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Abstract
Key message Sink-specific expression of a sucrose transporter protein gene from the  C4 plant maize can promote 
carbohydrate accumulation in target tissues and increase both fiber and seed yield of cotton.
Abstract Sucrose is the principal form of photosynthetic products transported from source tissue to sink tissue in higher 
plants. Enhancing the partition of carbohydrate to the target organ is a promising way to improve crop productivity. The  C4 
plant Zea mays exhibits a substantially higher rate of export of photosynthates than many  C3 plants, and its sucrose trans-
porter protein ZmSut1 displays important role in sucrose allocation. To investigate how use of ZmSUT1 gene to increase the 
fiber and seed yield of cotton, in this study, we expressed the gene in cotton under a senescence-inducible promoter PSAG12 
and a seed coat-specific promoter BAN, respectively. We show that senescence-induced expression of ZmSUT1 results in 
an increase of sugar accumulation in leaves. Although the leaf senescence was postponed in PSAG12::ZmSUT1 cotton, the 
photosynthetic rate of the leaves was decreased. In contrast, seed coat-specific expression of the gene leads to an increase 
of sugar accumulation in fibers and bolls, and the leaf of transgenic BAN::ZmSUT1 cotton displayed higher photosynthetic 
capacity than the wild type. Importantly, both fiber and seed yield of transgenic BAN::ZmSUT1 cotton are significantly 
enhanced. Our data indicate the potential of enhancing yield of carbohydrate crops by the regulation of sugar partitioning.
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Introduction

Sucrose is the primary product of photosynthesis and the 
most prevalent long-distance translocatable sugar in higher 
plants. It has been demonstrated that the decrease of sucrose 
transport from source to sink tissues can suppress photo-
synthesis and growth of the plant, while the increase of sink 
demand can enhance photosynthetic activity and crop pro-
ductivity (Ainsworth and Bush 2011; Ayre 2011; Bihmi-
dine et al. 2013; Griffiths and Paul 2017; Hall et al. 1977; 

Hodgkinson 1974; Kaschuk et al. 2010; McCormick et al. 
2006; Paul and Foyer 2001; Paul and Pellny 2003; Sheen 
1990; Stitt et al. 2010). Thus, it has been proposed that crop 
yields can be enhanced by promoting the photosynthate 
transport from the source tissue to the sink tissue (Ainsworth 
and Bush 2011; Ayre 2011; McCormick et al. 2006).

Plant sucrose transporter (SUT) proteins are energy-
dependent sucrose/H+ symporters which mediate the trans-
port of sucrose across plasma membranes, leading the sugar 
into and out of the source and sink tissues through phloem 
(Riesmeier et al. 1992; Sauer 2007). This property enables 
us to genetically regulate the distribution of photosynthesized 
carbon, thus enhancing the yield of the target product. For 
example, downregulation of StSUT4 gene in potato resulted 
in early flowering and increased tuber yield (Chincinska et al. 
2008). The use of endosperm-specific promoter to direct the 
expression of HvSUT1 in barley led to an enhanced sugar-
absorption capacity of the seeds and an increased content 
of storage protein in seeds (Weichert et al. 2010). A phloem 
cell-specific expression of Arabidopsis AtSUC2 to promote 
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the sucrose load resulted in an increased yield of rice (Wang 
et al. 2015).

Cotton is a leading natural fiber crop and also an important 
oil crop in the word (Jeffrey et al. 2007). Cotton fiber is derived 
from single epidermal cells of seed. The fiber is composed 
of nearly pure cellulose, the naturally occurring polymer of 
glucose. During the development of cotton seeds, the phloem-
unloaded sugar is transported outwards to fiber cells for cell 
elongation and cellulose biosynthesis while inwards to filial 
tissues for the development of embryo and the biosynthesis of 
oil and starch (Jiang et al. 2012; Ruan 2005; Xu et al. 2012). 
This opposite transporting direction provides a dilemma to 
the regulation of the phloem-unloaded assimilate partition 
between fibers and the seed: in the case of limited carbon 
supply, enhancing of the abundance of fiber usually leads to 
smaller seeds, while increasing of the seed size often results in 
a decrease of fiber productivity of the seed (Miller et al. 1958; 
Miller and Rawlings 1967; Zeng et al. 2007; Zhao et al. 2015). 
To solve this trade-off problem, the best way is providing more 
supply to meet the demand of both sides.

Zea mays is a  C4 crop, which is featured with high water-use 
efficiency and high-yield potential (Usha et al. 2015). Previ-
ous studies demonstrated that  C4 grasses (e.g., maize and sor-
ghum) display a higher rate of export of photosynthates than 
 C3 grasses (e.g., wheat and barley) (Grodzinski et al. 1998). 
ZmSut1, a maize sucrose/proton symporter, has an important 
function in sugar distribution (Aoki 1999; Baker et al. 2016). 
This sugar transport protein can effectively mediate sucrose 
uptake into the phloem in source tissue, as well as release the 
sugar from the phloem vessels into sink tissue (Baker et al. 
2016; Carpaneto et al. 2005). Accordingly, Baker et al. (2016) 
suggest a potential of using SUTs from  C4 plants to engineer 
 C4 photosynthesis and carbon transport in  C3 plants.

To see whether and how the ectopic expression of a  C4 
SUT in cotton is able to increase the efficacy of sucrose 
transport, thus enhancing the fiber and seed yield, in 
this study, we constructed transgenic cotton in which the 
ZmSUT1 gene is under control of a senescence-inducible and 
seed coat-specific promoter, respectively. Our data demon-
strated that seed coat-specific expression of ZmSUT1 led to 
an increase of sugar accumulation in fibers and bolls, and 
elevated both fiber and seed yield of cotton; while senes-
cence-induced expression of the gene resulted in an increase 
of sugar accumulation in leaves and a delay of leaf senes-
cence, but decreased the yield.

Materials and methods

Plasmid construction and plant transformation

An 1812 bp cDNA including 1638 bp open-reading frame 
(ORF) of ZmSUT1 gene was cloned from Zea mays and the 

cDNA clone was inserted into pUCm-T vector (Promega, 
USA). For PSAG12::ZmSUT1 construct, the leaf senes-
cence-specific promoter PSAG12 (2180 bp) was cloned from 
Arabidopsis and inserted into pMD19-T vector (Takara, 
Japan). A modified pCambia2300 vector pLGN which 
contains NPTII::GUS fusion gene driven by CaMV35S 
promoter was used to construct plant expression vectors. 
PSAG12 promoter was inserted in pLGN vector using 
BamHI and SalI restriction sites and the cDNA of ZmSUT1 
gene was inserted the downstream of PSAG12 promoter. 
For BAN::ZmSUT1 construct, the promoter of BAN gene 
that is specifically expressed in seed coat and early fibers 
(Zhang et al. 2011) was amplified from Arabidopsis. BAN 
promoter was inserted in pLGN vector using HindIII and 
EcoRI restriction sites and the ZmSUT1 cDNA was inserted 
the downstream of BAN promoter. All primers used for 
PCR were listed in Table S1. These two constructs were 
transformed into an upland cotton (Gossypium hirsutum L., 
cultivar ‘Jimian 14′) by Agrobacterium tumefaciens strain 
LBA4404 (Luo et al. 2010). Kanamycin-resistant and GUS-
positive plants were screened out and grown in glasshouse 
at Southwest University, Chongqing, China.

Isolation of total RNA and qRT‑PCR analysis

Total RNA was extracted according to the manual of EASY 
Spin Plant RNA Kit (Aidlab, China), and cDNA was syn-
thesized using a PrimeScript™ RT reagent kit with gDNA 
eraser (TaKaRa, China). qRT-PCR assay was performed 
on the CFX96 real-time PCR system (Bio-Rad, USA) with 
1 × iQ™ SYBR Green Supermix (Bio-Rad, USA) according 
to the manual, and data were analyzed by the native software 
Bio-Rad CFX Manager 2.0 (Bio-Rad, USA). GhHIS3 and 
GhUBQ14 were used as the reference genes. Primers used 
for qRT-PCR are listed in Table S1.

Sugar determination

Tissues or organs were collected at indicated time for sugar 
content measurement. In brief, the cotton leaves or bolls 
(100 mg, dry weight) were ground on a MM301 ball grinder 
(Retsch, Germany), and extracted with 5 mL of 80% etha-
nol. The extraction was then heated for 10 min in 80 °C 
water. After cooling, samples were centrifuged at 12,000g 
for 10 min the supernatant was collected into a new tube. 
The extraction step was repeated three times. Then, the 
supernatant was collected to determine the amount of total 
soluble sugars by the anthrone-sulfuric acid method. Sucrose 
amount determination is followed by the method described 
previously (Zhao et al. 2010). For the sugar determination 
in seed coat and fibers, seed coat and fibers of 10-DPA (day 
after anthesis) ovules were separated with tweezers, then 
frozen in liquid nitrogen. Samples (100 mg, fresh weight) 
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were homogenized. The methods for soluble sugar extrac-
tion and sucrose content determination were as the same as 
that in leaves.

In situ hybridization

In situ hybridization of ZmSUT1 mRNA was followed the 
method described previously (Zhang et al. 2017). In brief, 
gene-specific probe was prepared according to DIG North-
ern Starter Kit manual (Roche, USA). For ZmSUT1, DNA 
template of the probe was amplified from the cDNA of 
ZmSUT1 with sequence-specific primers (Table S1). Par-
affin sections of leaves were deparaffinized and incubated 
with Dig-labeled RNA probe. Then, the section was incu-
bated with anti-Dig-AP conjugate (Roche, USA) and the 
signal was detected by NBT/BCIP solution (Roche, USA). 
Sections incubated with the sense RNA probe were used as 
the negative control. Images were captured using a CKX41 
microscope (Olympus, Japan).

Dark‑induced senescence

For dark-induced senescence treatment, plants at 65 days 
after sow (DAS) grown in natural conditions were divided 
randomly into two groups and transferred them into growth 
chambers: one group was under normal condition (16 h 
light/8  h dark) and other group was under dark condi-
tion. 4 days after treatment, mature leaves in the same posi-
tion of the plant were used for the determination of ZmSUT1 
transcription.

Aging‑related physiological change assay

The chlorophyll content determination was followed by the 
method described previously (Chory et al. 1994; Zhao et al. 
2015). The malondialdehyde (MDA) content kit (Comin 
Biotechnology Co., Ltd. Suzhou, China) was used to deter-
mine MDA content. The superoxide dismutase (SOD) activ-
ity kit and the peroxidase (POD) activity kit (Comin Bio-
technology Co., Ltd. Suzhou, China) were used to determine 
SOD and the POD activities.

Dry matter measurement

Five plants (125 DAS) were harvested from each transgenic 
cotton line in the growth chamber. Leaves, stems and fruits 
were dried in a forced draft oven at 70 °C and then weighted.

Photosynthesis measurement

Photosynthetic rate was measured by the Li-6400 portable 
photosynthesis system (LI-COR, Lincoln, NE, USA) set at 
saturating light of 1200 µmol/m2 s and a  CO2 concentration 

of 400 ppm. The fourth main-stem leaf from the apex (func-
tional leaf) of four plants at 125 DAS grown in greenhouse 
was used for the photosynthetic rate determination.

Field experiment

The  T3 generation lines of transgenic plant and the wild 
type were planted in the green house. The boll number was 
counted at 135 DAS. After harvest, fibers and seeds were 
weighed separately, and the number of seeds per boll, and 
seed cotton weight (seed plus lint weight) per boll were 
determined. The seed cotton yield per plant (g) = boll num-
ber per plant × seed cotton weight per boll; the fiber yield 
per plant (g) = boll number per plant × lint fiber weight per 
boll. In 2018 field trial, line BU-21  (T4) that showed best 
performance in the green house experiment and wild-type 
control were grown in the experimental farm of Southwest 
University (Chongqing, China) using randomized block 
design with three replications. Each block was 18 m2 and 
contained 60 plants in 4 rows with 1.0 m apart. The space 
between two neighboring plants in a row was 0.30 m. For 
eliminating the edge effect of the plot, open bolls were har-
vested from the plants growing in the central two rows. The 
cotton harvest began on 28th July and ended on 30th August.

Results

Senescence‑induced expression of ZmSUT1 in cotton 
promotes sugar accumulation in leaves and delays 
leaf senescence

To see the alteration of sugar allocation by senescence-
inducible expression of ZmSUT1 in the aged leaf, we con-
structed transgenic cotton in which ZmSUT1 gene is under 
the control of a senescence-specific promoter PSAG12 (Aoki 
1999; Baker et al. 2016; Carpaneto et al. 2005; Slewinski 
et al. 2010). Based on the transcription level, two lines, i.e., 
SU-8 and SU-14 which showed the highest expression of 
ZmSUT1 in aged leaves among nine PSAG12::ZmSUT1 
transformants (Fig. 1a) were selected for further investi-
gation. A high transcript level of ZmSUT1 was detected in 
aged leaves. However, the level was nearly undetectable in 
mature leaves, ovules and fibers (Fig. 1b). The etiolation 
treatment could significantly increase the expression of 
the gene in mature leaf (Fig. 1c), indicating a senescence-
inducible expression pattern of PSAG12::ZmSUT1 in the 
transgenic cotton. According to the previous study (Baker 
et al. 2016), ZmSut1 located mainly in the phloem, xylem 
and vascular bundle sheath cells, but not in mesophyll cells 
of the maize leaf. However, our mRNA in situ hybridization 
showed that ZmSUT1 transcription signal appeared in all 
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type cells, including mesophyll cells, of the aged leaves of 
PSAG12::ZmSUT1 cotton (Fig. 1d).

Sugar determination showed that sucrose content in 
transgenic SU-8 and SU-14 lines was increased by 21.6% 

and 34.4%, significantly higher than that of the wild-type 
control (Fig. 1e), and the total soluble sugar increased by 
5.8% and 10.2%, respectively (Fig. 1f). To confirm that the 
senescence-induced expression of ZmSUT1 could promote 

Fig. 1  Senescence-induced expression of ZmSUT1 in cotton promotes 
sugar accumulation in aged leaves. a ZmSUT1 transcription level in 
PSAG12::ZmSUT1 transgenic lines. RNAs of the 8th leaf from apex 
of the plants (90 DAS) were isolated and analyzed by qRT-PCR. 
GhHIS3 was used as the reference gene. Error bars indicate stand-
ard deviation (SD) of three replicates. WT, wild type. b Expres-
sion of ZmSUT1 in various tissues of transgenic cotton. GhUBQ14 
was used as the reference gene. Mature leaf, the 4th leaf from the 
apex; aged leaf, the 16th leaf from the apex; DPA, day after anthe-
sis. c The transcription level of ZmSUT1 in the mature leaves after 
4-day dark treatment. GhUBQ14 was used as the reference gene. d 

ZmSUT1 mRNA in situ hybridization of ZmSUT1 in the aged leaf of 
PSAG12::ZmSUT1 transgenic cotton and wild-type control. Sense 
probe was used as the negative control. Bar 100  μm. Aged leaf, the 
16th leaf from the apex. Black arrows point to the hybridization sig-
nal. e, f Sucrose content and total soluble sugar content in aged leaves 
of SU-8, SU-14 and wild type at 125 DAS. g Sucrose content of 
mature leaves of 4-day dark-treated plants. SU-8 and SU-14 represent 
PSAG12::ZmSUT1 transgenic lines #8 and #14. Results are presented 
as mean ± SD (n = 3). Asterisks indicate significant differences (Stu-
dent’s t test, *p ≤ 0.05, **p ≤ 0.01)
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sucrose accumulation in leaves, we compared the sugar con-
tent of leaves of darkness-treated (etiolated) plants with that 
of the control. The sucrose content in the etiolated leaves 
of transgenic cotton was 6.5 ± 0.2 mg/g, showing a 41.3% 
increase than that of the wild-type control (4.6 ± 0.4 mg/g) 
(Fig. 1g). These results indicated that the ectopic expression 
of ZmSUT1 in cotton promotes the sucrose accumulation 
rather than the efflux of sucrose in transgenic leaves.

The decrease of chlorophyll content is a sign of leaf senes-
cence (Kusaba et al. 2007). Under darkness, the top leaves of 
wild-type cotton became yellow and the chlorophyll content 
in the leaves was dramatically decreased (Fig. 2a). However, 
the leaf etiolation was much less apparent in the transgenic 
lines and the chlorophyll content in the transgenic cotton 
leaves was significantly higher than that of the wild type 
(Fig. 2b). The increase of malonaldehyde (MDA) content, 
and the decrease of superoxide dismutase (SOD) and per-
oxidase (POD) activities are usually recognized as indica-
tors of plant senescence (Dhindsa et al. 1981). In the lower 
leaves of transgenic cotton lines, the chlorophyll content, 

and SOD and POD activities were significantly higher, while 
the content of MDA was significantly lower than that of the 
wild-type cotton leaves (Fig. 2c–f), confirming the delay 
of senescence in PSAG12::ZmSUT1 cotton lines. Interest-
ingly, photosynthetic rate of SU-8 and SU-14 leaves was 
noticeably decreased (Fig. 2g). These data suggested that 
the increased accumulation of sugar in PSAG12::ZmSUT1 
transgenic leaves could compensate the loss of carbohy-
drates in the aging leaves in some degree, thus postponing 
the leaf senescence. However, the increased sugar accumula-
tion might in turn account for the decreased photosynthetic 
capacity of the leaves.

Seed coat‑specific expression of ZmSUT1 promotes 
sucrose accumulation in cotton fibers and increases 
seed and lint yield

Our data had demonstrated that the expression of ZmSUT1 
promotes the sucrose accumulation rather than the efflux 
of the sugar in PSAG12::ZmSUT1 transgenic leaves. 

Fig. 2  Senescence-induced expression of ZmSUT1 delays leaf senes-
cence while decreases photosynthetic efficiency. a The phenotype 
of SU-8 and wild type in leaves after 4-day dark treatment of whole 
plant (65-DAS plants). Bar 15  cm. b Chlorophyll content of young 
leaves (65-DAS plants) after 4-day dark treatment. c Chlorophyll 
content of aged leaves (125-DAS plants) in PSAG12::ZmSUT1 trans-
genic lines and wild type in the field conditions. d MDA content of 
aged leaves (125-DAS plants) in PSAG12::ZmSUT1 transgenic lines 

and wild type. e, f Activities of SOD and POD in aged leaves (125-
DAS plants) of PSAG12::ZmSUT1 transgenic lines and wild type. g 
Photosynthetic rate of the 4th leaf from the apex at 125 DAS. Error 
bars indicate SD of four randomly selected plants of each line. Young 
leaves, 1st and 2nd leaves from the apex; aged leaves, 16th leaf from 
the apex. Results are presented as mean ± SD (n = 3). Asterisks indi-
cate significant differences (Student’s t test, *p ≤ 0.05, **p ≤ 0.01)
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Cotton fiber is derived from a single epidermal cell of the 
seed coat. To investigate the possibility of increasing fiber 
yield by enhancing carbon sink strength of fibers, we used 
a seed coat-specific promoter BAN (Debeaujon et al. 2003; 
Zhang et al. 2011) to direct the expression of ZmSUT1 in 
the epidermis of ovule or in the fibers. From the result-
ing nine BAN::ZmSUT1 transformants, we selected two 
lines, i.e., BU-21 and BU-59 which showed relatively high 
expression level of the gene in the 0-DPA ovules (Fig. 3a) 
as representative lines to investigate the sugar allocation 
in the target tissue. Transcript assay showed that ZmSUT1 
was preferentially expressed in the rapid elongating fibers 
(10-DPA, Fig. 3b). As expected, sucrose content was sig-
nificantly increased in the ovule epidermis and fibers (10-
DPA, Fig. 3c). In addition, photosynthetic rate of BU-21 
and BU-59 leaves was enhanced, showing a 5.5% and 5.1% 
increase relative to that of the wild type (Fig. 3d).

In growth chamber condition, BAN::ZmSUT1 trans-
genic cotton had more soluble sugar in bolls (Fig. 3e), 
and more dry matters of the bolls (Table 1). The content 
of total soluble sugars in bolls of BU-21 and BU-59 lines 
was increased by 4.2% (p = 0.062459402) and 20.0% 
(p = 0.000196135), respectively. Meanwhile the content 
in leaves was significantly decreased compared with the 
control (Fig. 3e). The dry weight of boll per plant of line 
BU-21 and BU-59 was enhanced by 21.6% and 15.0%, 
respectively (Table 1). The total dry biomass per plant of 
the two lines was increased by 18.8% and 17.1%, com-
pared with the wild-type control. However, no obvious 
change in the dry weight of leaves between transgenic 
BAN::ZmSUT1 and wild type was observed (Table 1). In 
contrast to BAN::ZmSUT1 lines, the dry weight of bolls 
per plant of PSAG12::ZmSUT11 lines was significantly 
decreased (Table 1).

To investigate the agronomic performance of 
PSAG12::ZmSUT1 and BAN::ZmSUT1 transgenic cot-
ton lines, we grew them in green house. The seed cotton 
weight per boll of transgenic BU-21 and BU-59 plants was 
increased by 26.7% and 23.3%, significantly higher than 
that of the wild type (Table 2). Consequently, seed cot-
ton yield per plant and lint yield per plant of BU-21 and 
BU-59 lines were increased by 31.2% (p = 0.000836) and 
29.6% (p = 0.001207), and 13.2% (p = 0.049015) and 11.8% 
(p = 0.072847), respectively, relative to the wild-type con-
trol. Conversely, the senescence-induced expression of 
ZmSUT1 gene led a decrease in seed cotton weight per boll. 
The lint yield per plant of PSAG12::ZmSUT1 lines SU-8 
and SU-14 was decreased by 26.2% and 25.6%, respectively, 
compared with that of wild-type control. To further assess 
the value of BAN::ZmSUT1 transgenes in yield improve-
ment, we selected BU-21  (T4) as the best line for field trial 
in 2018. As in displayed  T3 generation, the transgenic line 
showed higher productivity in seed yield and lint fiber yield, 

increased by 13.8% and 8.4%, respectively, as compared to 
the wild type (Table 3).

Discussion

In maize leaves, ZmSUT1 is expressed in phloem companion 
cells, and xylem and vascular bundle sheath cells, but not 
in mesophyll cells (Baker et al. 2016). The cellular loca-
tion pattern of ZmSUT1 indicates its biological function: 
loading sucrose in phloem companion cells, while retriev-
ing the sugar in other cell types from the apoplasm (Baker 
et al. 2016). It was reported that loss of ZmSut1 in maize 
resulted in an increased sugar accumulation in the leaves, 
indicating the defect of loading functions of the protein in 
the mutant. In this study, the senescence-induced ectopic 
expression of ZmSUT1 in cotton significantly increased the 
sugar accumulation in leaves (Fig. 1). SAG12, encoding a 
cysteine protease, shows an expression pattern in senes-
cent tissues including mesophyll cytoplasm of aged leaves 
(Noh and Amasino 1999; Otegui et al. 2005). Our in situ 
mRNA hybridization indicated that under the control of 
a senescence-activated promoter PSAG12, the transcript 
signal of ZmSUT1 appeared not only in the phloem, xylem 
and vascular bundle sheath cells, but also in mesophyll 
cells (Fig. 1d). We also found a decreased expression of 
endogenous SUT and SWEET in the aged leaves of trans-
genic PSAG12::ZmSUT1 cotton (Supplementary Fig. 1). 
This indicates that the ectopic expression of ZmSUT1 may 
interrupt endogenous sugar transport system including the 
native phloem upload from apoplast (mediated by SUTs) 
and the sucrose outflow from parenchyma cells (mediated 
by SWEETs). We suggest that the promoted loading of 
sucrose into phloem resulted from the ectopic expression of 
ZmSUT1 may be compromised by the decreased expression 
of native SUT in phloem companion cells and the decreased 
of native SWEET in parenchyma cells. In the meantime, 
the mis-expression of ZmSUT1 gene in mesophyll cells can 
facilitate the retrieving of sucrose from the apoplasm into 
the cells, which may account for the increased sugar content 
in the leaves.

During leaf senescence process, nutrients are remobi-
lized from senescing leaves to other parts of the plant (Ori 
et al. 1999). It has been shown that low sugar level can 
increase ethylene production or ethylene sensitivity, thus 
accelerating leaf senescence (Grbić and Bleecker 1995; 
Thimann et al. 1977); whereas, the increase of sugar supply 
can inhibit leaf senescence. Interestingly, the expression of 
SAG12 can be induced by sugar starvation or suppressed 
by sugar supply (Noh and Amasino 1999). Accordingly, we 
suggest that the increased sugar accumulation in transgenic 
PSAG12::ZmSUT1 cotton can suppress the expression of 
senescence-related genes (Kong et  al. 2013), including 
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Fig. 3  Seed coat-specific 
expression of ZmSUT1 
enhances sucrose accumula-
tion in the seed coat and fibers, 
and improves photosynthetic 
efficiency of leaves. a ZmSUT1 
transcription level in the 
BAN::ZmSUT1 transgenic 
lines. RNAs were isolated from 
0-DPA ovules of transgenic 
cotton plants and ZmSUT1 
transcript was analyzed by 
qRT-PCR. GhHIS3 was used 
as the reference gene. Error 
bars indicate SD of three 
replicates; WT, wild type. b 
Seed coat-specific expression 
of ZmSUT1 in various tissues 
of transgenic cotton. GhUBQ14 
was used as the reference gene. 
c Sucrose content in the seed 
coat (without fiber) and fiber of 
BU-21, BU-59 and wild type at 
10 DPA. Error bars indicate SD 
of three replicates. d Photosyn-
thetic rate of the 4th leaf from 
the apex at 125-DAS cotton 
plants. Error bars indicate SD 
of four randomly selected plants 
of each line. e The total soluble 
sugar content of different tis-
sues between wild-type cotton 
and BAN::ZmSUT1 transgenic 
lines. Error bars indicate SD 
of three replicates. BU-21 and 
BU-59 represent BAN::ZmSUT1 
transgenic lines #21 and #59. 
Asterisks indicate significant 
differences (Student’s t test, 
*p ≤ 0.05, **p ≤ 0.01)
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endogenous SAG12 of cotton and thus postpone the leaf 
senescence (Supplementary Fig. 2). However, high level 
of sugars in leaves would repress the expression of pho-
tosynthetic genes and thereby inhibit net photosynthesis 
(Marschall et al. 1998; Rook and Bevan 2003). Therefore, 
retaining more sugar in the leaf would produce two negative 
consequences for the plant: decreasing the photosynthetic 
capacity of leaves, and reducing the nutrient remobilization 
from senescing leaves to the sink organs. As the result, the 
yield of transgenic cotton would be decreased (Table 2).

Contrast to PSAG12 promoter, seed coat-specific pro-
moter controlling expression of ZmSUT1 enables us to 
promote more sugar into developing fiber and ovule. As 
desired, sugar content in seed coat and fiber was significantly 
increased (Fig. 3). It has been known that the promotion of 

carbon partition from vegetative to reproductive structures 
can result in an increase of the yield of cotton (Meredith and 
Wells 1989). In our experiment, the increased sugar sup-
ply to fibers and ovules consequently increased the yield of 
seed cotton and lint fiber (Tables 2, 3). It is worth mention-
ing that the enhancement of sink strength can promote the 
transport of photosynthetic assimilates from source leaves 
to the sink tissues. The increased photosynthetic rate does 
not result in an increase of sugar content in transgenic leaves 
of BAN::ZmSUT1 cotton (Fig. 3e), indicating the promoted 
sugar efflux from the leaf. This will in turn benefit the source 
capacity by relieving the feedback-inhibition of sugar accu-
mulation imposed on photosynthesis (Iglesias et al. 2002), 
and, therefore, increasing photosynthetic rate of the trans-
genic cotton leaves (Fig. 3d). As the result of the enhanced 
sink strength accompanied with the increased photosynthe-
sis, the yield of transgenic BAN::ZmSUT1 cotton is elevated.

Taken together, our data indicated that seed coat-specific 
expression of ZmSUT1 could promote the accumulation of 
sugar in bolls and fibers thus increasing the yield of lint 
fibers and seeds; whereas, senescence-induced expression 
of this gene led to a decreased sugar content in bolls and 
a decreased lint and seed yield, although the leaf senes-
cence was delayed. We show that sink-specific expression 
of ZmSUT1 is capable of increasing sugar content in the 
target organ. This strategy is particularly feasible for the 
yield enhancement of carbohydrate crops (e.g., tomato, rice, 
potato, wheat, oilseed rape, cotton, etc.), the target products 
of which are sugar, starch, oil, or cellulose. It is worthwhile 
to note that, however, sugars serve not only as an energy 

Table 1  Dry matters of leaves, bolls and whole plant of  T3 transgenic 
lines and wild type grown in growth chamber

Results represent the dry matters of five randomly selected plants 
(125-DAS) of each line. The plants were grown in the growth cham-
ber. The total dry weight (g/plant) is the sum dry weight of the leaves, 
stems and the bolls. Asterisks indicate significant differences (Stu-
dent’s t test, *p ≤ 0.05, **p ≤ 0.01)

Line Leaves (g/plant) Bolls (g/plant) Total (g/plant)

WT 9.5 ± 1.2 26.0 ± 1.9 53.5 ± 3.7
SU-8 13.8 ± 3.8* 16.7 ± 2.1** 53.6 ± 9.1
SU-14 12.1 ± 2.8 16.0 ± 2.1** 49.9 ± 4.4
BU-21 9.8 ± 1.2 31.6 ± 2.7** 63.5 ± 3.2**
BU-59 10.5 ± 2.0 29.9 ± 4.8 62.6 ± 5.9*

Table 2  Cotton yield components of  T3 transgenic lines and wild type

Plants were grown in the greenhouse, and the cotton bolls were harvested from August 1 to September 15. Seed cotton weight = seed 
weight + lint weight. Asterisks indicate significant differences (Student’s t test, *p ≤ 0.05, **p ≤ 0.01)

Line Boll number Seed number per boll Seed cotton 
weight per boll 
(g)

Seed cotton yield (g/plant) Seed yield (g/plant) Lint yield (g/plant)

WT 45.5 ± 6.6 17.6 ± 1.1 3.0 ± 0.1 136.0 ± 19.7 83.3 ± 12.1 52.7 ± 7.6
SU-8 42.9 ± 4.8 16.1 ± 1.5 2.7 ± 0.2 115.9 ± 12.9* 77.0 ± 8.5 38.9 ± 4.3**
SU-14 41.7 ± 11.0 16.6 ± 0.5 2.8 ± 0.0* 115.4 ± 30.3 76.2 ± 20.0 39.2 ± 10.3**
BU-21 47.3 ± 5.4 21.4 ± 0.8** 3.8 ± 0.1** 178.4 ± 20.3** 110.1 ± 12.6** 68.3 ± 7.8**
BU-59 41.7 ± 3.5 21.6 ± 1.1* 3.7 ± 0.1** 154.0 ± 12.8* 95.0 ± 7.9* 58.9 ± 4.9

Table 3  Cotton yield of BU-21 transgenic lines  (T4) and wild type in field trial

The trial was conducted in the experimental farm of Southwest University in a randomized comparative trial with three replications. The plot 
size was 18 m2. The cotton was harvested from July 28th to August 30th. Results are presented as mean ± SD (n = 3). Seed cotton weight = seed 
weight + lint weight. Asterisk indicates significant differences (Student’s t test, *p ≤ 0.05)

Line Boll number Seed number per boll Seed cotton weight 
per boll (g)

Seed cotton yield 
(kg/plot)

Seed yield (kg/plot) Lint yield (kg/plot)

WT 24.0 ± 1.4 22.4 ± 0.7 3.77 ± 0.2 5.64 ± 0.34 3.40 ± 0.23 2.24 ± 0. 21
BU-21 23.9 ± 1.4 25.0 ± 0.8* 4.37 ± 0.1* 6.30 ± 0.56 3.87 ± 0.32 2.43 ± 0.24
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source but also as signal materials (Hc and Van den Ende 
2018; Li and Sheen 2016; Smeekens 2000), and high con-
centration of sugar will result in osmotic stress. To avoid 
the possible negative impact from the excess sugars on plant 
growth, an acute spatiotemporal manipulation of sugar trans-
porters or the promotion of sugar utilization in target tissues 
should be taken into consideration.
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