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Abstract: Increasing grain weight under dense planting conditions can further improve maize yield.
6-BA is known to be involved in regulating grain development and influencing grain weight. Maize
grain development is closely linked to starch accumulation and hormone levels. In this work, the
effects of applying 6-BA at the flowering stage under high density on the grain filling characteristics,
starch content, starch synthesis critical enzyme activity, and endogenous hormones levels of maize
grains (including inferior grains (IGs) and superior grains (SGs)) of two high-yielding summer maize
varieties widely cultivated in China were investigated. The findings indicated that applying 6-BA
significantly improved maize yield compared to the control, mainly as a result of increased grain
weight due to a faster grain filling rate. Additionally, the activities of enzymes associated with
starch synthesis, including sucrose synthase (SuSy), ADP-glucose pyrophosphorylase (AGPase),
granule-bound starch synthase (GBSS), soluble starch synthase (SSS), and starch branching enzyme
(SBE), were all increased following 6-BA application, thus facilitating starch accumulation in the
grains. Applying 6-BA also increased the zeatin riboside (ZR), indole-3-acetic acid (IAA), and abscisic
acid (ABA) levels, and reduced the gibberellin (GA3) level in the grains, which further improved
grain filling. It is worth noting that IG had a poorer filling process than SG, possibly due to the
low activities of critical enzymes for starch synthesis and imbalanced endogenous hormones levels.
However, IG responded more strongly to exogenous 6-BA than SG. It appears that applying 6-BA
is beneficial in improving filling characteristics, promoting starch accumulation by enhancing the
activities of critical enzymes for starch synthesis, and altering endogenous hormones levels in the
grains, thus improving grain filling and increasing the final grain weight and yield of maize grown
under crowded conditions. These results provide theoretical and technical support for the further
utilization of exogenous hormones in high-density maize production.
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1. Introduction

Maize is a globally important food crop, so ensuring a high and consistent maize yield
is a strategic priority for global food security [1,2]. Among the yield components of maize,
grain weight plays a primary role in determining overall yield, following ear number
and grains per ear [3,4]. Higher planting densities are now widely used worldwide to
increase maize yield by maximizing energy and nutrient use [5-7]. However, grain weight
has been reduced due to the intense competition between plants for survival resources
under high-density conditions, limiting the potential for high maize yield [8-10]. Therefore,
increasing grain weight under dense planting conditions remains a challenging issue in
modern production systems to further improve maize yield.

Varietal characteristics, climatic conditions (e.g., temperature, rainfall, and light), and
cultivation practices (e.g., planting density, fertilizer application, and irrigation) all have a
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significant effect on grain weight [11-13]. Simultaneously, maize grains are usually divided
into inferior grains (IGs) and superior grains (SGs) according to their position on the ear,
with the former typically placed in the upper part of the ear and the latter typically in
the middle and lower part of the ear [14]. Maize IG was smaller in size and had lower
weight compared to SG during the grain filling process [15,16]. These differences are often
seen in other cereal crops such as rice [17] and wheat [18]. Inadequate grain filling of
IG is considered to be a major problem limiting the high yield potential of the crop [19].
Additionally, grain weight was jointly influenced by the interaction between grain filling
rate and duration, which are dynamic variables within the grain growth [20]. This means
that substantial improvements in grain weight can be achieved by increasing the grain
filling rate while maintaining duration.

Grain weight is strongly influenced by the biosynthesis and accumulation of starch,
which serves as the main storage substance in maize grains. Starch formation is closely
linked to the activities of critical enzymes such as sucrose synthase (SuSy), ADP-glucose
pyrophosphorylase (AGPase), granule-bound starch synthase (GBSS), soluble starch syn-
thase (SSS), and starch branching enzyme (SBE) [21,22]. Previous studies have shown that
appropriate cultural practices such as slow-release fertilizer application, increased nitrogen
supply, and chemical control can stimulate starch formation by increasing the activities of
these enzymes, thereby improving maize grain filling [23,24]. It can be seen that variations
in the activities of these critical enzymes for starch synthesis can regulate grain filling by
affecting starch formation.

Grain development in maize, wheat, and rice is dependent on plant hormones such
as zeatin riboside (ZR), indole-3-acetic acid (IAA), abscisic acid (ABA), and gibberellin
(GA3) [25-27]. For example, high levels of ZR and IAA during the early stages of grain
development can promote endosperm cell proliferation, thereby increasing sink capac-
ity [28,29]. ABA and GAj also control grain development by regulating the activity of
numerous metabolic enzymes, hormone levels, and storage material accumulation [30-32].
In wheat grains, ZR, ABA, and IAA levels displayed a positive and significant relationship
with grain filling rate [33]. In addition, studies in rice [34] and wheat [35] showed that IAA,
ZR, and ABA levels were significantly higher in SG than in IG during grain development,
suggesting that an imbalance in endogenous hormones levels is an important cause of the
developmental differences between IG and SG. It is clear from these studies that variations
in endogenous hormones levels in grains significantly affect grain filling and weight.

Several studies have conclusively shown that the use of exogenous hormones in
field management can regulate endogenous hormones signals and various physiological
and biochemical processes to promote grain development [36-38]. 6-BA, a synthetically
produced cytokinin-like growth regulator, has a key regulatory function in plant growth
and plant defense against environmental stress [39]. For example, the application of 6-BA
at appropriate concentrations can increase leaf chlorophyll levels, promote photosynthesis,
delay leaf senescence, and thus increase grain yield [40]. Gao et al. showed that applying
6-BA at the tasseling stage improved grain filling by enhancing source and sink capabilities,
resulting in higher maize yield [41]. In addition, 6-BA can improve crop resistance to
stresses such as cold, drought, salt, and waterlogging [42-45]. However, little attention has
been paid to the effects of applying 6-BA on filling characteristics, starch content, starch
synthesis critical enzyme activities, endogenous hormones levels, etc., of maize grains
under high-density conditions. In particular, the effect on the filling process of maize
grains at different ear positions is still unclear. Therefore, this work aimed to examine
the effects of applying 6-BA on the filling process of maize grains (including IG and SG
located at different ear positions) under high planting density. This study will provide
both theoretical and practical guidance for the chemical regulation of maize under dense
planting conditions.
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2. Results
2.1. Yield and Yield Components

Compared to the control, the 1000-grain weight and yield of both varieties increased
significantly after the 6-BA application (Table 1). The two-year average 1000-grain weight
and yield of DH605 increased markedly by 7.82% and 8.11%, respectively, while those of
ZD958 increased markedly by 6.02% and 6.69%, respectively, following 6-BA treatment
compared to the control. Maize yield components include grain weight, ear number, and
grains per ear. However, no significant differences in the ear number or grains per ear were
observed between the control and 6-BA treatments for either variety. This suggested that
the improvement in grain weight following the 6-BA application was the main reason for
the increase in maize yield.

Table 1. Effects of applying 6-BA on maize yield and yield components in 2021 and 2022.

. Ear Number . 1000-Grain Weight Yield

Year Variety Treatments (Ears hm—2) Grains per Ear g (kg hm-2)
DH605 CK 84,147.36 + 214 a 43441 £7.63a 352.73 £3.14 ¢ 12,893.81 £439b
2021 6-BA 84,138.38 + 304 a 43549 + 346 a 380.75 £4.53 a 13,951.43 £ 130 a
7D958 CK 84,143.11 + 488 a 447.59 + 6.67 a 346.70 £ 3.67 ¢ 13,003.87 +£ 237 b
6-BA 84,558.38 + 225 a 443.80 + 16.79 a 370.09 £5.11b 13,884.28 =454 a
DH605 CK 83,893.33 + 101 a 451.72 +17.99 a 357.26 +£3.03 ¢ 13,538.95 + 563 bc
2022 6-BA 83,903.47 + 131 a 453.04 £ 3.85a 384.75 £ 5.73 a 14,625.20 = 149 a
D958 CK 84,473.11 + 581 a 448.98 + 6.64 a 347.70 £5.73 d 13,185.40 £ 268 ¢

45198 £3.51 a

366.09 +4.84 b

6-BA 84,948.38 £ 221 a 14,055.86 + 489 ab

CKand 6-BA correspond to maize plants treated with water and 6-BA, respectively. Data are shown as mean & S.D.
(n = 3). Values in the same column with different small letters are significantly different within the year according
to Duncan’s test (p = 0.05).

2.2. Grain Filling Process

The patterns of grain weight variation were consistent across all treatments (Figure 1).
At each sampling period, IG had a lower grain weight than SG in both varieties. Applying 6-
BA increased grain weight compared to the control, with IG responding more to exogenous
6-BA than SG in both varieties. At 50 DAPD, the grain weight of IG increased by 9.97% and
8.32%, while that of SG increased by 7.03% and 5.56% in DH605 and ZD958, respectively,
after 6-BA application compared to the control.
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Figure 1. Effects of applying 6-BA on grain filling process (2022). (A), The grain weight in DH605; (B),
The grain weight in ZD958. ICK and I6-BA correspond to inferior grains treated with water and 6-BA,
respectively. SCK and S6-BA correspond to superior grains treated with water and 6-BA, respectively.
Means and standard errors are presented from three replications. Multiple comparisons of treatment
means within a growth stage were performed using Duncan’s test (p = 0.05).
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Grain weight of achieving maximum grain filling rate (Wmax), maximum grain filling
rate (Gmax), average grain filling rate (Gave), and active grain filling duration (P) are
important parameters reflecting the grain filling process. Compared to SG, IG of both
varieties had poor grain filling characteristics as indicated by a significant reduction in
Wax, Gmax, and Gaye (Table 2). However, P was not significantly different between IG and
SG, indicating that the slow filling rate is the main reason for the poorer filling in IG. In
both varieties, there was a significant increase in grain Wmax, Gmax, and Gaye following
6-BA treatment compared to the control, but no significant effect on P. Wax, Gmax, and
Gave Were more sensitive to exogenous 6-BA in IG than in SG. In DH605, 6-BA application
significantly increased Wmax, Gmax, and Gaye by 16.62%, 19.18%, and 18.18% in IG and by
14.20%, 11.88%, and 13.33% in SG, respectively, compared to the control. In ZD958 after
6-BA application, Wax, Gmax, and Gaye of IG were markedly increased by 8.20%, 14.63%,
and 14.29%, respectively, while those of SG were markedly increased by 6.48%, 9.62%,
and 9.68%, respectively, compared to the control. These results indicated that the 6-BA
application mainly accelerated the grain filling rate to improve the filling process.

Table 2. Effects of applying 6-BA on grain filling characteristics (2022).

wmax Gmax Gave

Variety Treatments (g 100 Grains—1) (g100 Grains~1d~1)  (g100 Grains—1d-1) P
ICK 10.89 = 041d 0.73 £ 0.06 d 0.44 +0.02d 4460 £257 a
DH605 16-BA 12.70 £ 040 ¢ 0.87 £0.04 ¢ 0.52 +0.03 ¢ 44.02 £450a
SCK 1451 £090b 1.01 £ 0.03b 0.60 £ 0.03b 4323 £6.00a
S-6BA 16.57 £ 0.55 a 113+ 0.07 a 0.68 £0.02 a 43.87 £ 820 a
ICK 11.59 £ 0.26d 0.82 £0.04d 0.49 £0.03d 4262 +£421a
7D958 I6-BA 12.54 £ 0.35¢ 094 £0.03 ¢ 0.56 £ 0.01 ¢ 4024 £6.82a
SCK 14.36 = 0.30 b 1.04 £0.05b 0.62 + 0.03b 4140 +£5.05a
S6-BA 1529 +0.21a 114 £0.02a 0.68 +0.01 a 40.32 £ 647 a

ICK and I6-BA correspond to inferior grains treated with water and 6-BA, respectively. SCK and S6-BA correspond
to superior grains treated with water and 6-BA, respectively. Data are shown as mean + S.D. (n = 3). Values in the
same column with different small letters are significantly different within the same variety according to Duncan’s
test (p = 0.05). Wiax, grain weight of reaching maximum grain filling rate; Gmax, maximum grain filling rate; Gaye,
average grain filling rate; P, active grain filling duration.

2.3. Grain Starch Content and Starch Synthesis Critical Enzyme Activity
2.3.1. Starch Content

Starch, including amylose and amylopectin, is the main storage material in maize
grains. Similar to grain weight, IG had significantly lower amylose, amylopectin, and total
starch contents than SG in both varieties (Figure 2). These starch contents were all increased
following 6-BA application compared to the control, and IG had a greater response to
exogenous 6-BA than SG in both varieties. Compared to the control, in DH605 treated
with 6-BA at 50 DAP, the amylose, amylopectin, and total starch contents of IG were
markedly increased by 10.08%, 10.22%, and 10.19%, respectively, while those of SG were
markedly increased by 6.67%, 4.16%, and 4.70%, respectively. In ZD958 at 50 DAP, applying
6-BA markedly improved the amylose, amylopectin, and total starch contents in IG by
7.97%, 7.47%, and 7.57% and in SG by 5.27%, 3.90%, and 4.18%, respectively, compared to
the control.
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Figure 2. Effects of applying 6-BA on amylose, amylopectin, and total starch contents (2022). (A,C,E),
The contents of amylose, amylopectin, and total starch in DH605 grains; (B,D,F), The contents of
amylose, amylopectin, and total starch in ZD958 grains. ICK and 16-BA correspond to inferior grains
treated with water and 6-BA, respectively. SCK and S6-BA correspond to superior grains treated
with water and 6-BA, respectively. Means and standard errors are presented from three replications.
Multiple comparisons of treatment means within a growth stage were performed using Duncan’s test
(p =0.05).

2.3.2. Starch Synthesis Critical Enzyme Activity

SuSy, AGPase, GBSS, SSS, and SBE activities were closely related to starch accumula-
tion. They showed similar trends in all treatments (Figure 3). In both varieties, the above
enzyme activities increased between 10 and 20 DAP, peaked at 20 DAP, and then declined.
The activities of these enzymes were all lower in IG than in SG at each sampling period.
The application of 6-BA showed a positive regulation of the activities of these enzymes
compared to the control, and IG responded more strongly to exogenous 6-BA than SG in
both varieties. In DH605, the average activities of SuSy within 10 to 30 DAP, AGPase within
10 to 40 DAP, GBSS within 20 to 40 DAP, SSS within 10 to 40 DAP, and SBE within 10 to
30 DAP were significantly enhanced by 33.83%, 32.35%, 25.89%, 29.58%, and 30.77% in IG
and by 21.72%, 19.54%, 13.77%, 21.42%, and 19.71% in SG, respectively, after applying 6-BA
compared to the control. In ZD958 after 6-BA application, the mean activities of SuSy from
20 to 40 DAP, AGPase from 10 to 30 DAP, GBSS from 10 to 30 DAP, SSS from 10 to 30 DAP,
and SBE from 20 to 40 DAP of IG were markedly increased by 25.32%, 21.88%, 18.88%,
22.47%, and 17.90%, respectively, while those of SG were markedly increased by 11.47%,
14.71%, 16.68%, 18.73%, and 11.39%, respectively, compared to the control. These results
suggested that the application of 6-BA could promote starch accumulation by increasing
the activities of these enzymes.
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Figure 3. Effects of applying 6-BA on the activities of critical enzymes for starch synthesis (2022).
(A,CE,G,I), The activities of SuSy, AGPase, GBSS, SSS, and SBE in DH605 grains; (B,D,F,H,J), The
activities of SuSy, AGPase, GBSS, SSS, and SBE in ZD958 grains. ICK and I6-BA correspond to inferior
grains treated with water and 6-BA, respectively. SCK and S6-BA correspond to superior grains treated
with water and 6-BA, respectively. SuSy, sucrose synthase; AGPase, ADP-glucose pyrophosphorylase;
GBSS, granule-bound starch synthase; SSS, soluble starch synthase; SBE, starch branching enzyme.
Means and standard errors are presented from three replications. Multiple comparisons of treatment
means within a growth stage were performed using Duncan’s test (p = 0.05).

2.4. Grain Endogenous Hormones
2.4.1. ZR, IAA, and ABA Levels

Similar dynamic trends were observed for ZR, IAA, and ABA levels in all treatments
(Figure 4A-F). These hormones levels first increased and then decreased between 10 and
50 DAP, reaching their highest values at 20 DAP, and were all lower in IG than in SG at
each sampling period in both varieties. Applying 6-BA did not affect the trend of these
hormones but increased the hormone levels in the grains compared to the control. These
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hormones showed a greater response to exogenous 6-BA in IG than in SG in both varieties.
In DH605, the average levels of ZR from 10 to 30 DAP, IAA from 20 to 40 DAP, and ABA
from 10 to 30 DAP were significantly increased by 21.66%, 32.11%, and 31.53% in IG and
by 13.28%, 24.18%, and 23.20% in SG, respectively, after 6-BA application compared to
the control. In ZD958 after applying 6-BA, the average levels of ZR from 20 to 40 DAP,
IAA from 10 to 30 DAP, and ABA from 20 to 40 DAP of IG were significantly increased by
22.59%, 26.90%, and 15.27%, respectively, while those of SG were significantly increased by
13.58%, 19.44%, and 9.99%, respectively, compared to the control.
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Figure 4. Effects of applying 6-BA on the levels of endogenous hormones (2022). (A,C,E,G), The
levels of ZR, IAA, ABA, and GA3 in DH605 grains; (B,D,F H), The levels of ZR, IAA, ABA, and GA3 in
ZD958 grains. ICK and I6-BA correspond to inferior grains treated with water and 6-BA, respectively.
SCK and S6-BA correspond to superior grains treated with water and 6-BA, respectively. ZR, zeatin
riboside; IAA, indole-3-acetic acid; ABA, abscisic acid; GA3, gibberellin. Means and standard errors
are presented from three replications. Multiple comparisons of treatment means within a growth
stage were performed using Duncan’s test (p = 0.05).

2.4.2. GAj Level

Contrary to ZR, IAA, and ABA, the GAj3 level followed a decreasing trend for all
treatments and remained higher in IG compared to SG at each sampling period in both
varieties (Figure 4G,H). When 6-BA was applied, a decrease in GA3 level was observed in
IG and SG of DH605 and ZD958 between 10 and 40 DAP and 20 and 40 DAP, respectively,
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compared to the control. In addition, IG was found to be more responsive to exogenous
6-BA than SG. In DH605, the average GAj level from 10 to 40 DAP of IG and SG was
markedly reduced by 19.00% and 16.35%, respectively, after 6-BA application compared to
the control. In ZD958, applying 6-BA significantly reduced the mean GAj3 level from 20 to
40 DAP in IG and SG by 16.33% and 13.91%, respectively, compared to the control.

3. Discussion
3.1. Effect of Applying 6-BA on Grain Yield and Filling Process

Among the various field management practices, the application of exogenous hor-
mones is an excellent approach to improving crop production. In previous studies, ex-
ogenous 6-BA could promote endosperm cell proliferation and accelerate storage material
accumulation by altering endogenous hormones levels in the grains, thereby increasing
grain weight and yield in maize under waterlogging stress [46] and in wheat under heat
stress [47]. This study showed that applying 6-BA had a positive effect on maize yield under
dense planting conditions by improving grain filling characteristics, enhancing the activities
of critical enzymes for starch synthesis, and altering endogenous hormones levels in the
grains. Among the yield components, 6-BA application significantly improved 1000-grain
weight over the control under dense planting conditions, but showed no significant effect
on ear number or grains per ear in either variety. These results suggested 6-BA application
mainly increased grain weight to improve maize yield under dense planting conditions.

Generally, the grain filling process is controlled by filling rate and duration, or a
combination of the two [48]. In the current study, both the maximum and average grain
filling rates were lower in IG compared to SG, but active grain filling duration was not
significantly different between them. These results suggested that IG had a poorer filling
process, mainly due to a slower filling rate. Therefore, grain weight was significantly lower
in IG compared to SG, in agreement with previous results [15,16]. In wheat, applying
6-BA accelerated the grain filling rate and prolonged the active filling duration, thereby
improving grain weight under waterlogging and shading stress [49]. Gao et al. showed that
applying 6-BA improved maize grain weight mainly by increasing the rates of endosperm
cell proliferation and grain filling [41]. Our results showed that the application of 6-BA
increased the maximum and average grain filling rates in IG and SG of both varieties
without noticeably affecting the active filling duration. This showed that the increase
in grain weight after 6-BA application under dense planting conditions was mainly due
to a higher filling rate. Notably, the increase in grain weight was greater in IG than in
SG, suggesting that IG was more sensitive to exogenous 6-BA. Wei et al. also reported
that IG in maize showed greater sensitivity to density and nitrogen application rate than
SG [50]. Meanwhile, in the presence of inappropriate cultivation practices or environmental
stress, the development of IG is more likely to be inhibited than that of SG, even to the
point of abortion [51,52]. All these results suggested that IG may be more sensitive to
environmental variables than SG in maize, and this phenomenon is also observed in
wheat [53] and rice [54]. Therefore, using appropriate agronomic practices to promote IG
filling will be key to further improving grain yield.

3.2. Effect of Applying 6-BA on Grain Starch Accumulation

Since starch represents about 70% of maize grain dry weight, starch synthesis and
accumulation are primarily responsible for grain filling. Maize starch is composed of
amylose and amylopectin, whose ratio and concentration in the grains determine starch
quality [55]. Our results showed that IG contained significantly lower contents of amylose,
amylopectin, and total starch than SG, resulting in grain weight differences between the
two. 6-BA is considered to be one of the most potent plant hormones in terms of increasing
biomass and starch accumulation [56]. In wheat grains, 6-BA application promotes starch
granule production and growth, while stimulating starch accumulation [49]. Similar to
grain weight in this study, applying 6-BA increased amylose, amylopectin, and total starch
contents in maize grains compared to the control, with greater increases in IG than SG.
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Several enzymes are responsible for catalyzing starch synthesis. SuSy is primarily
responsible for mobilizing sucrose to starch, while AGPase is an essential enzyme that
limits the rate of starch formation [57]. GBSS is mainly involved in amylose synthesis,
whereas SSS and SBE are mainly required for amylopectin synthesis [58]. Increasing these
enzyme activities during maize grain development could accelerate starch accumulation
and thus increase grain weight [23,59]. In this study, SuSy, AGPase, GBSS, SSS, and SBE
activities all varied along an unimodal curve, in agreement with our previous research [60].
We also found a significant positive relationship between the activities of all the above
enzymes and the contents of amylose, amylopectin, and total starch (Table 3). Meanwhile,
all of the above enzyme activities were reduced in IG compared to SG, consistent with our
previous proteomic studies showing that several starch synthesis-related proteins were
underexpressed in IG compared to SG [61]. Therefore, the lower starch content and poorer
grain filling in IG should be strongly associated with lower activity of crucial enzymes for
starch synthesis. Further research could use molecular biology to regulate these enzymes
for grain filling. Previous research has shown that 6-AB application can affect starch
accumulation by regulating enzyme activities in crop grains. In rice grains, applying
6-BA enhanced SuSy, AGPase, and SSS activities, thereby reducing the negative effect of
excess nitrogen on starch accumulation [62]. Luo et al. showed that the application of
6-BA preserved starch and sucrose levels in lotus seeds by controlling relevant synthetic or
degrading enzymes [63]. Our results showed that applying 6-BA enhanced SuSy, AGPase,
GBSS, SS5, and SBE activities in maize grains under high planting density. Correspondingly,
the amylose, amylopectin, and total starch contents increased. Our research also discovered
that these key enzyme activities were more responsive to exogenous 6-BA in IG than in
SG, which helps to explain why starch content and grain weight increased more in IG than
in SG following 6-BA application. Previous studies have reported that the application of
exogenous hormones can increase the activities of enzymes associated with starch synthesis
by upregulating the expression of related genes in rice [64] or proteins in potato [65]. In
this study, the application of 6-BA may have increased the expression of genes or proteins
related to SuSy, AGPase, SSS, GBSS, and SBE, thereby enhancing the activities of these
enzymes and promoting starch accumulation. However, further investigations are needed
to explore the potential regulatory mechanisms of these enzymes associated with starch
synthesis in maize grains positioned at different ear locations after 6-BA application under
high-density conditions. In conclusion, applying 6-BA could accelerate starch accumulation
by enhancing the activities of relevant enzymes under dense planting conditions, which
would be beneficial for improving grain filling and increasing grain weight.

Table 3. Correlation analysis between starch content and starch synthesis critical enzyme activity.

SuSy AGPase GBSS SSS SBE
Amylose 0.931 ** 0.751 % 0.899 ** 0.810 ** 0.793 *
Amylopectin 0.954 ** 0.819 ** 0.835 ** 0.928 ** 0.961 **
Total starch 0.951 ** 0.804 ** 0.885 ** 0.931 ** 0.965 **

SuSy, sucrose synthase; AGPase, ADP-glucose pyrophosphorylase; GBSS, granule-bound starch synthase; SSS,
soluble starch synthase; SBE, starch branching enzyme. Significant differences are shown by * and ** at the 0.05
and 0.01 probability levels (1 = 8), respectively.

3.3. Effect of Applying 6-BA on Grain Endogenous Hormones

As key regulators of cell proliferation, differentiation, and substance accumulation
during crop grain development, plant endogenous hormones play an important role in
determining grain sink capacity and strength [33,38,46,66]. Our results showed a general
unimodal curve for IAA, ZR, and ABA between 10 and 50 DAP, peaking at 20 DAP, while
GA; displayed a decreasing trend in the grains. Meanwhile, ZR, IAA, and ABA levels
were significantly positively correlated with maximum and mean grain filling rates, but
the GAj level was significantly negatively correlated (Table 4), in agreement with previous
studies [67]. We also noticed that the levels of ZR, IAA, and ABA were much lower



Plants 2023, 12, 3590

10 of 16

in IG than in SG. ZR and IAA have been suggested to be essential in regulating early
grain development and their higher levels may enhance sink capacity and strength by
stimulating endosperm cell proliferation and growth [68,69]. ABA is strongly correlated
with grain development, and its accumulation in grains may accelerate the grain filling
rate by stimulating storage material revitalization [70]. Consequently, lower ZR, IAA, and
ABA levels in IG may contribute to smaller sink capacity and weaker strength, ultimately
causing lower grain filling rate and weight. In contrast to IAA, ZR, and ABA, the GA3
level of IG was significantly higher than that of SG, in line with prior research [49,67].
However, this may be detrimental to starch synthesis and accumulation in IG, as high
levels of GAj3 promote starch catabolism by increasing the activity of a-amylase and other
hydrolases [71,72]. Taken together, our findings appear to further confirm that endogenous
hormone dysregulation is one of the major contributors to the less favorable filling process
in maize IG.

Table 4. Correlation analysis between endogenous hormones levels and grain filling parameters.

Wmax Gmax Gave P
ZR 0.817 * 0.860 ** 0.864 ** 0.422
IAA 0.874 ** 0.963 ** 0.962 ** 0.608
ABA 0.855 ** 0.946 ** 0.944 ** 0.623
GA; -0.832 * —0.884 ** —0.886 ** —0.464

ZR, zeatin riboside; IAA, indole-3-acetic acid; ABA, abscisic acid; GA3, gibberellin; Wiy, grain weight of reaching
maximum grain filling rate; Gmax, maximum grain filling rate; Gave, average grain filling rate; P, active grain filling
duration. Significant differences are shown by * and ** at the 0.05 and 0.01 probability levels (1 = 8), respectively.

Previous work has suggested that applying 6-BA can mitigate the disruption of en-
dogenous hormones levels in grains by abiotic stresses, thereby improving grain filling
and weight [46,47]. More importantly, 6-BA application regulates the overall balance of
endogenous hormones rather than just the level of one hormone in grains [41,46]. Our
research showed that applying 6-BA did not change the overall trend of ZR, IAA, ABA,
and GA3, but increased TAA, ZR, and ABA levels and decreased the GAj level. This would
accelerate the grain filling rate by improving grain sink capacity and strength, thereby
promoting storage accumulation and ultimately increasing grain weight [40,46,47]. A pre-
vious study found that endogenous hormones levels in maize IG were more sensitive to
changes in density and nitrogen application rate than in SG [50]. The same strong response
of endogenous hormones in IG compared to SG after 6-BA application was observed in
our study, which may also be an important factor for a better effect of 6-BA application
in improving the filling process of IG. Clearly, applying 6-BA can also improve the grain
filling process by altering endogenous hormones levels. Many studies have shown that
exogenous hormones can alter endogenous hormone levels by modulating a variety of
related synthetic and metabolic genes and enzymes [73]. Panda et al. showed that exoge-
nous 6-BA regulated cytokinin levels by modulating cytokinin oxidase activity and the
expression of cell cycle regulators and cytokinin signaling components in rice grains [74]. In
this study, the application of 6-BA may have regulated the genes and enzymes that control
endogenous hormone biosynthesis, metabolism, and signalling, resulting in changes in
endogenous hormone levels in maize grains. However, further studies are needed on the
detailed regulatory mechanisms of interactions between exogenous 6-BA and dynamic
variations of endogenous hormones in maize grains placed at different ear positions under
high-density conditions.

4. Materials and Methods
4.1. Test Site and Conditions

The field test was conducted at the farm of Shandong Agricultural University, China
(36°10" N, 117°04’ E) during 2021 and 2022. Information on average temperature and
rainfall recorded during the maize growing season for both years is shown in Figure 5. The
test area is a typical brown loam type with 11.41 g kg~! organic matter, 58.92 mg kg ™!
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available nitrogen, 42.83 mg kg ! available phosphate, and 76.85 mg kg ! exchangeable
potassium in the top 20 cm of the soil before the experiment. These indicators were
determined according to the soil agrochemical analysis protocol of Bao [75]: organic matter
by potassium dichromate capacity method, available nitrogen by alkaline solution diffusion
method, available phosphate by sodium bicarbonate extraction colorimetry method, and
exchangeable potassium by ammonium acetate flame photometry method.

1000 40
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Figure 5. The average temperature and rainfall information during the maize growing season in 2021
and 2022.

4.2. Experimental Design and Sampling

Denghai 605 (DH605, FAO 100) and Zhengdan 958 (ZD958, FAO 100) were used as test
materials. Both varieties have a growing period of approximately 102 days and are widely
grown in China. The recommended local planting density for both varieties is 75,000 plants
ha~1. Seed of both varieties was supplied by China National Seeds Group Co., Ltd., Beijing,
China. In both years, a high density of 90,000 plants ha~! was sown on 14 June. At the
flowering stage, 6-BA was applied uniformly to the surface of the maize leaves with a
sprayer, and the control group was sprayed with water. 6-BA was purchased from Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China. 6-BA and water were sprayed
on three consecutive days from 16:00 to 18:00. Based on previous studies [46], 6-BA was
sprayed at a dose of 100 mg L~! and a rate of 150 + 5 mL per plant. All solutions were
finalized with 0.5% (v/v) of Tween-20 as a surfactant. Three replicates of each treatment
were employed in a fully randomized design. Each plot measured 12 m by 3 m and had
5 rows, and the spaces between the rows were 60 cm. Each plot received 280 kg ha=! N
(urea), 100 kg ha=! P,Os (calcium superphosphate), and 200 kg ha~! K,O (potassium
sulfate) fertilizer. All of the phosphorus, potassium, and half of the nitrogen fertilizer were
applied before sowing, and the additional half of the nitrogen fertilizer was applied at the
jointing stage.

At least 100 healthy and uniformly growing plants per plot were marked at the
tasseling stage, and artificial pollination was carried out to ensure consistency of pollination.
For each treatment, other management practices such as irrigation and treatment of weeds,
diseases, and pests were adequately controlled. In each plot, ears from five marked plants
were collected at 10-day intervals between 10 and 50 days after pollination (DAP). Each ear
was then divided equally into upper, middle, and lower halves, and the upper and middle
grains were selected as IG and SG, respectively. Some 50% of the grains were immediately
frozen in liquid nitrogen and then stored at —80 °C to assay starch synthesis critical enzyme
activity and endogenous hormones levels, while the remaining grains were baked at 105 °C
for 30 min and then dried at 80 °C to a constant weight to assess grain filling characteristics
and starch content.
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4.3. Test Items and Methods
4.3.1. Grain Filling Process

Some 100 grains of IG and SG were collected to determine grain dry weight. The grain
filling process was fitted by logistic equations according to Yin et al. [76]:

y=A/(1+Be — Ct) (1)

The filling parameters were then evaluated using the following equations:

Winax = A/2 2)

Gmax = (C X Wax) X [1 = (Wmax/A)] ®3)
Gave = (95% of A — 5% of A)/(tp — t1) (4)
P=6/C ©)

In the equation, y stands for grain weight, t for days after pollination, A for final grain
weight, and B and C for coefficients derived by regression. t; and t, refer to the days when
5% and 95% of A are reached, respectively. Wnax is grain weight of reaching maximum
grain filling rate; Gmax is maximum grain filling rate; G,ye is average grain filling rate; and
P is active grain filling duration.

4.3.2. Starch Content and Starch Synthesis Critical Enzyme Activity

The amylose and amylopectin contents were quantified using the “double-wave-
length” approach recommended by Zhu et al. [77]. The primary and special wavelengths
employed for the determination of amylase and amylopectin content were 556 and 737 nm,
and 620 and 479 nm, respectively. Total starch content was calculated by combining amylose
and amylopectin content. SuSy, AGPase, GBSS, SSS, and SBE activities were quantified
using the appropriate test kit supplied by Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China. Three biological replicates were performed for each enzyme activity assay.

4.3.3. Endogenous Hormone Levels

ZR, IAA, ABA, and GA3 were extracted with 80% (v/v) methanol and then analyzed
by high-performance liquid chromatography (LC-10 AD, Shimadzu, Japan), as described
by Sun et al. [78]. Standards for each hormone were purchased from Beijing Solarbio
Science & Technology Co., Ltd., Beijing, China. A calibration curve was created for each
hormone using standards with concentrations between 0 and 0.2 mg mL~!. Three biological
replicates were performed for each endogenous-hormone-level assay.

4.3.4. Yield and Yield Components

Yield (moisture content was 14%), ear number, grains per ear, and 1000-grain weight
were all calculated after harvesting 30 ears from the central region of each plot when they
had reached physiological maturity.

4.4. Statistical Analysis

Statistical analyses were performed using SPSS version 17.0 (SPSS Inc., Chicago, IL,
USA). Data from each sampling date were analyzed separately. Data were first checked for
normality (Kolmogorov—-Smirnov test) and homogeneity of variance (Bartlett-Box test). The
data had a normal distribution and homogeneous variance. Significant differences between
different treatments were assessed using Duncan’s test (p = 0.05). Pearson correlation
analyses were also applied. Figures in the article were plotted using Sigma Plot version
12.0 (SYSTAT Inc., San Jose, CA, USA).
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5. Conclusions

Lower activities of critical enzymes for starch synthesis and imbalanced endogenous
hormone levels may be important reasons for the poorer filling process in IG, resulting
in significantly lower starch content and grain weight than in SG. An improvement in
grain filling and an increase in final grain weight and yield of maize under crowded
conditions was achieved as a result of applying 6-BA, which improved filling characteristics,
accelerated starch accumulation by enhancing the activities of critical enzymes for starch
synthesis, and altered endogenous hormone levels in the grains. In addition, IG showed a
greater response to exogenous 6-BA than SG, indicating that using agronomic practices to
promote IG filling is an important approach to further improve maize yield under dense
planting conditions. However, the potential regulatory mechanisms of exogenous 6-BA
on the activities of enzymes associated with starch synthesis and the levels of endogenous
hormones in maize grains at different ear positions were not investigated in depth in this
study. In the future, traditional and novel molecular biology techniques can be applied to
further investigate these issues. Taken together, our research is important in guiding the
use of exogenous hormones to improve maize yield under high-density conditions.
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