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Abstract: The plant architecture of higher plants is regulated through environmental and genetic
factors, as well as phytohormones. Phytohormones play a critical role in regulating shoot branching.
We determined the branching phenotype of D16 and N99-6, the content of strigolactones, the genetic
expression level, and the interaction between auxin and strigolactones. We found that the branching
development of the two soybean varieties under shading was significantly slower than that under
normal light. The average branch length of N99-6 decreased by 40.9% after shading; however, the
branch length of D16 was not significantly affected. Meanwhile, the branch formation rate in D16 was
significantly higher than in N99-6. In addition, after shading treatment, the content of strigolactones
in D16 and N99-6 axillary buds increased significantly, and the expression of phytochrome genes,
PhyA and PhyB, showed opposite changes. However, strigolactone synthesis gene GmMAX4 and
signal transduction gene GmMAX2 expression levels of D16 were lower than those of N99-6 after 24 h
of shading. In addition, the application of strigolactone inhibitor TIS108 and auxin inhibitor NPA to
soybean had no significant effect on the branch phenotype. The expression of the GmMAX2 gene
was significantly up-regulated after the external application of the auxin analog, and the expression
of auxin transporter gene GmPINI was significantly down-regulated after external application of
the strigolactone analog under shade. In this study, we investigated the adverse effect of shade on
soybean branching development, which may be due to the interaction of strigolactones with auxins.
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1. Introduction

Soybean is one of the most essential grains and oil crop species in the world and is a
major source of high-quality protein for humans [1]. Furthermore, soybean oil accounts for
50% of vegetable 0il consumption in China [2]. The demand for food continues to increase
with the increasing population. Consequently, in order to efficiently utilize our current
resources and reduce the incidence of weeds, pests, and diseases [3,4], soybean plants are
often intercropped with corn or sorghum in some areas of south-west and west China [5].
Whether this pattern can produce higher yields depends on the compatibility of the growth
habits, life spans, and management practices of the various crop species [6,7]. Nonetheless,
previous studies have indicated that in the maize-soybean relay intercropping system,
soybeans, as lower-positioned plants in the system, are shaded by the taller maize plants [8].
This not only reduces the light intensity in the soybean’s environment compared to normal
light conditions but also lowers the red to far-red light ratio (R:FR) that lower-positioned
plants receive [9,10]. This change in the ratio is typically considered a shade signal that
phytochromes in plant leaves can perceive [11]. Among these phytochromes, phytochrome
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A (PhyA) is believed to be associated with a plant’s shade tolerance response [12], while
phytochrome B (PhyB) is the most important regulatory factor related to plant morpho-
genesis in weak light conditions [13]. Under shaded conditions, PhyB transforms into
an inactive form that cannot interact with PIFs [14]. Consequently, PIFs accumulate in
shaded environments and promote phenotypic changes by mediating the transcriptional
expression of downstream regulators such as ATHB2 and ATHB4, which belong to the
HD-Zip Class II transcription factor family [15,16]. However, this excessive adaptation by
plants results in increased consumption of photosynthates [17-19]. This series of adaptive
responses is collectively referred to as the Shade Avoidance Syndrome (SAS). If shading
persists, SAS includes rapid stem elongation, accelerated leaf senescence, and reduced
branching, ultimately resulting in decreased biomass and seed yield [20,21].

Branching is a major component of plant architecture and a critical determinant of crop
productivity. Among the variable phenotypes occurring under shade stress, branching is
one of the most important components of plant type and one of the key factors determining
crop yield [22,23]. Therefore, the molecular mechanisms of branching regulation under
shading conditions have attracted increasing attention. Gonzalez et al. [24] found that
under simulated shade conditions (low R/FR ratios), the expression of the transcription
factor BRANCHED1 (BRC1) is elevated, leading to the suppression of branching activity.
Kebrom et al. [25] examined the expression levels of branching and cell-cycle-related genes
in axillary buds of PhyB-1 mutant and wild-type sorghum after low red light, far-red
light, and defoliation treatments, and found that shading, PhyB, and defoliation signaling
pathways inhibited axillary bud growth in sorghum. Sun et al. [26] found that GmmiR156b
(MicroRNA156) is a key gene regulating the branch and ideotype of soybean. Overex-
pression of GmmiR156b can produce soybean plants that are tall, multi-branched, and
high-yielding, producing one of the ideal plant types of soybeans. Studies have shown
that GmMAX4 and GmMAX2, the critical genes for synthesizing strigolactones (SLs), are
downstream of GmPhyB, which is related to the perception of the shade signal. Thus, when
the shade signal appears, the expression of the phytochrome gene is first changed. Then, a
series of downstream genes are up-regulated or down-regulated [27]. Ge et al. [28] proved
that shoot PhyB triggers shoot-derived mobile elongated hypocotyl5 (HY5) protein accu-
mulation in roots. And HY5 further positively regulates the transcription of SL synthetic
genes, thus forming a shoot-PhyB-dependent systemic signaling pathway that regulates
the synthesis and accumulation of SLs in roots. Therefore, the relationship between SL and
plant branching or tillering is of great concern, especially under shade conditions.

SL is a generic term for natural strigolactone and its synthetic analogs, which is a
sesquiterpene compound composed of a tetracyclic skeleton structure [29]. SL is a novel
plant hormone, so the exact pathway through which SL is synthesized in plants is not
clear [30]. However, genetic analyses of several plant species suggest that the production
of retinoids are due to the cleavage of carotene products [31-33]. C40 carotenoids are
synthesized by the methylerythritol phosphate pathway (MEP pathway) in plant cell plastids.
After the action of carotenoid cleavage dioxygenase 7 (CCD7, MAX3/RMS5/HTD1/D17) [33-35],
carotenoid cleavage dioxygenase 8§ (CCD8, MAX4/RMS1/DAD1/D10) [36-38], cytochrome P450
monooxygenase (CytP450, MAX1) [39], and other enzymes, C40 carotenoids synthesize the
first active product 5-deoxystrigol [40] and then synthesize other SL. compounds via other
pathways, such as sorgolactone, alectrol, and orobanchol [41] (Figure 1). Studies have shown
that SL inhibits the growth of the branch and lateral buds in plants. Fan [42] applied the
synthetic analog germination releaser 24 (GR24) solution of SL to the axils of tobacco plants
and found that SL inhibits the germination, elongation, and fresh weight of tobacco axillary
buds. Treatment of 6-phe-noxy-1-phenyl-2-(1H-1,2,4-triazol-1-yl) hexan-1-one (TIS108), a SL-
biosynthesis inhibitor, increases the number of branches and represses root hair elongation.
This phenotype is also observed in SL-deficient mutants and the co-application of GR24
recovers the TIS108-induced phenotype to Arabidopsis wild-type [43]. In addition, SL controls
the number of branches in plants synergistically with auxin (IAA). In a previous study,
Qin [44] found that shading at the seedling stage increased IAA content in the main stem,
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decreased IAA content in the branch tip, and increased the content of SL, suggesting that
shading at the seedling stage aggravates apical dominance, promotes the main stem, and
inhibits branch growth. Zhang et al. [45] showed in pea and Arabidopsis that SLs target
processes dependent on the canalization of auxin flow, which involves auxin feedback on
PIN subcellular distribution, and their results identify a non-transcriptional mechanism of
SL action, uncoupling auxin feedback on PIN polarity and trafficking, thereby regulating
vascular tissue formation and regeneration.

MEP pathway MEP pathway

W/\/L\ﬁow +/L~=x/\/l\/\/J\/\)‘%/’_0PP
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Figure 1. A simplified schematic diagram depicting strigolactone synthesis pathway. Geranylgeranyl
diphosphate (GGPP) is synthesized through methyl erythritol phosphate pathway (MEP pathway)
and then C40 carotenoids are synthesized in the cytoplasm. CCD7 (MAX3/RMS5/HTD1/D17), CCD8
(MAX4/RMS1/DAD1/D10), CytP450 (MAX1), and other enzymes promote the 5-deoxystrigol synthesis
and then synthesize other strigolactone compounds via other pathways, such as sorgolactone, alectrol,
and orobanchol. Arrow depicts activation.

At present, the effects of SL on the branching growth and development of soybean
have been reported, but there are few reports on the effects of SL on the branch growth and
development of soybean under the maize—soybean relay intercropping mode [46,47]. In
this study, soybean cultivars D16 and N99-6 were selected due to their large differences
in branching traits. The branching traits, hormone content, and related gene differences
of D16 and N99-6 sprayed with different plant hormones under normal light and shade
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conditions were compared to elucidate the physiological mechanisms of soybean branching
mediated by SL under shade and to further provide a theoretical basis for the cultivation of
soybean ideal plant type varieties under the maize-soybean belt compound planting mode.

2. Materials and Methods
2.1. Experimental Site and Planting Material

The experiment was carried out at the Sichuan Agricultural University in Chengdu,
Sichuan Province of China. The two soybean cultivars selected for the experiment were ‘D16
(the main cultivar in southwest China with strong shade tolerance and multi-branching
type; Nanchong Academy of Agricultural Sciences, Nanchong, China) and ‘N99-6” (the
less-branching type cultivar; Nanjing Agricultural University, Nanjing, China).

2.2. Treatments and Experimental Details

The experiment was carried out in two stages. The first stage was conducted from
June 2018 to November 2018 at Qingpuyuan Experimental Base (30°970" N, 103°810’ E;
647 m elevation) of Sichuan Agricultural University in Wenjiang District, Chengdu. In
the experiment, two light environments were set by using shading nets with different
light transmission rates: normal light CO (350 pumol m?/s, red light: far-red light = 1.2)
and shady light C1 (simulated corn and soybean relay intercropping light environment,
photosynthetic active radiation (PAR) was 40% of C0, R:FR = 0.6). The light duration varies
with the sunshine duration, and the light intensity changes are shown in Figure 2. Potted
plants were placed in the field with three replicates per treatment and 30 flowerpots for
each replicate. The shading treatment started from seed germination and ended at the full
flowering stage (R2 stage, Figure S1), and harvesting was carried out at maturity.

5.000.00 -

45,000,00 = Normal Light C0

40,000.00 | — — Simulated Intercropping Light Environment: Shade C1
N s

35,000.00 o A

30,000.00 o

25,000.00 o

20,000.00 4

Light Intensity

15,000.00 +

10,000.00 -

5000.00 4
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Wave Length (nm)

Figure 2. Variation in light intensity under natural light and simulated relay intercropping light envi-
ronment in 2018. Solid and dashed lines indicate normal light CO and simulated relay intercropping
light environment C1, respectively.

The second stage was conducted from June 2019 to November 2019 at the Modern
Agriculture Research Base (30°330’ N, 103°390’ E) of Sichuan Agricultural University in
Chongzhou city, Chengdu. The experiment set-up two light environments (see the first
stage for specific methods), normal light and shade treatment, and set five plant hormone
treatments—DO (no plant hormone, the control with water), D1 (10 mmol/L of IAA), D2
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(10 mmol/L of N-1-naphthylphthalamic acid, NPA), D3 (40 mmol/L of GR24), and D4
(40 mmol/L of TIS108). At the V3 stage, hormone solution was sprayed on the shoot tip
growth points and leaf buds of soybean, and the spraying time was from 17:30 to 18:30 in
the evening. The droplets were small and uniform during spraying, and the dosage was
based on the lower drops of the liquid at the spraying site. A completely randomized block
design was used, with 3 replicates for each treatment of 5 plants.

2.3. Morphological Measurements

Effective branches and branch pod numbers were determined at full maturity stage
R8 (seed moisture content < 30%). The branch length and axillary bud number were
determined from 28 to 68 days after sowing. The branching incidence rate was calculated
as the amount of branches/number of axillary buds x 100% [48-50]. Each treatment was
performed with ten replicates.

2.4. Measurement of Hormone Levels

High-performance liquid chromatography was used to quantify the contents of IAA
and SLs in 0.50 g of fresh collected terminal buds and axillary buds growing to 1.00-2.00 cm,
respectively. Samples consisted of three biological replicates each comprising three techni-
cal replicates.

SL content: The samples were ground with liquid nitrogen and placed in a 50 mL
centrifuge tube; 10 mL of pure water was added and internal standard GR24 (100 nug/L)
was added; and the samples were immersed for 15 min, during which they were shaken
1-2 times. After adding 25 mL of pure acetonitrile and vertexing for 30 s, the mixture was
placed on a shaker for 1 h (4 °C, 200 rpm). An amount of 7.5 g of NaCl was added, and
vortexed and shaken for 30 s, and the supernatant was removed through centrifugation
(3000x g, 15 min) after soaking for ten minutes. The supernatant was passed through
the MAX SPE column (pre-activated with 2 mL of acetonitrile), the loading effluent was
collected, and the SLs adsorbed on the SPE column were eluted with 2 mL of acetonitrile
desorption solution. The loading effluent was combined with the desorption solution, dried
under nitrogen gas at 4 °C, and dissolved in 100 uL of methanol/water (3/7 v/v) solution
before analysis. Chromatographic conditions: Waters BEH C18 column (100 x 2.0 mm,
1.7 um); mobile phase A of 0.1% formic acid aqueous solution and mobile phase B of
0.1% formic acid methanol solution. The column temperature was 40 °C and the injection
volume was 30 uL. MS conditions: electrospray ionization source (ESI) and positive ion
multiple reaction monitoring (MRM) mode. The temperature of the desolvation tube was
250 °C, the temperature of the heating module was 400 °C, the flow rate of the atomization
gas was 3 L/min, and the flow rate of the dryer was 15 L/min. The mobile phase and
gradient elution conditions are shown in Supplementary Table S1, and the relevant MS
parameters of SLs and synthetic analogs are shown in Supplementary Table S2.

IAA content: After grinding the sample with liquid nitrogen to powder, it was trans-
ferred into a 10 mL centrifuge tube and 6 mL of pre-cooled acetonitrile was added. It
was left in the dark at 4 °C for 12 h and centrifuged at 10,000 rpm at 4 °C for 20 min,
and the supernatant was collected. The residue was repeatedly extracted by adding 4 mL
of acetonitrile, and the two extracts were combined. It was concentrated under reduced
pressure at 40 °C until the solvent was completely dried; 2 mL of chloroform and 0.4 mol/L
of phosphate buffer were added; it was shaken and mixed to remove the pigment; and
this process was repeated three times. An amount of 0.1 g of polyethylene pirolidone was
added and shaken at 28 °C for 30 min (200 rpm), and the resulting clear solution was
concentrated at 40 °C under reduced pressure until the solvent was completely dried. It
was dissolved in 1 mL of mobile phase and stored in the dark, and then passed through a
0.2 pm filter membrane before loading. The mobile phase was methanol: acetonitrile:0.6%
acetic acid (50:45:5, v/v), the column was a Smmetry C18 (150 mm X 4.6 mm, 5 pm), the
column temperature was 25 °C, the mobile phase flow rate was 0.6 mL-min~!, and the
detection wavelength was 254 nm. The JAA components in the sample were determined
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based on the retention time of each component in the standard sample, and the IAA content
was calculated based on the peak area.

2.5. Real-Time Quantitative PCR

The extraction of total RNAs and the synthesis of cDNAs were conducted according
to the methodology described by Wen [51]. The quantitative real-time PCR (qPCR) was
checked using gene-specific primers to examine transcript levels of shade-inducible gene
GmPIL1 [52], phytochrome genes GmPhyA [53] and GmPhyB [53] in apical leaves and lateral
leaves, SL biosynthesis genes GmMAX3 [27] and GmMAX4 [27], SL signal transduction
gene GmMAX2 [27], and indole acetic acid transporter gene GmPIN1 [54] in the nodes and
axillary buds. Primer sequences are presented in Supplementary Table S3. GmACTIN1
was used as an internal reference gene for qPCR that was run on a Quant Studio 6 Flex
real-time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Real-time detection
was performed using Vazyme™ AceQ qPCR SYBR Green Master mix (Vazyme Biotech
Co., Nanjing, China). The data were analyzed and calculated using the 2~22¢t method [55].

2.6. Statistical Analysis

Microsoft Excel 2019 (Microsoft Corporation, Redmond, WA, USA) was used for data
collection and SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. The data are expressed as average values £ standard error (SE). Data were
analyzed through Student’s t-test and analysis of variance (ANOVA).

3. Results
3.1. Shading Treatment Slowed the Branching Development of Soybean, but There Were Significant
Differences among Varieties

The branch lengths of D16 and N99-6 varieties were continuously examined under
normal light and shade from seeding 28 to 68 days (Figure 3). Compared with normal light
treatment, the branch length of both soybean varieties was significantly reduced under the
shade treatment and D16 was less affected by shading. This meant that the branch length
of N99-6 was larger than that of D16 at all stages under normal light, but was opposite
under shade during the experiment except at about the 44th day.

—e—DI6
—4—-N99-6

Normal lignt Shade

28.00 32.00 36.00 40.00 44.00 56.00 68.00 28.00 32.00 36.00 40.00 44.00 56.00 68.00

sowing days (d)

Figure 3. Branch development dynamics of two soybean cultivars from 28 to 68 d under different light
environments. Solid and dashed lines indicate D16 and N99-6, respectively. Values are mean =+ SE.
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The axillary buds began to differentiate into branches between 28 and 36 days after
sowing. The branching growth rate was about 0.30 cm/d between 28 and 44 days after
sowing. Noticeably, during the 44-56 days, the daily branch length increment of both
cultivars significantly increased under normal light, with N99-6 reaching 0.85 cm/d and
D16 also reaching 0.5 cm/d. There was no significant change under shade. At 5668 days
after sowing, the daily branch growth of both cultivars under both light conditions began
to slow down compared with the previous 12 days, but the growth rate of D16 was higher
than that of N99-6.

The branch number, branch formation rate, branch length, and branch pod number
were examined in both soybean cultivars in the R8 stage of soybean ripening (Table 1).
Branching-related characteristics of multi-branching D16 were significantly higher than
those of the low-branching N99-6 except for the branch length at normal light treatment.
After shading treatment, four branch-related traits of D16 were higher than those of N99-63,
two of which were significantly higher, including the branch length of D16 that was 44.43%
higher than that of N99-63. Furthermore, the number of branch pods of the two cultivars
was affected by shade to the same extent and was reduced by about twice. Following the
shading treatment, these results suggested that the soybean plants significantly slowed
their branch development and shortened the branch length. However, the varieties were
differently affected by the shading.

Table 1. Branching phenotypes of two soybean cultivars associated with shade and normal light.

Cultivar Treatment Branch Branch Branch Branch Pod
Number Formation Rate = Length (cm) Number

normal light 750 = 0.49 0.58 + 0.04 1804 +1902 17.2 + 2.857

D16 shade 1.40 + 0.49 0.26 + 0.04 1765+ 1.671 82+ 1990

normal light ~ 2.40 = 1.02 0.18 + 0.06 16.63 + 1363 117 4 1.552

N39-6 shade 1.20 £ 0.75 0.12 + 0.04 9.82 41391 52+ 1.249

Each value represents the mean & SE. Means for each treatment that does not have a common letter are significantly
different, as determined by Duncan’s multiple range tests at p < 0.05.

3.2. The Gene Expression Levels of GmPIL, GmPhyA, and GmPhyB Varied between Different
Genotypes under Shading Treatment

To further confirm whether the genotype is the cause of the difference in branch
development under shading treatment, the expression of shade-inducible gene GmPIL in
D16 and N99-6 was measured within 24 h of the shade treatment (Figure 4A). Within 24 h
of shading, the GmPIL gene expression trend of the two cultivars was almost the same,
but the expression level of D16 was higher than that of N99-6. The expression level of
the GmPIL gene in both cultivars was significantly up-regulated within 0-8 h, reaching
a peak of about four times higher at eight hours. From the eighth hour of shading, the
expression level of the GmPIL gene in both cultivars was down-regulated, but the down-
regulation trend varied between the varieties. Specifically, D16 was slowly and steadily
down-regulated by 0.68 times from the peak value in the following 16 h, while N99-6 was
rapidly down-regulated by 0.87 times in 8-12 h, and there was no significant change in the
gene expression level in the following 12 h.

GmPhyA gene expression of the two cultivars showed a similar trend within 24 h
of shading, by first increasing, reaching the climax at eight hours, and then decreasing.
However, N99-6 showed a minor peak at the second hour of shading (Figure 4B). In
addition, GmPhyA gene expression in D16 was twice that of N99-6 at the peak and was
slightly higher than in N99-6 after 24 h of shading. Moreover, the variation trend of
GmPhyB gene expression in the two cultivars was completely different within 24 h of the
shading treatment (Figure 4C). D16 showed an increase at first, peaked at four hours, and
then decreased, while N99-6 showed an overall downward trend. Furthermore, D16 was
distinctly higher (by about 20%) than N99-6 after 24 h of shade. These results indicated that
the expression levels or variation trends of shading-perception-related genes in different
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genotypes were different after shading treatment, which may be a cause for the differences
in shoot development under shading treatment.

500 1 —e—pI6
—A—-N99-6
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Figure 4. Transcription of photosynthesis-related genes, including GmPIL (A), GmPhyA (B), and
GmPhyB (C), was analyzed through qPCR from 0 to 24 h of shading in D16 and N99-6 cultivars. D16
and N99-6 were measured within 24 h of shade treatment and leaf samples were collected for RNA
extraction, cDNA synthesis, and qPCR analysis. Data presented as means =+ SE of three independent
experiments. Statistical analysis was performed through ANOVA test (p < 0.05) and the significant
differences are indicated by different letters.

3.3. Shading Treatment Changed the Content and Related Gene Expression of SL in Soybean
Axillary Buds

The SL content in the axillary buds of D16 and N99-6 was measured under normal
light and shade treatment (Figure 5A). There were no significant differences between the
two cultivars under normal light. After shading treatment, the SL content in the axillary
buds of both cultivars significantly increased. The SL content was significantly higher in
DL than in N99-6, which increased by 38.8 and 16.0%, respectively. This finding suggested
that shading treatment could significantly increase the content of SL in soybean axillary
buds, but the increase varied between the varieties.

The dynamic relative expression levels of SL-related genes (GmMAX2, GmMAX3,
and GmMAX4) were detected in the axillary buds of two soybean varieties within 24 h
of shading treatment (Figure 5B-D). The expression levels of the three genes were all
up-regulated at 24 h compared with those before treatment, and GmMAX2 and GmMAX3
were significantly up-regulated. The expression level of GmMAX3 in D16 was distinctly
higher (about 27.78%) than in N99-6 at 24 h under shade treatment. The expression levels
of GmMAX2 and GmMAX4 in D16 were higher than in N99-6 within 0-10 h and 0-22 h,
respectively, and then slightly lower than that of N99-6. The significantly increased SL
content in soybean axillary buds after shading treatment was caused by the increased
expression of SL-related synthesis genes. The change in GmMAX3 gene expression was
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Figure 5. The changes of strigolactone content in samples collected throughout a 24 h shading
experiment in plants of D16 and ND99-6, compared with normal light (A). Relative expression of
genes related to synthesis and transport of strigolactone, including GmMAX3 (B), GmMAX2 (C),
and GmMAX2 (D), in D16 and ND99-6 continuously at two-hour intervals over a 24 h period. Data
are presented as means + SE of three independent experiments. Statistical analysis was performed
through ANOVA test (p < 0.05) and the significant differences are indicated by different letters.

3.4. IAA, SL, and Their Inhibitors Had Different Effects on the Branching Characteristics of
Soybean under Different Light Conditions

Under normal light, the branch number and incidence of D16 were significantly
increased when TIS108 was applied compared with the control, but IAA, NPA, and GR-
24 had no significant changes (Table 2). In addition, after spraying GR24, the branch
length of D16 was almost halved, while after spraying TIS108, the branch length increased
significantly, by 39.6% compared with the control. Furthermore, the average branch pod
number of D16 significantly decreased after the four plant hormones and inhibitors were
applied under natural light. Under the shade treatment, the branch number, incidence,
and pod number of D16 significantly increased by applying TIS108 compared with the
control. Similarly, the branch number and pod number of D16 also significantly increased
by spraying NPA. However, there was no significant change in the branch length of D16
under shade treatment after the four plant hormones and inhibitors were applied.

Under the shade treatment, TIS108 significantly increased the branch number, branch
incidence, and branch pod number of N99-6 compared with the control. However, there
was no significant change in branch length of N99-6 after spraying two plant hormones
and two inhibitors (Table 3). In addition, spraying NPA or TIS108 under shade treatment
significantly increased the branch number and branch pod number of N99-6, and TIS108
encouraged the increase in the branch number. At the same time, GR-24 inhibited the
number and incidence of branching. This finding suggested that spraying IAA, NPA,
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GR-24, or TIS108 had different effects on the branching characteristics of soybean under
different light conditions. Meanwhile, different genotypes of soybean had different stress
responses to spraying the four hormones. However, regardless of the light condition or
variety, strigolactone inhibitor TIS108 significantly increased the number and incidence of
soybean branches.

Table 2. Effects of auxin/strigolactones and inhibitors on the phenotype of branch in D16.

Environment Treatment Branch Number Branch Formation Rate Branch Length (cm) Branch Pod Number
CK 6.20 = 0.36 0.583 4= 0.056 28.08 +=1.35 18.22 +1.83
TIAA 412 £ 0.65 0.338 & 0.034 31.67 +2.51 12.83 £1.13
normal light NPA 7.23 +£1.88 0.620 & 0.076 26.02 + 1.46 17.73 £1.30
GR-24 3.56 + 0.72 0.323 - 0.013 15.82 £1.07 14.92 +£1.34
TIS108 10.83 £ 0.38 0.792 £ 0.086 39.23 +2.34 15.86 = 1.36
CK 3.78 £ 0.72 0.352 & 0.036 2394 +1.31 7.76 = 1.02
TIAA 2.64 +0.12 0.228 4- 0.023 22.83 +1.57 7.18 =140
shade NPA 5.80 + 0.48 0.442 4 0.084 24.06 + 1.39 11.96 = 1.84
GR-24 2.06 = 0.49 0.214 £ 0.063 22.85+1.93 6.63 + 1.32
TIS108 7.18 = 1.49 0.601 4= 0.082 23.68 = 2.31 13.82 £1.79
Each value represents the mean & SE. Means for each treatment that does not have a common letter are significantly
different, as determined by Duncan’s multiple range tests at p < 0.05.
Table 3. Effects of auxin/strigolactones and inhibitors on the phenotype of branch in N99-6.
Environment Treatment Branch Number Branch Formation Rate Branch Length (cm) Branch Pod Number
CK 3.16 = 0.49 0.314 £ 0.022 16.03 £ 1.88 10.63 £ 2.12
TIAA 2.33+0.20 0.202 4 0.019 15.39 £1.23 14.68 £ 1.89
normal light NPA 5.62 +1.72 0.496 4= 0.036 15.68 =1.72 15.13 £ 1.07
GR-24 3.77 £ 1.49 0.338 & 0.017 15.92 £1.83 8.23 +1.39
TIS108 7.84 +£1.20 0.660 4 0.082 19.36 £ 1.88 16.38 £ 2.12
CK 3.02 £049 0.297 4 0.032 2518 22.22 5.63 +0.83
IAA 2.16 + 0.65 0.213 £ 0.019 23.94 +2.02 8.66 + 1.22
shade NPA 433 £0.10 0.415 4 0.032 2428 +1.91 11.39 £1.92
GR-24 1.37 & 0.57 0.154 4 0.019 18.63 £1.92 6.39 £ 1.11
TIS108 6.64 +0.93 0.576 & 0.082 24.88 +2.71 10.83 £1.79

Each value represents the mean = SE. Means for each treatment that does not have a common letter are significantly
different, as determined by Duncan’s multiple range tests at p < 0.05.

3.5. The Increase in IAA Content Promoted SL Biosynthesis

The SL content was then detected in two soybean varieties after external application
of auxin and its inhibitor NPA under normal light and shade conditions (Figure 6A). Under
normal light, the SL content in D16 treated with CK and IAA was significantly lower than
in N99-6, and when treated with NPA, the SL content was slightly lower. This pattern
was opposite under the shade treatment. Under normal light, the SL content in D16
sprayed with auxin and its inhibitor NPA was not significantly different from CK without
spraying. However, the SL content in N99-6 sprayed with auxin and its inhibitor NPA was
significantly higher and lower than CK without spraying, respectively. Under the shade
treatment, the SL content in D16 and N99-6 after auxin spraying was significantly higher
than CK without spraying.

The above results indicate that external application of IAA could increase the SL
content in soybean axillary buds to a certain extent while NPA had the opposite effect.
Shading treatment increased the SL content in soybean axillary buds. The expression
of the SL biosynthesis gene in soybean axillary buds responded differently to adverse
light conditions and auxin affected the biosynthesis pathway of SL. SL biosynthesis gene
GmMAX?2 expression levels were examined in the axillary buds of both soybean cultivars
after the auxin or inhibitor was applied under shade and normal light (Figure 6B). The
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expression level of GmMAX2 after auxin spraying was significantly higher than that after
NPA application. Under normal light, the expression level of GmMAX2 in D16 sprayed
with auxin inhibitor NPA was significantly higher than that of N99-6. However, after
shading treatment, there were no significant differences in the expression of GmMAX2
between the two cultivars under different treatments. These results further indicated that
the increase in auxin content also promoted the synthesis of SL.
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Figure 6. Changes in SL content (A) and synthetic gene GmMAX2 (B) in auxin- and inhibitor-treated
soybean axillary buds under normal light and shade. Data are presented as means + SE of three
independent experiments. Statistical analysis was performed through ANOVA test (p < 0.05) and the
significant differences are indicated by different letters.

3.6. The Increase in SL Content Promoted IAA Biosynthesis

To further explore the relationship between IAA and SL, the SL analog GR-24 and its
inhibitor TIS108 were applied to soybean under normal light and shade to detect auxin
content in soybean axillary buds (Figure 7A). The auxin content in D16 treated with CK and
GR-24 or with TIS108 was significantly lower or higher than in N99-6, respectively. Under
normal light, the auxin content of soybean axillary buds sprayed with GR-24 or TIS108 was
significantly higher or lower than CK treatment without a growth regulator, respectively.
Under the shading treatment, the auxin content of soybean axillary buds sprayed with
GR-24 was significantly higher than with CK, but when sprayed with TIS108, there was no
significant difference from CK.
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Figure 7. Changes in IAA content (A) and synthetic gene GmPIN1 (B) in SL- and inhibitor-treated
soybean axillary buds under normal light and shade. Data are presented as means =+ SE of three
independent experiments. Statistical analysis was performed through ANOVA test (p < 0.05) and the
significant differences are indicated by different letters.

To characterize the effect of SL. on IAA gene level, the expression of soybean axillary
bud IAA transporter gene GmPIN1 sprayed with GR-24 or TIS108 was determined under
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normal light and shade treatment (Figure 7B). The expression of GmPIN1 after spraying
GR-24 was lower than that after spraying TIS108. There was no significant effect on the
expression of GmPIN1 between the two varieties after spraying different plant growth
regulators under normal light. However, the expression of the GmPIN1 gene in D16 was
significantly higher than that in N99-6 in a shaded environment. GmPIN1 gene expression
was significantly different under the shading treatment.

4. Discussion

The process of branching development plays an essential role in the life cycle of higher
plants. The branching development of plants is not only determined by genes but can also
be influenced by biotic and abiotic factors [56]. In this study, shading had some effects
on the branching development of soybean genotypes. The branching development of
the two soybean varieties under shading was significantly reduced and the branching
development period was shortened compared with the control group under normal light.
The number and incidence of branching were also affected. Such phenotypic characteristics
are caused due to the lack of photosynthetic products under shade conditions. However,
plants can adjust their growth processes in the face of adversity to produce progeny more
quickly, ensuring the continuation of the species, a strategy generated in the evolution
of plants [57]. In addition, branching length can somewhat determine the branch yield,
since branches that are too short will produce insufficient numbers of branching pod
sites [58]. The branching length of D16 did not significantly change after shading, while
it was significantly shortened in N99-6. Furthermore, the reduction in the branching pod
number in D16 was lower than in N99-6. Considering the foregoing, such characteristics of
pod setting and branching may be some of the reasons why D16 was widely used in relay
intercropping production.

SL plays a critical role in the branching development of plants [59] and can inhibit the
development of lateral branches [60]. Beveridge’s [61] results showed that SL is a signaling
substance that inhibits the branching of plants and can move over a long distance. In
addition, previous studies found that a shaded environment can promote SL synthesis
in Arabidopsis thaliana [62]. In this study, GmPIL and GmPhyA genes related to shading
signal perception were significantly up-regulated after shading treatment. Among these,
the GmPIL gene in D16 was up-regulated more rapidly than in N99-6. However, the relative
expression of PhyB genes in N99-6 increased first and then decreased, while this expression
in D16 decreased. Furthermore, the expression of genes related to SL synthesis and signal
transduction was up-regulated within 24 h of shading. Although the gene expression
levels of the two soybean varieties showed different trends, GmMAX2 and GmMAX4
levels in D16 were significantly higher than in N99-6 in the first few hours. However, in
the following period, these genes in D16 were down-regulated again and the expression
levels of GmMAX2- and GMMAX4-related genes were almost lower than in N99-6 after
24 h of treatment. The reason for the above differences is that D16 responded quickly
to the shading signal. Down-regulation of the PhyB gene led to the down-regulation of
downstream GmMAX4 and GmMAX2, while N99-6 displayed the up-regulation of the
PhyB gene first in a short period. However, after the transient up-regulation of GmMAX4
and GmMAX2 in D16, the expression levels were significantly down-regulated in a short
period. Finally, the two genes in D16 were lower than in N99-6, but the expression level of
GmMAX3 in D16 was significantly higher than that in N99-6. However, because D16 is a
multi-branched variety, even with increased SL content under shade, the branch length and
number were still more than N99-6. Moreover, the branching-related phenotypes of both
soybean cultivars improved after TIS108 application, with little differences between the two
cultivars, suggesting that SL inhibited the branching of soybean under the shade treatment.

Previous studies on Arabidopsis, cotton, and other plants have shown that the reg-
ulation of SL on branching development involves a very complex process [63]. SL may
prevent auxin from transporting out of axillary buds, leading to a large accumulation of
auxin in axillary buds [64] and indirectly inhibiting auxin in axillary buds [65]. At the
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same time, the increase in auxin content also promotes SL synthesis [66]. The application
of SL inhibitor TIS108 and auxin inhibitor NPA improved the branching phenotype of
soybean under the shade to some extent. However, after the application of the natural
auxin IAA and the SL analog GR24, the branching and development of both cultivars
were inhibited but not significantly. This is similar to the results published by Leyser
and Day [67] that directly applying auxin to axillary buds did not effectively prevent bud
growth. Furthermore, the effect of applying SL analog GR24 may be related to the method
of application. SLs are mainly synthesized in the roots of plants [30]; therefore, in future
experiments, SLs can be applied to the root to ensure its optimal effect. At the same time,
this may be because auxin and SLs indirectly participate in the branching process via CK
regulation, which acts directly on axillary buds [68]. In addition, the results of this study
showed that auxin promoted GnMAX2 expression, a signal transduction gene of SLs, and
promoted the increase in SL content. However, SLs inhibited the expression of soybean-
auxin-polar-transporter-related gene GmPIN1; studies have shown that the accumulation
of PIN vectors in Arabidopsis max multi-branch mutants was significantly higher than that
of the wild type; and the auxin transport competition between axillary buds and terminal
buds and between adjacent axillary buds was significantly reduced [69], resulting in auxin
accumulation in axillary buds. In summary, the adverse effects of shading on soybean
branching development may be as illustrated in Figure 8. On the one hand, in the relay
intercropping mode, the reduction in the R:FR ratio resulted in decreased expression of the
PhyB gene and increased expression of the PhyA gene. Simultaneously, the decrease in PhyB
led to elevated expression of the GmMAX family genes, resulting in increased SL content in
the shaded environment. On the other hand, SLs and IAA mutually promoted each other,
leading to the inhibition of soybean shoot morphogenesis. The interaction between the two
plant hormones determined the differentiation and development of branches.

{ Relay Intercropping System J

L

( R:FR }

1 |
[ PhyB JI I[ PhyA ]

|

[ GmMAX Family]

w ) v
I

[ Soybean Branching ’

)

GmPINI ]

Figure 8. Model of the role of SL in soybean branch formation under shade treatment. Arrows
indicate activation and bars indicate repression.
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5. Conclusions

The interaction between auxin and strigolactone under shade had a negative effect on
the branch development of soybean. This study demonstrated the down-regulation of the
phytochrome-related gene PhyB in soybean under shade environments, and at the same
time, the shading stress promoted the up-regulation of GmMAX family genes, which re-
sulted in the increase in SL content. Meanwhile, the up-regulation of phytochrome-related
gene PhyA inhibited auxin synthesis and down-regulated GmPIH1 gene expression, affect-
ing the auxin response (Figure S2) and thus affecting the development of soybean branching.
Generally, studying the physiological and molecular mechanism of soybean under the
shade provided a better understanding of the branching development characteristics of
two soybean cultivars under shade conditions. This study lays a theoretical foundation for
the breeding of cultivars with relay intercropping and dense planting modes.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/agronomy13092383/s1, Table S1: Mobile phase and gradient
elution conditions; Table S2: Relative mass spectrum parameters of SLs and synthetic analogs;
Table S3: Genes and primers used for quantitative RT-PCR analysis in this study; Figure S1: D16 and
N99-6 mature phenotypes under normal light and shade. The scale is 10 cm; Figure S2: Correlation
analysis on PhyA, PhyB, GmPIL, Strigolactone, GmMAX2, GmMAX3, GmMAX4, Auxin, and GmPIN1.
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