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ABSTRACT

Dwarf mutants are valuable materials for investigating plant gene function and developing new crop varieties. In
the present study, dwarf mutant (D-CK) and wild-type (W-CK) Sophora davidii (Franch.) Skeels plants foliarly
sprayed with distilled water were used as controls, and dwarf mutants were treated with different concentrations
of gibberellin A3 (GA3; 20, 40 and 60 mg L), brassinosteroid (BR; 12.5, 25 and 50 mg L!); and auxin indole-
3-acetic acid (1AA; 12.5, 25 and 50 mg L) to study the changes in plant height at 20, 40 and 60 d after exogenous
hormone spraying. The changes in endogenous contents of IAA, GA3, BR, abscisic acid (ABA), jasmonic acid
(JA), and salicylic acid (SA) and IAA:ABA ratio in the dwarf mutant plants were also measured at 20, 40 and 60
d after exogenous hormone application. The dwarf mutants reverted to the W-CK height phenotype after 60 d of
exogenous spraying with different concentrations of GA3 and BR (except 50 mg-L™?), but after exogenous
spraying with IAA, dwarf mutants did not revert to the W-CK height phenotype. Compared with D-CK plants,
endogenous GA3, BR and IAA contents in dwarf mutant plants increased to some extent with exogenous spraying
of GA3, BR and IAA. The results indicated that exogenous spraying of different concentrations of GA3 and BR
regulated S. davidii plant height by promoting the secretion of endogenous GA3, BR, IAA and SA and inhibiting
endogenous ABA secretion in dwarf mutant. The height of mutants was sensitive to exogenous GA3 and BR but
not to exogenous 1AA.
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INTRODUCTION

Sophora davidii (Franch.) Skeels, a shrub in the legume family Sophora, can reach 2 m in height. It is resistant
to drought and barrenness, is highly adaptable, has high nutritional quality and is an important tree species for
ecological environment management, forage field establishment and improvement in the karst areas of Guizhou,
China (Lin et al., 2019). The taller plants of wild-type S. davidii are not conducive to foraging or mechanized
harvesting by domestic animals (cattle and sheep, etc.) Previously, we used ®Co-rays for radiation mutagenesis
of the dried seeds of S. davidii and screened a number of dwarf mutant plants from the progeny population, all
of which exhibited slow plant stem growth and shortened internodes (Zhao et al., 2022). These dwarf mutants
are important germplasm resources for S. davidii dwarf breeding and valuable genetic resources for studying the
growth, development and hormonal regulation of the main stem of S. davidii. Therefore, studying the genetic
basis of the S. davidii dwarf traits can help to artificially regulate S. davidii strains, which has practical
implications for S. davidii dwarf breeding and production practices (Tomlinson et al., 2019).

Mutants are consistent with their wild-type genetic background and are important materials for crop genetic
improvement and functional gene research (Wang et al., 2018; Wu et al., 2021). Plant height is influenced by
internal genetic control as well as various hormones and external environmental factors (Tian et al., 2017). It has
been shown that plant height is significantly correlated with gibberellin (GA) and brassinosteroid (BR) compared
to other plant hormones with mostly positive regulation (Fernandez et al., 2009). Brassinosteroid is a steroid
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hormone found throughout the plant kingdom that is similar to animal steroid hormones (Tong and Chu, 2018);
it can also promote cell growth by regulating cell division and elongation at lower concentrations (Clouse, 1996).
Gibberellin is a cyclic diterpene compound that promotes stem elongation, and biologically active GA can lead
to plant dwarfing when either its synthesis or signaling is blocked (Yamaguchi, 2008). Indole-3-acetic acid (IAA)
is a naturally occurring form of growth hormone that controls various aspects of plant growth and development,
including cell division, elongation and differentiation; leaf differentiation; and morphogenesis (Paciorek et al.,
2005). Growth hormone promotes cell expansion, but high concentrations can also inhibit cell elongation
(Liu et al., 2016).

To dissect the genetic basis of plant height in relation to hormone regulation, dwarf germplasms (e.g., rice
and wheat plants) have been used by many studies for in-depth analyses (Peng et al., 1999; Suzuki et al., 2003).
Regarding plant hormone regulation of plant height, dwarf mutants are generally classified into two categories:
hormone-sensitive and hormone-insensitive. The hormone synthesis pathway is inhibited or blocked in hormone-
sensitive mutants, resulting in a deficiency of endogenous active hormones in the plant body. The external
application of the corresponding active hormone will significantly increase plant height to the normal plant level,
e.g., under normal conditions and exogenous spraying of 40 mg L gibberellin Al on dwarf mutants of maize
(Zea mays L.) and rice (Oryza sativa L.), the height phenotype of these dwarf mutants could recover to normal
levels (Phinney, 1985). In contrast, hormone-insensitive plants are mainly hindered by hormone signaling and
do not show significant changes in plant height in response to external hormone application (Best et al., 2016).
Under normal conditions, exogenous gibberellin A3 (GA3) was applied during rice seed germination, and the
results showed that rice stem elongation and a-amylase yield did not increase significantly, but its endogenous
GA level was normal, indicating that they were GA-insensitive mutant rice (Mitsunaga et al., 1994). Harberd and
Freeling (1989) also found GA3-insensitive maize plants. Researchers have identified several Arabidopsis dwarf
mutants. Under normal conditions, the exogenous addition of different concentrations of BR had nonsignificant
effect on the plant height of these mutants, but their endogenous BR levels are normal. Therefore, they believe
that these Arabidopsis mutants are BR-insensitive mutants (Wang et al., 2016).

At present, studies on S. davidii in the karst region of Guizhou, China, have focused on the physiological
response mechanisms of this plant to adversity stress (Wang et al., 2016; Zhao et al., 2021), and the relevant
hormone sensitivity of the S. davidii dwarf germplasm has not been reported. Therefore, in this study, we used
the wild-type S. davidii germplasm and the S. davidii dwarf mutant germplasm to determine which exogenous
phytohormone the S. davidii dwarf mutant was sensitive to. The sensitivities of the S. davidii dwarf mutant to
three different concentrations of exogenous hormones at 20, 40 and 60 d after foliar spraying were compared,
and the effects of the three different concentrations of exogenous hormones on height of the S. davidii dwarf
mutant were analyzed. These results shed light on the different physiological mechanisms that produce
differences between the plant height mutants and the wild type and provide a valid pretheoretical basis for S.
davidii breeding in the subtropical karst mountains of southwest Guizhou, China.

MATERIALS AND METHODS

Test material

Dwarf mutant plants (hereafter referred to as mutants) were screened from the M3 generation population after
radiation mutagenesis of the dried seeds of Sophora davidii (Franch.) Skeels were irradiated with 8°Co-y rays,
and the wild-type S. davidii germplasm was grown for the same number of years under the same growth
environment as the mutant plants. The plant hormones auxin (indole-3-acetic acid, IAA), gibberellin A3 (GA3)
and brassinosteroid (BR) were purchased from Sigma (China).

Test of mutant strain height sensitivity to exogenous hormones
This experiment was conducted in 2019-2020 in the experimental greenhouse of the Department of Grass
Science, College of Animal Science, Guizhou University (26°27' N, 106°39" E), where the room temperature
was maintained at 23 £ 2 °C (daytime temperature 25 °C/nighttime temperature 21 °C, 16 h light/8 h dark, and
75% relative humidity). The pots used in this study were 30.5 cm in diameter and 25.3 cm high and contained 12
kg culture soil (30% humus+20% vermiculite+50% peat soil) obtained from local loam. Distilled water was used
for the test.

The seeds of the S. davidii dwarf mutant and wild-type plants were soaked in warm water at 60 °C for 24 h
and placed in Petri dishes for germination. After 7 d germination, seedlings of the same size were selected and
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transplanted to grow in pots. After 60 d growth in pots, exogenous hormone spraying was performed. Four
treatments were set for each hormone, i.e., GA3 at 0 (CK), 20, 40, and 60 mg L'%; IAA at 0 (CK), 12.5, 25.0, and
50.0 mg L%; and BR at 0 (CK), 12.5, 25.0, and 50.0 mg L1 The mutant (D-CK) and wild-type (W-CK) were
sprayed with distilled water and used as controls. Isolation barriers were set up between different exogenous
hormone treatments using plastic film to prevent interplot interactions.

Foliar spraying of exogenous hormones was carried out according to the experimental design protocol, and
after the spraying experiment started, spraying was carried out once every 2 d at 09:00 h. A total of six sprays
were applied within 12 d, and three replicates of each exogenous hormone concentration were set for each
spraying with five seedlings in each replicate; i.e., a total of 15 plants were sprayed with each concentration of
hormone, applying 150 mL of the corresponding hormone each time. All hormone solutions were first dissolved
in a small amount of ethanol and then diluted with distilled water to the appropriate concentration. After the six
spraying trials were completed, plant height and changes in the contents of various endogenous hormones, 1AA,
abscisic acid (ABA), BR, GAS3, jasmonic acid (JA), and salicylic acid (SA), were examined and measured at 20
d intervals.

Plant height was determined as the distance from the base of the stem to the growing point of the stem tip of
the S. davidii plant.

Extraction and analysis of endogenous plant hormones

These procedures were carried out according to Muller and Munné-Bosch (2011) with some modifications. Leaf
primordia and growth points were taken from the mutant and wild-type plants, respectively. Five mixed plants
were taken from each treatment and ground in liquid nitrogen, and then 1 mL 80% methanol was added. Samples
were homogenized by vortexing for 10 s every 15 min for 2 h and then centrifuged at 9600 x g for 15 min. The
supernatant was collected.

The standard compounds (purity > 99%) IAA (CAS: 87-51-4), GA3 (CAS: 77-06-5), ABA (CAS: 14375-
45-2), BR (CAS: 78821-43-9), SA (CAS: 69-72-7) and JA (CAS: 77026-92-7) were purchased from Sigma
(China). These standards were dissolved in 80% methanol, and liquid chromatography-tandem mass
spectrometry (LC-MS-MS) (Agilent Technologies 6460 Triple Quad LC/MS, Agilent Technologies, Santa
Clara, California, USA) was used for their analysis; each standard was run five times under the same conditions
as the extracted samples. An XBridgeTM C18 column was used (2.5 um, 2.1 mm x 50 mm; Waters, Milford,
Massachusetts, USA). Mobile phase A was the aqueous solution, and mobile phase B was methanol. The
column temperature was set at 30 °C, and the flow rate was 0.2 mL min-. The mass spectra were acquired
with an electrospray ionization source (ESI source) in negative mode. Indole-3-acetic acid, ABA, GA3, BR,
SA and JA were detected in multiple reaction monitoring mode, and the peak areas of each hormone were
compared with each standard curve to calculate the concentration of each endogenous hormone. Three
replicates were performed for each treatment.

Statistical analysis

One-way ANOVA with the least significant difference (LSD) multiple range test (P < 0.05) was performed on
the test data using SPSS 20.0 software (IBM, Armonk, New York, USA), and all values are reported as the mean
* standard error.

RESULTS

Effects of exogenous hormones on height of S. davidii dwarf mutants

As shown in Figure 1, there were some differences in height of S. davidii plants after spraying with different
concentrations of GA3, IAA and BR. The effect of IAA on promoting an increase in height of dwarf mutant
plants was nonsignificant or significantly different from the height of the D-CK group of dwarf mutants; however,
the promotion of height increase caused by IAA was significantly lower than that of the wild-type control. The
ability of GA3 to promote an increase in dwarf mutant plant height was significant after treatment with 20, 40
and 60 mg L at 40 and 60 d. The promotion in growth of the dwarf mutant plants was also significant after
exogenous spraying with 12.5 and 25 mg L™ BR at 40 and 60 d.
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Figure 1. Sophora davidii dwarf mutant height (mean + SD) after the exogenous spraying of different
hormones. Change in mutant plant height after the exogenous spraying of auxin (IAA) (a); change in
mutant plant height after the exogenous spraying of brassinosteroid (BR) (b); change in mutant plant
height after the exogenous spraying of gibberellin A3 (GA3) (c). D-CK: Dwarf mutant control sprayed
with distilled water; W-CK: wild-type control sprayed with distilled water; 12.5, 25.0, 50.0 mg L™
corresponding exogenous hormone treatment concentrations; 20, 40, 60 d after treatment. Different
lowercase letters indicate significant differences between treatments (p < 0.05).

Effects of exogenous hormones on endogenous hormones involved in S. davidii dwarfing mutations

Endogenous 1AA content in mutants. As shown in Figure 2, the IAA content in S. davidii dwarf mutant D-CK
plants was significantly lower than that in W-CK plants, while IAA content in wild-type plants decreased slightly
with growth time. When sprayed with 25 and 50 mg L IAA, IAA contents were significantly higher than those
in the dwarf mutant D-CK at 20 and 40 d. After spraying with 20, 40 and 60 mg L-* GA3, IAA contents
were significantly higher than those in dwarf mutant D-CK at 20, 40 and 60 d. After spraying with
12.5, 25 and 50 mg L*! BR, IAA contents in the plants were significantly higher than those in dwarf

mutant D-CK at 20, 40 and 60 d.

Endogenous ABA content in mutants. As shown in Figure 3, the ABA content in wild-type S. davidii plants
showed an overall decreasing trend with plant growth. However, there was a different trend in the ABA contents
in S. davidii dwarf mutant plants exogenously sprayed with different concentrations of GA3, 1AA and BR.
Compared with that in the dwarf mutant D-CK plants, spraying different concentrations of IAA, GA3 and BR
reduced the ABA contents in the plants to different degrees (except at 60 d when 50 mg-L* BR was applied),
and significant differences were reached at 20, 40 and 60 d (except at 40 d when 40 mg L-* GA3 was used and at
60 d when 25 mg Lt BR was employed). The ABA contents in dwarf mutants were significantly lower than
those in the W-CK plants at 20 d following treatment with different concentrations of GA3, IAA and BR, at
40 d with different concentrations of BR, and at 60 d after the application of different concentrations

of GA3 and IAA.
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Figure 2. Effects of the exogenous spraying of different hormones on the endogenous auxin (IAA)
contents in Sophora davidii dwarf mutants (mean + SD). Change in the endogenous IAA contents in
the mutants after exogenous spraying of 1AA (a); change in the endogenous IAA contents in the
mutants after exogenous spraying of gibberellin A3 (GA3) (b); change in endogenous IAA contents
in the mutants after exogenous spraying of brassinosteroid (BR) (c).
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Figure 3. Effects of the exogenous spraying of different hormones on the endogenous abscisic acid
(ABA) contents in Sophora davidii dwarf mutants (mean £ SD). Change in the endogenous ABA
contents after exogenous spraying of auxin (IAA) (a); change in the endogenous ABA contents after
exogenous spraying of gibberellin A3 (GA3) (b); change in the endogenous ABA contents after
exogenous spraying of brassinosteroid (BR) (c).

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 83(2) April 2023 - www.chileanjar.cl

195



Endogenous GA3 content in mutants. As shown in Figure 4, after the exogenous spraying of different
concentrations of 1AA, the GA3 contents in the S. davidii dwarf mutant plants were significantly higher than
those in the D-CK dwarf mutants at 20, 40 and 60 d after spraying (except at 40 d when 12.5 and 25 mg L* IAA
were applied). At 20 and 60 d, each group sprayed with IAA had significantly lower GA3 contents than the W-
CK plants. The GA3 contents in the dwarf mutants were significantly higher than those in the D-CK mutants
throughout the growth period when different concentrations of GA3 were sprayed, while the GA3 content in the
dwarf mutant was significantly lower than that in the W-CK group throughout the growth period (except at 40 d
when 40 mg Lt GA3 was sprayed). After the exogenous spraying of 25 and 50 mg L BR at 20 and 60 d, GA3
contents in the dwarf mutants were significantly higher than those in dwarf mutant D-CK and significantly lower
than those in W-CK.

Endogenous BR content in mutants. As shown in Figure 5, after the exogenous spraying of different
concentrations of IAA and GA3, BR contents in the S. davidii dwarf mutant plants were significantly higher than
those in the D-CK plants at 20, 40 and 60 d after spraying (except at 20 d after 20 mg Lt GA3 application).
Additionally, BR contents in all of the treated mutants were significantly lower than those in the W-CK plants.
After spraying different concentrations of BR, BR contents in the S. davidii dwarf mutant plants were
significantly higher than those in the D-CK mutants at 20, 40 and 60 d after spraying (except for 25 mg L* BR
treatment at 20 d after application). The endogenous BR contents in the D-CK mutant showed a decreasing and
then increasing trend throughout the growth period, whereas the endogenous BR contents in the W-CK plants
showed a continuous increasing trend.

Endogenous SA content in mutants. As shown in Figure 6, after exogenous spraying with different
concentrations of IAA, there were nonsignificant differences between endogenous SA contents in S. davidii dwarf
mutant plants and D-CK plants at 20 d after spraying. At 40 d after spraying, 25 mg L IAA significantly
increased endogenous SA content in the plants, whereas at 60 d, 25 and 50 mg L™ IAA significantly decreased
endogenous SA contents in the plants. After exogenous spraying of different concentrations of GA3, at 20 d, the
endogenous SA contents in S. davidii dwarf mutant plants significantly increased, and at 40 d, spraying 20 and
40 mg LT GAS significantly increased endogenous SA contents, but spraying 60 mg-L* GA3 significantly
decreased the endogenous SA content. The SA contents in the plants sprayed with 20 and 40 mg L-* GA3 were
not significantly different from those in the D-CK plants. When different concentrations of BR were exogenously
sprayed, the endogenous SA content in the dwarf mutant plants was significantly higher than that in the D-CK
plants at 20 d. Moreover, at 40 d, 25 and 50 mg L BR significantly increased endogenous SA contents in the
dwarf plants, while the difference in SA content between the 12.5 mg-L* BR-treated group and D-CK group was
nonsignificant. At 60 d, spraying 50 mg L™ BR significantly increased the endogenous SA content in the dwarf
plants, while differences in SA contents between 12.5 and 25 mg L BR spraying and D-CK treatment were
nonsignificant. The SA contents in the dwarf mutants were significantly lower than those in the W-CK plants at
both 20 and 60 d.

Endogenous JA content in mutants. As shown in Figure 7, after exogenous spraying of 12.5 mg L IAA, the
endogenous JA content in the S. davidii dwarf mutant plants was significantly higher than that in the D-CK plants
20 d after spraying, and at 40 d, JA contents in dwarf mutant plants were significantly higher than those in D-CK
plants after treatment with 12.5 and 50 mg L IAA. At 60 d, 25 and 50 mg L IAA significantly reduced the JA
contents in the plants. On days 20 and 40 after spraying 20 and 40 mg L** GA3, JA contents in the plants
significantly increased, while at 60 d, spraying different concentrations of GA3 significantly reduced the
endogenous JA contents in the dwarf plants. On day 20 after spraying with 50 mg-L* BR, the JA content in the
plants significantly increased; however, at 40 and 60 d, spraying with different concentrations of BR significantly
decreased the JA contents in the dwarf plants. The endogenous JA content was significantly lower in the D-CK
group than in the W-CK group after 20 d of growth, but the difference in JA content between these groups was
nonsignificant after 40 d of growth.
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Figure 4. Effects of the exogenous spraying of different hormones on the endogenous gibberellin A3
(GA3) contents in Sophora davidii dwarf mutants (mean £ SD). Change in the endogenous GA3
contents in the mutants after exogenous spraying of auxin (IAA) (a); change in the endogenous GA3
contents in the mutants after exogenous spraying of GA3 (b); change in the endogenous GA3 contents
in the mutants after exogenous spraying of brassinosteroid (BR) (c).
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Figure 5. Effects of the exogenous spraying of different hormones on the endogenous brassinosteroid
(BR) contents in Sophora davidii dwarf mutants (mean + SD). Change in the endogenous BR contents
in the mutants after exogenous spraying of auxin (IAA) (a); change in the endogenous BR contents in
the mutants after exogenous spraying of gibberellin A3 (GA3) (b); change in the endogenous BR
contents in the mutants after exogenous spraying of BR (c).
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Figure 6. Effects of the exogenous spraying of different hormones on the endogenous salicylic acid
(SA) contents in Sophora davidii dwarf mutants (mean + SD). Change in the endogenous SA contents
in the mutants after exogenous spraying of auxin (IAA) (a); change in the endogenous SA contents in
the mutants after exogenous spraying of gibberellin A3 (GA3) (b); Change in the endogenous SA
contents in the mutants after exogenous spraying of brassinosteroid (BR) (c).
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Figure 7. Effects of the exogenous spraying of different hormones on the endogenous jasmonic acid
(JA) contents in Sophora davidii dwarf mutants (mean + SD). Change in the endogenous JA contents
in the mutants after exogenous spraying of auxin (IAA) (2); change in the endogenous JA contents in
the mutants after exogenous spraying of gibberellin A3 (GA3) (b); change in the endogenous JA
contents in the mutants after exogenous spraying of brassinosteroid (BR) (c).
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Changes in the relative content of endogenous hormones in the mutant plants

As shown in Figure 1, different concentrations of GA3, IAA and BR were applied to S. davidii plants. At 20 d,
the IAA:ABA ratios in the treated plants were significantly higher than those in D-CK plants for all treatments
except GA-20 and BR-50, but this increase was not observed in W-CK plants. At 40 d, the highest IAA:ABA
ratio among all treatments was found in the BR-12.5 group, and with the exceptions of IAA-25, GA-20 and GA-
40 groups, the IAA:ABA ratios were significantly higher than that of D-CK for all treatments. At 60 d, exogenous
spraying of different concentrations of GA3 and IAA significantly increased the IAA:ABA ratio, while spraying
different concentrations of BR decreased the IAA:ABA ratio, although the difference was nonsignificant.

Correlation analysis of mutant plant height and endogenous hormone content

Correlation analysis showed that at 20 d, heights of the S. davidii dwarf mutants were highly significantly
correlated with the endogenous ABA and IAA contents (p < 0.01), significantly correlated with the endogenous
JA and SA contents (p < 0.05), and significantly negatively correlated with the IAA:ABA ratio. At 40 d, mutant
plant height was highly significantly correlated with endogenous BR and IAA contents (p < 0.01).

DISCUSSION

Sophora davidii dwarf mutant plant height sensitivity to different exogenous hormones

The effects of exogenous hormones on plant height are mostly measured as the difference between the treated
plant height and that of the control. Brassinosteroid, GA3 and IAA are closely related to plant dwarfism
(Shahnejat-Bushehri et al., 2016; Xing et al., 2020). In this study, the promotion of plant height increase in mutant
plants sprayed with different concentrations of 1AA throughout the growth period was nonsignificant, nor was
the plant height significantly different from the plants in the mutant D-CK group; however, heights of the IAA-
treated plants were significantly lower than those of the W-CK plants (Table 1). This result indicates that spraying
of the IAA solution did not restore plant height to normal in this dwarf germplasm plant and that the mutant plant
height was not sensitive to exogenous IAA (Zanewich et al., 1991). Spraying GA3 and low and medium
concentrations of BR (12.5 and 25 mg L™*) promoted an increase in heights of dwarf mutant plants but not in the
early stages of plant growth. This is probably because the internal physiological and biochemical plant pathways
only affected the middle and late stages of plant growth, suggesting that dwarf plants also differ in their response
to hormones at different reproductive stages (Can et al., 2006). The continuous external application of GA3 and
low to medium concentrations of BR restored plant height to normal in this dwarf germplasm, and the mutant
plant height was sensitive to exogenous GA3 and BR treatment.

Table 1. Effects of spraying different exogenous hormones, auxin (IAA), gibberellin A3 (GA3), and
brassinosteroid (BR), on the relative contents of endogenous hormones in Sophora davidii dwarf
mutants (mean + SD). D-CK: Dwarf mutant control sprayed with distilled water; W-CK: wild-type
control sprayed with distilled water; 12.5, 25, 50 mg L-* corresponding exogenous hormone treatment
concentrations; 20, 40, 60 d after treatment. Different lowercase letters indicate significant differences
between treatments (p < 0.05).

IAA:ABA ratio

Treatments 20 DAT 40 DAT 60 DAT
D-CK 2.85+ 0.01fg 2.65 + 0.05gh 3.77 + 0.15cd
W-CK 2.81 £ 0.08fg 4.52 + 0.06b 4.34 + 0.06bcd
IAA-12.5 3.15 + 0.05de 3.20 + 0.09ef 5.87 + 0.20b
IAA-25 5.04 + 0.06a 2.54 +0.01h 13.70 £+ 2.18a
IAA-50 3.60 £ 0.01b 3.30+£0.08e 6.34 £ 0.03b
GA-20 2.99 + 0.01ef 2.79 £ 0.02g 5.58 £ 0.07bc
GA-40 3.07 £ 0.06de 2.81 £ 0.0067g 5.43 £ 0.01bc
GA-60 3.20 £ 0.03d 3.10 + 0.07f 12.27 + 0.44a
BR-12.5 3.39+0.01c 5.44 +0.13a 3.65+0.10cd
BR-25 3.64 + 0.04b 3.73 +0.02d 3.17+0.01d
BR-50 2.69 +0.01g 4.10 + 0.08¢c 2.58 + 0.04d
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In conclusion, this mutant may be a GA3- or BR-sensitive dwarf mutant germplasm or an IAA-insensitive
dwarf mutant germplasm. Hormone-sensitive plants lack endogenous hormones due to the loss of plant hormone
synthesis function, but spraying dwarf plants with the corresponding exogenous hormone can restore their height
to a normal level (Feng et al., 2015). Hormone-insensitive plants mainly suffer from losses in hormone sensing
or signaling functions, resulting in nonsignificant changes in plant height in response to external hormone
application (Clouse et al., 1996; Daviere and Achard, 2016). No similar studies related to hormone synthesis and
signal transduction pathways in S. davidii have been reported, and further genetic localization and gene function
cloning studies are needed to confirm the mutant type.

Relationship between endogenous hormones and plant height in S. davidii dwarf mutants

Exogenous hormones often trigger physiological effects in plants by altering endogenous hormone contents and
thus affecting changes in plant morphology (Michael and Beringer, 1980). In this study, we found that after
exogenous spraying of different concentrations of GA3, BR and 1AA solutions, the endogenous GA3, BR and
IAA contents in the plants increased to some extent throughout the experimental period compared to those in the
D-CK group (except for 12.5 mg L IAA treatment). This result is probably because plants are stimulated by
hormonal signals after being subjected to exogenous hormone spraying, and the plants absorb the sprayed
exogenous hormones to promote their growth and development (Shao et al., 2020). In addition, exogenous
spraying of different concentrations of GA3 and BR up to 60 d showed an overall increasing trend in the
endogenous IAA content in the plants throughout the growth period, and related studies have suggested that
exogenous spraying of GA3 could effectively inhibit IAA oxidase (IAAQ) activity to reduce the decomposition
of 1AA, resulting in a significant increase in the endogenous IAA content (Bagatharia and Chanda, 1998).
Numerous studies have shown that taller plants have higher endogenous IAA levels than dwarf plants (Weijers
et al., 2018), which is consistent with the results of the present study. However, the results of this study on the
heights of S. davidii plants showed that directly spraying different concentrations of IAA did not significantly
promote an increase in the height of mutant plants, and there were nonsignificant differences between any of the
treatment groups compared with the plants in the mutant D-CK group. This finding indicates that although the
active endogenous 1AA content in hormone-insensitive dwarf plants increased after the external application of
IAA and was higher than that of the wild-type at some time points, the IAA hormone signaling function was lost,
and endogenous IAA could still not directly regulate the heights of the mutant plants to return to the wild-type
phenotype (Liu et al., 2010).

The exogenous spraying of different concentrations of IAA, GA3 and BR solutions resulted in higher
endogenous BR contents in the mutants than in D-CK plants, which, together with plant height growth
performance, indicated that exogenous spraying of GA3 and BR indirectly regulated plant height by affecting
the endogenous BR content. Brassinosteroid regulates the expression of genes related to GA metabolism and
promotes its accumulation, which in turn stimulates the elongation of plant cells (Rademacher, 2000).
Throughout the growth period, spraying different concentrations of exogenous IAA (with the exceptions of
spraying medium and low concentrations of 1AA at 20 d) and BR significantly increased the endogenous GA3
contents in plants compared to D-CK plants. Exogenously applied 1AA inhibits GA3 inactivation and catalyzes
the synthesis of GAL, encoded by the Le gene, while IAA promotes the production of LE mRNA and thus GA3
synthesis; therefore, exogenous spraying of IAA can significantly increase the endogenous GA3 content in plants
(Petzold et al., 1992). However, after the exogenous spraying of IAA, the mutant endogenous GA3 content was
lower than that in the W-CK plants, which indicated that the mutant endogenous hormone content reached a
certain concentration to stimulate plant height recovery. Correlation analysis (Table 2) showed that the
endogenous GA3, BR and IAA contents in S. davidii were positively correlated with plant height throughout the
growth period, indicating that these three endogenous hormones promoted and increased the plant height of the
S. davidii dwarf mutant.

In addition, the endogenous ABA content in D-CK was significantly higher than that in W-CK at both 40 and
60 d in this study. Abscisic acid is a hormone that performs a variety of functions during plant growth and
development, often regulating water exchange by affecting stomatal conductance and inhibiting seed germination
(Chen et al., 2022). It has been shown that dwarfism in apples (Malus xdomestica Borkh.) is due to an elevated
endogenous ABA content (Lordan et al., 2017). The endogenous ABA contents in S. davidii plants after spraying
different concentrations of IAA, GA3 and BR were lower than those in D-CK plants (with the exception of 60 d
after exogenous application of 50 mg L BR), which was due to the antagonistic effects of ABA with GA3, IAA
and BR on plant growth and development. The elongation of internodes was found to be inhibited by ABA
treatment in rice supplemented with different ABA concentrations during water immersion treatment (Hoffmann-
Benning and Kende, 1992). The present study showed that exogenously spraying different concentrations of IAA,
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GA3 and BR inhibited the synthesis of endogenous ABA in the mutant and reduced the inhibitory effect of
endogenous ABA on plant height.

Table 2. Correlation between endogenous hormone content and plant height in the dwarf mutant of
Sophora davidii. *, *"Significant correlations at the 0.05 and 0.01 levels (P < 0.05, P < 0.01),
respectively. ABA: Abscisic acid; BR: brassinosteroid; GA3: gibberellin A3; 1AA: indole-3-acetic
acid auxin; JA: jasmonic acid; SA: salicylic acid.

Time
Hormone 20d 40d 60 d
ABA -0.461™ -0.231 0.031
BR 0.340 0.484™ 0.102
GA3 0.340 0.223 -0.099
IAA 0.467" 0.633™ 0.098
JA 0.410 -0.205 0.176
SA 0.399" -0.022 0.265
IAA/ABA -0.372" -0.071 0.331

Jasmonic acid is a class of cyclopentane compounds present in plant tissues that have physiological effects
similar to those of ABA during plant growth and development and show antagonistic effects with GA3, BR and
IAA. In this experiment, there was no consistent change in the endogenous JA content in the S. davidii dwarf
mutant after the plants were exogenously sprayed with different concentrations of IAA. However, the endogenous
JA contents showed an overall decreasing trend when different concentrations of GA3 were applied, and the
endogenous JA contents showed an overall decreasing trend followed by an increasing trend after treatment with
different concentrations of BR. In this study, exogenous spraying of the plants with different concentrations of
GAZ3 and BR inhibited the synthesis of endogenous JA, which decreased the inhibitory effect of JA on the plants
and finally promoted plant growth. It has been suggested that JA can increase plant height and root growth by
promoting related enzymatic activities in plants when they are subjected to adversity stress (Xue and Zhang,
2007). Correlation analysis (Table 2) showed that S. davidii plant height was significantly and positively
correlated with endogenous JA content only at 20 d. The reason for this may be because plant growth and
development are the result of interactions between multiple hormones, and further and deeper studies are needed.
It has been suggested that in rice, jasmonic acid can conjugate with isoleucine (jasmonoyl-L-isoleucine, JA-lle),
and overexpression of certain enzymes accelerates the inactivation of JA-lle, leading to a decrease in the
effectiveness of JA signaling and ultimately to an increase in rice plant height. A previous study indicated that
this is related to possible crosstalk between the plant endogenous GA signaling pathway and JA-lle activity at
certain times to control rice internode growth (Kurotani et al., 2015).

Salicylic acid is widely found in plants, directly or indirectly regulates physiological and biochemical
activities and is an important signaling molecule for physiological processes such as growth and development,
maturation and aging, and stress resistance (Raskin et al., 1990). In this study, in the early stage of plant growth
(20 d), exogenous application of IAA, GA3 and BR caused an increase in the mutant plant endogenous SA
content, but the height of the mutant did not differ significantly from the D-CK plant height. At 40 and 60 d after
the exogenous spraying of BR solution, the dwarf mutants showed overall higher endogenous SA contents than
the D-CK plants, which promoted an increase in mutant plant height, which is consistent with the findings of
Kovacik et al. (2009). This result showed that only the external application of appropriate concentrations of
exogenous hormones was more beneficial for increasing plant height. In the late growth period, the endogenous
SA content in the plants was significantly higher than that in the D-CK plants after spraying only high
concentrations of BR, indicating that the physiological response of the plants to low and medium concentrations
of exogenous hormones was significantly weaker as the growth period of the plants was extended. Some studies
(Kunkel and Brooks, 2002; Bari and Jones, 2009) have suggested that SA may also act synergistically with other
phytohormones, such as ABA, JA, and GA3, to promote plant growth during certain periods and antagonistically
to protect plants in some environments, although this needs to be investigated more in depth.
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Relationship between relative content of endogenous hormones and mutant plant height

The interactions between and cross-effects of plant hormones can significantly affect plant growth processes
(zhang et al., 2015), and it has been suggested that the ratio of the endogenous content of IAA to ABA in plants
is closely related to plant dwarfing (Tworkoski and Fazio, 2016). Previous investigators found that crabapple
dwarfing was due to a decrease in the endogenous IAA content and changes in the IAA:ABA ratio under both
growth conditions (Rudikovskii et al., 2019). Our experimental results showed that after external application of
IAA, GA3 and BR, at 20 d, the IAA:ABA ratio in the treated plants were significantly higher than those in D-
CK plants, and the IAA:ABA ratio was significantly and positively correlated with mutant plant height, which
further confirmed that exogenous hormones affected endogenous hormones in dwarfing mutants and regulated
plant height. It has been shown that ABA can increase the activity of IAA oxidase and thus reduce the high IAA
activity in the dwarf mutant. Changes in endogenous hormone levels in plants can lead to disturbances in
endogenous hormone metabolism and involve the collaborative expression of some key genes, which act together
at the molecular and physiological metabolic levels to cause the appearance of the dwarf phenotype. In the present
study, we only discussed and investigated the endogenous hormone differences in dwarf mutants, but the
molecular mechanism of dwarfing and the related physiological and biochemical metabolic pathways of dwarfing
need to be further investigated.

CONCLUSIONS

In this study, for the first time, by exogenously spraying different concentrations of auxin (indole-3-acetic acid,
1AA), gibberellin A3 (GA3) and brassinosteroid (BR) on dwarf mutants of the high-quality forage shrub Sophora
davidii, we found significant differences in the endogenous hormone content and plant height changes in response
to exogenous IAA, GA3 and BR in dwarf mutant plants. The dwarf mutant plant height could not be restored to
the normal wild-type phenotype after exogenous application of different concentrations of IAA, and the mutant
endogenous IAA, GA3 and BR contents were lower than those of the wild-type throughout the experimental
period. After exogenous application of different concentrations of GA3 and BR, the mutants showed increased
plant growth and reverted to the wild-type phenotype by increasing the endogenous IAA, GA3, BR and salicylic
acid (SA) contents and decreasing the endogenous abscisic acid (ABA) content. In addition, this study also
showed that high concentrations of BR inhibited normal plant growth. The dwarf mutant in this study, which was
a typical dwarf mutant of S. davidii, was significantly lower in height than the wild type, and the mutant was
insensitive to exogenous IAA but sensitive to exogenous GA3 and BR. These results may provide preliminary
information for the analysis of the genetic basis of S. davidii plant height in relation to hormonal regulation.
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