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Abstract 

Background  Cotton is an economically important crop. It is crucial to find an effective method to improve cot-
ton yield, and one approach is to decrease the abscission of cotton bolls and buds. However, the lack of knowl-
edge of the genetic and molecular mechanisms underlying cotton boll abscission traits has hindered genetic 
improvements.

Results  Pearson’s correlation analysis revealed a significant positive correlation between boll abscission rates 1 
(AR1) and boll abscission rates 2 (AR2). A genome-wide association study was conducted on 145 loci that exhibited 
high polymorphism and were uniformly distributed across 26 chromosomes (pair). The study revealed 18, 46, and 62 
markers that were significantly associated with boll abscission, fiber quality, and yield traits (P < 0.05), explaining 
1.75%–7.13%, 1.16%–9.58%, and 1.40%–5.44% of the phenotypic variation, respectively. Notably, the marker MON_
SHIN-1584b was associated with the cotton boll abscission trait, whereas MON_CGR5732a was associated with cotton 
boll abscission and fiber quality traits. Thirteen of the marker loci identified in this study had been previously reported. 
Based on phenotypic effects, six typical cultivars with elite alleles related to cotton boll abscission, fiber quality, 
and yield traits were identified. These cultivars hold great promise for widespread utilization in breeding programs.

Conclusions  These results lay the foundation for understanding the molecular regulatory mechanism of cotton boll 
abscission and provide data for the future improvement of cotton breeding.
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Background
Cotton is one of the leading economic crops, provid-
ing the most important natural textile fiber, oil, and 
biofuel worldwide (Cheng et  al., 2020). China is one of 
the world’s largest producers, consumers, and import-
ers of cotton. The National Bureau of Statistics of China 
reported that China produced 5.98 million tons of cot-
ton in 2022. Currently, Xinjiang is the main cotton-pro-
ducing area in China and produces an annual average 
of 5.39 million tons of cotton, representing 90% of the 
total value of cotton crops (http://​data.​stats.​gov.​cn). The 
critical period for cotton yield is the flowering and bol-
ling stage, which accounts for 58.7%–60.4% of the total 
cotton growth period (Wang et  al., 2017). Furthermore, 
these stages are the peak risk periods for the abscission of 
flower buds and cotton bolls (Guinn et al., 1990). Abscis-
sion is a premature aging symptom during cotton growth 
and includes flower bud abscission before flowering and 
cotton boll abscission after flowering. It is a physiologi-
cal phenomenon and complex trait that is influenced by 
multiple factors, including genetic and non-genetic fac-
tors such as weather events. In production, the abscis-
sion rate is generally between 60%–70%; however, when 
it exceeds 80%, the cotton yield declines (Yu et al., 1999; 
Zhang et  al., 2021a, Zhang et  al.,  2021b). Therefore, 
reducing the abscission rate of flower buds and cotton 
bolls is a  primary goal to improve cotton yield. Many 
studies have shown that the abscission rate varies among 
different cultivars. In upland cotton, the abscission rate 
of flower buds is significantly higher than that of cot-
ton bolls, and abscission occurs more frequently on the 
central fruit branch (Wang et al., 2021). A comparison of 
four different sea island cotton varieties showed that the 
abscission rate of high-quality varieties was higher than 
that of high-yield varieties (Hu et al., 2020). The abscis-
sion rate in sea island cotton was 50%, with the abscission 
rate of flower buds higher than that of bolls. Varieties 
with high abscission rates were found to have low yields 
(Zhang et al., 2007).

Abscission refers to the detachment of leaves, branches, 
flowers, fruits, and other organs from the parent plant, 
and the separation layer is called the abscission zone 
(AZ). During abscission, cell enlargement begins and 
activates gene expression, increasing the activity of cell 
wall-degrading enzymes, including cellulase, polygalac-
turonases, and pectin methyl esterase; ultimately leading 
to the detachment of the organ (Li et al., 2015). Several 
studies have suggested that organ shedding depends 
on the activation of the AZ (Patharkar  et al., 2018). 
In the abscission layer, the INFLORESCENCE DEFI-
CIENT IN ABSCISSION (IDA) peptide functions as a 
ligand of the receptor-like kinases HAESA and HAESA-
LIKE2 (HAE/HSL2), which are presumed to activate the 

mitogen-activated protein kinase (MAPK) cascade that 
includes MKK4/5 (MAPKK) and MPK3/6 (MAPK). The 
MADS-domain transcription factor AGAMOUS like-15, 
KNAT1, and KNAT2/6 participate in Arabidopsis flo-
ral shedding. EVERSHED, CAST AWAY, NEVERSHED, 
and somatic embryogenesis receptor kinase1 are thought 
to negatively regulate IDA and play a role in floral organ 
abscission in Arabidopsis (Glazinska et al., 2017).

Many studies have shown that ethylene and auxins play 
an  important role in the abscission of leaves, flowers, 
young fruits, and mature fruits and that the endogenous 
ethylene content increases before organ abscission (Gol-
dental-Cohen et  al., 2017). LcEIL2/3 is involved in the 
regulation of ethylene biosynthesis and cell wall remod-
eling during litchi fruit ripening by inducing ethylene 
production which results in the activation of fruit abscis-
sion (Ma et al., 2020). The expression of genes related to 
expansins, pectinases, and cellulases is induced by the 
interaction between ethylene and auxin, which leads to 
the separation of an organ from the plant. The abscis-
sion of plant organs is associated with changes in the 
auxin gradient across the AZ and is affected by ethylene 
(Glazinska et  al., 2017). Abscission is accompanied by a 
series of physiological responses, including the activity 
of cell wall-degrading enzymes and polygalacturonases 
(Du et al., 2014). In Arabidopsis, flower organ abscission 
is dependent on the IDA precursor protein, and the IDA-
HAE/HSL2 pathway activates downstream mitogen-
activated protein (MAP) kinase cascades (Meng et  al., 
2016). The transcription factor AGAMOUS-like 15 binds 
to the HAE promoter, resulting in the delayed abscis-
sion of floral organs in Arabidopsis (Rahul et  al., 2015). 
Previous studies have shown that exogenous application 
of gibberellic acid induces the translationally controlled 
tumor protein, which is widely expressed in the roots 
and stems of cotton, leading to the abscission of cotton 
bolls (Zhang, 2018). Other studies showed that the BOP1 
promotes the abscission layer to stimulate leaf shedding 
(Chang et al., 2015). Transcriptome analysis of separation 
layer formation between leaves and petioles in cotton 
identified eight miRNAs exclusively involved in flower 
abscission (Guo et al., 2018). In addition, cytokinins and 
ethylene can induce cotton leaf abscission (Xu et  al., 
2019).

In this study, 145 polymorphic simple sequence repeat 
(SSR) markers were selected, and genetic diversity analy-
sis was performed among a population containing 238 
varieties. The phenotypes of flower bud and cotton boll 
abscission traits in four different environments were 
determined. Furthermore, allelic variants associated with 
abscission and typical carrier cultivars with elite alleles 
were identified using genome-wide association studies 
(GWAS). Our results provide a basis for understanding 

http://data.stats.gov.cn
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the regulatory mechanism of cotton boll abscission and 
for advancing molecular breeding in cotton, potentially 
leading to improved cotton yield through molecular 
breeding.

Materials and methods
Plant materials and field experiments
To evaluate the abscission traits, a total of 178 Gossyp-
ium hirsutum and 60 G. barbadense cultivars were col-
lected from the Institute of Cotton Research Center of 
Shihezi Academy of Agricultural Sciences, Shihezi, Xin-
jiang,  China (Table S1) and planted in two locations in 
Shihezi (SHZ) and Kuerle (KEL), Xinjiang, China during 
2018 and 2019. A randomized block design including 
two replicates was used, with consistent chemical con-
trol, drip irrigation with plastic mulch, and regular field 
management. Experimental plots consisted of two rows, 
2.5  m long  each, with a plant-to-plant spacing of 0.1  m 
within a row and row spacing of (0.66 + 0.10) m.

Phenotype investigation and statistical analysis
To determine the phenotype of the abscission traits, ten 
consecutive cotton plants were labeled in the middle of 
each line. Ten days after flowering, the number of boll 
abscissions and non-abscissions was investigated, and 
the abscission rate was calculated as the boll abscis-
sion rate 1 (AR1). At the full boll stage, a second survey 
of the boll abscission rate was conducted, denoted as 
the boll abscission rate 2 (AR2). AR1 and AR2 are cal-
culated in the same manner as the rate of boll abscis-
sion (AR). AR was calculated according to the formula 
AR (%) = The  number of boll abscissions/total num-
ber of bolls × 100%. The study also included addi-
tional measurements during the flowering period (FP), 
from seedling to flowering, and the entire growth period 
(WGP),  from seedling to boll opening. During the cot-
ton boll opening period, 20 spontaneously opened bolls 
were collected from the middle parts of the plants from 
each replicate for each accession. To measure cotton 
fiber yield, the seed cotton weight (seed plus fuzz, SW) 
and lint weight (LW) of each cotton sample were meas-
ured, and the lint percentage (LP) was calculated as fol-
lows: LP (%) = LW (g) /SW (g) × 100%. During the cotton 
boll opening period, lint samples derived from 20 nor-
mally opened bolls of each variety were collected, and 
the fiber quality was determined using the HVI 1000 
Automatic Fiber Determination System (Uster Technol-
ogies, Switzerland), including the fiber upper half mean 
length (FUHML), fiber strength (FS), and micronaire 
value (MV).

The variance, normality statistical analyses, and basic 
statistics, including extreme values, mean value, standard 

deviation, coefficient of variation, and statistics for the 
correlation between traits were performed using SPSS 
v22.0 software (IBM Corp., Armonk, NY, USA). Correla-
tion analyses and boxplots between environments were 
drawn using R software (Guo et al., 2021).

Population structure
The structural analysis was conducted using Structure 
v2.3.4  with an admixture model. To obtain the optimal 
K value, the K value that maximized the statistic ΔK 
was calculated as described by Pritchard et  al. (2000). 
The number of clusters was set from 1 to 10, and 10 
independent runs were conducted for each value of K. 
The parameters  used were as follows: length of burn-in 
period of 10 000, the number of MCMC steps after burn-
in of 100 000, and the number of populations assumed to 
be 2–10.

Genetic diversity analysis and GWAS
The SSR primers used in this study were obtained from 
the interspecific maps of G. barbadense and G. hirsutum 
cultivars constructed by State Key Laboratory of Crop 
Genetic Improvement at Huazhong Agricultural Uni-
versity, Wuhan,  China (Li et  al., 2012). From these, we 
chose 75 SSR primer pairs that exhibited polymorphism 
among the different varieties  for the association analy-
sis. According to the method of  Muktar et  al.  (2019), 
polymorphic information content (PIC)  was calculated 
using PowerMarker v3.25 (http://​statg​en.​ncsu.​edu/​power​
marker/​downl​oads.​htm). The association between phe-
notypic and genotypic traits was detected using TASSEL 
v2.1 software with MLM (G + P + Q + K) models (Brad-
bury et al., 2007).

Results
Phenotype analysis of cotton boll abscission among 238 
cotton accessions
To evaluate the cotton boll abscission traits in the natu-
ral population, the AR1, AR2, FP, and WGP were deter-
mined in four environments. Phenotype analysis of the 
four traits showed that the coefficient of variation of FP 
was minimal, ranging from 2.56%–6.07%, and the largest 
coefficient of variation was found in AR1, ranging from 
19.27%–63.79% (Table  1). This indicated that the AR1 
trait was more influenced by environmental factors. A 
wide range of phenotypic variation was observed across 
the 238 accessions in four environments. AR1, AR2, and 
WGP varied from 0.43%–63.30%, 11.67%–74.94%, and 
111.50–159.50 d, respectively (Table  1). The absolute 
values of skewness and kurtosis for most of the cotton 
boll abscission traits were less than 1.00, except for AR1 
of 2018 KEL and WGP of the 2019 KEL. The boxplot 

http://statgen.ncsu.edu/powermarker/downloads.htm
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analysis showed that the changes in AR2 were relatively 
stable between years, and AR2 in KEL was higher than 
that in SHZ. A large phenotypic variation in the abscis-
sion traits was found between different growing sites. In 
addition, FP and WGP were more stable than AR1 and 
AR2 in all four environments (Fig. 1). Correlation analy-
sis showed that yield-related traits were positively cor-
related with each other, whereas there was no significant 
correlation with AR1. A positive relationship was found 
between SW and FP (P < 0.01) and between LW and 
FP (P < 0.01) (Fig.  2). There was a positive correlation 
between FUHML and FS, whereas there was a significant 
negative correlation between MV and FUHML, and MV 

and FS. These results provide a solid foundation for the 
identification of pleiotropic loci through GWAS.

Diversity analysis of molecular markers
To identify the efficiency and polymorphism of the mark-
ers, an analysis was performed using 75 SSR primer pairs 
with 145 loci (Li et  al., 2012). The results showed that 
the 145 loci amplified clear fragments in each of the 238 
accessions, which suggested that these SSR markers had 
high reproducibility, abundant polymorphisms, and uni-
form distribution on the 26 cotton chromosomes (pairs). 
There was an average of 2.8 SSR primer pairs per chro-
mosome, ranging from 1–5, and the average distance 

Table 1  Statistics of cotton the abscission of cotton boll traits in cotton

AR1 rates of boll abscission 1,  AR2 rates of boll abscission 2, FP flowering period, WGP whole growth period, CV coefficient of variation, H2 heritability (broad sense)

Trait Env Min Max Mean SD CV% Skewness Kurtosis H2

AR1 /% 2018KEL 2.11 31.32 10.45 4.58 43.83 0.90 1.73  0.6

2018SHZ 0.43 41.45 14.72 9.39 63.79 0.58 -0.57

2019KEL 21.22 63.30 41.03 7.91 19.27 0.12 -0.43

2019SHZ 1.65 34.68 13.51 6.73 49.81 0.71 0.27

AR2 /% 2018KEL 23.01 73.89 43.31 9.25 21.36 0.50 0.38 0.6

2018SHZ 11.67 58.65 33.74 10.87 32.22 0.53 -0.49

2019KEL 35.15 74.94 55.54 6.81 12.26 -0.12 -0.04

2019SHZ 15.64 60.17 38.91 7.94 20.41 0.01 -0.07

FP /d 2018KEL 77.85 88.65 83.85 2.15 2.56 -0.27 -0.40 0.75

2018SHZ 66.25 85.90 77.77 4.72 6.07 -0.58 -0.65

2019KEL 69.00 80.00 73.22 2.24 3.06 -0.58 -0.09

2019SHZ 72.80 91.00 82.17 4.09 4.98 -0.53 -0.67

WGP /d 2018SHZ 132.55 148.00 140.37 3.64 2.59 0.41 -0.39 0.32

2019KEL 111.50 145.00 132.04 4.65 3.52 -0.39 1.28

2019SHZ 135.55 159.50 147.40 4.54 3.08 0.30 -0.05

Fig. 1  Boxplots for cotton boll abscission traits in the four environments
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between the markers was 31.68  cM  (centimorgan). The 
PIC at each locus ranged from 0.022–0.521, with an 
average of 0.345 (Table S2). NAU3774b was highly poly-
morphic and located on chromosome D13. The results 
indicate that these SSR markers had abundant variants in 
the population.

Population genetic structure analysis
Population structure analyses based on the 145 poly-
morphic markers were performed (Fig.  3). The LnP 
(D) values gradually increased as the K-value increased 
from 1 to 10, and  ΔK based on rate of change of LnP 
(K) between successive K values, and a sharp peak of 
ΔK was observed at K = 2 (Fig.  3), indicating that the 
238 cotton cultivars could be divided into two sub-
populations. The maximum likelihood method was 
used to assign each cotton cultivar to a cluster. Subclus-
ter-1 contained 174 varieties, including 39.08% of the 
Xinluzao series  (normally with  middle to long growth 
period), 43.10% of the Xinluzhong series (normally with 

early maturation), 2.30% of the Xinhai series (sea-island 
cultivars), and 15.52% of the Xincai series  (naturally 
color cotton); and subcluster-2 contained 62 varieties, 
including 95.16% of the Xinhai series and 4.84% of the 
Xinluzhong series.

GWAS for the cotton boll abscission traits
Association analysis was performed on the  phenotypes 
of  238 cultivars from the four environments with 145 
SSR loci (Fig. S1). Eighteen loci associated with cotton 
boll abscission were identified across two or more envi-
ronments, and the phenotypic variance explained by 
these loci ranged from 1.75%–7.13%, with an average of 
3.61% (Table S3). Two SSR loci, MON_SHIN-1584b and 
NBRI_HQ526730b, associated with AR1 were identi-
fied, and the phenotypic variance explained by these loci 
was 3.02% and 3.13%, respectively. Four SSR loci associ-
ated with AR2 were identified, with phenotypic variance 
explained rates varying from 2.79%–6.24% and an average 
of 4.22%. Of these, NAU3419c showed the highest and 

Fig. 2  The correlation of cotton boll abscission and other traits in the four environments. FUHML, fiber upper half mean length; FS, fiber strength; 
MV, micronaire value; SW, seed cotton weight; LW, lint weight; LP, lint percentage; AR1, rate of boll abscission 1; AR2, rate of boll abscission 2; FP, 
flowering period; and WGP, whole growth period. *** represents significant correlation at P < 0.01 level, ** significant correlation at P < 0.05 level, * 
significant correlation at P < 0.1 level
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MON_SHIN-1584b exhibited the lowest rate of pheno-
typic variation explained. Eight SSR loci associated with 
FP were detected, and  the range of phenotypic variance 
explained rates was 1.75%–6.59%, and the mean value 
was 3.18%. MON_DPL0504aa exhibited the highest and 
HAU1968a exhibited the lowest rate of phenotypic varia-
tion explained. Four SSR loci associated with WGP were 
detected, and the range of phenotypic variance explained 
rates was 2.56%–7.13%, with a mean value was 4.13%. 
HAU2588b showed the highest and HAU1952bb exhib-
ited the lowest rate of phenotypic variation explained.

GWAS for fiber quality and yield traits
To investigate the effect of the cotton boll abscission 
traits on cotton fiber  quality and yield, an association 
analysis was conducted (Fig. S1). Forty-six loci were 
found to be associated with fiber quality traits, with phe-
notypic variance explained rates ranging from 1.16%–
9.58% and a mean value of 3.66%. Among them, 18 SSR 
loci (phenotypic variance explained rates  was 1.35%–
4.10%), 15 SSR loci (phenotypic variance explained 
rates  was 1.16%–4.10%), and 13 SSR loci (phenotypic 
variance explained rates was 2.71%–9.58%) were associ-
ated with FUHML, FS, and MV, respectively (Table S3). 

NAU3827b (FUHML), HAU1952bc (FS), and HAU2588a 
(MV) were the loci with the highest rates of phenotypic 
variation  explained. Gh330c (FUHML), BNL2535ba 
(FS), and MON_CGR6012b (MV) were the loci with the 
lowest phenotypic variation explained  rates. Sixty-two 
loci associated with yield traits were identified (Fig. S1), 
with phenotypic variance explained  rates ranging from 
1.40%–5.44% and a mean value of 2.87%. Among these, 
18 SSR loci (phenotypic variance explained  rates  was 
1.48%–4.06%), 30 SSR loci (phenotypic variance 
explained rates was 1.40%–4.25%), and 14 SSR loci (phe-
notypic variance explained rates was 1.78%–5.44%) were 
associated with SW, LW, and LP, respectively (Table 
S3). MON_DPL0504ab (SW and LW) and HAU2588a 
(LP) were the loci with the highest phenotypic varia-
tion explained rates. MON_CGR5007b, HAU2846c, and 
HAU1968a exhibited the lowest rates of phenotypic vari-
ation. The results of  GWAS were compared with those 
reported in previous studies (Table  2). Thirteen marker 
loci from our study had been identified in previous stud-
ies, seven of which were associated with the previously 
reported phenotypes. The remaining six loci showed dif-
ferences in their associated phenotypes, suggesting that 
they may be newly discovered loci that require further 

Fig. 3  Population structure analysis. A Ln(P(D)) for K ranging 1 to 10; B Lines chart showing Evanno’s DK. The number of identified sub-populations 
was two (K = 2); C Population genetic structure of cotton cultivars at K = 2, based on inferred ancestry (Q matrix)
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investigation. These SSR markers could be used to com-
prehensively improve traits related to cotton boll abscis-
sion, fiber quality, and yield.

Identification of favorable alleles and typical materials 
for cotton boll abscission traits
Based on the effect values of allelic variant loci,  six 
typical materials (Xinluzhong 36, Xincai 12, Xinhai 63, 
Xinhai 37, Xinluzao 30, and Xinluzhong 26) associated 
with the abscission of cotton boll traits, were identified 
(Table  3). MON_SHIN-1584b and NBRI_HQ526730b 
were associated with AR1. In Xinluzhong 36, MON_
SHIN-1584b had a negative phenotypic effect (–0.16%), 
whereas NBRI_HQ526730b had a positive phenotypic 
effect (0.52%).

Four allelic loci, MON_SHIN-1584b, MON_CGR5732a, 
MON_CGR6012b, and NAU3419c, were associated with 
AR2. Among them, MON_SHIN-1584b had a negative 
phenotypic effect (–0.60%) in Xinhai 63. MON_CGR5732a, 
MON_CGR6012b, and NAU3419c were found in Xin-
cai12; however, the phenotypic effects of each locus were 
different. MON_CGR5732a (0.16%) and MON_CGR6012b 
(0.68%) had a positive phenotypic effect, whereas 
NAU3419c (–0.50%) had a negative phenotypic effect.

Eight allelic loci were  associated with FP, including 
HAU1952bc, HAU1968a, MON_DPL0504aa, and MON_
DPL0893a, had a positive phenotypic effects. The typical 
carrier cultivar for the polymerization of the four alleles 
was Xinhai 37. HAU1952bc (0.73 d) was the allelic vari-
ation locus with the greatest positive phenotypic effect. 
The typical carrier cultivar for the HAU3071aa and 
NAU5172b alleles was Xinluzao 30. HAU3071aa (0.07 
d) was the locus with a positive phenotypic effect. The 

typical carrier cultivar for the NAU3774a and NAU3774b 
alleles was Xinluzhong 26. NAU3774a (0.14 d) was 
the locus with a positive phenotypic effect. Of the four 
loci associated with WGP, HAU2588b (–1.17 d) and 
HAU1952bb (–0.26 d) showed the maximum negative 
phenotypic effect, whereas MON_CGR5732b (0.66 d) 
and MON_CGR5732a (1.91 d) had a positive phenotypic 
effect. The typical carrier cultivar for the polymerization 
of the four alleles was Xinluzao 30.

This study identified seven excellent allelic loci, 
MON_CGR5732b, MON_Shin-1584b, MON_
CGR5732a, DPL0062, MGHES31a, NAU2126b, and 
HAU2588b (Table S4). A total of 12 typical carrier cul-
tivars (four materials had a positive phenotypic effect 
and seven materials had a negative phenotypic effect) 
were identified by those loci. Two allelic loci (MON_
CGR5732b and MON_SHIN-1584b) were associated 
with AR1 and AR2, and were identiifed in a total of 
five typical carrier cultivars (Xinluzao 28, Xinluzhong 
1, Xinluzhong 28, Xinluzhong 35, and Xinluzhong 
86). Xinluzao 28, Xinluzhong 1, Xinluzhong 28, and 
Xinluzhong 86  showed a negative phenotypic effect. 
The two allelic loci associated with FP and WGP were 
MON_CGR5732a and DPL0062, respectively. These 
loci were identified in three typical carrier cultivars 
(Xinluzao 30, Xinhai 37, and Xinluzhong 26), all of 
which exhibited positive phenotypic effects. The 
loci associated with the yield and quality traits were 
DPL0062, MGHES31a, HAU2588b, MON_CGR5732a, 
and NAU2126b. These loci were identified in four typ-
ical cultivars, three of which (Xinhai 9, Xinhai 12, and 
Xincai 3) exhibited negative phenotypic  effects, and 
only Xinluzao 81 showed a positive phenotypic effect. 

Table 2  Markers associated with multiple effect traits

FUHML fiber upper half mean length, FS fiber strength, MV micronaire value, SW seed cotton weight, LW lint weight, LP lint percentage, AR1 rate of boll abscission 1, 
AR2 rate of boll abscission 2, FP flowering period, WGP whole growth period, BP basic pair

Locus-Allele Chr BP Trait Other research traits

MON_CGR5732a Chr05 155 AR2, WGP, MV LP, FS (Xia et al., 2014; Shao et al., 2014)

MON_CGR6012b Chr05 155 AR2, MV FUHML (Shao et al., 2014)

BNL3043a Chr19 296 LW MV (Liu et al., 2013)

NAU2126a Chr19 186 FUHML, FS LW, FUHML (Shao et al., 2014, Lin et al., 2009)

NAU2126b Chr19 178 FUHML, FS, LW, SW LW, FUHML (Shao et al., 2014, Lin et al., 2009)

NAU3346ba Chr15 305 FUHML, FS FE (Han 2013)

NAU3346bb Chr15 289 FUHML, FS FE (Han 2013)

NAU3827a Chr18 149 FS, LW, SW LW (Yu et al., 2013)

NAU3827b Chr18 136 FUHML, FS, LW, SW LW (Yu et al., 2013)

MUSS422aa Chr01 207 MV, LP, LW MV (Han 2013)

MUSS422ab Chr01 191 MV, LP, LW MV (Han 2013)

DPL0062 Chr21 137 LW, SW MV (Wang et al., 2015)

NAU3298a Chr25 385 LW, SW FS, SW (Sun et al., 2012; Zhao 2016)
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These twelve typical carrier cultivars contained mul-
tiple favorable allele loci and possess high breeding 
value, with the potential to decrease the abscission 
rate of cotton buds and bolls and also enhance cotton 
fiber yield and quality.

Discussion
The abscission of cotton flower buds and bolls is a quan-
titative trait controlled by micro-effect polygenes and 
is the result of the interaction between genotype and 
environmental factors. Previous studies have indicated 
that the abscission of flower buds and cotton bolls is 
caused by disasters, extreme weather events, and the 
cotton species, ultimately leading to serious losses in 
yield and quality (Goldental-Cohen et  al., 2017; Cheng 
et al., 2020). In this study, the phenotypes of flower bud 
and cotton boll abscission traits in 238 Xinjiang cotton 
varieties across various environments were compared 
and analyzed. The average coefficient of variation of 
the traits ranged 3.06%–44.18%. This indicates that the 
cultivars used in this study had abundant genetic vari-
ation among the four boll abscission traits. Correlation 
analysis results showed that FP was positively correlated 
with SW and LW, while negatively correlated with AR, 
which is consistent with previous studies (Li et al., 2021, 
2018; Su et al., 2016). The early maturation of cotton can 

lead to an increase in both weight of seed cotton and 
lint per boll, but it may also reduce the boll-setting rate. 
Therefore, it is important to find a balance between cot-
ton yield per boll and the overall yield. When cultivating 
early maturing cotton, this balance could be achieved by 
increasing the planting density and the number of cot-
ton bolls to further enhance cotton yield. FP, WGP, AR1, 
and AR2 can be used as important references to meas-
ure the cotton yield, and a comprehensive evaluation of 
cotton yield traits could be performed based on these 
indicators. This approach  potentially improves cotton 
flower buds and boll shedding, ensures cotton yield and 
quality, and improves cotton economic benefits. Based 
on above considerations, this study used these four cot-
ton boll abscission traits, in addition to three yield and 
three quality traits, to carry out a GWAS and mined 
elite allelic loci which have a significant influence on 
cotton breeding.

In recent years, GWAS have been extensively used 
to dissect the natural allelic variation responsible for 
complex quantitative traits in crops (Wang et  al., 2019; 
Liu et  al., 2020; Zhang et  al., 2020). A large number of 
genomic loci and candidate genes have been identified 
for fiber development (Thyssen et al., 2019; Zhao et al., 
2022), yield formation (Shen et al., 2019; Lei et al., 2020), 
and early maturity-related traits (Zhang et  al., 2021a). 
However, fewer loci have been identified for flower bud 
or cotton boll abscission traits. In this study, we identi-
fied seven loci that were associated with not only cotton 
boll abscission traits but also fiber quality and yield traits 
(Table S3). These loci were divided into three categories. 
The first category included loci that were significantly 
associated with the  boll abscission rate. MON_SHIN-
1584b was significantly correlated with AR1 (explaining 
3.02% of the phenotypic variation) and AR2 (explain-
ing 3.38% of the phenotypic variation). The second cat-
egory consisted of loci that were significantly associated 
with both AR2 and MV. MON_CGR5732a and MON_
CGR6012b were significantly correlated with AR2 
(explaining 4.46% and 2.79% of the phenotypic variation, 
respectively) and MV (explaining 4.30% and 2.71% of the 
phenotypic variation, respectively). The third category 
included HAU1952bc, HAU1968a, MON_DPL0504aa, 
and NAU5172b which were significantly correlated with 
FP, FUHML, SW, and LW. The explained phenotypic 
variation ranged from 1.84%–6.59%. We hypothesized 
that these seven loci exhibit pleiotropy and may control 
multiple highly correlated traits. Additionally, we identi-
fied six carrier cultivars related to boll abscission based 
on multi-effect marker loci.

The marker loci (P < 0.05) associated with the 
four cotton boll abscission traits in this study were 

Table 3  Allelic variation of loci significantly associated with the 
cotton boll abscission traits and their corresponding phenotypic 
effects

Traits Locus-Allele Phenotypic 
effect

Typical materials

AR1 /% MON_SHIN-1584b –0.16 Xinluzhong 36

NBRI_HQ526730b 0.52 Xinluzhong 36

AR2 /% MON_CGR5732a 0.16 Xincai 12

MON_CGR6012b 0.68 Xincai 12

NAU3419c –0.50 Xincai 12

MON_SHIN-1584b –0.60 Xinhai 63

FP /d HAU1952bc 0.73 Xinhai 37

HAU1968a 0.28 Xinhai 37

MON_DPL0504aa 0.60 Xinhai 37

MON_DPL0893a 0.05 Xinhai 37

HAU3071aa 0.07 Xinluzao 30

NAU5172b –0.34 Xinluzao 30

NAU3774a 0.14 Xinluzhong 26

NAU3774b –0.35 Xinluzhong 26

WGP /d HAU2588b –1.17 Xinluzao 30

HAU1952bb –0.26 Xinluzao 30

MON_CGR5732b 0.66 Xinluzao 30

MON_CGR5732a 1.91 Xinluzao 30
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compared with other reported QTLs in cotton. Thir-
teen marker loci identified in our study were consist-
ent with those identified in previous studies, seven of 
which were associated with the same traits. Six loci 
were related to the boll abscission rate, but only two 
(MON_CGR5732a and MON_CGR6012b) were co-
located with other traits. Previous studies have shown 
that MON_CGR5732a, located on chromosome 5, is 
associated with LP and FS with a high explanation rate 
for phenotypic variation. MON_CGR6012b, located 
on chromosome 12, is associated with FUHML and 
has a high explanation rate for phenotypic variation. 
These results demonstrate that these markers can be 
detected in multiple populations, however, this locus 
was only associated with yield and quality traits in pre-
vious studies.

Traditional crop breeding has the disadvantages of 
a long cycle time and low efficiency, for cotton boll 
abscission traits are controlled by multiple genes. In 
this study, we applied GWAS to identify SSR  loci that 
are closely associated with cotton boll abscission traits 
which will be beneficial for molecular marker-assisted 
selection (MAS) and will accelerate future breeding pro-
gress. Most of the associated loci in this study have not 
been previously reported. This may be because of the 
low level of marker coincidence and the greater influ-
ence of the environment and cultivar on some QTLs. 
Therefore, different results have been detected under 
different analysis conditions. In the future, associated 
regions can be delineated according to the results, and 
high-density SNP markers can be developed in associ-
ated regions. Combining this information with func-
tional gene annotation would allow the identification 
of marker loci closely linked to target traits, which can 
be applied to the assisted selection of related traits to 
accelerate the process of variety breeding. In addition, 
it provides a reference for fine mapping and candidate 
gene mining of QTLs for yield and important agro-
nomic traits in the future.

Conclusion
To identify related markers and allelic variation in the 
cotton boll abscission traits, an association analysis was 
performed using 238 cotton cultivars in China based on 
145 SSR markers. Seven SSR markers were consistently 
identified in this study and  previous  reports, suggesting 
their genetic stability and significant potential for further 
research to quantify their impact on traits. Our study 
provides valuable information for MAS in cotton breed-
ing, provides new resources for yield improvement in 
future cotton breeding efforts, and offers a foundation for 
fine gene mapping.
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