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Abstract: Late-sowing and high-density cultivation are typical cotton planting models that are widely
applied in the Yellow River Valley of China. The model can easily lead to late maturity and reduced
yields. Plant topping and ethephon spraying have been shown to improve cotton earliness and yields.
However, the optimal topping date and ethephon concentration are yet to be established. A two-year
field experiment (2020-2021) was thus conducted to assess the effects of spraying high-concentration
ethephon and early topping on the growth, yield, and earliness of cotton under late-sowing and
high-density cultivation models. The experiment employed a split-plot design, in which the main
plots were sprayed with varying ethephon concentrations (2000 mL /ha, Epgop; 4000 mL/ha, E4ggp;
6000 mL/ha, Eggp), while subplots were plant topping dates (T13, 13 July, early-topped; T20, 20 July,
suitable-topped; T27, 27 July, late-topped). Higher ethephon concentrations (E4gg) increased the
earliness of early-topped (T13) plants. Boll-setting and boll-opening rates increased by 12.00% and
16.83% in T13 plants, respectively, relative to T27 plants. However, the shedding rate for T13 plants
decreased by 12.00%. Earliness and harvest index (HI) for the T13 plants were higher than those of
the T27 plants by 8.01% and 18.91%, respectively. Even though the T13 plant yield decreased slightly,
their boll weight increased by 3.99% and 12.27%, respectively, relative to those of the T20 and T27
plants. Earliness increased with increasing ethephon concentration. In conclusion, early topping and
higher ethephon concentrations can effectively improve cotton yield and earliness.

Keywords: cotton; plant topping date; ethephon concentration; earliness; yield; fiber quality

1. Introduction

Cotton is an important fiber crop that is globally cultivated, primarily for commercial
purposes. However, it is labor-intensive [1], which increases its production costs. To reduce
production costs and save on labor, light and simplified cultivation models, including late
sowing and high-density planting, are gradually being used in China [2,3].

Late sowing promotes vegetative growth by accelerating the aging rate of cotton
leaves, thereby shortening the vegetative growth time, which prolongs the boll-opening
date. Moreover, it enhances concentrated boll opening, which is vital in mechanical
harvesting [4]. However, late sowing tends to delay physiological maturity and reduce
cotton yield potential [5]. Therefore, increasing the planting density has become a viable

Agronomy 2023, 13, 1244. https://doi.org/10.3390/agronomy13051244

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy13051244
https://doi.org/10.3390/agronomy13051244
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://doi.org/10.3390/agronomy13051244
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13051244?type=check_update&version=2

Agronomy 2023,13, 1244

20f17

choice for growers. High-density planting improves the structural characteristics of cotton
clusters and increases the concentration of effective cotton bolls in the upper part of
the plant. Though light and simplified cultivation models enhance the load and time
concentration of cotton into bolls, cotton is prone to low temperature and cold damage
during the later growth stages, resulting in slow opening of cotton bolls and a low flowering
rate before frost, thereby reducing seed cotton yield and quality [6-8]. Therefore, the
effects of promoting early maturity and earliness, possibly through plant topping and
ethephon spraying [9,10] in the late-sowing and high-density cultivation models, should
be investigated to determine how they impact cotton yield and quality.

Plant topping breaks apical dominance, increases earliness, and promotes partitioning
of assimilates to the reproductive organs [9]. However, the apical dominance of cotton
increases as the density increases, reducing the topping effect and seed cotton yields [2].
Plant topping increases the seed cotton yield by 8.6-12.8% more than non-topping at high
plant density (90,000 plants-ha~!), possibly because topping promotes partitioning of
assimilates to the reproductive organs [11,12].

Timely topping of cotton is essential to reduce unproductive fruit branches, promote
rational distribution of nutrients, and increase the boll formation rate and boll weights [1,12].
An investigation of the topping date for different cotton varieties revealed that the topping
date significantly affected the seed cotton yield and fiber quality. Early topping before
frost increases the fiber maturity index and flowering rate, thereby improving earliness [7].
However, too early or late topping reduces the seed cotton yield [13]. Plant topping dates
have also been shown to significantly affect the spatiotemporal distribution of cotton bolls.
The boll-setting rate in the middle and lower parts decreases, while the boll-setting rate in
the upper parts increases with delays in topping [14]. Therefore, early topping is necessary
to improve early maturity, seed cotton yields, and fiber quality in cotton. However, the
optimal plant topping date and its effects on improving earliness under the late-sowing
and high-density cultivation models have yet to be fully established.

Spraying plant growth regulators on cotton has been performed to increase earliness [15].
Ethephon is one of the plant hormones that was discovered early and is widely used as a
plant growth regulator in agricultural production. Ethylene regulates plant growth and
development by regulating various biological and non-biological processes, for instance,
stimulating leaf senescence and fruit ripening to improve earliness [16]. Ethephon spraying
also accelerates the degradation rate of proteins in the boll shell and the transfer of assim-
ilated substances from the boll shell to seeds and fibers, thereby improving boll weight
and fiber quality [17]. The ripening effects of ethephon are closely associated with spray
concentration. Zhang reported that 40% ethephon (2512.5 mL/ha treatment) increased the
cotton yield of late-ripening cotton varieties by 6.5-21.4% compared to the controls [16].

Based on findings from the above studies, it has been postulated that a suitable plant
topping date and ethephon concentration improve earliness and promote concentrated
spitting, which are important for increasing seed cotton yields in late-sowing and high-
density cultivation models. However, the optimal ethephon concentration and topping
date under late-sowing and high-density cultivation models are poorly understood. This
study aimed at determining the optimal topping date and ethephon concentration for
improving earliness and yields in late-sowing and high-density cultivation models.

2. Materials and Methods
2.1. Experimental Sites

A two-year field experiment was conducted at Qingyuan experimental station (2020
and 2021) (115°47' E, 38°76' N) and Weixian experimental station (2021) (115°27' E, 36°56' N),
Hebei Province, China. Table 1 shows the properties of the topsoil (020 cm) before
planting in 2020 and 2021. Figure 1 shows the average rainfall and temperature of the
cotton growing sites in 2020 and 2021. The average temperature and rainfall levels of the
cotton growing season in Qingyuan 2020 were 21.57 °C and 93.12 mm, respectively. The
average temperature and rainfall levels of the cotton growing season in Qingyuan 2021
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were 21.78 °C and 146.55 mm, respectively; and the average temperature and rainfall levels
of the cotton growing season in Weixian 2021 were 22.72 °C and 141.52 mm, respectively.

Table 1. Soil properties.

Location Year Organic Total N Available  Available  Available
Matter (g/kg) (g/kg) N (mg/kg) P (mg/kg) K (mg/kg)

Qingyuan 2020 15.64 1.52 117.04 20.12 150.00

Qingyuan 2021 15.12 1.48 107.17 19.83 145.78

Weixian 2021 12.70 1.09 79.10 18.83 173.33
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Figure 1. Data on weather parameters: total monthly rainfall (R) and monthly mean temperature (T)
during the 2020-2021 cropping seasons.

2.2. Experimental Design and Field Management
2.2.1. Experimental Cotton Cultivar

Nongda 601, a widely commercially cultivated transgenic cotton cultivar developed by
Hebei Agricultural University, was used in this experiment. This cultivar is highly resistant
to insects and diseases, with a seed cotton yield of 3000 kg/ha. The 40% ethylene water agent
was purchased from Shandong Dezhou Dacheng Pesticide Co., Ltd., Dezhou, China.

2.2.2. Experimental Design

The split-plot experimental design was used in this study. The main plot was manually
sprayed with three concentrations of 40% ethephon (2000 mL/ha, Eggo; 4000 mL/ha, E40g;
6000 mL/ha, E¢goo) on 30 September 30 (recommended spraying date for this area) in 2020
and 2021. The sub-plots were assigned three topping dates: T13 (13 July), the early-topping
date; T20 (20 July), the conventional topping date; and T27 (27 July), the late-topping date.

Manual topping was adopted, whereby one leaf and one heart were at the lower part
of the main stem growth point, and the expanded leaves were removed. Planting was
performed on 1 May 2020, and 2021, at a density of 9 plants/m? and a row spacing of 76 cm.
Each plot was 66.7 m? and was supplemented with 180 kg/ha of N, 105 kg /ha of P,Os, and
90 kg/ha of K,O as basal fertilizers. Other field management practices, including irrigation,
tillage, and insect and weed control, were in accordance with the local agronomic practices.

2.3. Data Collection

The collected data included the tempo-spatial distribution of cotton bolls, net pho-
tosynthetic (Pn) rate, leaf area index (LAI), boll load per unit leaf area, photo-assimilate
partitioning, earliness, seed cotton yield, yield components, and fiber quality.

2.3.1. Tempo-Spatial Distribution of Cotton Bolls

Mature cotton bolls were separately hand harvested and divided into three groups ac-
cording to their within-plant positions (tempo-spatial distribution): lower-positioned fruit-
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ing branches sourced bolls (bolls on the first to fourth fruiting branches), mid-positioned
fruiting branches sourced bolls (bolls on the fifth to eighth fruiting branches), and upper-
positioned fruiting branches sourced bolls (bolls on the ninth and larger fruiting branches).
Final plant heights were recorded for ten randomly selected plants per plot, and the number
of bolls was recorded. Boll-setting, boll-opening, and shedding rates were calculated after
summarizing the data. Contour lines were plotted using the Surfer 15 software (USA). The
formulas used were:

Boll-setting rate = number of bolls per plant/number of fruit segments per plant

Boll-opening rate = number of bolls opening per plant/number of bolls per plant
Shedding rate = number of sheddings per plant/number of fruit segments per plant

2.3.2. Photosynthetic Traits

Chlorophyll concentrations in functional leaves in the main stem were determined at 0,
14, 28, 42, and 56 days after topping using a SPAD meter (SPAD-502; Konica Minolta, Tokyo,
Japan). Measurements were taken from five plants in each plot, with five measurements for
each leaf. The average value of five measurements per leaf was used as the definite value.

The photosynthetic (Pn) rate was assessed between 0900 and 1100 h on cloudless days
at0, 14, 28, 42, and 56 days after topping. Measurements were taken using a LI-6400 portable
photosynthesis system (Li-Cor, Lincoln, NE, USA) when the ambient photosynthetic photon
flux density exceeded 1500 uM/ m?2/s. Measurements were obtained from five plants in
each replicate, and the mean values were used as definitive values.

2.3.3. LAl and Boll Load per Unit Leaf Area

LAI was taken between 1000 and 1300 h on cloudless days using SUNSCAN (Delta,
Hounslow, UK) at 0, 14, 28, 42, and 56 days after topping. The average boll load per unit
leaf area was calculated using six representative plants per plot.

The dry weights of reproductive organs (squares, flowers, greens, and mature bolls)
were determined after drying for 48 h at 80 °C. Boll load was expressed as the dry weight
of reproductive organs per unit leaf area, i.e., boll load per unit leaf area = reproductive
biomass/leaf area.

2.3.4. Biomass and Partitioning

Cotton biomass was measured at 0, 14, 28, 42, and 56 days after topping using six
representative cotton plants from each plot. Biomass for reproductive (squares, flowers,
greens, and mature bolls) and vegetative (stalks and leaves) organs was weighed after
drying at 80 °C to a constant weight.

2.3.5. Cotton Yield, Yield Contributors, and Earliness

Plants in the central two rows (10 m) of each plot were manually harvested three times
(10 October, 11 November and 27 November of 2020 and 2021, respectively). Cotton seeds
from each plot were weighed after sun drying to a constant weight, after which the cotton
yields (kg/ha) and average boll weight for each plot were determined after sun drying for
ten days. Cotton earliness is expressed as the percentage of the first two harvests to the
total harvest [11], i.e., earliness = the first two harvests/total harvest.

Boll weight during each harvest was determined using 50 randomly sampled bolls
per plot. Cotton seeds were ginned using a 10-saw gin to obtain the lint percentage.

2.3.6. Fiber Quality

Cotton seeds were separately ginned, and fiber quality was determined using the
High-Volume Instrument (HVI) for fiber quality analysis. Analysis was performed using a
10-g lint sample for each ginned sample.
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2.4. Statistical Analysis

The means and standard errors were calculated based on the number of replications
from each treatment using Microsoft Office Excel 2016 (Microsoft Corporation, Waltham,
MA, USA). Analysis of variance (ANOVA) was performed using the General Linear Models
procedure in SPSS 26 (IBM, Armonk, NY, USA). Based on Duncan’s test, the significance
threshold was set at p < 0.05. Figures were drawn using GraphPad Prism 8 (GraphPad
Software Inc., San Diego, CA, USA). Principal component analysis (PCA) was performed
using the R software (R 4.0.4).

3. Results
3.1. Tempo-Spatial Distribution and Field Growth of Cotton Bolls

The plant topping dates affected the percentage of mid- and late-positioned bolls
(Figures 2—4). The T13 bolls were concentrated on the 6th to 8th fruiting branches; the
T20 bolls were concentrated on the 9th and 10th fruiting branches; and the T27 bolls were
concentrated on the 10th to 12th fruiting branches. The growth of cotton bolls exhibited
the same trend (Figure 5). Early-topping (T13) increased the number of mid- and late-
positioned bolls. In Weixian, heavy rainfall in September 2021 caused the cotton plants to
shed many bolls and increased the number of upper-positioned bolls.
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Figure 2. Tempo-spatial distribution of cotton bolls between treatments (Qingyuan 2020).

The plant topping dates significantly affected the growth characteristics of cotton
plants and bolls (Table 2). Plant heights and fruit branches for T13 plants were significantly
decreased relative to those of T20 and T27 plants. The T13 plants were 11.58% and 20.64%
taller and had 18.95% and 30.40% more fruiting branches than the T20 and T27 plants,
respectively (p < 0.05). The T13 plants had increased boll-setting and boll-opening rates but
reduced shedding rates after the frost boll ratio. The T13 plants had 5.93% and 12.00% and
7.87% and 16.83% higher boll-setting and boll-opening rates than the T20 and T27 plants,
respectively (p < 0.05). The T13 plants had a 5.93% and 12.00% and a 28.92% and 46.39%
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lower shedding rate after the frost boll ratio than the T20 and T27 plants, respectively
(p <0.05).
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Figure 3. Tempo-spatial distribution of cotton bolls between treatments (Qingyuan 2022).
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Figure 4. Tempo-spatial distribution of cotton bolls between treatments (Weixian 2021).
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Figure 5. Field growth of cotton plants between treatments.

Table 2. The field growth of cotton plants and boll formation at different plant topping dates.

Year and Location Topping Date Plan(tJ;x)nght Fruit Branches B(;gtsee(t,;;;lg Bogazpﬁ,z;ng Shedilo/f:)g Rate %ﬁtﬁr;l;teifif,}:;

13 July 7354+229¢ 9.6 £0.51c 455+ 1.58 a 447+ 113a 530£172¢ 5.88 £0.83 ¢

Qingyuan 2020 20 July 812+3.94b 121+ 0.33b 40.6 £1.95b 35.1+£1.01b 579 £2.88Db 11.96 = 1.06 b
27 July 90.6 +3.62a 142+ 044a 332+223c¢ 256 +242c 653 +297a 16.67 £ 0.58 a

13 July 76.8 +£1.59 ¢ 9.94+033¢ 433+171a 425+132a 552+ 0.72 ¢ 11.32 £1.55¢

Qingyuan 2021 20 July 89.4+£1.22b 121+0.33b 39.1+1.83b 35.7+2.14Db 59.4+2.87b 16.35 + 0.56 b
27 July 99.6+151a 137+ 050a 322+113c¢ 29.8+0.72¢ 66.3 £0.61a 2399 +1.02a

13 July 717 £2.34c 914+033¢ 442 +£050a 386 +246a 543+ 214c 19.05 + 1.08 ¢

Weixian 2021 20 July 80.7 £ 1.57b 11.1+£033b 355+222b 314+122b 63.0+£1.00b 22.69 +1.98b
27 July 89.8+231a 132+ 044a 316 +1.14c 214 +333¢ 669 +1.15a 26.96 + 0.07 a

Note: Different letters denote significant differences between treatments (p < 0.05).

3.2. Photosynthetic Characters

Plant topping dates significantly affected the SPAD of cotton leaves (Figure 6). The
SPAD of the main stem functional leaf for T13 plants was significantly lower than those of
T20 and T27 plants, but the drop occurred at different times. In 2020, there was a significant
difference in SPAD 42 days after topping in Qingyuan. The SPAD for T13 plants at 42 and
56 days after topping was decreased by 7.14% and 20.41%, respectively, and by 19.51% and
26.67% when compared to those of T20 and T27 plants (Qingyuan 2020) (p < 0.05). In 2021,
there were significant differences in SPAD at 28 days after topping in Qingyuan. The SPAD
for T13 plants at 28, 42, and 56 days after topping decreased by 11.32% and 14.58%, 26.19%
and 14.54%, and by 21.15% and 34.04% when compared to those of T20 and T27 plants,
respectively (Qingyuan 2021) (p < 0.05). In Weixian, significant differences in SPAD were
noted 56 days after topping when the SPAD for T13 plants decreased by 29.19% and 32.61%
when compared to those of T20 and T27 plants, respectively (p < 0.05).
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2 56 0

Figure 6. Cotton main stem functional leaf SPAD. Significant differences are denoted by lowercase
letters (p < 0.05) and ns represents no significant difference.

Plant topping dates significantly affected the net photosynthetic (Pn) rates for the
cotton plants. Late-topping significantly reduced the Pn of functional leaves of the main
cotton stem (Figure 7). In 2020, there were significant differences in Pn 28 days after topping
in Qingyuan. The Pn for T13 plants 28, 42, and 56 days after topping were 9.52% and
25.12%, 34.78% and 27.13%, and 32.25% and 47.22% lower than those of T20 and T27 plants,
respectively (Qingyuan 2020) (p < 0.05). In 2021, there were significant differences in Pn
42 days after topping in Qingyuan. The Pn for T13 plants 42 and 56 days after topping
were 16.67% and 39.81%, respectively, and 37.51% and 42.11% lower than those of T20 and
T27 plants (Qingyuan 2021) (p < 0.05). In Weixian, significant differences in Pn were noted
42 days after topping. The Pn for T13 plants 42 and 56 days after topping were 21.74%
and 16.67%, respectively, and 25.00% and 25.00% lower than those of T20 and T27 plants
(Weixian 2021) (p < 0.05).

407 —
Qingyuan 2020

30

Pn (pmol-m'z-s'l)
[
(=]

ek
—}

=~ T20
= T27

Weixian 2021

Qingyuan;2021

- T13
= T20
= T27

= T27

0 14 28

Days after topping (d)

14 28 42
Days after topping (d)

14 28 42 56

Days after topping (d)

2 56 0 56 0
Figure 7. Net photosynthetic (Pn) rate of the cotton main stem functional leaf. Significant differences
are denoted by lowercase letters (p < 0.05) and ns represents no significant difference.

3.3. Leaf Area Index (LAI)

The LAI first increased and then decreased after plant topping in all treatments
(Figure 8). In Qingyuan, LAl reached the maximum levels in all plots 28 days after topping
in 2020 and 2021. The LAI for T13 plants at 42 and 56 days after topping decreased by
3.59% and 15.83%, respectively, and by 9.02% and 26.82% relative to those of T20 and T27
plants (Qingyuan 2020) (p < 0.05). The LAI for T13 plants at 42 and 56 days after topping
decreased by 6.98% and 7.92% and by 8.98% and 15.20%, respectively, relative to those of
T20 and T27 plants (Qingyuan 2021) (p < 0.05). In Weixian, LAI was at its maximum level
42 days after topping. The LAI for T13 plants at 42 and 56 days after topping decreased by
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1.73% and 6.70%, respectively, and by 8.51% and 11.01% relative to those of T20 and T27
plants (Weixian 2021) (p < 0.05).

S Qingyuan 2020 Qingyuan 2021 Weixian 2021
4
3
L]
5
2
11 = T13 = T13 - T13
= T20 = T20 = T20
= T27 = T27 - T27
0
0 14 28 42 56 0 14 28 42 56 0 14 28 42 56
Days after topping (d) Days after topping (d) Days after topping (d)

Figure 8. Leaf area index (LAI). Significant differences are denoted by lowercase letters (p < 0.05) and
ns represents no significant difference.

3.4. Boll Load per Unit Leaf Area

The plant topping date significantly affected the boll load per unit leaf area (Figure 9).
The boll load per unit leaf area for T13 plants at 42 days after topping was significantly
higher than those of T20 and T27 plants. The boll load per unit leaf area for T13 plants at
56 days after topping was increased by 66.18% and 28.74%, respectively, relative to those of
T20 and T27 plants (p < 0.05).

250
Qingyuan 2020
200
150

100

N
<>

Boll load per unit leaf area (g/mz)

Qingyuan 2021 Weixian 2021 a

<>

Days after topping (d)

Days after topping (d)

Days after topping (d)

Figure 9. The boll load per unit leaf area. Significant differences are denoted by lowercase letters
(p < 0.05) and ns represents no significant difference.

3.5. Biological Yield and Dry Matter Partitioning

The vegetative biomass first increased and then decreased, while the reproductive
biomass exhibited continuous growth with the advancement of the growth and develop-
ment of cotton (Figure 10).

There were significant differences in vegetative and reproductive biomasses at 42 days
after topping, with a significant decrease and increase in vegetative biomass and repro-
ductive biomass for T13 plants, respectively. The reproductive biomass for T13 plants at
42 and 56 days after topping was increased by 19.84% and 29.89%, respectively, relative
to those of T27 and T20 plants (p < 0.05). The reproductive biomass for T20 plants was
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slightly higher than that of T13 plants; however, the difference was not significant. The
reproductive organs of cotton plants had a higher distribution of dry matter.
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Figure 10. Dry matter partitioning. Significant differences are denoted by lowercase letters (p < 0.05)
and ns represents no significant difference.

3.6. Cotton Yield, Yield Components, and Earliness

Harvest index (HI) and earliness were affected by plant topping dates and ethephon
concentrations in each experimental site (Tables 3-5). HI and earliness for T13 plants were
18.91% and 8.01% higher than those of T27 plants, respectively (p < 0.05).

Table 3. The effect of topping date and concentration of ethephon on yield, yield components, and
earliness (Qingyuan 2020).

Ethephon Seed Cotton . . . .
Concer?tration Topping Date Yield BO(H D/enzs ity Boll Weight Lint Pe;centage Harvest Index Earlol/ness
(mL/ha) (kg/ha) per/m’) ® %) %)
13 July 34719 £ 127.15b 69.3 £0.93b 50+£011b 0.40 + 0.005 de 0.43 +0.001 ¢ 81.1+1.69c¢c
2000 20 July 3672.0 + 76.83 ab 765+ 149a 48+011b 0.41 £ 0.006 cd 0.43 +0.001 ¢ 782+ 1.21 cd
27 July 2956.6 £ 169.49 ¢ 65.7 £3.33b 45+0.05c¢ 0.39 £+ 0.009 e 0.33 £0.001 e 755+1.49d
13 July 3556.8 + 33.89 b 68.4+2.78b 5240.09a 0.44 £+ 0.007 a 0.46 £+ 0.001 b 873 +£155b
4000 20 July 3860.2 + 140.18 a 783 +246a 50+027b 0.43 £+ 0.013 ab 0.48 £ 0.009 a 855+190b
27 July 2939.4 £ 100.38 ¢ 639 +3.74c 4.6 +£0.13¢c 0.42 + 0.001 be 0.37 + 0.007 d 794 +1.48 ¢
13 July 34425 + 35.02b 67.5+191b 51+0.18a 0.40 + 0.009 de 0.48 + 0.007 a 91.8 +£1.00 a
6000 20 July 3862.3 +£7825a 774 +£477 a 50+0.17b 0.40 £ 0.009 de 0.49 £ 0.003 a 87.6 £192b
27 July 2747.7 +£49.97 ¢ 639 £3.67c¢ 434+026d 0.39 £+ 0.003 e 0.41 £ 0.004 ¢ 825+ 1.87c¢
Source of variation
ethephor} ns ns ns * * *
concentration
Topping date * ** * ns ** *
ExT ns ns ns ns * *

Note: significant differences are denoted by lowercase letters, and *, ** (p < 0.05) and ns represents no
significant difference.
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Table 4. The effect of topping date and concentration of ethephon on yield, yield components, and
earliness (Qingyuan 2021).

Ethephon Seed Cotton . . . .
Concentration Topping Date Yield Bo(ll lz/ir:zs)ny Boll :N)elght Lint P;e(;c)entage I-i;rc;rexst Ear(lol/n)ess
(mL/ha) (kg/ha) pe & ° ¢ °
13 July 32728 £70.39b 66.6 +1.19Db 491+021a 0.38 4+ 0.005 b 0.40 + 0.001 b 849 £286¢
2000 20 July 3316.7 £ 123.69 b 75.6 £0.51 a 4.39 +0.22 ab 0.38 + 0.005 b 0.38 £ 0.004 ¢ 86.1+240c
27 July 2807.9 £ 86.25d 684 +299b 4114+017Db 0.39 £ 0.004 b 0.36 £+ 0.009 d 80.9 £0.29d
13 July 3053.6 + 74.22 ¢ 66.6 £2.67 b 458 £0.16a 0.37 £+ 0.004 b 0.40 £ 0.003 b 89.5+£0.80b
4000 20 July 3579.9 +£179.54 a 756+ 048 a 4.74 £0.06 a 0.41 £ 0.001 a 0.40 £ 0.002 b 86.3 £2.04c¢
27 July 2746.5 + 8747 d 684 +£2.05b 4.024+0.13b 0.36 £ 0.007 ¢ 0.38 £ 0.009 ¢ 8254+ 1.13d
13 July 2891.2 £94.22d 66.6 +0.72b 4.34 +0.17 ab 0.36 £ 0.005 ¢ 0.43 £ 0.001 a 933 +227a
6000 20 July 3079.8 £ 65.13 ¢ 756+ 278 a 4.07 £ 0.06 b 0.38 £+ 0.002 b 0.42 £ 0.002 ab 90.1 +£0.33b
27 July 2834.2 +£61.98 d 684 +£195b 414 £0.06 b 0.36 £ 0.004 ¢ 0.39 £ 0.013 bc 854 +£229¢
Source of variation
ethephop " ns ns . . .
concentration
Topping date ** * * ns * *
ExT ns ns ns ns ns *
Note: significant differences are denoted by lowercase letters, and *, ** (p < 0.05) and ns represents no
significant difference.
Table 5. The effect of topping date and concentration of ethephon on yield, yield components, and
earliness (Weixian 2021).
Ethephon Seed Cotton . . Lint .
Concentration Topping Date Yield Bo(ll D/enzs)l ty Boll zN)elght Percentage Harvest Index Ear(lol/r;ess
(mL/ha) (kg/ha) perim & (%) °
13 July 3394.5 +£ 155.14 b 683 +0.85Db 497+0.18a 0.39 £ 0.004 a 0.43 £ 0.003 ¢ 81.1£1.00c
2000 20 July HE L6896 7p51206a 471+013b 040 +0005a 043 +0003c 821+ 0.28¢
27 July 2813.1 £35.98 ¢ 62.1£214c 453 £0.10c 0.39 £ 0.006 a 0.33 £ 0.004 e 789 £042d
13 July 3446'9:'3 19287 68.8 £141b 5.01£0.08 a 0.40 £ 0.001 a 0.46 £ 0.005 b 86.5+091b
4000 20 July 35887 + 74.71 a 743 +218a 483 +0.03b 039+£0007a  048+0005a 83.3 + 0.89 ¢
27 July 2939.4 + 87.55 ¢ 639 +124c 4.60 £0.15¢ 0.39 £0.003 a 0.37 £0.001 d 79.5+1.88d
13 July 3314.3 +£170.48 b 67.5+£095b 491 £0.07a 0.40 £ 0.009 a 0.48 £ 0.007 a 89.5+0.55a
6000 20 July 3515.7 +£120.51 a 734+ 153a 479 £0.13b 0.40 £ 0.008 a 0.49 £ 0.004 a 871+£0.51b
27 July 2773.9 + 35.89 ¢ 629 +149c¢ 441 £0.08c¢ 0.40 £ 0.008 a 0.41 +£ 0.009 ¢ 824 +042c¢
Source of variation
ethephon . .
. ns ns ns ns
concentration
Topping date ** * * ns * *
ExT ns ns ns ns ns *

Note: significant differences are denoted by lowercase letters, and *, ** (p < 0.05) and ns represents no
significant difference.

Seed cotton yield was affected by plant topping dates and ethephon concentrations
(Tables 3-5). Ethephon concentrations of 4000 mL/ha and topping on July 20 resulted
in the highest yield. However, with the delay in the topping date of the same ethephon
concentration, the cotton seed yield first increased and then decreased. The seed cotton
yield for plants topped on the same date increased and then kept decreasing with increasing
ethephon concentration.

Yield components were also affected by plant topping dates and ethephon concen-
trations. Postponement of the topping date resulted in an increase and decrease in boll
density, while boll weight exhibited a continuous downward trend, indicating that early
topping significantly increased the cotton boll weight.

Ethephon concentration had no significant effects on boll weight or association with
topping date. Lint percentage first increased and then decreased with increasing ethephon
concentration. However, the topping date had no significant effect on the lint percentage.

3.7. Fiber Quality

The fiber content, micronaire value, and fiber strength decreased with late topping.
However, none of the above factors were significantly affected by changes in ethephon
concentrations (Tables 6-8). However, the topping date and ethephon concentration signif-
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icantly affected fiber elongation. The highest extensibility was observed at an ethephon

concentration of 2000 mL/ha on 27 July 2020, in Qingyuan.

Table 6. The effect of topping date and concentration of ethephon on fiber quality (Qingyuan 2020).

Ethephon

. . Fiber Length Fiber Regulari Micronaire Fiber Strength Extensibilit
Concentration Topping Date (mm) ® Indexg (%) v Value (cN/tex)g (%) Y
(mL/ha)
13 July 30.80 £0.34a 83.65 + 0.26 ab 50+0.05a 31.02 £ 1.016 a 5.74 £ 0.130 be

2000 20 July 30.71 £0.67 a 8435+ 1.46a 41+£0.08d 29.85 £ 0.9847 ab 5.5140.024 ¢

27 July 28.87 £0.39b 8229 £135b 43+014c 27.56 +0.387b 6.35 £0.140 a

13 July 30.22 £0.52a 83.72 +0.29 ab 47 +£0.03b 3042 £1.349a 5.55 £ 0.150 ¢

4000 20 July 30.13+0.1a 81.56 £ 0.20b 474+0.03b 29.86 &+ 1.015 ab 5.56 + 0.048 ¢

27 July 28.84 £0.1b 83.29 4 0.48 ab 45+ 0.17bc 28.44 +0.540b 6.09 £0.271b

13 July 29.76 £ 0.43 ab 85.65 £ 0.41a 524007 a 30.08 £ 0.993 a 5.96 +0.054 b

6000 20 July 30.19 £0.35a 84.36 £0.92a 43+ 0.08c 29.22 £+ 1.082 ab 6.01 +0.077b

27 July 29.69 £ 0.40 ab 83.17 + 0.38 ab 43+ 0.06c 28.28 +0.980 b 5934+ 0.104b

Source of variation

ethephon concentration ns ns * ns ns
Topping date * * * * *

ExT ns ns ns ns ns
Note: significant differences are denoted by lowercase letters, and * (p < 0.05) and ns represents no
significant difference.

Table 7. The effect of topping date and concentration of ethephon on fiber quality (Qingyuan 2021).
Colilt?eenptlrl:t?on Topping Date Fibe(r Length Fiber Regl})larity Micronaire Value Fiber Strength Extenosibility
mm) Index (%) (cN/tex) (%)
(mL/ha)
13 July 29.56 £0.33a 81.90 £ 1.15¢ 41+£0.05c¢ 33.43 £ 0.406 a 5.87 +0.091a

2000 20 July 29.70 £ 0.48 a 8533 £0.94a 514+022a 27.13 £ 1.567 bc 573 £0.058 a

27 July 27.16 £0.30 c 84.67 £0.67 a 48 +0.24ab 26.60 £ 0.904 ¢ 5.67 £0.140 a

13 July 29.50 £0.33a 81.53 £0.33 ¢ 35+£0.05d 28.47 +0.848 b 5.60 + 0.016 a

4000 20 July 28.54+0.33b 83.27 £ 0.46b 41+£0.08c 26.40 £ 0.890 ¢ 557+ 0.07a

27 July 27.99 £ 1.25bc 83.40 £1.27b 50+0.02a 26.97 £1.274 ¢ 5.67 +0.069 a

13 July 2941 £0.64a 84.17 +1.28 ab 44+0.18b 29.30 +1.085b 577 £0.198 a

6000 20 July 28.81 £045Db 8550 £1.75a 484+037a 26.20 £ 0.585 ¢ 5.63 £0.103 a

27 July 28.86 £1.01b 83.67 £1.24b 494+014a 26.33 £0.380 ¢ 5.47 £ 0.397 a

Source of variation

ethephon concentration ns ns * ns ns
Topping date * ns * * ns

ExT ns ns * ns ns
Note: significant differences are denoted by lowercase letters, and * (p < 0.05) and ns represents no
significant difference.

Table 8. The effect of topping date and concentration of ethephon on fiber quality (Weixian 2021).

Colilt?eenptlrl:t?on Topping Date Fibe(r Length Fiber Regl})larity Micronaire Value Fiber Strength Extenosibility

mm) Index (%) (cN/tex) (%)
(mL/ha)

13 July 2999 £0.70a 7723 £1.06b 4.0+0.02c 26.70 £ 0.745 ¢ 5.57 £ 0.068 a

2000 20 July 27.96 =0.25¢ 78.03 £0.98b 3.8+ 023c 27.67 £ 1.080 ab 547 £0.125a

27 July 2749 £0.35¢ 79.97 £2.02b 39+012c 28.87 £0.814 a 5.43 £0.509 a

13 July 29.88 £0.73 a 81.77a+145b 4.8+ 0.06a 27.53 +0.869 b 543 +£0.304a

4000 20 July 28.56 + 0.05b 84.53 £ 0.62a 46+0.09b 25.70 £ 0.455 ¢ 5.60+0.143 a

27 July 2781 £0.19¢ 8440+ 1.29a 38+022c¢ 29.53 £0.193 a 570 +£0.203 a

13 July 29.32 £0.04 a 8413 £0.51a 484 0.07a 26.10 £ 1.017 be 5.63 £0.173 a

6000 20 July 28.69 +£0.28b 83.03 £2.72a 41+015c¢ 26.77 +0.390 b 573 £0416a

27 July 28.99 +£0.80b 7723 £137b 4.0£0.02c 28.70 £ 0.508 a 557 +0240a

Source of variation

ethephon concentration ns ns * ns ns
Topping date * ns * * ns
ExT ns ns * ns ns

Note: significant differences are denoted by lowercase letters, and * (p < 0.05) and ns represents no
significant difference.

3.8. Principal Component and Correlation Analyses

This analysis included fourteen traits (Figure 11). The first two PCs had an eigenvalue
higher than one, and PC1 (principal component 1) and PC2 (principal component 2) were
obtained. PC1 and PC2 could explain 83.43% and 16.57% of the total variation, respectively.
The first component differentiated between treatments and was negatively correlated
with leaf area index, plant height, fruit branches, expulsion rate, and vegetative biomass,
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whereas the strongest positive correlation was observed for seed cotton yields, reproductive
biomass, harvest index, earliness, boll weight, boll-setting rate, and boll-opening rate. The
second PC2 was positively correlated with boll density and lint percentage.

PCA graph of variables

Dim 2 (16.57%)
P

0.5

0.0

-1.0 -0.5 0.0 0.5 1.0
Dim 1 (83.43%)

Figure 11. Principal component analysis (PCA) of cotton growth, yield, and quality. BSR, boll
formation rate; BOR, boll opening rate; BW, boll weight; Ear, earliness; HI, harvest index; RB,
reproductive biomass; Yield, seed cotton yield; LP, lint percentage; BD, boll density; FB, fruit branches;
LA, leaf area index; PH, plant height; SR, expulsion rate; VB, vegetative biomass.

There was a significant positive correlation between boll weight, boll-setting rate,
boll-opening rate, and earliness. However, leaf area index, reproductive biomass, and
shedding rate were significantly negatively correlated with earliness (Figure 12). Boll
weight, boll-setting rate, and boll-opening rate for T13 plants were significantly higher than
those of T20 and T27 plants (Tables 2-5). In contrast, leaf area index, vegetative biomass,
and shedding rate for T13 plants were lower than those of T20 and T27 plants (Table 2;
Figures 8 and 10), suggesting that T13 plants had higher earliness. Moreover, there was
a significant positive correlation between boll density, reproductive biomass, and seed
cotton yield. Boll density first increased and then decreased with the postponement of the
topping date. However, the influence of ethephon concentration was not significant. The
T13 plants had a significant increase in reproductive biomass, which increased their boll
weight, effectively reducing the risk of yield reduction caused by decreased boll density.
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Figure 12. The matrix of Spearman’s correlation coefficients and 95% confidential intervals. BSR,
boll formation rate; BOR, boll opening rate; BW, boll weight; Ear, earliness; HI, harvest index; RB,
reproductive biomass; Yield, seed cotton yield; LP, lint percentage; BD, boll density; FB, fruit branches;
LAI, leaf area index; PH, plant height; SR, expulsion rate; VB, vegetative biomass. Significant
differences are denoted by * (p < 0.05), and ** (p < 0.01).

4. Discussion
4.1. The Effects of Topping Date and Concentration of Ethephon on Yield, HI, and Earliness

Several measures, such as plant topping and spraying with ripening agents, have
been used to promote earliness and cotton yield [9,15,17]. We obtained comparable results.
For early topping, Hi and earliness of T27 significantly increased by 18.91% and 8.01%,
respectively, compared with T13 (p < 0.05) (Tables 3-5). Regarding ethephon concentration,
the E40pp and Egggp treatments increased HI and earliness by 7.95% and 13.64%, respectively,
and by 4.25% and 8.36% (p < 0.05) compared to Eygoy (Tables 6-8). These findings suggest
that early topping and spraying higher concentrations of ethephon are effective measures
for improving cotton HI and earliness. Due to its labor-intensive nature, mechanized
harvesting is crucial in cotton cultivation as it minimizes labor inputs while simultaneously
maximizing production output [7]. To implement mechanized cultivation methods, it is
necessary to adopt specific cultivation measures that will improve HI and earliness. Plant
topping is conducive to shaping reasonable cotton plant types and boll distribution [18,19].
In this study, early-topping (T13) combined with a higher concentration of ethephon (E4009)
increased the number of mid- and late-positioned bolls (Figures 2-5), while promoting a
more concentrated distribution of cotton bolls and concentrated spitting. Therefore, this
measure is suitable for the light and simplified cultivation mode of cotton. In this study,
the rainfall in the late growth stages of cotton significantly impacted the tempo-spatial
distribution and field growth of cotton bolls. In September, the rainfall levels exceeded
300 mm, which resulted in a significant fall in lower bud bolls (Figure 1). Even though
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there was a concentration of boll distribution in the 9th and 10th fruit branches under all
three topping dates, T13 had a significantly higher earliness than T27.

4.2. Effects of Topping Date and Ethephon Concentration on Dry Matter Partitioning

Cotton seed yields are affected by dry matter partitioning [20]. The proportion of dry
matter distribution to the reproductive organs is a key factor in yield determination [21].
Increasing plant density, delaying the topping date, or non-topping potentially leads to
strong vegetative growth in cotton, enhancing apical dominance while reducing yields [11].
Dai found that timely plant topping decreases apical dominance in cotton and can thus be
used to coordinate the relationship between vegetative and reproductive growth. Therefore,
timely plant topping is essential to increasing cotton seed yields and earliness [9]. In
this study, the biological yield of T13 plants at 42 days after topping was increased by
19.84% when compared to that of T27 plants (p < 0.05; Figure 10). This shows that early
topping increases the proportion of dry matter distribution in reproductive organs, thereby
increasing HI. Delaying the plant topping date enhances the growth of vegetative organs,
resulting in a significant increase in the leaf area, which causes easy shedding of cotton
buds and young bolls [10]. We found that LAI was significantly reduced, which enhanced
ventilation and light transmission conditions during the later growth stages and was
conducive for boll formation and mechanical cotton harvesting. However, compared to the
T20 plants, there was a slight decline in the cotton seed yields of the T13 plants (Tables 3-5),
possibly because of the reduction in the number of fruit branches. This outcome was in
tandem with that of a previous report [22].

4.3. Effects of Topping Date and Ethephon Concentration on Fiber Quality

Cotton, which is globally grown, is a major source of natural fibers. Therefore, fiber
quality is an important factor in improving the final economic benefits of cotton [5]. Our
findings are consistent with those of a previous study that reported that suitable ethephon
concentrations could promote cotton fiber development and increase the fiber length of
cotton ovules [19]. In this study, the lint percentage increased and then decreased with
increasing ethephon concentration at the same plant topping date. This outcome was at-
tributed to the strong ripening effects of high-concentration ethephon (Tables 6-8). The time
for the development of immature cotton fibers was reduced after spraying, which decreased
the lint percentage. In other studies, ethephon increased the boll-opening rate, which de-
creased the frost boll ratio, thereby promoting concentrated cotton ripening [23,24]. Herein,
bolls in the T13 plants were concentrated in the lower middle (Figures 2-5). Moreover, late
spraying of higher concentrations of ethephon increased the boll-opening rate and earliness.
Even though the T13 plants exhibited decreased boll density, there were no significant
decreases in yield, possibly because ethephon promoted the transfer of nutrients from
leaves and boll shells to cottonseeds and cotton fibers, thereby increasing the boll weights.
This finding was consistent with that of Meng [25], which confirms that spraying higher
concentrations of ethephon reduced the risk of yield loss in early-topped cotton plants.

5. Conclusions

Early topping and spraying at higher ethephon concentrations increased earliness
in the late-sowing and high-density cultivation models. Both techniques can effectively
alleviate the challenges associated with high vegetative growth and late maturation. Early
topping accelerated the aging rate of cotton leaves during the late growth stages by decreas-
ing the SPAD, Pn, and LAI of functional leaves on the main cotton stem. Early topping also
promoted the transfer of dry matter to reproductive organs, which increased the boll weight
and maintained stable production. Moreover, higher ethephon concentrations increased
the boll-opening rate and fiber quality of concentrated bolls. The HI and earliness under
E4000 and Eggoo were higher by 7.95% and 13.64%, and by 7.95% and 13.64%, relative to the
corresponding values under Ejgp, respectively. Our findings suggest that early topping
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(13 July) and spraying higher ethephon concentrations (4000 mL/ha) is an ideal approach
for achieving light and simplified cotton cultivation.
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