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SUMMARY

Salinity is frequently mentioned as a major constraint in worldwide agricultural production. Lint percentage
(LP) is a crucial yield-component in cotton lint production. While the genetic factors affect cotton yield in
saline soils are still unclear. Here, we employed a recombinant inbred line population in upland cotton (Gos-
sypium hirsutum L.) and investigated the effects of salt stress on five yield and yield component traits,
including seed cotton yield per plant, lint yield per plant, boll number per plant, boll weight, and LP.
Between three datasets of salt stress (E1), normal growth (E2), and the difference values dataset of salt
stress and normal conditions (D-value), 87, 82, and 55 quantitative trait loci (QTL) were detectable, respec-
tively. In total, five QTL (qLY-Chr6-2, gBNP-Chr4-1, qBNP-Chr12-1, gBNP-Chr15-5, qLP-Chr19-2) detected in
both in E1 and D-value were salt related QTL, and three stable QTL (qLP-Chr5-3, qLP-Chr13-1, qBW-Chr5-5)
were detected both in E1 and E2 across 3 years. Silencing of nine genes within a stable QTL (gLP-Chr5-3)
highly expressed in fiber developmental stages increased LP and decreased fiber length (FL), indicating that
multiple minor-effect genes clustered on Chromosome 5 regulate LP and FL. Additionally, the difference in
LP caused by Gh_A05G3226 is mainly in transcription level rather than in the sequence difference. Moreover,
silencing of salt related gene (GhDAAT) within gBNP-Chr4-1 decreased salt tolerance in cotton. Our findings

shed light on the regulatory mechanisms underlining cotton salt tolerance and fiber initiation.
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INTRODUCTION

Upland cotton (Gossypium hirsutum L.), one of the most
important cash crops, accounts for more than 90% of the
yield worldwide (Ma et al., 2021; Zhang et al., 2011). Salinity
is one of the important abiotic stresses limiting the growth
and development of cotton, and eventually reducing cotton
yield and fiber quality (Ashraf et al., 2018; Guo, Hao,
et al., 2022; Guo, Su, et al., 2022). More than 36 million ha
(about 4.88% of the available land) are affected by salt stress
in China (Li et al., 2014). Cotton is considered a pioneer crop
in saline soils, which is tolerant to a salinity threshold level
of 7.7dS m~" and supply the possibility to utilize the saline
soils; however, salt stress will lead to a 50% yield reduction
at 17.0dSm™" level (Khorsandi & Anagholi, 2009). Great
efforts have been made on researches in salt tolerance of
cotton, little progress has been achieved in developing
salt-tolerant varieties. Therefore, uncovering the genetic

© 2024 The Authors.

basis of salt tolerance and improving yield potential in
upland cotton are demonstrated an increasingly necessary.
Salt tolerance are complex quantitative traits that are
controlled by multiple genes and are affected by environ-
mental conditions, which are evaluated by using vyield,
fiber quality and some other important traits. Quantitative
trait loci (QTL) mapping is an effective strategy for quanti-
tative trait research and has been widely used in cotton
(Ismail & Horie, 2017). Several studies on QTL mapping of
cotton yield and yield component traits have been per-
formed. It has been reported that 60 QTL were detected for
the yield traits using a recombinant inbred line (RIL) popu-
lation derived from a cross between the high-fiber-quality
cv. Nongdamian 13 and the high fiber-yield cv. Nongda
601, of which 12 stable QTL were detected (Gu et al., 2020).
And 364 QTL for yield and yield components using a RIL
population derived from two upland cotton cultivars (0-153
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and sGK9708), of which 211 controlled BW, and 153 con-
trolled lint percentage (LP), respectively (Zhang
et al., 2020). Two QTL with additive effects for LP were
identified in a RIL population derived from the cross of
NC05AZ21 x TX-2324 (Zhu et al., 2021). Moreover, a total
of 28 QTL for LP were identified using a RIL population,
which contains 137 lines derived from G. hirsutum cv. CCRI
36 and G. hirsutum acc. G2005. Furthermore, two genes
(Gh_A05G1584 and Gh_A05G1689), which are highly
expressed during fiber development stages in the high LP
variety (CCRI 36), were revealed as candidate genes for
LP (Wang, Jia, et al., 2021). And numerous QTL related to
salt tolerance at germination and seedling stages were
identified in upland cotton (Diouf et al., 2017; Gu
et al., 2021; Hussain et al., 2017; Oluoch et al., 2016). A total
of eight clusters controlling salt-tolerance traits were dis-
tributed on chromosomes (Chr) A02, A06, A12, D03, D06,
D08, and D13 were identified (Diouf et al., 2017). The salt
tolerant QTL qSalt-A04-1 has been detected on Chr A04 in
seed germination stage (Gu et al., 2021). Moreover, 11 QTL
were detected on eight chromosomes including Chr A09,
A11, D02, D03, D08, D10, D11 and D13 (Oluoch et al., 2016).
In our previous study, three salt-tolerant QTL and two clus-
ters were detected using four germination traits and six
seedling traits under both indoor and field salt stress con-
ditions (Guo, Hao, et al., 2022; Guo, Su, et al., 2022). How-
ever, research was limited for yield-related traits by QTL
mapping under salt stress conditions, even though it will
improve yield and facilitate saline-alkali soil utilization.

Lint percentage is an important component of cotton
lint yield and an index of constant breeding goal for the
evaluation on lint yield improvement in cotton varieties.
The yield potential is closely related to population produc-
tivity, finally is determinate by the formation of fiber cells.
Fiber development consists of four stages: initiation, elon-
gation, secondary cell wall (SCW) biosynthesis, and matu-
rity of fiber, which contributed differentially to LP based on
the development process of days post-anthesis (DPA) (Zou
et al., 2022). The fiber initiation stage starts from 3 days
before anthesis to 3DPA with trichome protrusion and
enlargement of epidermal cells. Fiber initiation has an
important impact on the number of fiber cells to determine
LP (Zhang et al., 2011). The IAA biosynthetic gene iaalV,
expressed in the epidermis of cotton ovules at the fiber ini-
tiation stage in a tissue-specific manner, will increase the
lint yield by more than 15% (Zhang et al., 2011). To data,
an increasing number of transcription factors (TFs) have
been reported to involve in fiber initiation, such as
GhWRKY16 (Wang, Li, et al.,, 2021) and GhMYB5_A12
(Wang, Ma, et al., 2021). And functional genes have also
been shown to be involved in fiber initiation. For example,
GhWAKL3 (cell wall-associated receptor-like kinase 3) was
positively correlated with LP (Ma, Wang, ljaz, & Hua, 2019;
Ma, Wang, Li, et al., 2019).

To dissect the genetic mechanism of salt tolerance
and to improve the yield under salt stress conditions, a RIL
population (177 lines) derived from a cross between the
high-yield cv. GX1135 and the low-yield cv. GX100-2 was
used for evaluating five yield and yield-component traits
under salt stress conditions and normal growth conditions
across 3years (Guo et al., 2021). QTL mapping was con-
ducted using the same genetic linkage map consisting of
2859 bins (Guo et al., 2021). Then, we screen candidate
genes within the stable QTL detected in chromosome A05
based on the expression patterns in different fiber develop-
ment stages. Finally, four genes within gLP-Chr5-3 were
verified to play combined negative regulatory roles in the
construction of LP using virus-induced gene silencing
(VIGS) assay. The study provides elite loci for improving
both yield and salt-tolerance in upland cotton, which is
beneficial to the utilization of saline-alkali land.

RESULTS

Phenotype variation of the yield and yield-component
traits

A RIL population developed between the two parents,
GX1135 and GX100-2, was planted from 2016 to 2018 under
salt stress conditions and normal growth conditions
(Table 1). In most cases, the performances of female parent
GX1135 were often superior to that of male parent GX100-2
for these six traits under both conditions (Table 1). In the
RIL population, the skewness and kurtosis values for five
yield and yield-component traits ranged from —1to 1 in the
RIL population on both conditions except for SY (1.17) and
LY (1.12) under normal conditions, and BW (1.40) under salt
stress condition in 2018 (Table 1). All traits exhibited varying
abundance in the RIL population under salt and normal
growth conditions, as observed in the difference values
dataset of salt stress and normal conditions (D-value) and
salt index (SI) datasets (Table 1; Tables S1 and S2).

The coefficients of variation (CV) of three yield-related
traits (seed cotton yield per plant [SY], lint yield per plant
[LY], boll number per plant [BNP], and plant productive
forces [PPF]) under salt stress conditions were higher than
those under normal growth conditions, indicating a more
severe impact of salt on cotton yield. The CV for LP was
the smallest, suggesting that it was less susceptible to salt
stress. We compared the differences in six yield-related
traits under salt stress and normal growth conditions and
found that three traits (SY, LY, and BNP) decreased across
3years’ experiments under salt stress conditions, while the
other two yield component traits (LP and BW) showed
inconsistent performance during 3 years trials. To evaluate
the effect of salt stress on cotton yield, the composite trait—
PPF was used in the present research. We observed a sig-
nificant impact of salt stress on PPF (Table 1). This result
implied that the reduction in cotton yield is primarily
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Table 1 Descriptive statistical analysis for the yield and yield-component traits under salt stress and normal growth conditions

Populations Parents
Fy CK
Traits Year Environment Mean SD CV% Min. Max. Skewness Kurtosis GX1135 GX100-2 Xinzal Ruiza 816
SY(g) 2016 E1 33.42 1373 41.08 811 79.45 0.49 0.18 48.72 22.58 40.47 58.26
2016 E2 40.95 1476 36.06 9.39 91.59 0.44 0.61 41.29 32.40 43.00 58.48
2017 E1 7425 17.87 24.07 26.10 113.75 -0.18 -0.33 89.74 74.50 9274  91.20
2017 E2 76.28 17.68 23.18 21.41 11439 -0.29 -0.21 69.14 79.01 104.78 90.29
2018 E1 87.55 13.64 15,58 41.10 11950 -0.26 0.48 105.16 116.91 90.32 113.85
2018 E2 108.75 14.27 13.12 55.30 152.10 -0.30 1.17 143.45 126.38 132.01 122.98
LY (g) 2016 E1 13.27 580 4369 159 3176 0.43 -0.10 21.45 6.69 15.96  24.41
2016 E2 16.29 6.35 39.00 342 38.63 0.58 0.98 16.28 11.67 17.26  22.43
2017 E1 31.17 840 2695 875 5324 -0.06 -0.19 39.29 33.13 40.89  40.67
2017 E2 31.97 7.90 24.72 8.77 49.68 -0.16 -0.12 30.54 29.34 46.80 39.56
2018 E1 36.06 589 16.34 1470 4930 -0.35 0.36 45.81 43.77 38.30  45.73
2018 E2 45.67 6.42 14.07 21.20 62.30 -0.50 1.12 63.40 47.65 58.40 51.12
BNP 2016 E1 7.85 3.14 40.05 256 18.31 0.62 0.21 10.50 4.88 8.563 10.75
2016 E2 10.46 353 3379 263 2156 0.20 0.19 10.47 8.28 9.25 11.69
2017 E1 19.19 348 18.14 7.00 27.18 -0.34 0.03 23.15 20.33 19.00 17.29
2017 E2 20.02 3.24 16.20 9.55 29.88 0.05 0.04 22.29 20.31 20.42 17.17
2018 E1 2267 258 11.39 14.00 30.63 -0.26 0.42 25.88 26.74 22.31 22.69
2018 E2 2739 331 12.09 1650 3556 -0.19 0.40 33.38 29.75 29.75 2494
BW (g) 2016 E1 461 054 1178 3.19 6.36 0.13 0.31 4.59 4.98 5.20 5.72
2016 E2 4.36 0.54 12.39 3.28 5.85 0.16 —0.42 4.87 4.67 4.81 5.60
2017 E1 494 058 1165 3.15 6.43 -0.31 0.28 5.27 4.84 5.62 6.45
2017 E2 5.14 0.55 10.78 3.45 6.42 -0.22 —0.06 5.12 6.58 5.87 6.36
2018 E1 4.54 0.48 10.48 2.81 6.34 0.14 1.40 4.87 5.19 5.16 5.25
2018 E2 4.68 0.51 10.88 3.44 6.11 0.18 -0.22 4.98 5.16 5.57 5.65
LP (%) 2016 E1 39.24 274 6.97 3288 4575 0.04 —-0.45 39.91 35.88 39.30  39.12
2016 E2 39.43 278 7.06 31.78 47.02 0.30 -0.06 39.03 35.96 40.00 3857
2017 E1 4191 297 7.08 3350 4872 -0.02 -0.31 43.74 44.69 44.09  44.64
2017 E2 4182 281 6.73 3505 51.01 0.17 -0.26 44.21 37.14 4468  43.82
2018 E1 4120 220 535 35.60 4838 0.28 0.13 43.78 37.44 42.40  40.11
2018 E2 41.97 2.37 5.65 36.65 47.47 -0.02 -0.51 44.15 37.70 44.29 41.50
PPF (g) 2016 E1 36.36 15.55 4277 9.77  86.03 0.68 0.23 48.22 24.62 4574  60.97
2016 E2 4596 17.28 37.59 9.93 95.61 0.36 -0.02 53.14 38.35 44.51 65.62
2017 E1 94.88 20.30 21.39 34.00 14397 -0.19 0.02 122.09 98.36 106.86 111.42
2017 E2 102.97 19.10 1855 34.94 14589 -0.36 0.06 114.04 133.62 119.93  109.15
2018 E1 103.00 15.96 15.50 48.72 145.78 -0.20 0.68 126.06 138.84 115.18  119.11
2018 E2 127.99 19.09 1491 67.20 185.38 -—0.01 0.95 166.27 153.57 165.71  140.95

BNP, boll number per plant; BW, boll weight; CV, coefficient of variation; E1, salt stress conditions; E2, normal growth conditions; LP, lint
percentage; LY, lint yield per plant; PPF, cotton plant productive forces; SD, mean values + standard deviation values; SY, seed cotton yield

per plant.

attributed to a decrease in boll number under salt stress
conditions. The anova results revealed that all the traits pre-
sented significant environmental and genetic effects
(Table 2). The variance due to the interaction of genotype
(G) and year (Y), ExY, was significant for all five traits,
while the variance due to GxE xY was not significant for
only one trait (LP). Broad-sense heritability ranged from
40.19 (BNP) to 81.32 (LP), suggesting that genotype pre-
dominantly influences yield-related traits.

Correlations across yield traits

Table 3 displays the correlation analysis of yield and
yield-component traits based on the datasets of mean phe-
notypic values under E1 and E2, as well as the D-value
dataset. The correlations between salt-stress yield and
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normal-stress yield were consistently positive, ranging
from 0.259 (BNP in 2017) to 0.864 (LP in 2018) (Table S3).
Notably, the correlation between PPF and SY (0.733-0.962)
was the highest, providing evidence that PPF serves as a
reliable indicator for effective yield in cotton. We observed
a high correlation (R values ranging from 0.682 to 0.970)
between the values of SY, LY, and BNP under both salt
stress and normal conditions. This result suggested that
salt stress did not affect the correlation among these three
traits and was in line with the finding that the seed vyield
and lint yield of cotton are mainly affected by a decrease in
boll number. SY showed significant positive correlations
with LY, BNP, and BW, except for BW in D-value dataset in
2016. Regarding LY, positive correlations were observed
with BNP, BW, and LP, with no correlation observed with
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Table2 Analysis of variance and broad-

Trait Source df Sum sq. Mean sq. F-value P(>F) hf, sense heritability hf, for the vield and
sY G 176 239449.00 1361.00 533 e 57.31 vield component traits in the RIL
population
E 1 139452.00 139452.00 546.02 ok
Y 2 1227845.00 613923.00 2403.80 Aok
GxE 176 41652.00 237.00 0.93
GxY 352 143141.00 407.00 1.59 ohk
ExY 2 10537.00 5269.00 20.63 ok
GxExY 352 76332.00 217.00 0.85
Error 1 662.00 662.00 2.59
LY G 176 45852.00 261.00 5.36 ok 58.08
E 1 18915.00 18915.00 389.13 ok
Y 2 213341.00 106670.00 2194.50 HEE
GxE 176 8033.00 46.00 0.94
GxY 352 26054.00 74.00 1.52 ok
ExY 2 2279.00 1139.00 23.44 ok
GXExY 348 13194.00 38.00 0.78
Error 1 168.00 168.00 3.46
BNP G 176 8321.00 47.00 3.15 HEE 40.19
E 1 10074.00 10074.00 671.93 ok
Y 2 84140.00 42070.00 2806.16 Aok
GxE 176 2175.00 12.00 0.82
GxY 352 6766.00 19.00 1.28 ok
ExY 2 472.00 236.00 15.73 ok
GXExY 352 4595.00 13.00 0.87
Error 1 93.00 93.00 6.20 *
BW G 176 326.30 1.85 8.36 ok 60.91
E 1 1.00 1.00 4.49 *
Y 2 117.20 58.59 264.04 HEE
GxE 176 46.30 0.26 1.18
GxY 352 121.70 0.35 1.56 *ohk
ExY 2 17.20 8.59 38.73 ok
GXExY 352 79.30 0.23 1.02
Error 1 0.70 0.68 3.04
LP G 176 10535.00 59.90 21.78 *pk 81.32
E 1 56.00 55.80 20.31 ok
Y 2 2465.00 1232.40 448.44 HEK
GxE 176 510.00 2.90 1.05
GxY 352 2117.00 6.00 2.19 ok
ExY 2 32.00 16.20 5.88 *E
GXExY 350 1152.00 3.30 1.20 *
Error 1 0.00 0.20 0.07

BNP, boll number per plant; BW, boll weight; E, environment; G, genotype; hﬁ, broad-
sense heritability; LP, lint percentage; LY, lint yield per plant; SY, seed cotton yield per

plant; Y, year.

*, w% gnd *** Statistically significant at P=0.05, 0.01, 0.001, respectively.

BW in the D-value dataset in 2016 and 2017. BNP showed a
significantly positive correlation with LP, while there was
no correlation with BW in both conditions. LP was corre-
lated significantly and negatively with BW under E1, while
negatively with BW, except in 2017. No correlations were
observed between LP and BW in the D-value dataset. Our
results demonstrated that salt stress heightened the nega-
tive correlation between LP and BW.

Single locus QTL distribution and effects on yield traits

A total of 180 QTL resolved with logarithm of odds (LOD)
2.0 for yield and yield-component traits were detected in
three datasets, which explained 2.71-16.03% of total

phenotypic variance (PV, hereinafter same) (Figure S1;
Table S4; Table 4). Separating, 86, 82, and 56 QTL were
detected under E1, E2, and in D-value dataset, respectively.
A total of 87 QTL were distributed in the At sub-genome,
and 93 were distributed in the Dt sub-genome. Taken
together, 29 QTL were detected across at least 2 years, with
6, 4, 5, 4, 6, and 4 controlled SY, LY, BW, BNP, LP, and
PPF, respectively. In total, 28 QTL were identified in at least
two datasets. Among them, 19 QTL were detected in E1
and E2, five QTL were detected on E1 and D-value, and
four were detected on E2 and D-value. Three of them were
stable QTL. Only two QTL (gSY-Chr16-1, qPPF-Chr16-2),
explaining the PV of 4.82-5.71% and 6.83-9.52%, were
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Table 3. (continued)

Sy LY LY LY BNP BNP BNP BW BW BW LP LP LP PPF PPF
2017 2018 2016 2018

SY

SY

2017 2018

2016

2017

2018 2016 2017 2018 2016 2017 2018 2016

Trait 2017

Year

Environment

—-0.020
0.077 0.020

—0.024
0.092
0.161%*

—-0.075
0.143
0.077
0.076

—0.020
0.061
—0.022
0.038
—0.006

—0.035
0.053
0.022
0.029
0.088
0.538%**

0.007
0.056
0.065
0.088
0.020
0.419%*
0.026

0.158*
0.033
—-0.023
0.228**
—0.037
0.427%*
0.006
0.144

0.057
—-0.124
0.032
0.063
0.205%*
0.076
0.001
0.751%x

—0.002
0.092
0.019
0.052
0.068

—0.037
0.902+*
0.005

—0.003
0.027

—-0.016
0.035

—0.008
0.933#*

—-0.014
0.042

0.100
0.237%#
0.356%*
0.085
0.012
0.847%x

0.032
0.085

" x
¥ %
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M O N O 0 O «—
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~ M - O < 0 «— O
SNg =S =99 ®
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0.016
0.082
0.072
0.052
0.106
0.000
0.733*
0.056

—0.048
0.017
—-0.019
0.042
0.017
—0.008
0.078

BW
BW
LP
LP
LP
PPF
PPF
PPF

[ = -

BNP, boll number per plant; BW, boll weight; CV, coefficient of variation; D, difference dataset between salt stress conditions and normal growth conditions; E1, salt stress conditions; E2,

normal growth conditions; LP, lint percentage; LY, lint yield per plant; PPF, cotton plant productive forces; SY, seed cotton yield per plant.

Respect a statistically significant correlation at the 0.01 and 0.05 levels, respectively (bilateral); critical value for correlation coefficients at probabilities of 0.05 and 0.01 are 0.145 and

0.190, respectively.

’

Kk ok

detected in all three datasets, which controlled the yield
traits and salt tolerance simultaneously.

The QTL detected in both E1 and D-value were defined
as salt-related QTL. We identified five salt-related QTL
(qLY-Chr6-2, qBNP-Chr4-1, gBNP-Chr12-1, qBNP-Chr15-5,
qLP-Chr19-2), which explained the PV ranging from 3.34 to
9.82% (Figure 1; Table 4). QTL detected in E1 and E2 across
2 years was defined as yield-related QTL. In total, two QTL
controlled LP (qLP-Chr5-3, gLP-Chr13-1) and one controlled
BW (gBW-Chr5-5) were detected as stable QTL. Of which,
two QTL (gLP-Chr5-3 and qBW-Chr5-5) were detected
under E1 and E2 across 3years and can be used for
high-yield molecular breeding of cotton (Figure 1; Table 4).

In addition, another dataset of salt indices was estab-
lished to detect salt-related QTL. A total of 43 QTL were
detected in the Sl dataset for yield and yield components,
among which 11, 9, 2, 7, and 4 controlled SY, LY, BNP,
BW, and LP, respectively, and the explained phenotypic
variation ranged from 3.67 to 11.81% (Table S5). There
were two major QTL (gSIBNP-Chr5-1 and qSIBNP-Chr21-3),
both of which controlled BNP traits and accounted for
10.35% and 11.81% of phenotypic variation, respectively. A
total of 25 QTL were detected in both the D-value and SI
datasets, of which 6, 5, 9, 2, and 3 were for SY, LY, BNP,
BW, and LP. Two hotspot regions were detected in Chrb
and Chr21, of which four (qSIBNP-Chr5-1, qSIBW-Chr5-1,
gSILY-Chr5-1, qSISY-Chr5-1) QTL were detected in the
hotspot located on Chrb and three (gqSIBNP-Chr21-1,
qSIBNP-Chr21-2, qSIBNP-Chr21-3) were included in the
other hotspot on Chr21, respectively. Additionally, five QTL
were detected under both S| and salt stress conditions,
two QTL were detected in S, salt stress, and normal
growth conditions, and 11 QTL were newly detected in the
Sl dataset. In general, the number of BNP controlled in salt
stress-related QTL was the highest, which also indicated
that BNP was closely related to salt stress.

Pleiotropic effects upon yield traits

Among the QTL identified for six vyield and
yield-component traits, there were QTL for different traits
that shared the confidence intervals at 95% level and were
considered QTL clusters (Zhang et al., 2020). Totally, 40
clusters distributed on 24 chromosomes showed pleiotro-
pic effects, involving a total of 136 QTL (Table 5). Among
these, 19 and 21 QTL clusters were detected located on At
and Dt sub-genome, respectively. Specifically, three clus-
ters were identified in Chr4, Chr5, and Chr21. Additionally,
two clusters were detected in 10 chromosomes (Chr1,
Chr6, Chr10, Chr14, Chr15, Chr16, Chr19, Chr23, Chr24, and
Chr25), while one cluster was detected in each of the other
11 chromosomes. Four clusters (Cluster-Chr5-3, Cluster-
Chr16-1, Cluster-Chr24-1, Cluster-Chr26-1), eight clusters
(Cluster-Chr1-1, Cluster-Chr5-2, Cluster-Chr11-1, Cluster-
Chr12-1, Cluster-Chr14-1, Cluster-Chr23-1, Cluster-Chr23-2,

© 2024 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), doi: 10.1111/tpj.16747

85UB017 SUOWIWIOD @A) 8|l dde 8Ly Ag pauienoh ae sajonfe YO ‘8sn Jo sainJ 10} Ariq1T8ul|UO A1 UO (SUORIPUOD-PUe-SWB)HLI00" A3 | 1M Afeiq | [oulUO//SdNY) SUORIPUOD pue WS | 8L} 88S *[7202/70/0E] U0 Ariqi8uliuo A8|im “JO Awepeoy eseuiyd Aq Ly,9T [y TTTT OT/I0p/wod A3 1M Areiq1jeul|uo//sdny WOy papeojumoq ‘0 ‘XETESIET



and Cluster-Chr25-2), and seven clusters (Cluster-Chr4-1,
Cluster-Chr4-2, Cluster-Chr15-2, Cluster-Chr16-2, Cluster-
Chr19-2, Cluster-Chr20-1, and Cluster-Chr22-1) improved
five, four and three yield and vyield-component traits,
respectively (Table 5). The remaining 21 clusters controlled
two yield and yield-component traits simultaneously.

A total of 14 clusters harbored QTL for SY and LY.
QTL for SY and LY within eight clusters (Cluster-Chr1-1,
Cluster-Chr11-1, Cluster-Chr16-2, Cluster-Chr19-2, Cluster-
Chr23-1, Cluster-Chr23-2, Cluster-Chr24-1, Cluster-Chr26-1)
were contributed by the female parent GX1135, while the
QTL within four clusters (Cluster-Chr2-1, Cluster-Chr5-2,
Cluster-Chr5-3, Cluster-Chr6-2) were contributed by the
male parent GX100-2 under E1 or E2. The GX1135 allele
increased LY but decreased SY in Cluster-Chr5-2, in which
one QTL (gLY-Chr5-1) for LY was detected in D-value, one
(qSY-Chr5-1) for SY was detected in both E2 and D-value,
one for BNP (gBNP-Chr5-3) was detected in D-value, and
one for BW (qBW-Chr5-1) was detected in E1.

Among the 14 clusters containing QTL for SY and LY,
seven were identified based on the constituent traits (QTL
detected under E1 or E2). Among the seven QTL clusters,

Yield-related QTL identification under salt conditions 7

three clusters (Cluster-Chr5-3, Cluster-Chr11-1, and Cluster-
Chr24-1) contain stable QTL controlling SY or LY, which
could be valuable for molecular breeding to simulta-
neously improve both SY and LY. The QTL cluster (Cluster-
Chr24-1) hosted stable QTL both for SY and LY, including
two QTL for SY (qSY-Chr24-1, qSY-Chr24-2), two for LY
(qLY-Chr24-1, qLY-Chr24-2), two for BNP (qBNP-Chr24-1)
and one for BW (gBW-Chr24-1). And the additive effects
indicated that GX1135 alleles increased these four traits
under salt stress and normal environments. The
QTL cluster (Cluster-Chr11-1) had one stable QTL for LY
(qLY-Chr11-1), one for SY (qSY-Chr11-1), and one for LP
(gLP-Chr11-1), respectively, with the favorable alleles for
SY, LY, and LP derived from GX1135. The QTL cluster
Cluster-Chr5-3 contained the largest number of QTL (13)
accounting for the PV of 4.15-32.74%, in which three (qLP--
Chr5-2, qLP-Chr5-3, qLP-Chr5-4) controlled LP showed pos-
itive additive effects, three (qSY-Chr5-2, qSY-Chr5-3, qSY-
Chr5-4), one (qLY-Chr5-2), and six QTL (gBW-Chr5-4, gBW-
Chr5-5, gBW-Chr5-6, qBW-Chr5-7, qPPF-Chr5-1, gPPF-Chr5-
2) controlled SY, LY, and BW had negative additive effects,
respectively.

Table 4 Salt-related QTL and sable QTL for yield and yield-component traits under salt stress conditions, normal growth conditions

Mapping by the D-

Flanking markers ~ Under E1 Under E2 value
Effect Effect Effect Var
Category QTL Year L R LOD value Var% LOD value Var% LOD value %
Salt related qLY-Chr6-2 2018 bin725  bin726 413 -2.13 9.11
QTL 2018 bin728  bin729 280 -1.48 5.73
gBNP-Chr4-1+ 2017 bin381  bin382 351 0.86 6.82
2016 bin384  bin385 463 -1.1 9.30
gBNP-Chr12-1 2016 bin1297 bin1298 2.32  0.70 4.76 3.15 091 6.19
gBNP-Chr15-5 2017 bin1690 bin1691 2.32 -0.79 4.70 322 -1.09 6.57
gLP-Chr19-2 2018 bin2112 bin2113 476  0.39 9.82
2018 bin2113 bin2114 256  0.41 3.34
Stable QTL qBW-Chr5-5* 2016 bin633  bin634 486 -0.18 10.26
2016 bin638  bin639 582 -0.18 10.49
2017 bin636  bin637 512 -0.18 774 749 -0.22 14.33
2018 bin636  bin637 418 -0.14 8.20
qLP-Chr5-3+* 2016 bin633  bin634 7.10  1.03 13.30
2016 bin635  bin636 945 1.10 15.37
2016 bin640  bin641 942 1M 15.84
2017 bin633  bin634 16.20  1.63 29.91
2017 bin635  bin636 1230 1.32 21.19
2018 bin635 bin636 19.90 1.28 32.74
2018 bin640  bin641 16.33  1.26 27.18
qLP-Chr13-1* 2017 bin1378 bin1379 4.67 0.78 7.52
2017 bin1389 bin1390 5.81  0.92 9.40
2018 bin1381 bin1382 471  0.56 6.39
2018 bin1382 bin1383 536  0.66 7.66

The figures underlined referred to the common QTL detected on two datasets in the same year in the present study. QTL with bold font repre-
sent Var% of QTL was more than 10. QTL noted by “*” referred to common QTL detected at least 2 years; and Var%, phenotypic variation

explained by a single locus QTL.

BNP, boll number per plant; BW, boll weight; E1, salt stress conditions; E2, normal growth conditions; LP, lint percentage; LY, lint yield per

plant; PPF, cotton plant productive forces; QTL, quantitative trait loci.
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Figure 1. The position of salt-related QTL and stable QTL on the linkage groups.

The location of salt-related QTL (a) and stable QTL (b) on the linkage groups. BNP, boll number per plant; BW, boll weight; LP, lint percentage; LY, lint yield per

plant; QTL, quantitative trait loci.
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Table 5 Pleiotropic regions for the yield and yield-component traits

Mapping by the D-

Flanking Marker Under E1 Under E2 value
Effect Effect Effect Var
Cluster QTL Year L R LOD value Var% LOD value Var% LOD value %
Cluster-Chr1-1 qSY-Chri-1* 2016 bin53 binb4 395  4.01 8.05
2017 bin58 bin59 2.78 4.09 5.76
2018 bin65 bin66 2.68  3.57 5.55
qLP-Chri1-2 2018 bin58 bin59 2.88  0.43 3.81
qLY-Chri-1 2017 bin58 bin59 3.70 2.08 7.54
gBNP-Chr1-1 2016 bin59 bin60 6.76  1.53 13.67
Cluster-Chr1-2 ~ gBNP-Chr1-3 2017 bin96 bin97 252 -0.73 4.84
qLP-Chr1-3 2016 bin101 bin102 2.74 0.51 5.82
Cluster-Chr2-1 qLY-Chr2-2 2016 bin135  bin136 438 -1.93 8.71
qSY-Chr2-1 2016 bin144  bin145 225 -3.15 4.24
Cluster-Chr4-1 qgLY-Chr4-1 2016 bin382  bin383 236 1.37 4.59
2016 bin382  bin383 454 -2.06 9.17
qPPF-Chr4-1 2016 bin384  bin385 213 -3.82 4.23
2016 bin381 bin382 283 -4.20 6.24
gBNP-Chr4-1+* 2017 bin381  bin382 3.51 0.86 6.82
2016 bin384  bin385 463 -1.1 9.30
Cluster-Chrd-2 ~ gPPF-Chr4-2 2016 bin398  bin399 2.07 -3.65 4.53
qBNP-Chr4-2+ 2016 bin396  bin397 458 -1.11 9.22
2017 bin400  bin401 222 0.70 4.38
qBNP-Chr4-3 2016 bin403  bin404 2.60 -0.85 5.37
qSY-Chr4-1 2016 bin396  bin397 3.67 -4.28 7.49
Cluster-Chr4-3 qSY-Chr4-2 2018 bin482  bin483 2.40 3.20 4.83
qLP-Chr4-1* 2016 bin484  bin485 254 -0.55 3.77
2018 bin484  bin485 3.14 -0.51 4.43
Cluster-Chr5-1 gBNP-Chr5-1 2018 bin489  bin490 3.60 0.93 7.66
qLP-Chr5-1 2016 bin495  bin496 478  0.77 7.66
2016 bin498  bin499 262 0.55 3.89
qBNP-Chr5-2 2018 bin498  bin499 2.60 0.82 6.00
Cluster-Chr5-2 ~ gBW-Chr5-1 2017 bin518  bin519 2.01 -0.10 2.78
qSY-Chr5-1 2017 bin518  bin519 2.80 4.21 6.15
2017 bin518  bin519 218 -3.48 3.73
qLY-Chr5-1 2017 bin518  bin519 3.92 2.21 8.55
qBNP-Chr5-3 2017 bin518  bin519 4.77 1.29 9.45
Cluster-Chr5-3 ~ gSY-Chr5-2 2018 bin631  bin631 3.02 -3.38 5.84
gLP-Chr5-2 2017 bin629  bin630 6.83  1.02 12.59
2017 bin629  bin630 874 122 16.30
gLP-Chr5-3* 2016 bin633  bin634 7.0  1.03 13.30
2017 bin633  bin634 16.20 1.63 29.91

2017 bin635 bin636 1230  1.32 21.19
2016 bin635  bin636 9.45 1.10 15.37

2018 bin635  bin636 1990 1.28 32.74
2018 bin640  bin641  16.33  1.26 27.18
2016 bin640  bin641 942 1M 15.84
qBW-Chr5-4 2017 bin629  bin630 3.28 -0.15 5.08
qBW-Chr5-5* 2016 bin633  bin634 486 -0.18 10.26
2017 bin636  bin637 7.49 -0.22 14.33
2018 bin636  bin637 418 -0.14 8.20
2017 bin636  bin637 512 -0.18 7.74
2016 bin638  bin639 582 -0.18 10.49
qBW-Chr5-6* 2016 bin645  bin646 6.03 -0.19 11.82
2018 bin644  bin64b 409 -0.15 8.47
2017 bin646  bin647 9.77 -0.26 19.56
qLY-Chr5-2 2016 bin644  bin645 226 -1.27 4.72
2016 bin663  bin664 2.86 -1.40 5.67

(continued)
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Table5. (continued)

Mapping by the D-

Flanking Marker Under E1 Under E2 value
Effect Effect Effect Var
Cluster QTL Year L R LOD value Var% LOD value Var% LOD value %
qLP-Chr5-4* 2016 bin648  bin649 8.10 1.04 13.40
2018 bin648  bin649 892 097 16.26
qSY-Chr5-3 2018 bin635  bin636 218 -2.84 4.26
qSY-Chrb5-4* 2017 bin655  bin656 242 -3.69 4.15
2017 bin665  bin666 3.27 -4.43 5.83
2018 bin666  bin667 239 -3Nn 4.45
qBW-Chr5-7+ 2018 bin664  bin665 490 -0.16 9.28
2016 bin663  bin664 385 -0.15 171
2017 bin667  bin668 6.39 -0.21 9.85
qPPF-Chr5-1 2017 bin646  bin647 235 —4.47 4.44
qPPF-Chr5-2 2017 bin665  bin666 555 -6.71 10.08
Cluster-Chr6-1 qLY-Chr6-1 2018 bin716  bin717 2.40 1.41 4.98
qBW-Chr6-2 2017 bin716  bin717 3.67 0.14 5.54
Cluster-Chr6-2  gLY-Chr6-2 2018 bin725  bin726 413 -2.13 9.11
2018 bin728  bin729 280 -1.48 5.73
qSY-Chr6-1 2018 bin725  bin726 2.63 -3.78 5.82
Cluster-Chr7-1 qPPF-Chr7-2 2018 bin832  bin833 223 -3.34 4.24
gBNP-Chr7-1 2018 bin834  bin835 2.66 -0.61 5.34
Cluster-Chr8-1 qBW-Chr8-2 2017 bin969  bin970 323 -0.13 4,78
qLY-Chr8-1 2018 bin974  bin975 238 -1.21 4.91
Cluster-Chr9-1 qSY-Chr9-1 2016 bin990  bin991 220 -3.29 4.38
qLY-Chr9-1 2016 bin990  bin991 213 -1.38 4.1
Cluster-Chr10-1  gBNP-Chr10-1 2016 bin1048 bin1049 3.24 0.94 6.40
qLY-Chr10-1 2016 bin1048 bin1049 2.18 1.40 4.22
Cluster-Chr10-2  gBW-Chr10-1 2017 bin1074 bin1075 230 0.1 4.10
qPPF-Chr10-1 2016 bin1084 bin1085 2.97 4.48 5.97
Cluster-Chr11-1  gqLY-Chr11-1* 2018 bin1153 bin1154  2.11 1.33 4.10
2016 bin1153 bin1154 406  2.01 8.17
qPPF-Chr11-1 2018 bin1153 bin1154 3.04 392 5.85
qSY-Chr11-1 2018 bin1154 bin1155 253  3.06 4.86
qLP-Chr11-1* 2017 bin1162 bin1163 2.25 -0.53 3.02
2016 bin1165 bin1166 235 -0.52 3.64
Cluster-Chr12-1  qSY-Chr12-1 2016 bin1287 bin1287 2.32 3.39 4.61
qPPF-Chr12-1 2016 bin1287 bin1288 2.73 4.22 5.49
gBNP-Chr12-1 2016 bin1297 bin1298 232 0.70 4.76
2016 bin1297 bin1298 3.15 0.91 6.19
qLP-Chr12-1 2017 bin1307 bin1308 2.08 -0.50 2.79
Cluster-Chr13-1  gBNP-Chr13-1 2017 bin1441 bin1442 2.23 -0.75 4.41
qLP-Chr13-3 2016 bin1447 bin1448 297 0.60 4.63
Cluster-Chr14-1  qPPF-Chr14-1 2016 bin1480 bin1481 378  4.79 7.20
qSY-Chr14-1 2016 bin1480 bin1481 3.09  3.71 5.90
gBNP-Chr14-1¢ 2016 bin1479 bin1480  4.01 1.01 7.71
2017 bin1484 bin1485 2.27  0.72 4.36
2017 bin1484 bin1485 2.81 0.86 5.59
qSY-Chr14-2 2017 bin1484 bin1485 312 435 5.54
qBW-Chr14-1 2016 bin1492 bin1493 243  0.12 4.54
Cluster-Chr14-2  qPPF-Chr14-2 2016 bin1508 bin1509 2.30 3.78 4.97
gBNP-Chr14-2 2018 bin1508 bin1509 2.07 0.68 4.64
Cluster-Chr15-1  gBNP-Chr15-1 2018 bin1571 bin1572 2.57 0.74 5.51
qPPF-Chr15-1 2017 bin1573 bin1574 234  4.18 4,54
Cluster-Chr15-2  gSY-Chr15-1 2017 bin1605 bin1606 2.40 -3.67 3.98
gBNP-Chr15-3« 2018 bin1605 bin1606 468 -0.85 9.63
2017 bin1609 bin1610 2.23 -0.75 4.40
qLP-Chr15-1 2017 bin1609 bin1610 2.10 -0.51 2.82
(continued)
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Table5. (continued)
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Mapping by the D-

Flanking Marker Under E1 Under E2 value
Effect Effect Effect Var
Cluster QTL Year L R LOD value Var% LOD value Var% LOD value %
Cluster-Chr16-1  gLP-Chr16-1 2017 bin1717 bin1718 473 -0.78 7.34
qLP-Chr16-2 2017 bin1723 bin1724 3.72 -0.69 5.85
qPPF-Chr16-17% 2018 bin1721 bin1722 216  3.34 4.25
2016 bin1718 bin1719 3.66 -4.76 7.46
qSY-Chr16-1+* 2018 bin1719 bin1720 249  3.04 4.82
2016 bin1726 bin1727 2.82 -3.53 5.39
2018 bin1729 bin1730 278 325 5.36
2016 bin1731 bin1732 2.74 3.76 5.71
qPPF-Chr16-2¢ 2018 bin1730 bin1731 356 430 6.90
2016 bin1731 bin1732 3.26 4.72 6.83
2016 bin1731 bin1732 473 -5.39 9.52
gBNP-Chr16-1 2018 bin1729 bin1730 249 0.59 5.03
2018 bin1734 bin1735 278 0.62 5.58
qBW-Chr16-1 2016 bin1731 bin1732  3.71 -0.14 6.74
Cluster-Chr16-2  qSY-Chr16-2+ 2017 bin1796 bin1797 2.49 3.90 5.13
2018 bin1797 bin1798 478  4.70 9.92
qPPF-Chr16-3 2018 bin1796 bin1797 4.40  5.98 9.25
qLY-Chr16-1 2017 bin1800 bin1801 2.95 1.87 5.96
qSY-Chr16-3* 2017 bin1807 bin1808 2.49 3.92 5.15
2018 bin1809 bin1810 2.70  3.76 6.13
Cluster-Chr18-1  gLP-Chr18-1 2016 bin1971 bin1972 219 -0.49 5.48
gBNP-Chr18-1 2016 bin1967 bin1968 3.59  0.94 6.88
Cluster-Chr19-1  gLP-Chr19-1 2018 bin2054 bin2055 2.39 -0.43 3.31
qLY-Chr19-1 2016 bin2056 bin2057 2.82 -1.52 5.51
2016 bin2065 bin2066 2.36 —1.38 4.64
Cluster-Chr19-2  gSY-Chr19-1 2017 bin2101 bin2102 2.21 3.38 3.57
qLY-Chr19-2 2017 bin2101 bin2102  2.81 1.77 4.86
qLP-Chr19-2 2018 bin2112  bin2113 476 0.39 9.82
2018 bin2113 bin2114 256 0.41 3.34
Cluster-Chr20-1  gBNP-Chr20-1 2016 bin2229 bin2230 2.97 -0.85 5.63
qSY-Chr20-1 2017 bin2239 bin2240 2.65 -3.83 4.38
qPPF-Chr20-1 2017 bin2239 bin2240 2.14 -3.90 3.51
Cluster-Chr21-1  gLP-Chr21-1 2017 bin2272 bin2273 286 0.62 4.10
qLY-Chr21-1 2016 bin2272 bin2273 4.10 1.71 8.40
Cluster-Chr21-2  qBNP-Chr21-1 2017 bin2282 bin2283 2.72 0.96 5.23
qPPF-Chr21-1 2016 bin2282 bin2283 3.56 6.16 7.26
Cluster-Chr21-3  qBW-Chr21-1 2016 bin2321 bin2322 2.09 0.13 4.41
gBNP-Chr21-2 2017 bin2329 bin2330 352 -1.18 7.30
Cluster-Chr22-1  qBW-Chr22-1 2016 bin2463 bin2464 279 -0.12 5.30
2016 bin2470 bin2471 323 -0.13 5.63
gBNP-Chr22-1 2017 bin2470 bin2471 2.47 -0.89 4.45
qLY-Chr22-1 2018 bin2471 bin2472 250 -1.47 497
Cluster-Chr23-1  gPPF-Chr23-1 2016 bin2514 bin2515 2.02  3.62 4.26
qBW-Chr23-1 2016 bin2512 bin2513 230  0.11 3.97
qSY-Chr23-1 2017 bin2514 bin2515 3.84 481 6.95
qLY-Chr23-1 2018 bin2515 bin2516 2.06 1.13 4.22
Cluster-Chr23-2  gSY-Chr23-2 2016 bin2523 bin2524 386 391 7.74
2016 bin2533 bin2534 356  3.98 6.85
qPPF-Chr23-2 2016 bin2535 bin2536 2.47 5.29 4.97
2016 bin2533 bin2534  4.51 5.23 8.68
qLY-Chr23-2 2016 bin2533 bin2534  4.15 1.88 8.25
gBNP-Chr23-1 2016 bin2535 bin2536 2.51 0.86 5.57
Cluster-Chr24-1  gLY-Chr24-1* 2018 bin2587 bin2588 2.28 1.70 4.99
2017 bin2587 bin2588 3.06 212 6.12
(continued)
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12 Anhui Guo et al.

Table5. (continued)

Mapping by the D-

Flanking Marker Under E1 Under E2 value
Effect Effect Effect Var
Cluster QTL Year L R LOD value Var% LOD value Var% LOD value %
2017 bin2588 bin2589  2.83 1.86 5.38
qSY-Chr24-1 2017 bin2587 bin2588 3.05 430 5.55
2017 bin2588 bin25689 4,50 5.15 8.37
qBW-Chr24-1* 2018 bin2593 bin2594 335 0.12 6.58
qPPF-Chr24-1 2017 bin2599 bin2600 2.17  4.09 4.22
2018 bin2599 bin2600 2.61 3.86 5.46
2017 bin2599 bin2600 6.44  7.56 12.71
qSY-Chr24-2+ 2018 bin2600 bin2601 2.68 3.34 5.64
2017 bin2599 bin2600 393 5.03 7.08
2017 bin2599 bin2600 6.62 6.42 12.00
qBNP-Chr24-1 2017 bin2599 bin2600 3.81 1.00 7.68
qLY-Chr24-2+ 2018 bin2599 bin2600 3.08 1.60 6.63
2017 bin2599 bin2600 504 275 9.81
2017 bin2599 bin2600 6.27 2.78 11.41
qBW-Chr24-1 2017 bin2604 bin2605 2.04 0.1 3.62
Cluster-Chr24-2  qBW-Chr24-2 2016 bin2658 bin2659 3.28 -0.17 7.02
qPPF-Chr24-2 2016 bin2659 bin2660 399 -6.79 8.21
Cluster-Chr25-1  qSY-Chr25-1 2018 bin2671 bin2672 2.01 2.61 4.34
qLY-Chr25-1 2018 bin2677 bin2678 2.38 1.21 4.92
Cluster-Chr25-2  gLP-Chr25-2 2018 bin2722 bin2723 292 -0.47 4.35
qPPF-Chr25-1% 2017 bin2727 bin2728 3.15 -4.82 6.18
2016 bin2729 bin2730 3.45 -4.27 6.79
qPPF-Chr25-2 2016 bin2744 bin2745 436 -4.67 8.48
qLY-Chr25-2+ 2017 bin2737 bin2738 597 -2.62 10.67
2018 bin2741 bin2742 3.28 -1.52 6.33
2017 bin2742 bin2743 242 -1.82 4.56
qLP-Chr25-3* 2017 bin2741 bin2742 431 -0.74 6.66
2018 bin2753 bin2754 2.66 -0.48 3.96
2017 bin2751 bin2752 3.20 -0.64 5.02
qBW-Chr25-1 2016 bin2755 bin2756 3.15 -0.13 5.82
Cluster-Chr26-1  qBW-Chr26-2 2017 bin2833 bin2834 250 0.1 3.44
qSY-Chr26-1 2018 bin2833 bin2834 235  3.14 473
qLY-Chr26-1 2017 bin2840 bin2841 2.10 1.70 4.02
2017 bin2840 bin2841 2.67 1.74 4,75
2017 bin2844 bin2845 3.87 2.1 6.98
2017 bin2850 bin2851 3.01 2.01 5.69
qPPF-Chr26-1 2017 bin2844 bin2845 437  5.69 8.75
qBNP-Chr26-1 2017 bin2843 bin2844  3.82 0.91 7.78
qSY-Chr26-2 2017 bin2844 bin2845 3.97  4.71 6.96
2017 bin2853 bin2854 2.07 333 3.44
qPPF-Chr26-2 2017 bin2855 bin2856 254  4.36 4.43

The figures underlined referred to the common QTL detected on two datasets in the same year in the present study. QTL with bold font rep-
resent the Var% of QTL was more than 10. QTL noted by “*” referred to common QTL detected at least 2 years; and Var%, phenotypic varia-
tion explained by a single locus QTL.
QTL, quantitative trait loci.

GhDAAT was a candidate gene in QTL gBNP-Chr4-1

associated with salt tolerance

Salt stress affects the entire growth period of cotton. To
identify salt related QTL in seeding stage and mature
stage, we compared the salt related QTL with the QTL
detected in germination and seedling stages under salt
stress conditions (Guo, Hao, et al., 2022; Guo, Su,

et al., 2022). The QTL (gBNP-Chr4-1) was overlapped with
the interval of two QTL (gMSH-Chr4-1 and qSL-Chr4-1)
detected in the seedling stage, which controlled main stem
height under salt stress conditions and controlled germinal
length in R-value, respectively (Guo, Hao, et al., 2022; Guo,
Su, et al., 2022). These two QTL (gMSH-Chr4-1 and qSL-
Chr4-1), explaining 7.50% and 9.59% of the PV, which were
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detected in salt stress conditions and R-value, respectively.
The confidence interval of gBNP-Chr4-1is between marker
bin381 and bin385, corresponding to the reference genome
of upland cotton TM-1 from 7 087 161 to 7 183670 bp. The
physical distance of this interval is 96510 bp, including a
single gene (Gh_A04G0310). The gene encoded a p-amino--
acid transaminase (DAAT), may play an important role in
salt stress response in upland cotton. To investigate the
regulatory role of GhDAAT in salt tolerance, the tobacco
rattle virus (TRV) system was used in the suppression of
GhDAAT in upland cotton. The GhCLA-silenced plants
showed a typical photobleaching phenotype in newly
grown leaves, which indicated that the VIGS system was
applied successfully in cotton (Figure 2a). We also examined
the expression levels of GhCLA and GhDAAT in the
gene-silenced plants by qRT-PCR. The gene expression was
significantly decreased in gene-silenced plants (TRV:GhCLA
and TRV:GhDAAT) than that in TRV:00 (plants transformed
in empty vector) (Figure 2b,c). After 2weeks treatment by
400 mm NaCl, TRV:GhDAAT plants showed a salt-sensitive
phenotype, including a decreased seedling height and
increased leave wilting rate when compared to the control

(d) TRV:00
TRV:GhCLA
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Figure 2. Silencing of GhDAAT decreased salt tolerance in upland cotton.

TRV:GhDAAT
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plants (Figure 2d-g). Moreover, the malondialdehyde (MDA)
content, POD, SOD, and CAT activities were detected in the
leaves of TRV:GhDAAT and TRV:00 plants. Under the con-
trol condition, there was no significantly difference in MDA
contents, SOD, POD and CAT activity between TRV:00 and
TRV:GhDAAT plants. However, MDA contents was signifi-
cantly increased, and antioxidant enzyme activity (SOD,
POD and CAT activity) was significantly decreased in TRV:
GhDAAT plants compared to TRV:00 (Figure 2h-k), suggest-
ing that silencing of GhDAAT significantly suppressed salt
tolerance in upland cotton.

Candidate genes covered by major QTL for LP

We focused on the stable QTL related to LP, which
explained more than 10% of the observed PV across
3years. The QTL (gLP-Chr5-3), explaining the PV from
13.30-32.74%, was detected in both salt stress conditions
and normal growth conditions in 3year trials. The confi-
dence interval of qLP-Chr5-3 is between marker bin633 and
bin641, corresponding to the reference genome of upland
cotton TM-1 83534339 to 85222043bp. The physical
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Phenotype identification (a) and silencing efficiency (b) of GhCLA in GhCLA-silenced plants.

(c) Silencing efficiency of GhDAAT in GhDAAT-silenced plants.

(d) Phenotypes of GhCDPKsk5-silenced plants after salt stress for 2 weeks (Scale bar=10cm).

(e) Phenotypes of leaves in GhCDPKsk5-silenced plants after salt stress treatment for 2 weeks (Scale bar=5cm).

The rate of wilting leaves (f) and relative seedling height (g) after salt stress treatment.

Malondialdehyde (MDA) contents (h) SOD (i), POD (j), CAT activities (k) in GhDAAT-silenced plants under control and salt stress treatments. Plants inoculated
with 400 mm NaCl and deionized water for 2 weeks were used as salt stress conditions and control conditions, respectively. Except where noted, all data are pre-
sented as mean (n>3) and standard deviation. Data were analyzed by Student’s t-test. * and ** indicate significant differences between TRV:GhDAAT plants

and TRV:00 plants at the P=0.05 and P=0.01 levels, respectively.
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distance of this interval is 1687 704 bp, including 77 genes
(Gh_A05G3184-Gh_A05G3260) (Table S6).

Based on the 452 upland cotton RNA-seq data obtained
from the National Genomics Data Center, the gene expres-
sions during fiber development at the 19-time points (0, 3,
5,7,8,10, 12, 13, 15, 16, 18, 19, 20, 21, 24, 25, 28, 30 DPA)
were used for screening candidate genes involved in fiber
development. We used a fold change of 2 as the threshold
for identifying upregulated expression in comparisons
between different time points and 0 DPA (Table S7). Genes
with highly expression levels in 3 DPA, 4-20 DPA, and 21-
30 DPA were screened as candidate genes which were
involved in fiber initiation, fiber elongation, and SCW syn-
thesis stage, respectively. A total of 32 candidate genes
within gLP-Chr5-3 showed high expression in the fiber initi-
ation stage, and the fold change value for 15 genes was
more than 5 (Figure S2a,b; Tables S7 and S8).

The QTL (gLP-Chr5-3) showed pleiotropy, which con-
trolled fiber quality traits such as the fiber length (FL) and
fiber strength (FS). To identify genes that regulate FL
and FS within this QTL, we also analyzed genes that are
highly expressed during fiber elongation and SCW thicken-
ing stages. In addition, 6 and 4 genes were highly
expressed in fiber elongation stage (4-20 DPA) and SCW
synthesis stage (21-30 DPA), respectively (Figure S3a,b;
Tables S7 and S8).

To screen the candidate genes involved in fiber initia-
tion at the transcriptional level, RNA-seq was performed

n -1, 0, 3 DPA fibers obtained from high LP lines (RIL064
and RIL145), low LP lines (RIL131 and RIL093), and the par-
ents (GX1135 and GX100-2). High-throughput RNA-Seq

Gh_A05G3188

Gh_A05G3226

15

GX11354 GX1135 GX1135

. 3
High | Rrios4- RIL064 RIL064

LP

RIL145 1o RILLS RIL145

2
GX100-2 GX100-2 GX100-2

Low N

RIL1314 RIL131 RIL131

LP L ]
RIL093 - 05  RIL093 J RIL093

-1 dpa0 dpa 3 dpa -1 dpa0 dpa 3 dpa

Gh_A05G3256

GX1135 GX1135 GX1135
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Lp
RIL145 - RIL145 15 RIL14S
15
GX100-2 GX100-2 GX100-2
Low 1o 10
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LP . 1 RIL131
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Gh_A05G3209

Gh_A05G3228

-1dpa0 dpa 3 dpa

Gh_A05G3191

-1dpa0 dpa 3 dpa

generated 560.07 Gb raw data from 54 RNA samples using
the lllumina Novaseq Xplus platform, which was approxi-
mately 10.37 Gb for each sample. Overall, 93.00% (79.20-
96.90%) of the high-quality reads were mapped to the TM-
1 (G. hirsutum) reference genome. The average Q20, Q30,
and GC contents were 98.88% (98.04-99.14%), 97.04%
(95.40-97.59%), and 43.28% (40.76-44.51%), respectively
(Table S9). The expression level of genes was calculated
by transcripts per million reads (TPM) value after deleting
the outlier (H1-1-2). In the comparison with the TM-1 refer-
ence genome, 49279 genes were identified. In summary,
the RNA-Seq provided abundant information, which facili-
tated exploring reliable transcription.

We analyzed the expression patterns of candidate
genes in C high LP lines (GX1135, RIL064 and RIL145) and
extremely low LP lines (GX100-2, RIL131 and RIL093) on
—1, 0, 3 DPA. Most genes exhibited high expression levels
in the fibers or ovules at —1, 0, 3 DPA except for one gene
(Gh_A05G3254). The expression levels of all 11 genes in
the low LP lines (GX100-2, L1, L2) were significantly higher
than those in high LP lines (GX1135, H1, H2) (Figure S4).
Furthermore, the expression patterns of candidate genes in
two extremely high LP lines (RIL064, RIL145), two
extremely low LP lines, and the parents (GX1135 and
GX100-2) at the fiber initiation stage of fiber development
were detected using gPCR. While the expression patterns
of these genes varied, a notable commonality was
observed: they exhibited higher expression levels in
GX100-2 compared to GX1135, except for Gh_A05G3254
(Figure 3). The expression levels in the extremely high LP
lines (RIL064, RIL145) were higher than that of extremely

Gh_A05G3229

Gh_A05G3205

B 3.0
4 GXI135 GX1135
RILOG4 25 RILOG4+
3
RIL145 20 RIL145H
2 GX100-2 GX100-2
15
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RIL093 "0 RiLoos-

-1 dpa0 dpa 3 dpa -1dpa0 dpa 3 dpa
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2.0

GX11354 GX1135

15 RILOGH RILOG4 20
1.0
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15
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1.0
05 RILI31 05 RILI31

RIL093 | RIL093 05
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Figure 3. Expression patterns of candidate genes in GX1135, GX100-2 and extremely high/low LP lines during fiber initiation stages.
Two extremely high LP lines of RILs (RIL064 and RIL145) and the female GX1135 (high LP), two extremely low LP lines (RIL093, RIL131) and the male GX100-2
(low LP) were used for detect the expression levels at the fiber initiation stage. LP, lint percentage.
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low LP lines (RIL093, RIL131) in at —1 DPA, which was con-
sistent with the expression levels of the corresponding par-
ents (Figure 3). The result suggests that these genes play
important roles in fiber initiation.

Gene silencing of gLP-Chr5-3 caused high LP and short FL

To further investigate the role of candidate genes within
qLP-Chr5-3, we generated gene-silenced plants of 12 genes
and evaluated yield and yield-component traits, fiber qual-
ity traits, and agronomic traits (plant height and branch
number). The phenotype of GhChil-silencing plants was
visible in leaves, calyxes, and on surfaces of cotton bolls
(Figure S7a-f). This indicated that the silencing phenotype
induced by the cotton leaf crumple virus (CLCrV) system
persisted, causing sustained photobleaching throughout
the growth period of cotton. Of these genes, three genes
encoding TF GTE4 were highly conserved (>90%). We
designed special primers in the highly conserved region to
ensure the silencing of all three genes. Finally, we con-
structed 10 VIGS vectors for 12 genes. qRT-PCR analysis
indicated that the transcript levels of candidate genes in
gene-silenced plants were decreased significantly than that
in mock (Figure S8). In the field trials, silencing of four
genes (Gh_A05G3226, Gh_A05G3228, Gh_A05G3229,
Gh_A05G3205) significantly increased LP of 3.33-5.25%

Yield-related QTL identification under salt conditions 15

compared with mock (34.39%), and decreased FLM (manu-
ally measured FL) of 3.93-4.74% (Figure 4a-c; Table 6).
Silenced genes highly expressed in fiber elongation stage
resulted in 4.06-4.17% increases in LP and 2.41-3.59%
decreases in FL (Figure 4a—c; Table 6). For genes highly
expressed in the SCW stage, LP of plants silenced candi-
date genes was significantly increased from 2.09% to
6.03%, and FL was significantly reduced by 2.68-3.52%
than that of mock (Figure 4a—c; Table 6). These results indi-
cate that silencing highly expressed genes in fiber develop-
ment stages increased LP and decreased FL. Moreover,
two genes (Gh_A05G3226 and Gh_A05G3256), encoding
GTP-binding protein TypA/BipA and Glucan endo-1,3-beta-
glucosidase 5, which controlled multiple yield-related
traits. Specifically, silencing of Gh_A05G3226 resulted in
higher BW and lower BNP, while silencing of
Gh_A05G3256 increased LP, LY, BNP, and BW by 4.17%,
30.00%, 28.07%, and 10.32%, respectively (Figure 4;
Table 6).

To identify the genetic elements of candidate genes
contributing to the FL and LP traits, we explored the differ-
ence in candidate genes between the female and the male.
No differences were observed in the coding sequence of
Gh_A05G3226 between GX1135 and GX100-2 (Figure S9).
However, two nonsynonymous SNPs were detected in

(@) 40- (b) 30~
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384 il - s 299 n=4 w% - D
@ = - ’g n=1 =
= ale Y E
:36' ? ve E 28+
5 T 2 =0 =
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mock CLCrV:
Gh_A05G3226

CLCrV:
Gh_A05G3229

CLCrV:
Gh_A05G3228

CLCV:
Gh_A05G3209

CLCrV:
Gh_A05G3205

Figure 4. Silencing of candidate genes increased LP and decreased FL in upland cotton.
LP (a) and FL (b) of cotton plants silencing genes are highly expressed in the fiber development stage.
(c) The phenotype of mature fibers of gene-silenced cotton plants. FL, fiber length; LP, lint percentage. *, ** represent significant difference at p=0.05, and

p=0.01 level, respectively.
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Table 6 The agronomic traits, yield and yield-component traits, and fiber quality traits of genes-silenced plants

Gene N PH (cm) BN SY (g) LY (g) BNP BW (g) LP (%) FLM
Gh_A05G3188 1 99.00 11.00 52.16 18.91 11.50 6.01 36.23 28.60
Gh_A05G3226 13 89.08 10.92 60.34 21.75 13.00* 5.69+ 36.08%* 28.36%
Gh_A05G3228 16 85.49 10.31 52.16 18.71 11.81 5.55 36.79+%* 28,12+
Gh_A05G3205 25 87.65 11.48 59.32 21.16 15.28 5.52 35,54+ 28,57+
Gh_A05G3229 21 85.07 11.00 65.61 23.77 14.67 5.61 36.20%* 28.23+
Gh_A05G3209 1 89.69* 11.45 62.07 22.24 17.27 5.51 35.79%* 28.81%
Gh_A05G3256 14 82.09 11.43 73.64 26.35+ 22.86* 5.56* 35.83+ 28.46%
Gh_A05G3191 7 80.69 1157 68.09 24.47 15.50 5.65 35.74% 28.73+
Gh_A05G3254 17 94.45%+ 11.94 65.83 24.05 14.76 5.60 36.47% 28.66%
Gh_A05G3186 14 87.76 11.64 67.10 23.57 19.71 5.24 35.11 28.48%*
Mock 13 83.82 11.08 58.88 20.27 17.85 5.04 34.39 29.52

BN, branch number; BNP, boll number per plant; BW, boll weight; FLM, manually measured FL; LP, lint percentage; LY, lint yield per plant;

PH, plant height; SY, seed cotton yield per plant.
*, *% Gtatistically significant at P=0.05, 0.01, respectively.

Gh_A05G3186, which encodes WRKY 3. Two transversions
were detected in the second exon, which includes a T/G
transversion at the site of 802 and an A/G transversion at
the site of 1106 (Figure S10a-c). Then we explored the
genetic variants of Gh_A05G3186 on the genome level
using a population consisted of 349 upland cotton acces-
sions. The phenotypically associated SNP (802) and SNP
(1106) resulted in a T/G and A/G transversion, respectively,
leading to tyrosine (Y)/aspartate (D), lysine (K)/arginine
(R) (Figure S10a), which was associated with either shorter
or longer fiber, respectively. Among 349 G. hirsutum acces-
sions, 231 exhibited short/low strength fiber (TA), and 46
accessions had the long/high-strength fiber haplotype com-
bination (TT) (Figure S10d,e) (unpublished data). However,
there is no significant difference in LP between these two
haplotypes (Figure S10f).

DISCUSSION
Effects of salt stress on yield-related traits in cotton

The cotton yield is seriously reduced when the total content
of water-soluble salt in saline-alkali soil exceeds 2gkg™’
(Table 1). For instance, the SY decreased by an average of
10.98% from 2017 to 2018. And the average decreased rate
in 3years’ trial of BNP (15.44%) was the highest compared
to the other yield related traits (SY: 13.52%; LY: 14.02%; BW:
0.41%; LP: 0.70%). In the present research, the total soluble
salt content of saline soil in 2017 and 2018 were 2.79 and
2.03gkg™", respectively, indicating moderate saline soil.
And the soluble salt content of normal soil is 1.15 and
1.26gkg™" in 2017 and 2018, respectively, classifying it as
mild saline-alkali soil (Tables S10 and S11) (Guo
et al., 2021). Therefore, mild saline-alkali soil promotes the
growth of cotton, while moderate saline-alkali soil reduces
the yield of cotton. The yield reduction caused by salt stress

was associated with the decrease of boll number per plant
(BNP), but not boll weight (BW) and LP (Tables 1 and 3),
which was consisted with the results of previous research
(Zhu et al., 2020). The possible reason is salt stress inhibits
plant photosynthesis and thus affects vegetative growth. It
has been found that cotton yield can decrease by up to 90%
when irrigated with saline water during the budding stage
(Saidi & Hegazy, 1980). Salinity causes a decrease in the
bolls number due to both decreased fruiting positions and
an increase in the percentage of bolls shedding (Longe-
necker, 1973). The decline in mature bolls leads to a reduc-
tion in fruit-bearing position, delayed flowering, and
relatively increased shedding of flowers and bolls under
salt-stress conditions (Anagholi et al., 2013).

There were 44 and 43 QTL detected in the D-value and
S| datasets for yield and yield component traits, respec-
tively, of which 25 QTL were detected in both datasets,
accounting for nearly 60%. The phenotypic variation of
QTL interpretation detected in both datasets was consis-
tent, indicating that the D-value dataset we established is
reliable for the detection of salt-related QTL (Table S5).
Among the salt-related QTL detected in these two datasets,
BNP had the highest number of QTL for BNP, with 13 and
12 QTL in the D-value and Sl datasets, respectively. Addi-
tionally, among the 25 QTL simultaneously detected in the
D-value and Sl datasets, those controlling BNP were
the most numerous (nine). Overall, these salt-related QTL
controlling BNP can be utilized to identify genes respond-
ing to salt stress in upland cotton.

QTL clusters control LP and FL/FS

Generally, LP is negatively correlated with FL and FS (Sun
et al., 2018; Zhang et al., 2020). Hence, enhancing LP with-
out compromising fiber quality traits (FL or FS) is challeng-
ing. The female GX1135 (39.03-44.21%) is superior to the
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male GX100-2 (35.88-37.70%) for LP in most environments,
except for the performance under E1 in 2017 (GX1135:
43.74%, GX100-2: 44.09%), while showed no significant dif-
ference for FL and FS (Guo et al., 2021). We obtained a
consistent result using the phenotypic values of fiber qual-
ity traits and five yield-related traits collected in 19 environ-
ments in mutiple years (2012, 2015, 2016 and 2017)
(Figure S5). The present RIL population makes it possible
to improve LP and FL/FS simultaneously. However, the key
genes were not identified, possibly due to limitations in
linkage map density and the availability of high-quality
genome information.

Quantitative trait loci for different traits (including
fiber quality and vyield) that shared the same confidence
intervals were considered as QTL clusters, which indicated
that the interval might harbor linked or pleiotropic genes
that contributed to different traits (Abdelraheem
et al., 2017). Five fiber quality traits (Guo et al., 2021) and
five yield and yield component traits were used for QTL
cluster identification. A total of 41 QTL clusters controlled
both fiber quality and yield traits were detected, of which
21 and 20 were located on At and Dt sub-genome, respec-
tively (Table S12). All these QTL clusters were distributed
on 24 chromosomes except for Chr 3, Chr 10, Chr 12, and
Chr 17. Among them, six QTL clusters controlling FS or FL
and LP simultaneously, comprising three for FL and LP;
two for FS and LP; and three for all three traits (FL, FS, and
LP), respectively. The female GX1135 allele increased LP
but decreased FL or FS in three clusters (Cluster-Chrs-7,
Cluster-Chr5-3', Cluster-Chr13-1') and it decreased LP but
increased FL or FS in four clusters (Cluster-Chr11-1/,
Cluster-Chr15-1", Cluster-Chr15-2" and Cluster-Chr25-3').
However, an interesting phenomenon was observed in the
two clusters, showing that the additive effects of QTL for
LP and FL were not always opposite. In Cluster-Chr1-2’, the
favorable allele of qFL-Chr1-1 was derived from
the GX1135 in 2016, and GX100-2 in 2018, the favorable
allele of qLP-Chr1-2 was derived from the GX1135. Another
cluster named Cluster-Chr25-2 harbored five QTL (gSY-
Chr25-2, qFE-Chr25-1, gFM-Chr25-1, qFS-Chr25-1 and qLP-
Chr25-1), which decreased both FS and LP simultaneously.
These clusters could be potential targets for molecular
marker-assisted selection and map-based cloning for the
improvement of LP and FL/FS (Zhang et al., 2019).

The most clusters (three) were identified on Chr 5,
among which Cluster-Chr5-3' controlled QTL for seven
traits (yield: SY, LY, BW, LP; fiber: FL, FS, FM). This indi-
cates the presence of numerous potential loci for yield and
fiber quality improvement was on Chr 5.

Stable QTL for LP on Chr 5

Quantitative trait loci mapping was carried out using the
phenotype data of five yield and yield component traits in
19 environments (Table S13) and compared with the QTL
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detected in the present study (Ma, Wang, ljaz, & Hua, 2019;
Ma, Wang, Li, et al., 2019; Shang et al., 2016). In present
study, 151 QTL for five yield and yield component traits
were detected in three datasets (E1, E2, and D-value), of
which 42 QTL were detected in at least three environments.
Among these, 11, 7, 6, 5, and 13 QTL for SY, LY, BNP, BW,
and LP were detected, respectively. Four QTL were
identified in at least 10 environments, including two QTL
(gBW-Chr5-1, qLP-Chr5-2) detected in 19 environments,
qLP-Chr13-1 in 14 environments, and gLP-Chr5-3 in 10
environments. Remarkably, three of these stable QTL
(gBW-Chr5-1, qLP-Chr5-2, and qLP-Chr5-3) were detected
on Chrb. The identification of the most stable QTL for
LP aligns with the trait’s highest heritability.

The QTL identified on the Chr5 were compared with
those from the cotton QTL database, CottonGen database,
and the previous researches using QTL mapping and
genome-wide association studies (GWAS) based on the
physical confidence intervals. Among the reported QTLs
for LP, a total of 24 were identified. Notably, two of these
QTLs, namely gGhLP-c5 and qLP-Chr05-1, shared overlap-
ping confidence intervals with qLP-Chr5-1 and gLP-Chr5-2
from the present study, respectively (Table S14) (Huang
et al., 2017; Li et al., 2016). We also compared the pub-
lished GWAS results with the physical location of the QTL
for LP in Chr 5 and found that three QTL were consistent
with the reported SNP associated with LP. Specifically, the
intervals of gqLP-At05, TM13226, and TM13292 were found
to be consistent with qLP-Chr5-1, qLP-Chr5-2, and qLP-
Chr5-3, respectively (Table S15) (Song et al., 2019; Zhu
et al., 2020). It's worth noting that qLP-Chr5-4 was a newly
identified QTL on Chr 5 in the present research.

Multiple minor-effect genes clustered on the Chr 5 affect
yield and fiber quality

The distribution of QTL on 26 chromosomes was uneven,
indicating that different chromosomes contributed differ-
ently to LP. This can be explained by parental genetic
diversity in different experiments. A RIL population derived
from an upland cotton intraspecific cross between Non-
gdamian13 (high fiber quality) and Nongda601 (high yield)
was used for QTL mapping for fiber quality and yield traits.
The greatest number of QTL for LP was identified on Chr
D02 (Gu et al., 2020). Moreover, most of the stable QTL
controlled LP were detected on Chr 4, 6, 7, 13, 21, and 25,
which was conducted by a RIL population derived from
two upland cotton cultivars, 0-153 and sGK9708 (Zhang
et al., 2020). An important cluster with LP and fiber quality
traits (FL, FS, and FM) was detected in Chr D03 (Diouf
et al., 2018). However, four QTL for LP (qLP-Chr5-1, qLP-
Chr5-2, qLP-Chr5-3, qLP-Chr5-4) explained PV of 7.66-
32.74% were detected in the present study, of which gLP-
Chr5-3 and qLP-Chr5-4 were detected across 3 and 2 years,
respectively.
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In addition, the interval of qLP-Chr5-2 showed a pleio-
tropic effect, which overlapped with the interval of the salt-
tolerance QTL gFER-Chr5-4, and another QTL qLP-Chr5-3
overlapped with the interval of five salt-tolerance QTL
(qFER-Chr5-4, qFW-Chr5-1, qDW-Chr5-1, qSH-Chr5-3, and
gNL-Chr5-3) (Figure S6). The results suggest that Chr 5
(A05) contributes to LP, FL, FS, and salt tolerance, which
could be used for the improvement of cotton yield, fiber
quality, and salt tolerance breeding. To screen genes asso-
ciated with LP, FL, and FS, the expression patterns of
genes within gLP-Chr5-3 located on Chr 5 were identified
based on the transcriptome analysis on different fiber
development stages. In the interval of the QTL qLP-Chr5-3,
32, 6, and 4 genes were highly expressed in fiber initiation
stage (-3 DPA to 3 DPA), fiber elongation stage (4-20
DPA), and SCW synthesis stage (21-30 DPA), respectively
(Figures S2 and S3; Table S8). These genes were noted as
candidates for LP, FL, and FS, respectively. Furthermore,
the genes have high expressions in fiber initiation stage
and function as negative regulators for LP. Silencing the
candidate genes highly expressed in fiber development
stages within qLP-Chr5-3 resulted in an increase in LP and
a decrease in FL (Table 4; Figure 4). It is suggested that the
genes within gLP-Chr5-3 act as minor effect genes clus-
tered on Chrb, contributing to the control of fiber develop-
ment in cotton.

Candidate genes involved in fiber cell differentiation and
elongation

Peroxidase regulates many physiological processes, includ-
ing the polymerization of cell wall compounds. The peroxi-
dase coding gene GhPOX7 was highly expressed in
growing fiber cells, which may regulate fiber cell develop-
ment by mediating reactive oxygen species production (Mei
et al., 2009). In the present study, the gene (Gh_A05G3239)
encoded peroxidase 43 was highly expressed in the fiber
initiation stage (Figure S2b; Table S8).

Transcription factors have been shown to play an
important role in fiber initiation and elongation, such as
MYB, ERF, and bHLH families. The number of initial fiber
cells in the 0 DPA ovules of GhMYB5_A12 over-expressed
cotton was increased significantly than that in wild-type
plants, which indicated a positive role in fiber initiation
(Wang, Jia, et al., 2021; Wang, Li, et al., 2021; Wang, Ma,
et al., 2021). Overexpressed the bHLH gene (GhFP2) in cot-
ton suppressed fiber elongation, while suppression of
GhFP2 expression led to longer fiber. And another bHLH
gene, GhACS, acts as a positive role in regulating fiber
elongation (Lu et al., 2022). A total of 52 ERFs were differ-
entially expressed between 0 versus 5 DPA in upland cot-
ton variety ZM24 (Zou et al., 2022). In the present study,
three TFs (GhGTEs) were highly expressed during fiber ini-
tiation stage, which may act as positive roles in fiber initia-
tion (Figure S2b; Table S8).

The GTPase (GhRac1) regulates fiber elongation by con-
trolling cytoskeletal assembly (Kim & Triplett, 2004). Another
gene, Rac13, has maximal expression at the time transition
from primary wall synthesis to secondary wall synthesis,
which plays an important role in the cytoskeletal organiza-
tion (Delmer et al., 1995). In the present study, silenced the
gene (Gh_A05G3226), which encodes GTP-binding protein
TypA/BipA, increased LP from 34.39 to 36.08 in upland cot-
ton (Table 6). The result indicated that the gene may involve
in fiber development by regulating cytoskeleton formation.
p-glucosidase (BG), which is one of the cellulases, was
involved in the metabolism of cell wall polysaccharides (Zhu
et al., 2011). It functions in the hydrolysis of cellobiose to
glucose, which is involved in the degradation of cellulose-
xyloglucan microfibrils and modification of newly deposited
glucans during the developing cell wall process (Ma
et al., 2006). GhBG was specifically expressed in the process
of fiber development, which may affect cotton fiber SCW
synthesis (Ma et al., 2006). The gene (Gh_A05G3256),
encodes glucan endo-1,3-beta-glucosidase 5, was signifi-
cantly upregulated in the fiber elongation stage (5-20 DPA)
(Tables S6 and S8). Furthermore, silencing this gene resulted
in higher yield (LP, LY, BNP, and BW) and shorter FL
(Table 6). Although we have identified the genes that
involved in fiber development and yield building, the molec-
ular mechanism for fiber development is still not well enun-
ciated. We still need to combine fine mapping to further
verify the key genes and dissect the molecular mechanism
of these genes involved in fiber development.

EXPERIMENTAL PROCEDURES
Plant materials

A RIL population derived from two upland cotton cultivars,
GX1135 and GX100-2, was used in present study. The RIL popula-
tion, which includes 177 lines of F15-F;; generations, was used in
the field evaluation from 2016 to 2018. The control set was per-
formed in two field trials, including GX1135, “Xinza 1" F;, GX100-
2, and a commercial hybrid “Ruiza 816" used as a competitive
control (Guo et al., 2021).

A total of 349 upland cotton accessions, comprising cultivars
collected from different regions of China, were used for genotyp-
ing and population characteristic analysis.

For the VIGS experiment, G. hirsutum cultivar GX100-2 was
used for salt tolerance assay in the greenhouse and for LP genes
validation.

Field arrangement

Two field trials under salt stress conditions and normal growth
conditions were conducted at the Quzhou Experimental Station of
China Agricultural University, Handan City, Hebei Province
(36°78' N, 114°92' E). Two independent field trials were arranged in
neighboring fields following a randomized complete block design
with two replications each in 2016, 2017, and 2018, respectively. A
total of 362 plots with two rows (22 individual plants per row)
were conducted, respectively. Two repeats of 177 Rl Lines (Fs-
F.7) were planted together with two control sets (GX1135, F,
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“Xinza 1”, GX100-2, “Ruiza 816"). Field trials were described pre-
viously (Guo et al., 2021).

For salt stress treatment, shallow saline groundwater with a
concentration of 5g L~" (85 mm) saline was used to irrigate the field
in January and March before sowing. For the control treatment,
regular irrigation with non-saline water was performed needed.
Field management followed the local standard field practices.

The natural population of 349 accessions was planted in an
experimental field across 3years (2017-2019) with a randomized
complete block design with two replications. Four locations were
comprised of Hejian City in Hebei Province, Shijiazhuang City in
Hebei Province, Yuncheng City in Shanxi Province, and Korla City
in Xinjiang Uyghur Autonomous Region.

Soil sample collection and component detection

Soil samples were collected from a depth of 20-40cm. To cover
the experiment area, we sampled the points every 15m from
north to south in the experiment field. Three soil samples col-
lected for each sample site were mixed into one sample for testing
soil salinity. Soil-saturated paste extracts (1:2 by weight) were pre-
pared to measure the electrical conductivity and total content of
water-soluble salt (p) (Rhoades, 1996).

Trait evaluation and dataset’s constitution

A total of six yield and yield component traits of 177 RILs were
used for QTL mapping, which included SY (gram per plant), LY
(gram per plant), BNP, BW (g), and LP (%). Bolls from eight plants,
including four consecutive plants starting from the second individ-
ual in the first row, and four plants in the second row of each
block, were sampled under salt and normal conditions, respec-
tively. Boll samples were ginned for SY, LY, BNP, BW, and LP
(Shang et al., 2016). To reflect the effect of salt stress on cotton
yield, the composite trait—PPF was established in present
research: PPF (g) = BNP x BW.

Three datasets of salt stress conditions (E1), and normal
growth conditions (E2), the D-value, and the S| dataset were used
for QTL mapping. The original phenotype values of five yield and
yield component traits were obtained from the trials under E1
and E2, respectively. The establishment of the D-value has been
described as referring to our previous research (Guo et al., 2021).
A constant (C=100) was added to the difference values between
salt stress and normal growth conditions to ensure the D-value
was positive. The salt index = (phenotype value of trait under nor-
mal growth conditions — phenotype value of trait under salt stress
conditions)/phenotype value of trait under normal growth
conditions X 100. A constant (C=500) was added to the Sl values
to transfer the Sl as positive value.

Five yield and yield component traits and two agronomic
traits (plant height, PH, branch number, BN) of gene-silenced
plants were evaluated. PH was recorded by measuring the main-
stem height of cotton plants (Shang et al., 2015).

The phenotype analysis of 349 upland cotton accession,
including the FL, FS, and LP, was conducted. The fiber quality
evaluation was described as our previous research (Guo
et al., 2021). Phenotyping of three traits was performed across
four locations over 3 years.

Genetic linkage map and QTL mapping

The genetic map for the RIL population has been reported (Guo
et al.,, 2021). The genetic linkage map consisting of 2859 bins,
spanning 2133.53 cM of the total recombination length, was con-
structed with an average interval of 0.785 cM.
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The experimental data were analyzed by the software SPSS
(Version 20.0; SPSS, Chicago, IL, USA). Single-locus QTL was
detected using the composite interval mapping (CIM) method by
the software WinQTL Cartographer software 2.5 (Wang
et al., 2007). We set parameters in the confidence interval of 95%
with the CIM method for QTL mapping. The threshold of LOD
value was estimated by 1000 permutations tests to declare a sig-
nificant QTL with a significance level of P<0.05 whereas the
same QTL in two or three environments with LOD of at least 2.0
were considered as common QTL (Shang et al., 2016).

Candidate gene identification and annotation

Genes within the candidate QTL were fetched from the CottonGen
(https://www.cottongen.org) using their flanking marker positions
in the TM-1 (G. hirsutum) genome. To further screen the candidate
genes involved in fiber development, the gene expression pattern
of genes in different periods of fiber development was conducted
using the 425 published RNA-seq data.

Candidate genes with high expression at fiber initiation stage
were screened according to the following criteria: TPM value >1,
and the fold change (TPM value in fiber initiation stage/fiber elon-
gation stage) >5, are defined as genes with high expression at
fiber initiation.

RNA extraction and RNA sequencing analysis

RNA was extracted from the mixture of ovules and fibers at —1, 0,
3 DPA for RNA sequencing (RNA-seq). The samples were poured
into a mortar that was flash-frozen in liquid nitrogen. Total RNA
was extracted using an RNAprep Pure Plant Kit (Polysaccharides
& Polyphenolics-Rich) (Tiangen, Beijing, China) according to the
manual provided by the manufacturer. A total of 1pg RNA per
sample was used for the RNA sample preparation and sequencing
libraries construction. The library preparations were sequenced on
the lllumina Novaseq Xplus platform using the PE150 model.
FastQC was used for sequencing quality assessment and to obtain
clean data. After screening and trimming, clean reads were
mapped to cotton reference genome (G. hirsutum TM-1_V1.1, NBI)
(Zhang et al., 2015) using STAR (Dobin et al., 2013). FeatureCounts
was used to count the reads mapped to each gene (Love
et al., 2014). Details of the genome mapping are provided in
Table S9. Gene expression levels were estimated as TPM values.
The differentially expressed genes between high LP lines
(GX1135, RIL064, RIL145) and low LP lines (GX100-2, RIL093
RIL131) were performed using DESeq2 (Love et al., 2014) in R with
a false discovery rate <0.05 and llog,FoldChangel >1.

Gene expression analysis by qRT-PCR

Total RNA was isolated from —1, 0, 3, 5, 10, 15, and 20 DPA fibers
in female (GX1135) and male (GX100-2), respectively. To validate
the potential function of candidate genes in fiber development,
the expression patterns were verified using cDNA of different
developmental fiber stages of GX11135 and GX100-2 by gRT-PCR.
The relative expression level of candidate gens was calculated
with the 2724 method (Livak & Schmittgen, 2001). Primers for
the gRT-PCR analysis are listed in Table S16. Three independent
replicates were performed for each sample. GhUBQ7 gene was
used as a reference gene.

VIGS analysis in upland cotton

CLCrV and TRV systems were used for the validation of LP related
genes and salt stress related genes, respectively. The CLCrV-fused
cDNA fragment of GhChll (magnesium chelatase subunit 1) and
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TRV-fused cDNA fragment of GhCLA (chloroplasts alterados 1)
were used as a positive control to monitor the efficiency of VIGS
experiments. The fragments targeting the candidate genes were
integrated into CLCrVA or TRV2. All vectors constructed
were transformed into Agrobacterium tumefaciens strain GV3101
by a heat-shock method. The GV3101 line contained CLCrVA
(mock), and CLCrVA-genes vectors was mixed with an equal vol-
ume of A. tumefaciens containing CLCrVB, respectively. The
GV3101 contained TRV:00, and TRV:GhDAAT vectors were mixed
with an equal volume of A. tumefaciens containing TRV1. Then,
the mixed solution was used to infiltrate plants. qRT-PCR was per-
formed to further confirm that candidate genes had been silenced
in VIGS experiments. The primers used in the gRT-PCR analysis
and vector construction are listed in Table S16.

The cotyledons of 1-week-old cotton seedlings were used for
infiltration according to the previous description (Guo, Hao,
et al., 2022). The gene-silenced cotton plants for LP candidate
genes were planted in the field in Hejian, Cangzhou City, Hebei
Province (38°45' N, 116°10' E).

The gene-silenced cotton plants for GhDAAT were plants in
the greenhouse for salt treatments. For salt tolerance treatment,
cotton seedlings infiltrated with A. tumefaciens of TRV:00 and
TRV:GhDAAT after 2weeks were irrigated by 400 mm NaCl solu-
tion regularly every 4days until the phenotype appeared (Guo,
Hao, et al., 2022).
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Figure S1. The position of QTL for five yield and yield-component
traits on the linkage groups.

Figure S2. Expression patterns of genes highly expressed in fiber
initiation stage. The TPM value of genes was used for drawing
heatmap. Data are retrieved from the public database. (a) Fold
change >5; (b) Fold change >2.

Figure S3. Expression patterns of genes highly expressed in fiber
elongation stage and fiber secondary cell wall synthesis stage. (a)
Expression patterns of genes highly expressed in fiber elongation
stage; (b) expression patterns of genes in secondary cell wall syn-
thesis stage.

Figure S4. Expression patterns of candidate genes in extremely
high LP lines low LP lines, and parents of RILs at fiber initiation
stage. F, H1, H2 represent GX1135, RIL131, RIL093; M, L1, L2 repre-
sent GX100-2, RIL064, RIL145, respectively. —1, 0, 3, represent —1,
0, and 3 DPA, respectively. Expression levels =10g:o(TPM + 1).
Figure S5. The phenotype values of fiber quality traits and yield
and yield-component traits of GX1135 and GX100-2 in 19
environments.

Figure S6. The position of QTL for LP, FL and salt tolerance traits
on the Chrb.

Figure S7. Silencing of the GhChll gene in upland cotton. The
GhChll-silenced cotton plant at seedling stage (a) and anthesis
stage (b). Photobleaching phenotype observed in leaf (c), calyx (d)
and boll (e) of GhChll-silenced plants. (f) Relative expression level
of GhChll in leaves from Chll-silenced or mock plants were
detected by qRT-PCR. Data are presented as the mean + standard
error (SE) of three independent experiments in which three inde-
pendent plants were included per experiment.

Figure S8. Gene silencing efficiency identification in gene-silenced
plants. Relative expression level of candidate genes in fibers from
gene-silenced or mock plants were detected by qRT-PCR. Data are
presented as the mean + standard error (SE) of three independent
experiments in which three independent plants were included per
experiment.

Figure S9. Nucleic acid sequence alignment of Gh_A05G3226 in
the female GX1135 and the male GX100-2.

Figure S10. Analysis of haplotypes in Gh_A05G3186. (a) Structure
of Gh_A05G3186. Blue and yellow rectangles mark UTR and CDS
respectively. Box plot for FL (b), FS (c), and LP (d) based on the
haplotypes of the two SNPs. In the box plots, the center line indi-
cates the median. Box limits are the upper and lower quartiles,
and whiskers mark the range of the data; n denotes the number of
accessions with the same genotype. We used a two-tailed t-test to
perform the significance analysis. Single (*) and double (**) aster-
isks mark statistical significance levels of P<0.05 and 0.01,
respectively. (e, f) The SNPs in the CDS of Gh_A05G3186 between
GX1135 and GX100-2.

Table S1. Descriptive statistical analysis on the difference values
dataset between salt stress and normal conditions for yield and
yield-component traits.

Table S2. Descriptive statistical analysis on the salt index (Sl) data-
set for yield and yield-component traits.

Table S3. Correlation analysis among yield and yield-component
traits under salt stress conditions, normal growth conditions, and
D-value dataset.
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Table S4. Single locus QTL for yield and yield-component traits
under salt stress conditions, normal growth conditions and in D-
value dataset.

Table S5. Single locus QTL for yield and yield-component traits in
S| dataset.

Table S6. Annotation of genes within the QTL gLP-chr5-3.

Table S7. The TPM value of genes within the QTL gLP-chr5-3 in
fiber development phrase.

Table S8. The description of genes within gLP-Chr5-3 highly
expressed in fiber initiation stage, fiber elongation stage and sec-
ondary wall thickening stage.

Table §9. Summary of generated read data, quality control and
mapping on the TM-1 genome for all samples.

Table S10. The sample properties of salinity from EC and p.
Table S11. Grading standards for saline soil.

Table S$12. Pleiotropic regions for fiber quality traits and yield and
yield-component traits.

Table S13. QTL for yield and yield-component traits detected in 19
environments.

Table S14. The congruence analysis results with the previous QTL
(same with QTLdatabase).

Table S$15. The congruence analysis results with the previous QTL
(same with GWAS).
Table S16. Primers used in VIGS experiments and gPCR analysis.
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