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Abstract

Background: Photosynthate partitioning and within-plant boll distribution play an important role in yield formation
of cotton; however, if and how they interact to mediate yield remains unclear. The objective of this study was to
investigate the genotypic variance in photosynthate partitioning and within-plant boll distribution, with a focus on
their interactions with regard to yield and yield components. A field experiment was conducted in the Yellow River
region in China in 2017 and 2018 using a randomized complete block design with three replicates. Photosynthate
partitioning of three commercial cultivars (DP 99B, Lumianyan 21 and Jimian 169), varying in yield potential, to
different organs (including bolls) at early flowering, peak flowering, and peak boll-setting stages, as well as within-
plant boll distribution at harvest, and their effects on yield formation were examined.

Results: Lint yield of Jimian 169 was the highest, followed by Lumianyan 21 and DP 99B. Similar differences were
observed in the number of inner bolls and boll weight among the three cultivars. J169 partitioned significantly
more photosynthate to the fruit and fiber than Lumianyan 21 and DP 99B and allocated over 80% of assimilates to
the inner bolls. Additionally, Lumianyan 21 allocated a higher proportion of photosynthate to bolls and fiber, with
12.5%–17.6% more assimilates observed in the inner bolls, than DP 99B.

Conclusions: Genotypic variance in lint yield can be attributed to differences in the number of inner bolls and boll
weight, which are affected by photosynthate partitioning. Therefore, the partitioning of photosynthate to fiber and
inner bolls can be used as an important reference for cotton breeding and cultivation.
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Background
Cotton (Gossypium hirsutum L.), being one of the main
raw material of the textile industry, plays an important
role in the stabilization and development of the national
economy of China. In recent years, there have been sig-
nificant advances in the technological processes used by
the textile industry. This has been driven by an increased
demand by consumers for cotton textile goods, which is
causing an increased demand for raw cotton (Dong
2013; Yang 2014). However, the total area planted with

cotton and cotton yields have been declining as a result
of a continuous rise in production costs. The total area
in China cultivated for cotton dropped to 3.2 million
hectares in 2017 (from 5.2 million hectares in 2007), the
lowest since the establishment of the People’s Republic
of China in 1949 (National Bureau of Statistics of
China). Therefore, the stability and increase of lint yield
per unit area is key to the sustainable development of
the textile industry.
Cotton yield increased 1.2 times from 790 kg·hm− 2

during the popularization and application of Bt (Bacillus
thuringiensis) cotton varieties in the 1990s to 1 720
kg·hm− 2 in 2017 (National Bureau of Statistics of China).
Lint yield is a function of boll number per unit area, boll
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weight, and the percentage of lint. Numerous studies
have shown that increases in individual boll weight in
the 1970s and 1980s, an increase in the number of bolls
per plant and lint percentage in the 1990s (Tang et al.
1993; Kong et al. 2000), and a further increase in boll
weight in this century are the main reasons for the
current yield levels (Mao 2010; Iqbal et al. 2013; Zhi
et al. 2016). Our previous study on the relationship be-
tween yield formation and within-plant boll distribution
suggested that the main reason for the increase of lint
yield of newly bred cultivars was the increase of boll
weight and the number of inner bolls (Nie et al. 2019).
These findings illustrate that the main factor affecting
yield formation has changed as a result of the selection
for increased lint yield. However, the mechanism under-
lying this has received limited attention.
The formation of lint is a process of source-sink interac-

tions. A strong source can provide more photosynthetic
products to the sink, regulating the output rate and direc-
tion of sucrose transport from the source (Mason and
Maskell 1928a, b). As one of the plant species with indeter-
minate growth habit, cotton has a series of mechanisms to
protect itself from yield loss through compensatory growth.
Fruit production may take place at different times on differ-
ent parts of the plant under suitable conditions. Further-
more, the long-term simultaneous growth of vegetative and
reproductive organs usually leads to strong competition for
assimilates, which induces an imbalance in the source-sink
process, changes the direction of the photosynthate parti-
tioning, and thereby results in the abscission of floral buds
and bolls (Lee 1984; Constable and Bange 2015). The es-
sence of this source-sink imbalance is that photosynthate
produced by the leaves cannot be transported to the repro-
ductive organs in time (Mason and Maskell 1928a, b; Ains-
worth and Bush 2011). Numerous studies have revealed the
direction of the photosynthate partitioning produced by
leaves at different stem positions, the photosynthate distri-
bution to bolls of different ages (days), and the effects of
hormones and nutrition on photosynthate partitioning, as
early as the twentieth century (Mason and Maskell 1928a;
Mason et al. 1936; Ding et al. 1960; Ashley 1972; Brown
1973; Zheng and Chen 1980). Lint yield has increased in
the last 30 years of cultivar development. However, the
manner in which photosynthate partitioning and yield com-
ponents interact to mediate yield in a high-yielding cotton
cultivar remains unclear.
Genotypic variance in lint yield is mainly caused by

the different competitive abilities of reproductive organs
in obtaining assimilates, rather than photosynthetic per-
formance (Hearn 1969; Wells and Meredith 1984a, b).
High-yielding cotton cultivars often exhibit fewer fruit-
ing nodes, earlier boll development, larger boll weight,
and more highly coordinated vegetative and reproductive
organs (Bhardwaj et al. 1971; Verhalen et al. 1975; Guinn

1982; Bange and Milroy 2004). Differences in within-
plant boll distribution affect the direction and distance
of photosynthate partitioning between the source and
the sink (Sadras 1995). Dai et al. (2015) reported that
cotton yield was stable in a density range of 3.3–10.5
plants per square meter, mainly due to the optimized
regulation of photosynthate on boll number and boll
weight.
However, previous studies on the genotypic variance

of the source-sink relationship primarily focused on the
accumulation and distribution of dry matter, rather than
the application of the carbon isotope tracer technique
(Hu et al. 2008; Dai et al. 2015; Mao et al. 2015). Infor-
mation on the partitioning of 13C-photosynthate to
spatial bolls within the canopies is also limited. In this
study, three commercially available Bt cotton cultivars
(DP 99B, Lumianyan 21, and Jimian 169) were selected
to investigate genotypic variance in photosynthate parti-
tioning and plant boll distribution with a focus on their
interaction in relation to yield and yield components.

Materials and methods
Experimental materials
Three commercial Bt cotton cultivars, which are local to
and prevalent in the Yellow River region in China, were
selected: (1) DP 99B (99B), a mid-season conventional
cultivar introduced from the United States, with a
growth period of approximately 130 days, boll weight of
4.9–5.5 g, and lint percentage of 36.0%–38.8%; (2) Lumi-
anyan 21 (L21), the first era mid-season conventional
cultivar bred by Chinese breeders, with a growth period
of approximately 133 days, boll weight of 5.8 g, and lint
percentage of 41.6%; and (3) Jimian 169 (J169), the
second era mid-season conventional cultivar bred by
Chinese breeders, with a growth period of 123 days, boll
weight of 6.3 g, and lint percentage of 39.4%.

Experimental design
Field experiments were conducted in 2017 and 2018 at
the State Key Laboratory of Crop Biology and an experi-
mental farm in the Shandong Agricultural University
(36°10′N, 117°09′E, 158m a.s.l.), Shandong, China. The
climate is temperate and monsoonal with an average an-
nual temperature of 13 °C, rainfall of 697 mm, sunshine
duration of 2 627 h, and a frost-free period of 195 d. The
experimental soil type was a brown loam with 17.54
g·kg− 1 of organic matter, 1.08 g·kg− 1 of total N, 40.78
mg·kg− 1 of rapidly available phosphate, and 126.47
mg·kg− 1 of rapidly available potassium in the upper 20
cm. The cumulative temperature (≥ 10 °C) and rainfall
during the cotton growing season (May 1 to October 31)
was 4 375.2 °C and 452.0 mm in 2017 and 4 271.7 °C and
602.0 mm in 2018. Daily average temperature and rain-
fall are shown in Fig. 1. Cotton seeds were planted using
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manual hill-drop planting methods in late April in a ran-
domized complete block design with three replications.
Each plot contained eight rows of cotton, 8 m long with
inter-row spacings of 1.0 m and 0.6 m, and a plant-to-
plant distance of 0.25 m.
Seedlings were freed from mulching by cutting film

above hills at full emergence and thinning to the desired
planting density by retaining one vigorous plant per hill
at the two-leaf stage. Vegetative branches and growth
terminals on the main stems of cotton plants in each
plot were completely removed at squaring in mid-June
and at peak boll setting in mid-July. Basal fertilizer was
applied at the rate of 110 kg·hm− 2 of pure nitrogen, 120
kg·hm− 2 of P2O5, and 120 kg·hm− 2 of K2O with urea
(46%, N), superphosphate (12%, P2O5), and potassium
sulfate (50%, K2O). In addition, 110 kg·hm− 2 of pure ni-
trogen was top-dressed in the flowering and boll-setting
stages. Other management practices, such as, insect and
weed control and plant growth regulator applications,
were conducted according to local agronomic practices.

13CO2 labeling and measurement
A 13CO2 feeding experiment was conducted to deter-
mine export and partitioning of labeled assimilates in
various plant parts for a short (72 h) and a long (from
the day of feeding to the end of harvest) time period.
Two groups of three consecutive and representative
cotton plants were selected separately in each plot for
13CO2 labeling on a clear and windless day, from 9 to
11 a.m., during each of the three key stages of boll-
formation (the early flowering stage, the peak flowering
stage, and the peak boll-setting stage). 13CO2 was generated
by a reaction between Ba13CO3 (provided by Shanghai
Research Institute of Chemical Industry with a purity of >
98%) and 1mol·L− 1 hydrochloric acid. Following the

method described by Bie et al. (1998), we controlled the
concentration of CO2 in the sealed photosynthetic chamber
at 0.5%. Three cotton plants were enclosed in a photosyn-
thetic chamber (the volume was 0.9m3, the length was
0.75m, the width was 0.8m, and the height was 1.5m) into
which a 2-L beaker of Ba13CO3 was placed in the middle
between the three plants. Excess hydrochloric acid was
injected using a 50-mL syringe to produced 13CO2. The
plants assimilated the 13CO2 under natural light conditions
for 1 h.
One group of the three consecutive labeled plants was

harvested at 72 h after the end of the 13CO2 assimilation.
Harvested plants were immediately divided into roots,
main stem, branches, leaves, and fruits. The fruits were
further separated according to within-plant position:
lower bolls at the position of 1–4 fruiting branches, mid-
dle bolls at the position of 5–8 fruiting branches, upper
bolls at the position of greater than nine fruiting
branches, inner bolls at the fruiting node of 1–2 near
the main stem, and distal bolls at the fruiting node of
three and greater at the main stem. All the separated
plant parts were dried at 65 °C to a constant weight. The
plant parts were then weighed and ground to a fine pow-
der with a micro grinding-machine (Model FZ 102
Taisite Co. Ltd., Tianjin, China; Type MM400 Retsch
GmbH, Haan, Germany). Sub samples (4 mg) were used
to determine the 13C abundance with an Isoprime 100
instrument (Isoprime 100 Isoprime Ltd., Cheadle, UK).
The other labeled group was enclosed in a 5 cm mesh

nylon protective net and the shedding organs and opening
bolls were regularly collected. The plants were uprooted
at harvest time. The vegetative organs were separated into
roots, main stems, branches, leaves, and redundant buds.
The reproductive organs were harvested according to
fruiting position (lower, middle, upper, inner, and distal),

Fig. 1 Daily mean air temperature and rainfall recorded during the cotton growing seasons
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and subdivided into boll shell, fiber, and seed. The shed-
ding organs were divided into leaves, buds, and bolls. Plant
parts were individually bagged, dried, weighed, ground as
above, and then the 13C abundance was determined ac-
cording to the method of Liu et al. (2015).

Within-plant boll distribution and lint yield
Two central rows of cotton plants were manually har-
vested to determine yield and yield components. Open-
ing bolls were hand-harvested according to fruiting
position and numbers of bolls were recorded separately.
Seed cotton was weighed after sun-drying, and then the
individual boll masses were determined. The cotton
seeds and fibers were separated using a roller ginning
machine (Jianghe SY-20A, Henan Jianghe Machinery
Factory, China), and the lint percentage was then deter-
mined. The overall yield was calculated by multiplying
the following three yield components: the number of
bolls, average boll weight, and lint percentage.

Statistical analysis
The mean and standard error were calculated using the
three replicates from each treatment with Microsoft Excel
2010. Lint yield and yield component data shown in this
paper represents the averages of 2017 and 2018. Analysis
of variance was conducted using the General Linear
Models procedure in SPSS 20 (IBM, Armonk, NY, USA).
Least significant differences were used to compare treat-
ment means at P < 0.05. In the two-year data analysis, cul-
tivar and year were entered as fixed effects, and block
(replicate) was entered as a random factor and nested
within year. All graphs were drawn using Sigma Plot 12.5
software (Systat Software Inc., San Jose, CA, USA).

Results
Yield and yield components
Cotton yield was significantly affected by year and culti-
var (Table 1). Boll number and lint percentage were only
affected by year while boll weight was only affected by
cultivar. This indicates that boll weight is genetically

determined. No interaction effect between year and cul-
tivar was observed in relation to yield and its compo-
nents except boll weight. The lint yield of J169 was the
highest, followed by L21 and 99B. The variation in boll
weight of the three cultivars was consistent with its yield:
J169 had the largest boll weight, 13.2% and 38.8% higher
than L21 and 99B, respectively. However, the other two
yield components were inconsistent with the yield.
There was no significant difference in lint percentage be-
tween any of the treatments. Although the boll number
of 99B was significantly higher than that of J169, it could
not compensate for the yield gap caused by the smallest
boll weight. Furthermore, path analysis of yield compo-
nents and lint yield among the three cultivars showed
that boll number and weight contributed almost equally
to the yield, yet lint percentage was negatively
correlated.

Genotypic variance in within-plant boll distribution
A significant difference among the three cultivars was
detected when comparing boll distribution, boll weight,
and the percentage of total plant yield, but not the lint
percentages of any fruiting position or node (Table 2). In
the vertical fruiting position, the proportion of middle
bolls was significantly higher than that of the upper
bolls, but was much lower than that of the bottom bolls
(within-plant). No genotypic variation was observed in
the proportion of lower bolls. However, there were sig-
nificant genotypic differences in the middle and upper
bolls. The proportion of upper bolls in J169 was much
higher than that of other cultivars, but the opposite re-
sult was observed for middle bolls. The only significant
difference between L21 and 99B was in terms of the pro-
portion of upper bolls. In the horizontal fruiting node,
the proportion of inner bolls was 2–4 times higher than
that of the distal bolls within individual plant. J169 and
L21 had 19.6% and 17.3% higher proportions of inner
bolls than 99B, respectively. However, in terms of distal
bolls, 99B had a much higher percentage compared with
J169 and L21. Significant genotypic differences in boll

Table 1 Genotypic variance in yield and yield components

Cultivar Boll number /(×104 hm− 2) Boll weight /g Lint percentage /% Lint yield /(kg·hm− 2)

J169 71.58 b 7.05 a 40.91 2059.17 a

L21 69.17 b 6.23 b 40.56 1 733.59 b

99B 77.27 a 5.08 c 40.32 1 583.92 c

P-value Year (Y) 0.000 9 ns 0.000 6 0.006 4

Cultivar (C) ns < 0.000 1 ns 0.013 5

Y × C ns 0.000 6 ns ns

Path coefficient 0.646 0** 0.633 8** −0.194 9 –

1) J169, Jimian 169; L21, Lumianyan 21; 99B, DP 99B. Means within a column followed by different letters are not significantly different at P < 0.05
2) “ns” means non significance
3) “**” means significantly correlation
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weight by node and position per plant were detected be-
tween all three cultivars with J169 the largest, followed
by L21 and 99B. This was likely due to the high number
of inner bolls observed. The variation in the percentage
of total plant yield produced by each zone among the
three cultivars was in line with the observations of boll
proportions.

Genotypic variance in 13C-photosynthate partitioning at
different growth stages
13C- photosynthate partitioning to different organs
No significant difference was observed in 13C-photosyn-
thate partitioning to vegetative organs among the three
cultivars, except for 99B which contained a higher
amount of assimilate than L21 at the peak boll-setting
stage (caused by the high transportation in root and
branch) (Table 3). In contrast to the vegetative organs,

the export of carbohydrate from photosynthesizing or-
gans to reproductive organs was found to be related to
genotypic differences in this study. L21 partitioned the
highest ratio of photosynthate to bolls at the three la-
beled stages, which was 19.6%, 21.2%, and 3.6% higher
than that of J169, and 25.9%, 28.5%, and 12.6% higher
than that of 99B, respectively. Furthermore, photosyn-
thate transported to fruit in J169 was significantly higher
than 99B in the peak flowering and boll-setting stages.

13C-photosynthate partitioning to bolls at varying within-
plant position and fruiting node
The same within-plant pattern of photosynthate parti-
tioning was observed in bolls in relation to position and
node among the three cultivars at any of the labeled
stage (the early flowering stage, the peak flowering stage,
and the peak boll-setting stage) (Table 4). Vertically, the

Table 2 Within-plant genotypic variance in boll distribution

Cultivar Vertical distribution Horizontal distribution

Lower Middle Upper Inner Distal

Boll fraction/% J169 51.53 a 28.41 b 20.06 a 80.27 a 19.73 b

L21 53.98 a 33.09 a 12.93 c 78.71 a 21.29 b

99B 49.60 a 35.36 a 15.04 b 67.10 b 32.90 a

Boll weight/g J169 7.38 a 7.15 a 6.61 a 7.46 a 6.64 a

L21 6.32 b 6.24 b 6.13 b 6.73 b 5.73 b

99B 5.14 c 5.23 c 4.88 c 5.33 c 4.83 c

Lint percentage/% J169 40.88 a 41.63 a 40.20 a 41.22 a 40.59 a

L21 41.18 a 41.10 a 39.39 a 41.09 a 40.02 a

99B 40.78 a 40.96 a 39.23 a 41.00 a 39.65 a

Percentage of total plant yield/% J169 52.99 ab 28.76 c 18.25 a 82.24 a 17.76 b

L21 54.63 a 33.14 b 12.22 c 81.72 a 18.28 b

99B 49.81 b 36.39 a 13.80 b 69.86 b 30.14 a
a, b, and c Values are mean±standard deviation. Values followed by a different small letter within same row are significantly different in a column at 0.05
probability level

Table 3 Within-plant genotypic variance in distribution of 13C- photosynthate to different organs after 72 h of 13C-labeling at the
early flowering, peak flowering, and peak boll-setting stages /%

Growth stage Cultivar Vegetative organ Reproductive
organRoot Stem Branch Leaf Total

Early flowering stage J169 8.35 b 25.41 a 10.35 b 48.73 a 92.84 a 7.16 b

L21 8.30 b 26.46 a 11.12 a 45.56 b 91.44 a 8.56 a

99B 9.04 a 25.35 a 8.96 c 49.86 a 93.20 a 6.80 b

Peak flowering stage J169 6.69 b 26.62 b 13.27 a 43.40 a 89.98 a 10.02 b

L21 7.13 ab 29.17 a 11.96 b 39.59 b 87.86 a 12.14 a

99B 7.59 a 27.91 ab 13.02 a 42.03 a 90.55 a 9.45 c

Peak boll-setting stage J169 4.41 c 19.15 a 9.81 b 28.24 a 61.61 ab 38.39 a

L21 5.17 b 18.41 a 8.55 c 28.11 a 60.24 b 39.76 a

99B 5.62 a 18.89 a 10.70 a 29.48 a 64.70 a 35.30 b
a, b, and c Values are mean±standard deviation. Values followed by a different small letter within same row are significantly different in a column at 0.05
probability level
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middle bolls contained higher levels of photosynthate
than the upper bolls but lower levels than the lower
bolls. Horizontally, the inner fruits contained much
higher photosynthate levels than the distal parts. The
transportation of photosynthate to the lower bolls in
L21 was much higher than that of J169 and 99B at the
early and peak flowering stages, whereas 99B partitioned
a much higher amount of carbohydrate to the lower
parts than the other two cultivars at the peak boll-
setting stage. These results suggest that 99B distributes
more assimilate to the distal nodes of bottom fruiting
branches. J169 and 99B transported 11.2%–35.4% and
14.3%–24.0% higher amounts of assimilate, respectively,
to middle bolls than L21 at the early and peak flowering
stages, but the opposite was observed at the peak boll-
setting in which L21 transported the highest amount.
The partitioning of photosynthate to the upper bolls in
J169 was the highest among the measured cultivars,
which was 84.3%, 36.4%, and 105.6% higher than that of
L21, and 23.9, 26.9, and 300.4% higher than that of 99B
at the three labeled stage (the early flowering stage, the
peak flowering stage, and the peak boll-setting stage), re-
spectively. J169 and L21 partitioned 5.0%–10.8% and
5.9%–11.8% more carbohydrate to inner bolls than 99B,
respectively. Significant genotypic differences were de-
tected in the carbohydrate partitioning of the distal bolls,
which was 99B the highest, L21 the second, and J169 the
lowest.

Genotypic variance in 13C-photosynthate partitioning at
different growth periods

Within-plant 13C-photosynthate partitioning in different
organs Significant genotypic differences were observed
in the partitioning of 13C-photosynthate to various or-
gans during boll setting (Table 5). In the growth
period of early flowering to boll-opening, the

partitioning of photosynthate to the vegetative organs
in 99B was significantly higher than that of J169 and
L21, due to a high proportion of photosynthate to the
transported and redundant organs. Photosynthate par-
titioning to the reproductive organs of J169 was
14.1% and 14.8% higher than that of L21 and 99B, re-
spectively. Photosynthate partitioning to fiber was also
41.9% higher in J169 than 99B. Although there was
no significant difference between cultivars in terms of
total photosynthate distributed to cotton bolls, L21
did partition much higher amounts of photosynthate
to fiber than 99B. Furthermore, the shedding organs
(squares, flowers and young bolls) of L21 wasted
30.3% and 47.3% more carbohydrate than J169 and
99B, respectively.
From peak flowering to boll-opening stage, J169

partitioned 9.2% and 12.1% more photosynthate to
vegetative organs than L21 and 99B, respectively, with
a high proportion of carbohydrate observed in fruiting
branches and leaves. There were no genotypic differ-
ences in photosynthate partitioning to the overall re-
productive organs, but the ratio of photosynthate
transported to boll shells in L21 and 99B were 22.4%
and 23.3% higher than in J169, respectively. Addition-
ally, the photosynthate consumed by the shedding or-
gans in L21 and 99B were approximately 1.2 times
that of J169.
In the period between peak boll-setting and harvest,

L21 partitioned 11.5% and 7.9% higher amounts of
photosynthate to the overall vegetative organs than J169
and 99B, respectively, resulting by the high ratio of as-
similate to root and stem. The distribution ratio of
photosynthate to bolls in J169 was comparable to that of
99B but 12.6% higher than that of L21. J169 partitioned
the highest amount of photosynthate to the shedding or-
gans, being 22.0% and 13.1% higher than that of L21 and
99B, respectively.

Table 4 Within-plant genotypic variance in 13C-photosynthate partitioning in bolls depending on position and node after 72 h 13C-
labeling at the early flowering, peak flowering, and peak boll-setting stages /(%)

Growth stage Cultivar Vertical distribution Horizontal distribution

Lower Middle Upper Inner Distal

Early flowering stage J169 66.83 b 28.82 a 4.35 a 80.68 ab 19.32 b

L21 76.36 a 21.28 c 2.36 c 82.65 a 17.35 c

99B 70.10 b 26.39 b 3.51 b 76.85 b 23.15 a

Peak flowering stage J169 60.16 b 26.08 a 13.76 a 86.99 a 13.01 c

L21 66.46 a 23.45 b 10.09 b 83.88 a 16.12 b

99B 62.35 b 26.81 a 10.84 b 79.17 b 20.83 a

Peak boll-setting stage J169 56.91 b 32.41 b 10.69 a 96.45 a 3.55 b

L21 57.38 b 37.42 a 5.20 b 97.32 a 2.68 c

99B 77.03 a 20.30 c 2.67 c 87.04 b 12.96 a
a, b, and c Values are mean±standard deviation. Values followed by a different small letter within same row are significantly different in a column at 0.05
probability level
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Within-plant 13C-photosynthate partitioning in bolls
according to position and node Significant genotypic
differences were demonstrated in the partitioning of
photosynthate to bolls depending on spatial arrangement
(Table 6). The distribution ratio of photosynthate to the
lower bolls in L21 was 10.7% and 21.8% higher than that
of J169, and 8.0% and 6.1% higher than that of 99B dur-
ing two growth periods (early flowering to boll-opening
stage, and peak flowering to boll-opening stage), respect-
ively. However, from the peak boll-setting to the end of
harvest, 99B partitioned 31.0% and 21.3% higher amount

of photosynthate to the bottom bolls than J169 and L21,
respectively. There was no significant difference in the
distribution of assimilate to the middle bolls among the
three cultivars during the period of early flowering to
boll-opening stage. However, 99B transported the most
photosynthate to the middle bolls, being 50.3% and
57.5% higher, respectively, than J169, and 51.2% and
12.1% higher, respectively, than L21 in the period of
peak flowering to boll-opening stage and the period of
peak boll-setting stage to the end of harvest. Significant
differences were observed in the photosynthate

Table 6 Within-plant genotypic variance in 13C-photosynthate partitioning in bolls according to position and node during the
period of early flowering to boll-opening stage, the peak flowering to boll-opening stage, and the peak boll-setting to boll-opening
stage /%

Growth period Cultivar Vertical distribution Horizontal distribution

Lower Middle Upper Inner Distal

Early flowering – boll-opening stage J169 55.26 b 33.56 a 11.18 a 87.03 a 12.97 c

L21 61.19 a 32.38 a 6.43 c 73.77 b 26.23 b

99B 56.65 b 34.06 a 9.29 b 62.71 c 37.29 a

Peak flowering – boll-opening stage J169 29.34 c 29.73 b 40.93 a 82.89 a 17.11 c

L21 35.74 a 29.56 b 34.70 b 81.85 a 18.15 b

99B 33.67 b 44.69 a 21.65 c 70.87 b 29.13 a

Peak boll-setting – boll-opening stage J169 28.16 c 29.65 c 42.19 a 86.43 a 13.57 c

L21 30.40 b 41.66 b 27.94 b 72.31 b 27.69 b

99B 36.89 a 46.71 a 16.40 c 64.28 c 35.72 a
a, b, and c Values are mean±standard deviation. Values followed by a different small letter within same row are significantly different in a column at 0.05
probability level

Table 5 Within-plant genotypic variance in distribution of 13C-photosynthate to different organs during the period of early
flowering to boll-opening stage, the peak flowering to boll-opening stage, and the peak boll-setting to boll-opening stage /%

Growth period Early flowering – boll-opening
stage

Peak flowering – boll-opening
stage

Peak boll-setting – boll-opening
stage

Cultivar J169 L21 99B J169 L21 99B J169 L21 99B

Vegetative organs Root 5.22 a 5.15 a 4.20 b 10.20 b 13.78 a 7.83 c 15.27 b 22.82 a 14.20 c

Stem 14.63 b 16.39 a 16.22 a 17.87 b 19.15 a 17.54 b 19.03 b 21.81 a 20.13 b

Fruit branch 6.77 c 7.92 b 14.24 a 10.58 a 8.83 b 9.12 b 10.11 a 8.99 c 9.55 b

Leaf 7.91 a 1.86 c 4.39 b 11.69 a 6.37 b 6.64 b 11.55 b 13.77 a 11.77 b

Redundant
shoot

3.66 c 5.69 b 6.83 a 4.74 c 5.02 b 7.19 a 6.90 c 7.43 b 8.53 a

Total 38.19 b 37.02 b 45.88 a 48.81 a 44.68 b 43.55 b 53.09 b 59.18 a 54.87 b

Reproductive organs Shell 10.10 b 9.77 b 11.79 a 8.17 b 10.00 a 10.07 a 8.00 a 8.07 a 7.53 a

Fiber 11.31 a 10.84 a 7.97 b 8.61 b 8.93 b 9.65 a 9.31 a 7.74 b 9.17 a

Seed 19.70 a 15.45 b 16.05 b 17.60 a 15.46 b 16.23 b 17.30 a 14.93 b 17.55 a

Total 41.11 a 36.03 b 35.81 b 34.38 a 34.39 a 35.95 a 34.61 a 30.74 b 34.25 a

Shedding organs Leaf 16.10 b 20.72 a 14.16 c 12.65 b 16.81 a 17.39 a 10.84 a 9.36 b 10.69 a

Corolla 1.31 c 2.22 a 1.50 b 0.94 b 1.36 a 0.81 c – – –

Fruit 3.28 b 4.01 a 2.64 c 3.22 a 2.77 b 2.30 c 1.46 a 0.72 b 0.19 c

Total 20.69 b 26.95 a 18.30 c 16.81 b 20.93 a 20.50 a 12.30 a 10.08 c 10.88 b
a, b, and c Values are mean±standard deviation. Values followed by a different small letter within same row are significantly different in a column at 0.05
probability level
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partitioning to the upper bolls between any of the la-
beled cultivars in which J169 the most, L21 the second,
and 99B the lowest. Similarly, J169 allocated the highest
amount of photosynthate to inner bolls during the three
key periods of boll-forming, which was 20.0, 1.3, and
19.5 higher than of L21, and 38.8%, 17.0% and 34.5%
higher than that of 99B, respectively. In contrast to find-
ings for the inner bolls, photosynthate transported to
distal bolls in 99B was the highest among the cultivars,
followed by L21 and J169.

Discussion
The present study has further confirmed the common
perception that genotypic variance in lint yield can be
attributed to photosynthate partitioning. This study has
also provided new insights into how photosynthate parti-
tioning affects lint yield through mediating yield compo-
nents and within-plant boll distribution.

Genotypic variation in yield and within-plant boll
distribution
Cotton yield varied significantly depending on cultivar
type and environment. The main reason for this yield
difference was boll number and weight. The simultan-
eous growth of vegetative and reproductive organs
through most of cotton’s growth cycle often induces
fruit forming at various times on different parts of a
plant (Bednarz et al. 2005; Ritchie et al. 2009). This ul-
timately affects the overall yield and time of harvest.
High yielding cotton cultivars produce more bolls in the
inner nodes and upper branches (Mao et al. 2015; Dai
et al. 2015; Nie et al. 2019). Results in this experiment
showed that high yields are obtainable from newly cot-
ton cultivars and this is attributable to their large boll
weight in conjunction with a high number of bolls. Fur-
ther analysis of plant boll distribution showed that high-
yielding cotton cultivars: produced more bolls in the first
and second nodes (the inner part of a fruiting branch),
contained higher boll numbers in the upper branches,
and distributed bolls in an optimal arrangement verti-
cally up through the plant. A higher proportion of inner
bolls is preferred during cotton harvests, as it helps
improve fiber uniformity (Davidonis et al. 2004; Dong
et al. 2014). Additionally, the increase of upper bolls can
effectively weaken the apical dominance, thereby pro-
mote the no–topping and light and efficient cultivation
of cotton (Dong et al. 2018).

Effects of photosynthate partitioning on boll distribution
and yield formation
High yield crops not only have leaves with strong photo-
synthetic capacity, but also transport photosynthate to
the reproductive organs in a timely and effective manner
(Wullschleger and Oosterhuis 1990). Photosynthate

partitioning to various organs has a significant effect on
cotton yield and differs depending on the cultivar (Wells
and Meredith 1984a, b). The results of this study showed
that J169 and L21 cultivars partitioned more photosyn-
thate to bolls than the 99B cultivar. In addition, the pro-
portion of photosynthate transported to the fiber and
seed of J169 was significant high than that of L21, so the
yield of J169 was the highest, followed by L21 and 99B.
Photosynthate consumed by abscission organs not

only waste plant nutrients, but also may disturb coordin-
ation growth of vegetative and reproductive organs, es-
pecially in the indeterminate growth habit of cotton.
Premature and excessive transport of photosynthate to
the reproductive organs usually induces early senescence
in the middle-late stage. In our study, L21 partitioned
much more photosynthate to the fruit in the early and
peak flowering stages than the other cultivars, which in-
duced the early senescence of photosynthetic organs and
a reduction in the number of upper bolls formed. This
finding was also reflected in the genotypic differences of
photosynthate partitioning to the reproductive organs
observed at each labeled stage, i.e., L21 had a high in-
stantaneous photosynthesis rate and transfer efficiency
of photosynthate to bolls while J169 had a low instantan-
eous transfer efficiency of photosynthate but a high re-
distribution of stored carbohydrate to bolls. These
results suggest that the increase of photosynthetic rate
may not be enough to increase the cotton yield, and it is
of great significance to improve the redistribution of
photosynthate for the breeding of high-yielding cultivars
in the future.
The formation time and within-plant position of bolls

affect the direction and distance of photosynthate parti-
tioning (Sadras 1995). Previous studies have shown that
the stability of lint yield within a certain density range
was due to the strong self-regulation ability of the cotton
plant and a high amount of assimilate being distributed
to the dominant boll to achieve the optimal combination
of boll number and weight (Dai et al. 2015; Mao et al.
2015). A high proportion of photosynthate partitioned to
the shell usually results in a lower weight of seed cotton
(Liang et al. 2005). In the present study, the high-
yielding cultivar J69 not only partitioned high amount of
photosynthate to the bolls and fibers, but also more than
80% of photosynthate was supplied to the inner bolls,
which resulted the highest number of inner bolls and
large bolls. Moreover, high proportion of assimilates
transferred to leaves and fruiting branches of J169 could
prolong the photosynthetic period and provide abundant
carbohydrate for the bolls after the peak flowering stage,
which was the main reason for the highest number of
upper bolls. The increase of upper bolls not only opti-
mized within-plant boll distribution, but also reduced
the potential early senescence and boll rot caused by a
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high proportion of lower bolls. L21 partitioned more
photosynthate to fruit and fiber than 99B did, and the
proportion of photosynthate partitioned to inner bolls
was 12.5%–17.6% higher than that of 99B. The lowest
photosynthate partitioned to the fruit was detected in
99B with more than 30% supplied to distal bolls, which
resulted the highest number of distal bolls. The high
proportion of photosynthate partitioned to the boll-shell
in 99B was seriously affected the development of
seed cotton and led to the lowest boll weight. The high
proportion of photosynthate partitioned to the redun-
dant buds in 99B induced a large amount of secondary
growth, which not only restricted boll development, but
also caused shadowing in the field and affected the
opening of bolls. These results suggest that the high-
yield cotton cultivars had the optimized pattern of photo-
synthate partitioning. The characteristics of photosynthate
partitioning and the pattern of plant boll distribution of
J169 are conducive to the concentrated distribution of
high-quality bolls. Agronomic measures such as high plant
density, chemical regulation with mepiquat chloride, and
nitrogen fertilization at flowering can improve photosyn-
thate partitioning to cotton bolls in the inner and middle
of plants, and thus they are beneficial to the formation of
fiber yield and quality.

Conclusions
This study has provided new insights into how photo-
synthate partitioning affects lint yield through mediating
yield components and within-plant boll distribution.
Specifically, the synergistic increase in the number of
inner and large bolls resulted in a higher lint yield for
the newly bred cultivars. This was related to a particular
pattern of photosynthate partitioning, i.e., a high propor-
tion of photosynthate partitioned to the leaves and fruit-
ing branches in the middle-late growth stage; a high
amount of photosynthate distributed to the fruit and
fiber, especially the inner bolls; and an even distribution
of assimilate caused by the high number of upper bolls.
These results provide new guidance for high-yield culti-
var breeding programs and cotton cultivation in terms
of the optimization and improvement of boll-setting.
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