze further the co-expression of CsHT3 and cellulose syn-
thase genes, we searched for the relative genes using the Cucurbit
Expression Atlas and found four cellulose synthase-like protein genes
(CSLD5-1, CSLD5-2, CSLE1, CSLG2) that were highly expressed in the
cucumber fruit peduncle (Supplementary Fig. S4). Then, the expression
patterns of these genes during peduncle development were detected.

Fig. 4. Biological function analysis of CsHT3 in
cucumber peduncle. (A) qRT-PCR detected the
relative expression of CsHT3 in transgenic cu-
cumber lines. (B) Microscopic observation of
peduncle PF cell of CsHT3 transgenic lines; arrows
indicate the cell wall between two cells. (C) Cell
wall thickness statistics of peduncle PF cells. (D)
Cellulose content in peduncle. OE, CsHT3 over-
expression lines; Bar 10 pym. The results re-
present at least three independent biological re-
petitions. The asterisks in A, C and D indicate
statistically significant as compared with WT.
*P < 0.5.
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Fig. 5. Developmental expression profile of cellulose synthase-like protein genes in developing cucumber peduncles. S9-S12, four developmental stages of ovary;
DAA, day after anthesis; TUA (a-tubulin) was used as the control. Error bars represent the SE for three technical replicates of three biological replicates.

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

CSLD5-1

Relative expression

WT OE21 OE25

0.40
0.35
0.30

CSLD5-2

0.25
0.20
0.15
0.10
0.05

Relative expression

0.00

WT OE21 OE25

Fig. 6. Relative expression of cellulose synthesis-like protein genes (in the transgenic cucumber lines. Results represent at least three independent biological re-
petitions. Asterisks indicate statistically significant as compared with WT. *P < 0.5.

CSLD5-1 and CSLD5-2 showed similar expression patterns to CsHT3
(Fig. 5). Furthermore, the relative expression levels of CSLD5-1 and
CSLD5-2 in the transgenic cucumber lines were analyzed. The expres-
sion of both CSLD5-1 and CSLD5-2 significantly increased in the OE-
CsHT3 lines compared with the wild type (Fig. 6).

4. Discussion

In plants, STP/HT is a multigene family belonging to the mono-
saccharide transporter-like superfamily (Biittner, 2007; Doidy et al.,
2012). The family members of STP/HTs are distributed and specifically
regulate hexose transport in different tissues and cell types (Poschet
et al., 2010; Slewinski, 2011; Biittner and Sauer, 2000; Rottmann et al.,
2016). However, a functional analysis of STP/HT genes in the peduncle
has yet to be conducted. In this study, we described the expression
patterns and functional properties of the STP/HT gene CsHT3 in the
cucumber fruit peduncle. Our results demonstrated that the expression
and localization of CsHT3 shifted to different cell types during fruit
peduncle development. We also determined that CsHT3 plays an im-
portant role in cellulose synthesis in the cucumber fruit peduncle.

4.1. Expression and localization patterns of the CsHT3 gene

Most of the known hexose transporters show sink-specific expres-
sion as expected from their postulated role in sink support (Cheng et al.,
2015b; Rottmann et al., 2016; Biittner, 2010). In our previous research,
RT-PCR results revealed significant levels of CsHT3 transcripts in all of

the cucumber organs tested, including roots, stems, leaves, female
flowers, male flowers, fruit, and peduncle (Cheng et al., 2015b). In the
present study, we focused on the expression pattern of CsHT3 in de-
veloping cucumber fruit peduncles and found that the expression of
CsHT3 increased in the peduncle during ovary development and fruit
enlargement (Fig. 1). Immunohistochemical localization results re-
vealed that CsHT3 was mainly localized at the sclereid and the phloem
fiber cells before they became completely fibrotic and then translocated
to the CCs (Fig. 2). This result indicates that CsHT3 plays an important
role in fiber synthesis and secondary cell wall formation. Furthermore,
we searched for the detailed expression data in the Cucumber tran-
scriptome database and found that the transcript of CsHT3 mainly ac-
cumulated in the stem, petiole of old leaf, peel of old fruit, fruit ped-
uncle, and tendril, all of which contain relatively high cellulose levels
(Supplementary Fig. S5). The expression of CsHT3 was especially high
in the tendril (Supplementary Figs. SSA-B). Fiber ribbons can be found
in specialized cells of tendril coils (Gerbode et al., 2012).

4.2. Role of hexose transporters in the development of cucumber fruit
peduncle

In the Cucurbitaceae family, most photoassimilates translocated in
the phloem are stachyose and raffinose; however, these assimilates can
hardly be detected in fruit (Hu et al., 2009; Mitchell et al., 1992).
Therefore, most of the sugar is possibly metabolized to sucrose and
galactose, which are released in fruit peduncles (Dai et al., 2006; Smart
and Pharr, 1981). In our previous research, we have found a galactose-
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specific transporter (CsHT4) and a broad-spectrum hexose (glucose,
galactose, and mannose) transporter (CsHT3) in the cucumber peduncle
(Cheng et al., 2015a). The expression patterns of cell wall invertase
gene CscwINV3 and CsHT3 are similar during cucumber fruit peduncle
development (Fig. 1 and Supplementary Fig. S6). Immunolocalization
results indicated that CsHT3 was mainly localized to the phloem-spe-
cific cells of peduncles (Fig. 2 and Supplementary Fig. S2). These results
suggest that galactose, which is released from the hydrolysis of sta-
chyose and raffinose in the peduncle, is released to the apoplastic space
first and then transported to specific cells by CsHT3 and CsHT4 for
metabolism.

The phloem-mobile symplasmic tracer CF was loaded into the
peduncle. CF was restricted to the phloem cells without diffusing into
the surrounding tissues, indicating that carbohydrate unloading in the
phloem also follows an apoplastic pathway similar to that in fruits
(Fig. 3). Galactose can hardly be detected in the peduncle and fruit
tissues, indicating that the release, transport, and metabolism of ga-
lactose involve continuous and fast processes (Smart and Pharr, 1981).
Rapid metabolism and transport are important to maintain sink
strength and promote fruit development and enlargement (Bermudez
et al., 2014; Bihmidine et al., 2013; Cook and Evans, 1983).

In our previous research, we performed the immunolocalization of
CsHT3 in the peduncle at one stage (about 1-2 days before the anthesis)
and found that CsHT3 is restricted to the phloem fiber cells (Cheng
et al., 2015a). However, in the present research, we found an inter-
esting result when different developmental peduncles were used to
perform this experiment. In young peduncles connected to the early
developmental stage of ovaries (stages 9-11), CsHT3 was mainly lo-
calized at the sclereids, which were dispersed among the parenchyma
cells of the external phloem, and was then translocated to the PF cells at
stage 12 (Fig. 2). After anthesis, CsHT3 was transferred again to the CCs
of the peduncle (Fig. 2). The locations of CsHT3 in the sclereids and PF
cells suggest that CsHT3 plays an important role in the development of
PF cells and in the maintenance of peduncle toughness. A thick sec-
ondary cell wall, the main component of which is cellulose, is formed
during the developmental of sclereids and PF cells in the cucumber fruit
peduncle. Glucose is an important substrate for cellulose synthesis
(Prassinos et al., 2005), whereas galactose is a component of primary
cell wall polysaccharides (Poschet et al., 2010). Cucumber fruit de-
velops from an enlarged inferior ovary and rapidly grows to immense
proportions. The rapid increase in cucumber fruit weight needs the high
tenacity of the peduncle for support. Therefore, the glucose and ga-
lactose transporter CsHT3, which is localized to the PF cells of the
peduncle, may play an important role in this process. The cellular
structure and cellulose content of the peduncle were detected in
transgenic cucumber plants. Results indicated that the overexpression
of CsHT3 can increase the cell wall thickness of PF cells and cellulose
content in the peduncle (Fig. 4). The expression of cellulose synthase-
like protein genes with similar expression patterns to CsHT3 sig-
nificantly increased in the CsHT3-overexpressing peduncles compared
with the wild type (Figs. 5 and 6, Supplementary Fig. S4). These results
indicate that CsHT3 and cellulose synthase genes are synergistically
involved in the secondary cell wall synthesis of cucumber fruit ped-
uncle. In addition to the peduncle, we also observed other phenotypes
of the CsHT3 overexpression plants and found that overexpression of
CsHT3 by 35S promoter also can improve the seedling growth
(Supplementary Fig. S7). Hexose transporters usually transport a broad
spectrum of hexose substrates. They usually play multiple roles in plant
development, indicating that the expression of HTs can be regulated as
needed to perform different biological functions. However, the exact
mechanisms by which these genes are regulated are still obscure. Future
research should focus on the regulatory mechanisms of hexose trans-
porters.

112

Plant Physiology and Biochemistry 145 (2019) 107-113

Author contributions

Jintao Cheng and Zhilong Bie conceived and designed the experi-
ment, analyzed the data. Jintao Cheng and Suying Wen performed the
experiment and wrote the manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

We thank Drs. Zhenxian Zhang and Xiaolei Sui (China Agricultural
University) for providing the CsHT3-antibody and yeast strain
EBY.VW4000. This work was supported by the National Natural Science
Foundation of China (31601774) to Jintao Cheng and the Fundamental
Research Funds for the Central Universities (2662018QD062 to Jintao
Cheng and 2662018PY039 to Zhilong Bie).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.plaphy.2019.10.034.

References

Abidi, N., Hequet, E., Cabrales, L., 2010. Changes in sugar composition and cellulose
content during the secondary cell wall biogenesis in cotton fibers. Cellulose 17,
153-160.

Bai, S.L., Peng, Y.B., Cui, J.X., Gu, H.T., Xu, L.Y., Li, Y.Q., Xu, Z.H., Bai, S.N., 2004.
Developmental analyses reveal early arrests of the spore-bearing parts of re-
productive organs in unisexual flowers of cucumber (Cucumis sativus L.). Planta 220,
230-240.

Bermudez, L., de Godoy, F., Baldet, P., Demarco, D., Osorio, S., Quadrana, L., Almeida, J.,
Asis, R., Gibon, Y., Fernie, A.R., Rossi, M., Carrari, F., 2014. Silencing of the tomato
sugar partitioning affecting protein (SPA) modifies sink strength through a shift in
leaf sugar metabolism. Plant J. 77, 676-687.

Bihmidine, S., Hunter, C.R., Johns, C.E., Koch, K.E., Braun, D.M., 2013. Regulation of
assimilate import into sink organs: update on molecular drivers of sink strength.
Front. Plant Sci. 4, 177.

Biittner, M., 2007. The monosaccharide transporter(-like) gene family in Arabidopsis.
FEBS Lett. 581, 2318-2324.

Biittner, M., 2010. The Arabidopsis sugar transporter (AtSTP) family: an update. Plant
Biol. 12, 35-41.

Biittner, M., Sauer, N., 2000. Monosaccharide transporters in plants: structure, function
and physiology. Biochim. Biophys. Acta 1465, 263-274.

Cheng, J., Li, X., Yao, F., Shan, N., Li, Y., Zhang, Z., Sui, X., 2015a. Functional char-
acterization and expression analysis of cucumber (Cucumis sativus L.) hexose trans-
porters, involving carbohydrate partitioning and phloem unloading in sink tissues.
Plant Sci. 237, 46-56.

Cheng, J., Wang, Z., Yao, F., Gao, L., Ma, S., Sui, X., Zhang, Z., 2015b. Down-regulating
CsHT1, a cucumber pollen-specific hexose transporter, inhibits pollen germination,
tube growth, and seed development. Plant Physiol. 168, 635-647.

Cheng, J., Wen, S., Xiao, S., Lu, B., Ma, M., Bie, Z., 2018. Overexpression of the tonoplast
sugar transporter CmTST2 in melon fruit increases sugar accumulation. J. Exp. Bot.
69, 511-523.

Cook, M.G., Evans, L.T., 1983. The roles of sink size and location in the partitioning of
assimilates in wheat ears. Funct. Plant Biol. 10, 313-327.

Dai, N., Petreikov, M., Portnoy, V., Katzir, N., Pharr, D.M., Schaffer, A.A., 2006. Cloning
and expression analysis of a UDP-galactose/glucose pyrophosphorylase from melon
fruit provides evidence for the major metabolic pathway of galactose metabolism in
raffinose oligosaccharide metabolizing plants. Plant Physiol. 142, 294-304.

Dai, N., Cohen, S., Portnoy, V., Tzuri, G., Harel-Beja, R., Pompan-Lotan, M., Carmi, N.,
Zhang, G., Diber, A., Pollock, S., Karchi, H., Yeselson, Y., Petreikov, M., Shen, S.,
Sahar, U., Hovav, R., Lewinsohn, E., Tadmor, Y., Granot, D., Ophir, R., Sherman, A.,
Fei, Z., Giovannoni, J., Burger, Y., Katzir, N., Schaffer, A.A., 2011. Metabolism of
soluble sugars in developing melon fruit: a global transcriptional view of the meta-
bolic transition to sucrose accumulation. Plant Mol. Biol. 76, 1-18.

Didi, V., Jackson, P., Hejatko, J., 2015. Hormonal regulation of secondary cell wall for-
mation. J. Exp. Bot. 66, 5015-5027.

Doidy, J., Grace, E., Kuhn, C., Simon-Plas, F., Casieri, L., Wipf, D., 2012. Sugar trans-
porters in plants and in their interactions with fungi. Trends Plant Sci. 17, 413-422.

Eastmond, P.J., 2006. SUGAR-DEPENDENT1 encodes a patatin domain triacylglycerol
lipase that initiates storage oil breakdown in germinating Arabidopsis seeds. Plant
Cell 18, 665-675.


https://doi.org/10.1016/j.plaphy.2019.10.034
https://doi.org/10.1016/j.plaphy.2019.10.034
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref1
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref1
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref1
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref2
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref2
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref2
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref2
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref3
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref3
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref3
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref3
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref4
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref4
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref4
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref5
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref5
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref6
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref6
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref7
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref7
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref8
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref8
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref8
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref8
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref9
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref9
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref9
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref10
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref10
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref10
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref11
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref11
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref12
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref12
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref12
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref12
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref13
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref13
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref13
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref13
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref13
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref13
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref14
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref14
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref15
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref15
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref16
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref16
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref16

J. Cheng, et al.

Gerbode, S.J., Puzey, J.R., McCormick, A.G., Mahadevan, L., 2012. How the cucumber
tendril coils and overwinds. Science 337, 1087-1091.

Gross, K.C., Pharr, D.M., 1982. A potential pathway for galactose metabolism in Cucumis
Sativus L., a stachyose transporting species. Plant Physiol. 69, 117-121.

Handley, L.W., Pharr, D.M., McFeeters, R.F., 1983. Carbohydrate changes during ma-
turation of cucumber fruit: implications for sugar metabolism and transport. Plant
Physiol. 72, 498-502.

Hu, L., Meng, F., Wang, S., Sui, X., Li, W., Wei, Y., Sun, J., Zhang, Z., 2009. Changes in
carbohydrate levels and their metabolic enzymes in leaves, phloem sap and mesocarp
during cucumber (Cucumis sativus L.) fruit development. Sci. Hortic. (Amst.) 121,
131-137.

Hu, L.P., Sun, H.H., Li, R.F., Zhang, L.Y., Wang, S.H., Sui, X.L., Zhang, Z.X., 2011. Phloem
unloading follows an extensive apoplasmic pathway in cucumber (Cucumis sativus L.)
fruit from anthesis to marketable maturing stage. Plant Cell Environ. 34, 1835-1848.

Lee, E.J., Matsumura, Y., Soga, K., Hoson, T., Koizumi, N., 2007. Glycosyl hydrolases of
cell wall are induced by sugar starvation in Arabidopsis. Plant Cell Physiol. 48,
405-413.

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-DELTADELTACT method. Methods (Orlando) 25,
402-408.

Madden, T.L., Tatusov, R.L., Zhang, J.H., 1996. Applications of network BLAST server.
Comput. Methods Macromol. Seq. Anal. 266, 131-141.

Mitchell, D.E., Gadus, M.V., Madore, M.A., 1992. Patterns of assimilate production and
translocation in muskmelon (Cucumis melo L.) : I. Diurnal patterns. Plant Physiol. 99,
959-965.

Poschet, G., Hannich, B., Biittner, M., 2010. Identification and characterization of
AtSTP14, a novel galactose transporter from Arabidopsis. Plant Cell Physiol. 51,
1571-1580.

Prassinos, C., Ko, J.H., Han, K.H., 2005. Transcriptome profiling of vertical stem segments
provides insights into the genetic regulation of secondary growth in hybrid aspen

113

Plant Physiology and Biochemistry 145 (2019) 107-113

trees. Plant Cell Physiol. 46, 1213-1225.

Rottmann, T., Zierer, W., Subert, C., Sauer, N., Stadler, R., 2016. STP10 encodes a high-
affinity monosaccharide transporter and is induced under low-glucose conditions in
pollen tubes of Arabidopsis. J. Exp. Bot. 67, 2387-2399.

Ruan, Y.L., Llewellyn, D.J., Furbank, R.T., 2001. The control of single-celled cotton fiber
elongation by developmentally reversible gating of plasmodesmata and coordinated
expression of sucrose and K* transporters and expansin. Plant Cell 13, 47-60.

Slewinski, T.L., 2011. Diverse functional roles of monosaccharide transporters and their
homologs in vascular plants: a physiological perspective. Mol. Plant 4, 641-662.

Smart, E.L., Pharr, D.M., 1981. Separation and characteristics of galactose-1-phosphate
and glucose-1-phosphate uridyltransferase from fruit peduncles of cucumber. Planta
153, 370-375.

Sun, W., Gao, Z., Wang, J., Huang, Y., Chen, Y., Li, J., Lv, M., Wang, J., Luo, M., Zuo, K.,
2019. Cotton fiber elongation requires the transcription factor GhMYB212 to regulate
sucrose transportation into expanding fibers. New Phytol. 222, 864-881.

Tarczynski, M.C., Byrne, D.N., Miller, W.B., 1992. High-performance liquid-chromato-
graphy analysis of carbohydrates of cotton-phloem sap and of honeydew produced by
bemisia-tabaci feeding on cotton. Plant Physiol. 98, 753-756.

Taylor-Teeples, M., Lin, L., de Lucas, M., Turco, G., Toal, T.W., Gaudinier, A., Young, N.F.,
Trabucco, G.M., Veling, M.T., Lamothe, R., Handakumbura, P.P., Xiong, G., Wang, C.,
Corwin, J., Tsoukalas, A., Zhang, L., Ware, D., Pauly, M., Kliebenstein, D.J., Dehesh,
K., Tagkopoulos, I., Breton, G., Pruneda-Paz, J.L., Ahnert, S.E., Kay, S.A., Hazen, S.P.,
Brady, S.M., 2015. An Arabidopsis gene regulatory network for secondary cell wall
synthesis. Nature 517, 307-571.

Xiao, C., Zhang, T., Zheng, Y., Cosgrove, D.J., Anderson, C.T., 2016. Xyloglucan defi-
ciency disrupts microtubule stability and cellulose biosynthesis in Arabidopsis, al-
tering cell growth and morphogenesis. Plant Physiol. 170, 234-249.

Zhong, R., Ye, Z., 2015. Secondary cell walls: biosynthesis, patterned deposition and
transcriptional regulation. Plant Cell Physiol. 56, 195-214.


http://refhub.elsevier.com/S0981-9428(19)30435-8/sref17
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref17
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref18
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref18
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref19
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref19
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref19
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref20
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref20
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref20
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref20
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref21
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref21
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref21
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref22
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref22
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref22
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref23
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref23
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref23
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref24
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref24
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref25
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref25
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref25
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref26
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref26
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref26
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref27
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref27
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref27
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref28
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref28
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref28
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref29
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref29
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref29
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref30
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref30
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref31
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref31
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref31
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref32
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref32
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref32
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref33
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref33
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref33
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref34
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref34
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref34
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref34
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref34
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref34
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref35
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref35
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref35
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref36
http://refhub.elsevier.com/S0981-9428(19)30435-8/sref36

	Overexpression of hexose transporter CsHT3 increases cellulose content in cucumber fruit peduncle
	Introduction
	Materials and methods
	Plant materials
	qRT-PCR
	Western blot analysis
	Immunolocalization of CsHT3 during the development of cucumber fruit peduncle
	Fluorescent imaging of CF
	Construction of expression vector and generation of transgenic cucumber plants
	Determination of cellulose content
	Bioinformatics analysis
	Statistical analysis

	Results
	Spatiotemporal expression analysis of CsHT3 during peduncle development
	CsHT3 localization to different cell types of phloem during peduncle development
	Phloem unloading in cucumber fruit peduncles following an apoplastic pathway
	Overexpression of CsHT3 can improve the cellulose content in cucumber fruit peduncle

	Discussion
	Expression and localization patterns of the CsHT3 gene
	Role of hexose transporters in the development of cucumber fruit peduncle

	Author contributions
	mk:H1_21
	Acknowledgments
	Supplementary data
	References




