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Improved cotton yield: Can
we achieve this goal by
regulating the coordination
of source and sink?

Aizhi Qin', Oluwaseun Olayemi Aluko', Zhixin Liu’,
Jincheng Yang, Mengke Hu, Liping Guan and Xuwu Sun*

State Key Laboratory of Crop Stress Adaptation and Improvement, State Key Laboratory of Cotton
Biology, Key Laboratory of Plant Stress Biology, School of Life Sciences, Henan University,
Kaifeng, China

Cotton is one of the major cash crops globally. It is characterized by determinate
growth and multiple fruiting, which makes the source—sink contradiction more
obvious. Coordination between source and sink is crucial for normal growth,
yield, and quality of cotton. Numerous studies reported how the assimilate
transport and distribution under varying environmental cues affected crop
yields. However, less is known about the functional mechanism underlying the
assimilate transport between source and sink, and how their distribution impacts
cotton growth. Here, we provided an overview of the assimilate transport and
distribution mechanisms , and discussed the regulatory mechanisms involved in
source-sink balance in relation to cotton yield. Therefore, this review enriched
our knowledge of the regulatory mechanism involved in source-sink
relationship for improved cotton yield.
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1 Introduction

Mason and Maskell (1928) were the first to propose the concept of the source-sink
relationship, and since then, it has been one of the trending research areas in crop
physiology, as it helps target maximum yield (Mason and Maskell, 1928). The source acts as
a transient storage organ, where assimilates are exported to the sink for growth. To this end,
the sink can be considered as the consumer and importer of the synthesized assimilates
(White et al,, 2016). In cotton, the mature leaf acts as the source organ that synthesizes the
assimilates, which then are transported to the sink organ (flowers, boll, and fibers) via
vascular tissues (Mangi et al.,, 2021; Yadav et al,, 2022). Source-to-sink photosynthate
transport involves the loading of assimilates at the source, followed by its transport and
unloading at the repository end (sink), where the sucrose is utilized for plant growth. The
main transportation organ is the vascular system, which transports water, minerals, and
organic nutrients (Han, 2015).
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Carbon (C) and nitrogen (N) in the form of sucrose and amino
acids are essential for plant growth and development. Since
alterations in the source-to-sink organs greatly affect plant
growth, a balanced distribution of the assimilates between them is
crucial for attaining maximal crop yield (Zhang et al., 2022). He
et al. (2005) found that the storage capacity of maize (Zea mays L.)
was positively correlated with the total vascular bundle area. Nie
et al. (2020) affirmed that a coordinated transport and distribution
of the source-sink assimilates is crucial for boll development and
improved cotton yield.

Cotton (Gossypium spp.) is an important source of natural fiber.
Therefore, cultivating high-yielding cotton cultivars has always
been the focus of both breeders and researchers (Zhang et al,
2016a). Cotton is mainly characterized by its indeterminate growth
system and multiple fruiting. This growth pattern could alter the
allocation of the assimilate between the vegetative and reproductive
plant parts (Ul-Allah et al., 2021). The imbalanced assimilate
distribution subsequently limits the fiber growth and yield (Zhang
et al,, 2022) and is mostly triggered by diverse environmental cues.
This increased the sucrose accumulation in the source leaves and
disrupt their transport to the sink (Du et al., 2020; Mangi et al,
2021), thereby limiting growth and yield. Most studies have mainly
focused on how the assimilate transport and distribution under
varying environmental cues are affecting crop yields (Pilkington
et al,, 2015; Cui et al., 2019; Bhattacharya and Kundu, 2020; Du
et al, 2020). Unfortunately, knowledge about the regulatory
mechanism of the source-sink relationship is quite limited
(Sonnewald and Fernie, 2018). Although numerous studies have
focused on the key regulators of the assimilate transport and
distribution in different crops (Bezrutczyk et al., 2018; Lu et al,
2020), little is known about the functional mechanism underlying
the assimilate transport between the source and sink, and how their
distribution impacts cotton growth. Therefore, we discussed the
carbon/nitrogen assimilate transport and distribution mechanisms,
the functional mechanisms involved in the source-sink
relationship, and their relation to cotton yield.

2 Improving photosynthesis is
fundamental to cotton productivity

Photosynthesis forms the basis for photoassimilate production;
thus, increasing plant photosynthetic efficiency becomes a
prerequisite for improving cotton yield (Yao et al, 2017; Yang
etal, 2019; Faralli and Lawson, 2020). At the genetic level, previous
studies have established a link between photosynthesis and cotton
yield; however, fewer recent findings have explored the contribution
of natural genetic variation in leaf photosynthesis to cotton
productivity. Pettigrew and Gerik (2007) launched a
comprehensive review on the prospect of improving
photosynthesis using two different approaches. The first is the
genetic diversity and the other is the management practices that
affect cotton growth or eliminate the negative impact of
environmental cues. Studies have addressed the genotypic

Frontiers in Plant Science

10.3389/fpls.2023.1136636

differences in leaf gas exchange (CER) (Elmore et al,, 1967;
Pettigrew and Turley, 1998; Clement et al.,, 2013), specific leaf
weight (SLW) (Lei et al, 2022), and ribulose-1,5-bisphosphate
carboxylase oxygenase (Rubisco) activity (Benedict et al,, 1981)
among Gossypium species. However, owing to the complexity in the
regulation of photosynthesis, attempts to use genetically improved
photosynthesis as a bait for cotton yield increase has been
challenging. Improving one of these photosynthetic components
may prove futile if the rate of another component remains limited
throughout the overall process (Pettigrew and Turley, 1998). Thus,
cotton breeders should consider the genetic diversity of these
photosynthetic components to successfully improve both
photosynthesis and yield. With that, the combination of all these
components can be configured to improve photosynthesis, which
synthesizes assimilates to be partitioned for sink growth.

Although cotton photosynthesis has been correlated with yield
at the genetic level, such relationships can only be actualized by
favorable climatic or environmental factor during growth
(Pettigrew and Turley, 1998). A good example is the reduction in
CER in the afternoon, ascribed to photoinhibition, and
carbohydrate feedback inhibition. Cornish et al. (1991) reported
that the genotypic difference in cotton leaf CER observed in the
morning faded away in the afternoon. Genotypes that are able to
sustain their photosynthesis at noon would have more
photosynthate reserves for cotton growth and development than
other genotypes that inefficiently utilize the afternoon sun. Yang
et al. (2019) compared the photosynthetic features of early-
maturing cotton cultivars from different breeding eras. The crew
found that era 3 and 4 cultivars have greater canopy apparent
photosynthetic (CAP) rates during the mid- and late reproductive
stages compared with the earlier cultivar (era 1 and 2), and such
improvement contributed to yield an increase in era 3 and 4
cultivars. Taken together, genotypic diversity in these components
such as CER, CAP, and SLW, which often depends on the
environmental or growth conditions, makes up the
photosynthetic system. Enhancing photosynthetic efficiency
directly improves assimilate source supply to feed the growing
sink demand.

3 Photosynthesis and cotton
yield response to elevated CO.:
Free-air CO, enrichment as an
experimental tool

The surge in carbon dioxide (CO,) concentration is one of the
trending atmospheric changes in the past five decades (Prentice
et al., 2001). In the recent years, researchers have become
increasingly interested in how plants respond to rising CO, under
natural and controlled environments (Allen et al., 2020; Baker et al.,
2022). Generally, changes in CO, affect cotton growth and
productivity. A rise in CO, enhances photosynthesis, numbers of
leaves, and total dry biomass (Ainsworth and Long, 2005; Mollaee
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et al,, 2019). Reductions in stomatal conductance and the shedding
of bolls increase CO, on cotton and improve cotton productivity in
the process (Mollaee et al, 2019; Li et al, 2021). Most of the
conclusions drawn from these studies are targeted at plants exposed
to controlled or enclosed environments (Ainsworth and Long,
2005). While the results of these studies form the basis for our
current understanding on physiological responses to increased CO,,
there still exist limits to employing enclosure systems for examining
the effects of elevated CO, on plants (Ainsworth and Long, 2005).
An enclosed system may produce chamber effects and also trigger
the repression of photosynthesis and yield (Morgan et al., 2001),
making it not totally suitable. However, among other experimental
methods of predicting crop response to elevated CO,, the free-air
CO, enrichment (FACE) tool has been considered as “the accepted
standard” since FACE experiments are conducted in a field
environment (Allen et al., 2020; Baker et al., 2022). Unlike the
chamber method, FACE eliminates the potential chamber effects
(Kimball et al., 1997). In a meta-analysis study, Ainsworth and Long
(2005) collected and averaged all the plant physiological and yield
responses across all 12 FACE experiments. They found that plants
exposed to elevated CO, had a 31% yield increase in the light-
saturated leaf photosynthetic rate and a 28% increase in diurnal
carbon assimilation. In addition, cotton seed yield increased by
almost 40% under elevated CO, conditions (Naikwade, 2020). Until
recently, the FACE experimental tool has been widely accepted such
that no empirical study has been done to compare FACE with the
on-site chamber system or a non-FACE system in cotton (Allen
et al., 2020). Allen et al. (2020) compared the outcome of
photosynthesis and cotton seed biomass in CO,-enriched plants
exposed to FACE and non-FACE systems. CO, fluctuates in FACE;
thus, photosynthesis and growth decreased under fluctuating CO,,
as such plant response in FACE is likely to overshadow the benefits
of elevated CO, (Allen et al.,, 2020). Furthermore, the crew found
that plant response to elevated CO, in the FACE experiment was
lower than that in the chamber experiment. Since results from
FACE studies were obtained under natural or field conditions and
not in a controlled system, the future prospect of cotton
productivity might be limited under such conditions. Taken
together, a better understanding of strategies in improving
photosynthesis could enhance assimilate synthesis at the source
leaves, as these synthesized assimilates are needed to feed the
growing sink demand.

4 Effects of source—sink regulation on
growth and development in cotton

The source-sink relationship is intricately intertwined, and its
manipulation affects the sink’s size and strength (Mangi et al,
2021). In cotton, the subtending leaf (mostly considered as the
source leaf) houses the carbon (energy source), which is
subsequently remobilized (sucrose form) to the boll (sink organ)
for fiber development since the sink mainly fixes the remobilized
assimilates from the source tissues for their growth and
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development (Liu et al., 2015). Accordingly, increasing the source
(subtending leaf) capacity is one promising way to meet the growing
sink demand. Reports have shown that reductions in the source
capacity have decreased photosynthesis, inhibited the assimilate
transport to the sink, and ultimately reduced the fiber (sink) yield
(Cui et al, 2019; Ding et al., 2019). However, whether sink
regulation has a significant feedback effect on the source activity
remains unknown.

Cotton is characterized by the indeterminate growth type, and is
highly susceptible to drought stress during its reproductive phase
(Pilon et al, 2019; Zhao et al., 2019). Hence, the partitioning of
assimilates between the vegetative and reproductive branches is
greatly affected by such conditions. Although plants usually have an
adaptive strategy to balance the source-to-sink regulation, drought
stress in cotton alters such equilibrium by affecting the source
capacity and disrupting the assimilate transport to the fruiting
branches (FBs), where it is required for growth. Additionally,
drought stress represses sucrose and starch accumulation by
reducing sugar-related enzymatic activities (Loka et al., 2020).
Consequently, photosynthetic reductions and fiber retardation
become more evident in the upper FBs than in the lower
branches and, finally, in both FBs (older and the newly formed
bolls) (Wang et al., 2016; Zhao et al., 2019). However, Shareef et al.
(2018) argued that assimilates are first partitioned to the cotton
root, followed by the vegetative and reproductive parts, under
drought stress. Furthermore, within the bolls, more assimilates
are allocated to the seed than to the fiber, thus reducing fiber
development (Tang et al., 2017; Gao et al,, 2020; Ul-Allah et al,
2021). Regarding the relationship between subtending leaves
(source) and the flower (sink) under drought stress, the
subtending leaf accumulated more proline than carbohydrates
(Pilon et al.,, 2019), which reduced the dry matter accumulation
and limited fiber development (Pilon et al., 2019). This indicates
that drought affects the source-to-sink relationship by inhibiting the
assimilate synthesis and their distribution to the sink. Although the
relocation of assimilates to the cotton leaves and roots is the main
adaptive survival mechanism, it instead decreases the assimilate
accumulation at the sink (fiber, boll, and flower), which significantly
reduces fiber development and yield. Therefore, efficient assimilate
transport and distribution under favorable conditions becomes
imperative for improving the source capacity and sink
(fiber) development.

Among other factors, plant topping and vegetative branch (VB)
removal are considered crucial to cotton growth and productivity,
as both exert great influence on source-to-sink coordination
(McGarry et al,, 2016; Nie et al., 2021). Plant topping could either
be manual or chemical-based topping. Both plant toppings promote
cotton photosynthetic capacity and leaf area index (LAI) relative to
the non-topping. The enhanced LAI is attributed to the increased
carbon assimilation rate conferred by plant toppings (Nie et al.,
2021). In addition to photosynthesis, plant topping also strongly
regulates source-sink photoassimilate partitioning (Xing et al,
2018; Nie et al., 2020). Unlike non-topping and chemical topping,
manual topping significantly diverts more photoassimilates towards
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the FB-sourced bolls, and less assimilate to the redundant cotton
bolls, making manual topping more advantageous than chemical
topping (Nie et al., 2021). Although chemical topping requires less
labor input compared with manual topping, chemical topping
shows no advantage over manual topping in terms of seed cotton
yield output (Nie et al., 2021).

Available information regarding the impact of VB retention or
removal on cotton productivity is contradictory. It is well known
that excessive growth of VB often culminates into a large plant
structure, making cotton management and harvesting a difficult
task (McGarry et al., 2016). The vigorosity of the VB also leads to
competition for light, nutrients, and assimilates between the source
(stem) and sink organ (FBs), thereby reducing the lint yield (Zhao
et al., 2017). Hence, vegetative branching removal is widely applied
to cotton cultivation practices in some parts of the world (Zhang
et al, 2019). Contrary to the popular notion of growth arrest
conferred by VB retention, some other studies have affirmed that
VB retention did not reduce seed cotton yield at lower plant density
(Dong et al,, 2005; Dai et al., 2014; Dong et al., 2017; Nie et al,,
2021). Nie et al. (2021) opined a marked increase in the biological
yields of the retained vegetative cotton branches compared with the
expunged VB at low plant density. Such yield increase was
attributed to the increased carbon assimilation capacity in VB
retention-sourced plants. Since VB removal is labor intensive and
the yield is comparable with the retained VB at low plant density,
VB removal can be nullified provided the plant population density
is low. Furthermore, VB retention affects photosynthesis and
photoassimilate partitioning between the source and sink, thereby
impacting cotton growth and productivity. The retention of VB
often leads to increases in leaf area index, root growth, and carbon
assimilation rate at later developmental stages of cotton. Compared
with the VB removal, plants retaining VB have more of their
photoassimilates partitioned to the vegetative organs and
redundant FB, with less assimilate partitioned to active bolls (sink
organ) at the later developmental stages of cotton. This is an
indication that VB retention often increases leaf source capacity
at low plant density (Hezhong et al, 2007; Nie et al, 2021).
Although VB contributes indirectly to economic and biological
yield by setting bolls, the qualities of its bolls are poor compared
with those of FB-sourced bolls (Nie et al., 2021).

5 Mechanisms of carbon transport
and distribution in plants

Carbon in sucrose form is transported from the source to the sink
organ via the phloem (Lemoine et al., 2013). The export of carbon
assimilates from the source leaves begins with phloem loading. To
date, there are three recognized active phloem loading mechanisms:
(1) symplastic loading route, where sucrose leaves the mesophyll cell
and moves through the plasmodesmata from one companion cell-
sieve element (CC-SE) complex to another via SUGAR WILL
EVENTUALLY BE EXPORTED TRANSPORTERS (SWEETs)
activity (Figure 1); (2) apoplastic phloem loading, where high
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concentrations of sucrose in mesophyll enter the CC-SE complex
through a concentration gradient (Zhang and Turgeon, 2018)
(Figure 1) via proton motive force triggered SUCROSE
TRANSPORTERS (SUTs); and (3) polymer trapping, where
sucrose is converted to larger sugar polymers and unable to diffuse
back into the mesophylls. These phloem loading routes utilize the
phloem sections (collection, transport, and release phloem) to
effectively unload the sucrose. Sucrose is first loaded into the
collection phloem, transported through the transport phloem, and
finally unloaded via the release phloem (Figure 1) (Van Bel, 2021; Jin
et al,, 2022). Sugar transporters, especially the SWEET and SUT
proteins, are crucial in the sucrose transport and distribution to the
sink (Guo et al, 2021; Ko et al, 2021). SWEET proteins perform
bidirectional sugar transport (Chen et al., 2012a). SUTs are sucrose/
proton co-transporters that transport sucrose using the energy stored
in the transmembrane proton gradient generated by H'-ATPases
(Gaxiola et al., 2007).

The transport and distribution of photosynthetic assimilates
from the source to the sink is essential for proper plant growth,
development, and metabolism (Braun et al., 2014). A recent study
found GhSUT1-L2-mediated apoplastic phloem loading to be the
main mode of phloem loading in cotton (Yadav et al., 2022).
Therefore, the rapid expansion of cotton fiber cells requires a
continuous supply and sufficient accumulation of sugar.

6 Mechanism of nitrogen transport
and utilization at the sink level

Cotton yields depend on the N-fertilizer application for its growth
and yield (Shah et al., 2017). N is involved in chlorophyll synthesis
and enhancing the photosynthetic efficiency of leaves in the bolling
stage, thus showing that the coordination between sucrose
(transportable carbon form) and amino acids (transportable
nitrogen form) is critical for improving the cotton yield (Chen
et al, 2012b). The N concentration can affect photosynthesis via
diverse mechanisms. It is an important component of chlorophyll, the
Rubisco enzyme, and is also involved in the development of another
photosynthetic organ. Therefore, it is considered an important
component of photosynthetic carbon metabolism (Huppe and
Turpin, 1994; Stitt et al., 2002). Nitrogen deficiency adversely affects
the lint yield by reducing stem elongation (Chen et al.,, 2020), leaf
expansion (Chen et al,, 2018), and biomass production (Fritschi et al,,
2003). Inorganic N is assimilated into amino acids via a series of N-
assimilatory enzymes (T'egeder and Masclaux-Daubresse, 2018). After
conversion, the root utilizes the synthesized amino acid, while others
are remobilized to the source leaves via the xylem. Upon arrival, the
amino acids are utilized for protein synthesis, albeit lesser amino acid
is required for leaf metabolism (Igbal et al, 2020). Therefore, the
amino acid is loaded into the phloem and then remobilized to the sink
organ. Thus, the amino acid is considered the transportable form of
N. Furthermore, although the source-sink amino acid regulation has
been studied in other crops (Perchlik and Tegeder, 2017), little is
known about cotton.
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Schematic illustration of the source to sink carbon transport. (A) Sucrose is translocated from the mesophyll cell to the companion cells, and finally
to the sieve elements of the collection phloem (CP) under a high concentration gradient. (B) Sucrose is moved from the collection phloem (CP) to
the transport phloem (TP) and finally reaches the release phloem (RP) via the activities of sucrose transporters, including SWEET and SUTs. (C) The
release phloem unloads the sucrose at the sink organ under a low concentration gradient for fiber development. Chao et al. (2020) revealed that
GhSUTI11 is expressed in the source and sink organ, but its function is unknown. The crew also found that GhSUT6 and GhSUT11 were expressed in
the sink organ, but the function of these genes in sucrose transport is unclear (Chao et al.,, 2020). The genes regulating sucrose transport from leaf
to mesophyll cells and from mesophyll cells to the companion cells are yet to be identified. GhSUT1-L2 is involved in the phloem transport of
sucrose from the leaf; however, the gene responsible for phloem unloading is unknown. Recently, Yu et al. (2023) showed that GhSUT9 expressed in
the petal (sink organ) enhances starch and sucrose content in the anther. However, GhSUT1 and ZmSUT1 promote cotton fiber elongation (Guo

et al, 2017; Ding et al., 2019).

7 Functions of the key regulators
involved in source—sink assimilate
transport and distribution in cotton

The regulatory mechanisms underlying the source-sink
relationships are complex and are affected by different factors,
including hormones, signaling molecules, and assimilatory
transport. Plant hormones play crucial roles in the regulation of
source-sink relationships. Higher levels of cytokinin (CK) in leaves
stimulate the Rubisco activity, thereby affecting the expression of
photosynthetic genes and delaying leaf senescence (Cortleven and
Schmuelling, 2015). Recent studies have shown that the auxin
signaling cascade involving TAA-OsARF18-OsARF2 can regulate
the allocation of sucrose sources and sinks, which, in turn, regulate
the development of reproductive organs in rice (Zhao et al., 2022).
Gibberellin (GA) is important for the regulation of plant growth and
development, as well as biotic and abiotic stress responses (Xu et al.,
2014; Hedden, 2020). DELLA protein is the negative regulator/
primary growth inhibitor of GA signaling. GA promotes the
nutritional and reproductive growth of plants by triggering the
DELLA protein degradation (Xu et al, 2014). NITROGEN-
MEDIATED TILLER GROWTH RESPONSE 5 (NGR5) was found
to be an integrator of the auxin (IAA), strigolactone, and
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brassinosteroid (BR) signaling pathways (Aya et al, 2014; Hirano
etal,2017; Qiao et al,, 2017; Fang et al., 2020). BRs promote N uptake
by regulating the expression of NRT genes in maize (Xing et al,
2022). GROWTH-REGULATING FACTOR 4 (GRF4) promotes and
integrates nitrogen assimilation, carbon fixation, and growth, whereas
DELLA protein inhibits these processes. Balanced opposite action
and physical interaction of the GRF4 transcription factor and the
growth inhibitor DELLA synergistically regulates the growth and the
carbon and nitrogen metabolism (Li et al, 2018a). The GRF4-
DELLA-NGR5 modules interact to improve the nitrogen use
efficiency (NUE), coordinate the source-sink relationships, and
increase crop yield to achieve agricultural sustainability (Wu et al,,
2021). Furthermore, ethylene (ETH) (Wang et al., 2012), abscisic acid
(ABA) (Yang et al, 2001), and CK (Yang et al., 2000) also greatly
affect the rice grain filling process. The plant growth regulator
ethephon promotes the transport of stored and newly synthesized
assimilates from the cotton leaves to the cotton boll, which can
accumulate more in the cotton lint (Shen et al., 1980). Additionally,
the external application of indoleacetic acid (IAA) promotes the
activity of key sucrose metabolism-related enzymes in the cotton boll,
embryo, and seed coat, thereby facilitating seed development (Yin
etal, 2021). Although the influence of plant hormones on source-to-
sink assimilate transport is similar among other crops, almost no
study examined this in cotton.
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Besides plant hormones, a few signaling molecules also act as key
carbon and nitrogen metabolism regulators, thereby regulating the
source-sink relationships. For example, ELONGATED
HYPOCOTYL5 (HY5), which was one of the first light-responsive
transcription factors to be identified, regulates the C transport in
plant leaves, N uptake in roots, and root growth to balance the C/N
levels in Arabidopsis (Chen et al., 2016). Additionally, the C and N
substrates have also been found to act as signals. Although Trehalose
6-phosphate (T6P), a substrate in carbon metabolism, is present only
in trace amounts, it possibly interacts with other sugar-signaling
proteins, including hexokinase, 14-3-3 proteins, and SUCROSE
NONFERMENTING-1-RELATED PROTEIN KINASEI (SnRK1)
to modulate the partitioning of photosynthetic products between
sources and sinks, thereby affecting plant growth and development
(Paul et al,, 2008; Figueroa and Lunn, 2016). Nuccio et al. (2015)
showed that expressing the rice TREHALOSE-6-PHOSPHATE
PHOSPHATASE (TPP) gene in maize ears increased the sucrose
concentration, kernel yield, and harvest index. Sucrose and hexose
regulate carbon metabolism in the source organs (Koch, 1996) and
cell expansion and division in sink organs (Bihmidine et al., 2013)
similarly. SUGAR PARTITIONING AFFECTING (SPA) protein is a
Dna] molecular chaperone that regulates the distribution of glycans
in plants. Bermudez et al. (2014) showed that inhibiting the SPA gene
expression promotes the transport of photosynthetic products, like
sucrose, fructose, and glucose from the leaves to sink; i.e., it regulates
the source-sink relationship by modulating the transport of
photosynthetic products to the fruits, which significantly increases
the fruit quality.

Transport and partitioning of the carbon assimilate (usually
sucrose) and nitrogen assimilate are also important for regulating
the source-sink relationships in cotton (Minchin and Lacointe,
2005). Long-distance transport of sucrose from the source leaves to
the sink organs occurs via leaf veins (Lambers and Oliveira, 2019).
Numerous studies have functionally identified the key regulators
involved in the assimilate partitioning in different crops (Bezrutczyk
et al, 2018; Lu et al., 2020; Huang et al., 2021); however, there are
relatively few publications on cotton plants, as presented in Table 1.
As mentioned earlier, SUTs are critical for sucrose transport and

10.3389/fpls.2023.1136636

distribution. The defective SUT can significantly affect the growth of
cotton plants. GhSUT2 and GhSUTII are expressed in both the
source and sink organs, whereas GhSUT6 and GhSUT15 are mainly
expressed in the sink organs (Chao et al, 2020). Furthermore,
GhSUT9 and GhSUTI8 are mainly expressed in the fibers (Chao
et al, 2020). Studies showed that the GhRSWEET gene may be
involved in the developmental processes and different stress
responses in cotton (Li et al., 2018b). The R2R3-MYB
transcription factor, GhMYB212, regulates sucrose transport to
the cotton fibers by regulating the expression of the sucrose
transporter gene GRSWEETI2 (Sun et al, 2019). Based on the
previous findings on the significance of ZmSUTI in maize sucrose
allocation (Baker et al., 2016), Ding et al. (2019) investigated the
impact of its expression on sucrose distribution in cotton. It was
expressed in cotton under two different promoters: senescence-
inducible promoter PSAGI12 and seed coat-specific promoter BAN.
The BAN::ZmSUT1 cotton exhibited increased photosynthetic rate,
and improved sugar deposition in the boll and fiber, thereby
indicating the potential roles of ZmSUTI in promoting fiber yield
by reprogramming sugar partitioning (Ding et al., 2019). To further
investigate how partitioning of assimilates impacts the fiber growth
and seed yield, Yadav et al. (2022) identified nine SUT gene family
members, which are critical for assimilate partitioning in cotton.
Among them, GhSUTI-L2, expressed in the mature leaves, was
reported to promote carbohydrate accumulation in the leaves when
silenced, thereby disrupting phloem transport. Therefore,
understanding the mechanisms underlying the phloem loading
and unloading in cotton may be a promising strategy for
improving the assimilate partitioning to the sink organ (bolls,
flowers, and fibers).

8 Concluding remarks and prospects

Along with the increased source capacity, the efficient assimilate
allocation to the sink is most promising for enhancing the seed and
fiber yield. However, despite much effort in exploring the source-
sink relationships, studies have not elucidated the regulatory

TABLE 1 Key regulators involved in the assimilate transport and distribution in cotton plants.

c/ Transgenic
Genes
N approach

1 GhMYB212 RNA interference

2 Potato SUS Expression

Reduced sucrose in the developing fiber;
Lower lint index and shorter fiber.

Increased sucrose deposition in the fibers and bolls;

Summary of findings Ref.

(Sun et al,, 2019)

Increased fructose concentration in young leaves and
fiber;
Enhanced leaf and seed development;
Promoted fiber production.

(Xu et al.,, 2012)

3 ZmSUT1I Ectopi i Di et al., 2019
" clopic expression Promoted cotton fiber and seed yield. (Ding et a )
GhSUTI- X . Increased carbohydrate accumulation in the leaves; }
4 Gene silencing R (Yadav et al., 2022)
L2 Disrupted phloem transport of sucrose.
X Promoted sucrose accumulation; (Ruan et al., 2001; Zhang et al., 2016b; Guo et al.,
5 GhSUTI Expression . _
Enhanced fiber elongation at late developmental stages. 2017)
6 GhSUT9Y Expression Increased sucrose and starch content in the anther (Yu et al., 2023)
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mechanisms of source-sink relationships. Boll (sink) and mature-
leaf (source) in cotton are the most prominent plant organs, which
house the photosynthetic assimilates. The nutrient distribution
between boll and leaf reflects the coordination between nutrient
growth and reproductive growth in cotton plants, which affects the
yield and quality of cotton. Understanding how photosynthetic
products, nitrogen, etc. are transported from the source leaves to the
sinks is imperative. The precise identification of genes related to the
transport and distribution of carbon assimilates (e.g., sucrose) and
nitrogen assimilates (e.g., nitrate) will provide an in-depth
understanding of the regulatory mechanisms underlying the
source-sink relationships in cotton and thus help in breeding
high-yielding cotton. As shown in Figure 2, this review provides
insight into the schematic direction of deciphering the regulation
mechanism of the source-sink relationship in cotton. Therefore, we
expect that the current review might help future researchers to
design the corresponding research strategy.

The underlying regulatory mechanisms of the source-sink
relationship in crop plants are complex. This requires first
screening and identifying the key genes and metabolites, followed
by verifying their functions to decode and manipulate the
regulatory network. In recent years, the emerging single-cell RNA
sequencing technology has been successfully utilized in plants to
study tissues and cells and detect genes at the single-cell resolution.
However, due to the complexities in plant tissue structure,
challenges of tissue permeability can limit the application of this
technique in plants (Liu et al., 2020). Furthermore, several other
technologies including gas chromatography-mass spectrometry
(GC-MS) (Naik et al, 2021), desorption electrospray ionization

10.3389/fpls.2023.1136636

mass spectrometry imaging (DESI-MSI) (Takats et al., 2004),
matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI) (Stoeckli et al., 2001), and air flow-
assisted desorption electrospray ionization mass spectrometry
imaging (AFADESI-MSI) (He et al., 2018) have been used to
detect the key metabolites in plant research. These metabolite-
detector techniques have higher sensitivity and allow more
comprehensive detection and spatial imaging of the metabolites.
Although these techniques have their strengths and limitations,
further improvement strategies are needed to tackle the limitations
hindering the detection of sucrose-related genes and metabolite
in plants.

The application of the source-sink relationship in crop
production is also an important open question currently being
addressed by the research and breeding community. It is well
known that the photosynthetic efficiency of plants is closely
related to yield. With the rapid development of synthetic
biology and other disciplines, researchers have recently
proposed to improve redesign light coordination to improve
crop yields (Ort et al, 2015; Zhu et al,, 2022). The proposed
areas for photosynthetic improvement include, but are not limited
to the following:

Structure and molecular regulation of transporters and
enzymes involved in photosynthesis

Variation of gene regulatory networks reprogramming
photosynthesis

Factors regulating stomatal conductance

Factors influencing leaf and canopy photosynthesis

Optimizing photosynthetic
capacity

Enhance the expression of
the corresponding assimilate
transporter gene

Increase sink storage capacity
and attract ability to assimilate

v
Increase source strength

l

Increase sink strength

| Increase transportation strength I

.

transportation
Regulation mechanism of source-sink relationship

source m sink
C assimilates ’ N assimilates
.. M N
. L
S e N uptake
Suc transport NUE N assimilation
WD N utiization
/ \ A CK B!
ABA IAA ETH
SUTs
metabolites NLPs
SWEEIS metabolites ~ NRTS

FIGURE 2

Future prospects of studying the source—sink coordination in cotton. The upper part of the picture (in the dotted box in the gray background) shows
several solutions for modulating the source—sink to improve cotton production. The lower part of the picture indicates the main breakthrough steps
to predict the regulatory mechanism of the source—sink relationship in cotton, which is as follows: (1) screening and identification of the key genes
and metabolites affecting sugar transport and distribution; (2) screening and identification of key genes and metabolites affecting the nitrogen use
efficiency (NUE); (3) elucidating the internal mechanism of how plant hormones participate in the regulatory network of the source-sink
relationship. C, carbon; N, nitrogen; Suc, sucrose; SUTs, sucrose transporters; SWEETs, SUGAR WILL EVENTUALLY BE EXPORTED TRANSPORTERS;
NUE, nitrogen use efficiency; NRTSs, nitrate transporters; NLPs, nodule-inception-like proteins; GA, gibberellic acid; CK, cytokinin; BR,
brassinosteroid; ABA, abscisic acid; IAA, auxin/indoleacetic acid; ETH, ethylene.

Frontiers in Plant Science

07

frontiersin.org


https://doi.org/10.3389/fpls.2023.1136636
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Qin et al.

* Photosynthesis under fluctuating climate or stressed
conditions

* Recent advances in natural genetic variation, especially in
cotton plants

* The use of molecular biology approach to better understand
enzymes and pathways involved in photosynthesis

The Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-associated protein 9 (CRISPR/Cas 9) system has been
widely used in plant genome editing due to its several advantages,
like low cost, simplicity, and efficiency, especially for multiple genome
editing and regulation of gene expression (Cong et al., 2013; Yin et al,,
2017). The introduction of the CRISPR/Cas 9 system for cotton has
helped to solve a variety of yield-related problems and improve fibre
development (Zhou et al, 2015; Li et al, 2017; Peng et al,, 2021).
CRISPR/Cas 9 technology has the potential to harness various genetic
cascades of traits while addressing breeding-related issues in cotton
(Sattar et al., 2019; Fiaz et al., 2021). Beyond its use in specific gene
knockout (loss of function), CRISPR/Cas9 knocks in and repairs
individual genes at the transcriptional level (Ahmad et al, 2020;
Bukhari et al, 2021). Another vital application of this genome
editing in fiber production is to improve cotton tolerance to abiotic
stress (Wang et al, 2017). Despite these glamorous prospects,
difficulties in regenerating plant have been the major bottleneck
with the use of CRISPR/Cas 9 genome editing in cotton. Most
research has employed the agrobacterium-mediated method of
transformation and gene editing (Ramadan et al, 2021). This
method, however, proves abortive because of the need for tissue
culture and cotton regeneration, thus limiting the application of
CRISPR/Cas 9 genome editing in cotton. To improve the
regeneration capacity, Peng et al. (2021) proposed the need for
germplasm with a high frequency of cotton somatic embryogenesis.
With that, a highly efficient regeneration system that can promote the
use of CRISPR/Cas 9 genome editing in cotton will be established.

To enhance crop yield, increasing the source or sink strength is
not enough; the source and sink intensities must be coordinated and
enhanced simultaneously. Therefore, we propose a possible solution
to improve crop yield by regulating and improving the source-sink
relationship through genetic approaches.

The following putative measures can be explored to achieve the
improved crop yield: (1) optimizing the photosynthetic efficiency of
the source, thereby promoting its activity and increasing the supply
capacity of the source to the sink; (2) correspondingly, the
appropriate assimilate transport genes can be overexpressed in
specific tissues, like the phloem, to promote the assimilate transport
from the source to the sink; and (3) finally, by overexpressing the
genes specifically expressed at the end of the sink, its carrying capacity
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