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Abstract

Background: Brassinosteroids (BRs) are plant hormones that are critical for seedling growth. In Arabidopsis thaliana (L.) Heynh.,
BRs stimulate hypocotyl elongation in the light but inhibit it in darkness, whereas the BR biosynthesis inhibitor brassinazole (BRZ)
suppresses hypocotyl growth under both conditions. Our earlier work using BR-deficient mutants suggested that endogenous BR levels
are suboptimal for hypocotyl elongation in light-grown seedlings but nearly optimal in darkness. However, this model has not been
validated using BR-overaccumulating lines. Methods: To increase endogenous BR levels, we used previously generated single, double,
and triple knockout mutants of three well-characterized BR-inactivating genes (BEN1, BAS1, and SOB7). These mutants accumulate BRs
in an additive manner. We examined their hypocotyl responses to exogenous brassinolide (BL) and BRZ under light and dark conditions,
and analyzed the expression of selected BR- and light-responsive genes. Results: BR overaccumulation led to longer hypocotyls in
the light but shorter hypocotyls in the dark. In the light, BL consistently promoted hypocotyl elongation, whereas, BRZ consistently
inhibited it, in both wild-type and BR-overaccumulating seedlings. In darkness, both BL and BRZ suppressed hypocotyl growth across
all genotypes at moderate and high concentrations. Notably, at high BRZ concentrations, BR-overaccumulatingmutants developed longer
hypocotyls than wild-type seedlings under the same dark conditions. Comparisons of relative hypocotyl length (% of untreated control)
showed that BR overaccumulation increased hypocotyl responsiveness to high-dose BRZ in the light but conferred partial resistance to
BRZ in the dark. Conclusions: These results support and refine our previous model of BR–light/dark interactions. BR overaccumulation
enhances hypocotyl growth in the light, whereas excess BRs inhibit elongation in darkness. Gene expression analyses of wild-type and
BR-overaccumulating seedlings identified GATA Transcription Factor 2 (GATA2) as a candidate integrator of BR and light signaling
during hypocotyl development.
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1. Introduction
Brassinosteroids (BRs) are a class of plant hormones

structurally similar to animal steroids and well known for
their indispensable roles in promoting cell expansion and
growth [1]. Unlike many other plant hormones [2], BRs
are relatively stable and do not undergo long-distance trans-
port [3], making localized regulation of their synthesis and
inactivation essential for proper developmental outcomes.
Multiple feedback regulation loops, mediated through tran-
scription factors [4,5], photoreceptors [6], and circadian os-
cillators [7], fine-tune BRmetabolism tomaintain appropri-
ate hormone levels within specific tissues.

Among naturally occurring BRs, brassinolide (BL)
exhibits the strongest biological activity [8,9]. Chemical
inhibitors [10] such as brassinazole (BRZ) [11] and propi-
conazole (PCZ) [12] interfere with BR biosynthesis and are
widely used to probe BR-dependent biological and physi-
ological processes. Application of BL or BRZ has helped
clarify BR functions in growth, development, and stress re-
sponses across different plant systems [13,14,15].

In Arabidopsis thaliana (L.) Heynh., BRs interact
closely with light to regulate early seedling development
[16]. Photomorphogenesis in the light [17] and skoto-
morphogenesis in darkness [18] produce distinct hypocotyl
elongation patterns, and BR signaling contributes strongly
to these differences [16]. Although BR-modulated root
growth is largely independent of light [19], hypocotyl re-
sponses to exogenous BL vary substantially between light-
grown [17] and etiolated [18] seedlings. In the light, BL
enhances hypocotyl elongation in both wild-type plants and
BR-deficient mutants [17]. In darkness, however, BL only
promotes hypocotyl growth of BR-deficient mutants at low
concentrations [18]. Higher concentrations of BL suppress
elongation of dark-grown seedlings regardless of genotype
[18].

Building on these observations, our previous work
proposed a model in which endogenous BR levels are sub-
optimal for maximum hypocotyl growth in the light but are
close to optimal in darkness [18]. In light-grown seedlings,
exogenous BL boosts hypocotyl growth whereas BRZ re-
duces it [17]. In contrast, dark-grown wild-type seedlings
exhibit reduced hypocotyl elongation when BR levels are
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either increased or decreased, consistent with a narrow op-
timal BR range [18]. Dark-grown BR-deficient seedlings
show a two-phase BL response. Application of exogenous
BL first compensates for insufficient endogenous BR sup-
ply to promote elongation, but the effect eventually be-
comes inhibitory at higher doses [18]. BRZ further de-
creases their already insufficient BR levels and consistently
suppresses growth [18].

One major limitation of this model has been the lack
of evidence from BR overaccumulation lines. Because BR
biosynthesis involves several rate-limiting steps [20], in-
creasing endogenous BR content can be more effectively
achieved by disrupting BR inactivating enzymes rather than
by overexpressing individual biosynthetic genes. Three
such BR inactivation enzymes, phyB Activation Tagged
Suppressor 1 (BAS1/CYP734A1/CYP72B1) [4], Suppres-
sor of phyB-4 7 (SOB7/CYP72C1) [4], and Brassinosteroid
Insensitive 1 (BRI1)-5 Enhanced 1 (BEN1) [21], have been
well characterized in Arabidopsis. Successive knockout of
these genes elevates endogenous BR levels in an additive
manner [22]. Using previously generated single (ben1-2),
double (bas1-2 sob7-1), and triple (bas1-2 sob7-1 ben1-
3) knockout mutants targeting BEN1, BAS1, and SOB7
[22], we investigated how BR overaccumulation modulates
hypocotyl responses to exogenous BL and BRZ under light
and dark conditions. We also examined expression changes
in selected BR- and light-responsive genes to identify reg-
ulatory factors linking BR homeostasis with light-mediated
hypocotyl growth.

2. Materials and Methods
2.1 Plant Materials

All Arabidopsis lines used in this study were in the
Columbia-0 (Col-0) background. All three BR overaccu-
mulation mutants were previously described [22]. ben1-2
was a CRISPR/Cas9-induced frameshift mutation in BEN1
[22]. bas1-2 sob7-1was selected from an F2 population de-
rived from crosses between bas1-2 (SALK_006781, https:
//abrc.osu.edu/stocks/number/SALK_006781) and sob7-1
(SALK_120416, https://abrc.osu.edu/stocks/number/SAL
K_120416) T-DNA insertion lines [22]. bas1-2 sob7-1
ben1-3 was created by introducing a 38-nucleotide dele-
tion in BEN1 within the bas1-2 sob7-1 background [22].
T-DNA insertion lines were ordered from the Arabidopsis
Biological Resource Center. All mutant genotypes have
been previously confirmed by gene sequencing [22]. These
mutants successively eliminated BR-inactivation enzymes
and therefore elevated endogenous BR levels in an additive
manner [22]. Wild-type Col-0 served as the control for all
experiments.

2.2 Seedling Growth and Hypocotyl Measurement

Seedlings were grown on solid half-strength
Murashige and Skoog (1/2MS) medium (PhytoTech
Labs M530, Lenexa, KS, USA) containing 15 g/L sucrose

(PhytoTech Labs S829) and 6 g/L Gellan gum (PhytoTech
Labs G434). Media were supplemented with either BL
(APExBIO A3265, Houston, TX, USA) or BRZ (TCI
America B2829, Portland, OR, USA) at final concen-
trations of 0, 0.02, 0.1, 0.5, or 2.5 µM. BL and BRZ
were dissolved in N,N-dimethylformamide (DMF, Fisher
Scientific D119-1, Pittsburgh, PA, USA), and equivalent
DMF concentrations were added to all petri dishes.

Seeds were surface-sterilized, stratified at 4 °C in
darkness for four days, and then exposed to white light (2 h,
25 °C) before being grown for four days under either con-
tinuous white light or complete darkness. Light intensity
was set to 80 µmol m–2 s–1 for BL assays and 15 µmol m–2

s–1 for BRZ assays. All seedlings were maintained at 25 °C
in controlled incubators (Percival Scientific I-30L, Perry,
IA, USA).

After four days, seedlings were scanned at 1200 dots
per inch (DPI) and hypocotyl length was measured using
ImageJ v1.54g [23]. Relative hypocotyl length (% of un-
treated control) in response to BL/BRZ was calculated us-
ing the following formula: (individual hypocotyl length
treated with 2.5 µM of BL or BRZ)/(average hypocotyl
length without BL or BRZ treatment) × 100%. Each data
group represents measurements from 30 seedlings pooled
from three biological replicates. Statistical significancewas
assessed using one-way analysis of variance (ANOVA) fol-
lowed by post-hoc Tukey honestly significant difference
(HSD) test (https://www.statskingdom.com/180Anova1w
ay.html). Groups labeled with different lowercase letters
represent significantly different means (p < 0.05).

2.3 Quantification of Relative Transcript Levels
To assess transcriptional responses, Col-0 and bas1-2

sob7-1 ben1-3 seedlings were grown for four days in con-
tinuous white light (40 µmol m–2 s–1) or complete dark-
ness. Total RNA was extracted using the QIAGEN RNeasy
Plant Mini Kit, followed by cDNA synthesis using the iS-
cript Reverse Transcription Supermix from Bio-Rad Lab-
oratories. Reverse transcription quantitative PCR (RT-
qPCR) was performed with Bio-Rad SsoAdvanced Univer-
sal SYBR Green Supermix on a Bio-Rad C1000 Thermal
Cycler and CFX96 Real-Time System.

Gene transcript levels were normalized to Ubiquitin
10 (UBQ10) using the ΔΔCt calculation method. Each gene
expression value reflects six measurements (three biologi-
cal replicates × two technical replicates). Statistical anal-
ysis was performed using one-way ANOVA and Tukey’s
HSD test. Groups labeled with different lowercase letters
represent significantly different means (p < 0.05). A group
labeled with two or more letters means that it overlaps with
distinct subsets. Its average value is statistically similar to
multiple other groups that do not necessarily resemble each
other. Primer sequences are provided in Supplementary
Table 1.
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3. Results
3.1 Hypocotyl Responses of Wild Type and BR
Overaccumulation Mutants to BL and BRZ Are Different
Between Light and Dark Conditions

Col-0, ben1-2, bas1-2 sob7-1, and bas1-2 sob7-1
ben1-3 seedlings were grown for four days on solid 1/2MS
medium containing a range of BL or BRZ concentrations
(0.02–2.5 µM) under continuous white light or complete
darkness. All genotypes displayed clear and condition-
dependent hypocotyl responses to BR and BRZ treatments
(Fig. 1). In both light- and dark-grown seedlings, BL and
BRZ altered hypocotyl length in dosage dependent patterns,
and these trends were consistent across the single, double,
and triple mutants. Representative seedling images illus-
trate these growth differences across treatments (Fig. 1A–
D).

3.2 In Light Conditions, BL Promotes and BRZ Inhibits
Hypocotyl Growth in Both Wild Type and BR
Overaccumulation Mutants

To enhance the visibility of treatment-dependent
hypocotyl changes, BL and BRZ application experiments
were conducted under two different light intensities of 80
µmol m–2 s–1 for BL assays and 15 µmol m–2 s–1 for BRZ
assays [17]. Four-day-old seedlings were chosen for mea-
surement because this stage reliably shows distinct BR- and
BRZ-responsive phenotypes [4,17,18].

Across all BL concentrations tested (0.02–2.5 µM),
hypocotyls of Col-0 and all three BR overaccumulationmu-
tants elongated significantly (Fig. 2A–D). These results in-
dicate that BL supplied directly to the medium-hypocotyl
interface is readily perceived by BR receptors and promotes
cell expansion regardless of endogenous BR status [24].

Conversely, BRZ consistently reduced hypocotyl
length across all genotypes and concentrations (Fig. 2E–
H). Since BRZ inhibits BR biosynthesis and light already
limits hypocotyl elongation, these reductions highlight that
endogenous BR levels in light-grown seedlings remain be-
low the threshold needed for maximal hypocotyl growth,
even in the triple knockout mutant bas1-2 sob7-1 ben1-3
(Fig. 2D,H).

Overall, hypocotyl length in the light correlated posi-
tively with available BR levels. Increasing exogenous BL
enhanced growth, whereas BRZ-induced reductions in BR
biosynthesis suppressed growth in both wild type and BR
overaccumulation mutants.

3.3 In Darkness, Both BL and BRZ Suppress Hypocotyl
Growth in Wild Type and BR Overaccumulation Mutants

In dark-grown seedlings, BL consistently inhibited
hypocotyl elongation in all genotypes across all tested con-
centrations (Fig. 3A–D). This inhibitory response aligns
with the understanding that dark-grownwild-type seedlings
already possess near-optimal BR levels for hypocotyl elon-
gation [18]. Further increases in BRs shift seedlings beyond
the optimal BR range and suppress growth [18].

BRZ treatments also suppressed hypocotyl growth in
darkness at concentrations of 0.1 µM and above (Fig. 3E–
H). For BR-deficient seedlings, past work showed a bipha-
sic BL response of initial promotion followed by inhibition
as BL concentrations rise [18]. However, the BR overac-
cumulation mutants analyzed here already contain elevated
endogenous BR levels, which push their BR supply beyond
the optimal range even without exogenous BL supplemen-
tation. As a result, both BL and BRZ consistently sup-
pressed their hypocotyl growth in the dark except for low
concentration (0.02 µM) of BRZ (Fig. 3).

Notably, BRZ-treated BR-overaccumulation mutants
grown in the dark did not exhibit the characteristic rise-and-
fall hypocotyl pattern observed in dark-grown BR-deficient
mutants treated with BL [18], indicating that BRZ cannot
fully restore their hypocotyl elongation to wild-type levels
(Fig. 3E–H).

3.4 BR Overaccumulation Produces Opposite Hypocotyl
Phenotypes in Light and Dark Environments

To compare genotypes directly under equivalent treat-
ment conditions, hypocotyl measurements from Figs. 2,3
were reorganized as Fig. 4. In the light, hypocotyl length
increased with endogenous BR levels regardless of BL or
BRZ treatment concentrations (Fig. 4A,B). The triple mu-
tant bas1-2 sob7-1 ben1-3 was consistently taller than all
other genotypes, followed by bas1-2 sob7-1, then ben1-2,
and finally Col-0 (Fig. 4A,B).

The trend reversed in darkness (Fig. 4C,D). Seedlings
with higher endogenous BR levels consistently exhibited
shorter hypocotyls, except when subjected to high-dose
BRZ treatments of 0.5 and 2.5 µM (Fig. 4C,D). The triple
mutant bas1-2 sob7-1 ben1-3was the shortest across all BL
treatments, with bas1-2 sob7-1 and ben1-2 also shorter than
Col-0 under every BL concentration tested (Fig. 4C). BRZ
caused a more complex pattern (Fig. 4D) due to the com-
bined effects of reduced BR biosynthesis and BRZ toxic-
ity [25]. All three mutants remained shorter than the wild
type at up to 0.5 µM BRZ (Fig. 4D). 2.5 µM of BRZ com-
pletely reversed hypocotyl length rankings (Fig. 4D), in-
dicating that BR overaccumulation mutants retained more
residual BR activity to support hypocotyl growth under se-
vere biosynthesis inhibition.

Analyses of relative hypocotyl length (% of untreated
control) treated with BL or BRZ clarified these patterns
(Fig. 4E–H). Responses to high-dose (2.5 µM) BL were
largely similar across genotypes in both light (Fig. 4E) and
dark (Fig. 4G) environments. By contrast, BR overaccu-
mulation increased sensitivity to high-dose BRZ in the light
(Fig. 4F) but enhanced BRZ resistance in darkness (Fig.
4H).

A key refinement to our previous hypocotyl growth
model [18] emerges here. Although BRZ can partially
counteract excessive BR accumulation, it cannot restore
hypocotyl length in BR overaccumulation seedlings to the
maximal lengths achievable by wild-type seedlings in dark-
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Fig. 1. Representative seedling images showing the hypocotyl phenotypes of wild-type Arabidopsis and BR overaccumulation
mutants in response to exogenous BL or BRZ treatments under continuous light or complete darkness. Seedlings of Col-0, ben1-
2, bas1-2 sob7-1, and bas1-2 sob7-1 ben1-3 were cultivated on solid 1/2MS medium containing increasing concentrations of BL (A,C)
or BRZ (B,D). Plants were photographed after four days of growth under either (A) 80 µmol m–2 s–1 light (BL treatments), (B) 15 µmol
m–2 s–1 light (BRZ treatments), or (C,D) full darkness. Scale bar = 5 mm. BR, brassinosteroid; BL, brassinolide; BRZ, brassinazole;
1/2MS, half-strength Murashige and Skoog medium.
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Fig. 2. Hypocotyl length responses of wild-type plants and BR overaccumulation mutants grown in continuous light and treated
with exogenous BL or BRZ. Seedlings of Col-0 (A,E), ben1-2 (B,F), bas1-2 sob7-1 (C,G), and bas1-2 sob7-1 ben1-3 (D,H) were
grown for four days on solid 1/2MS medium supplemented with BL (A–D) or BRZ (E–H) at concentrations ranging from 0 to 2.5 µM.
Continuous white light of 80 and 15 µmol m–2 s–1 was used for BL and BRZ treatments, respectively. Hypocotyls were measured from
30 seedlings pooled from three biological replicates per genotype per treatment. Statistical significance within each genotype across
treatment concentrations was assessed using one-way ANOVA followed by Tukey’s HSD test. The horizontal line inside each box
represents median (the middle value of the dataset). Each box represents the IQR. The whiskers represent limits based on 1.5 × IQR.
Distinct lowercase letters above the horizontal axes denote statistically different groups (p < 0.05). ANOVA, analysis of variance; HSD,
honestly significant difference; IQR, interquartile range (the range between the 25th percentile and the 75th percentile).
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Fig. 3. Hypocotyl growth responses of wild-type and BR overaccumulation mutants grown in darkness and treated with BL or
BRZ. Col-0 (A,E), ben1-2 (B,F), bas1-2 sob7-1 (C,G), and bas1-2 sob7-1 ben1-3 (D,H) seedlings were grown for four days in the dark
on solid 1/2MS medium containing BL (A–D) or BRZ (E–H) at concentrations ranging from 0 to 2.5 µM. Each data group represents
30 measurements pooled from three biological replicates. One-way ANOVA with Tukey’s HSD test was used to determine statistically
significant differences among treatments within each genotype, indicated by different lowercase letters above the horizontal axes (p <
0.05). The horizontal line inside each box represents median. Each box represents the IQR. The whiskers represent limits based on 1.5
× IQR.
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Fig. 4. Comparative analysis of hypocotyl lengths in wild-type and BR overaccumulation mutants under light or dark conditions
in response to BL or BRZ. Panels show reorganized data from Figs. 2,3 to facilitate genotype comparisons under identical treatment
conditions. (A) 0 to 2.5 µM of BL treatments in strong light of 80 µmol m–2 s–1. (B) 0 to 2.5 µM of BRZ treatments in dim light of 15
µmol m–2 s–1. (C) 0 to 2.5 µM of BL treatments in darkness. (D) 0 to 2.5 µM of BRZ treatments in darkness. (E–H) Relative hypocotyl
length (% of untreated control) with 2.5 µM of BL or BRZ treatment. Data represent 30 seedlings per group. One-way ANOVA with
Tukey’s HSD test was used to analyze genotype differences for each treatment condition. Error bars in panels (A–D) represent standard
error of the mean (SEM). Distinct lowercase letters near the symbols or on top of the graphs denote significant differences (p < 0.05).
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ness (Fig. 4D). BRZ toxicity may prevent complete recov-
ery of hypocotyl growth, even when endogenous BR levels
in BR overaccumulation seedlings drop closer to the wild-
type optimum upon BRZ treatments.

3.5 Light and BR Homeostasis Jointly Modulate the
Expression of Hypocotyl-Growth Genes

To explore potential molecular mechanisms underly-
ing the observed hypocotyl phenotypes, the expression of
ten hypocotyl growth-related genes was examined in Col-0
and bas1-2 sob7-1 ben1-3 seedlings grown in light or dark-
ness (Fig. 5).

Five genes, including Phytochrome Interacting Factor
4 (PIF4), Increased Lamina Inclination 1 (ILI1) Binding ba-
sic Helix-Loop-Helix (bHLH) 1 (IBH1), GATA Transcrip-
tion Factor 2 (GATA2), Paclobutrazol Resistance 1 (PRE1),
and Microtubule Destabilizing Protein 40 (MDP40), exhib-
ited significant expression changes in the BR overaccumu-
lation triple mutant, and these changes differed sharply be-
tween light and dark conditions (Fig. 5A). The remain-
ing five genes, including two Expansin genes EXPA1/8,
two Small Auxin-Up RNA genes SAUR19/63, and a DNA-
binding bHLHprotein-encoding geneHomolog of BEE2 In-
teracting with IBH1 (HBI1), largely showed no strong as-
sociation with altered BR homeostasis, except that statisti-
cally significant differences were observed in EXPA1 and
SAUR63 under dark conditions (Fig. 5B).

Overall, these transcript patterns indicate that BR
overaccumulation interacts with light signaling pathways
to modulate the expression of key transcriptional regulators
of hypocotyl elongation. Among these genes, GATA2 dis-
played the strongest correspondence (Fig. 5A).

4. Discussion
The responses of BR overaccumulation mutants to BL

and BRZ treatments clearly depend on hormone dosage,
light intensity and availability (Figs. 1,2,3,4). These find-
ings reinforce the concept that BR-regulated hypocotyl
growth is tightly integrated with environmental light cues
[26,27]. Previous studies have shown extensive crosstalk
between BR signaling and pathways controlled by light and
other hormones [28,29], and the present results provide ad-
ditional support for that interconnected regulatory frame-
work.

BRI1 Associated Receptor Kinase 1 (BAK1), initially
characterized as a coreceptor of BRI1 in BR signaling, has
emerged as a versatile regulatory hub that contributes to
growth, defense, and environmental responses [30]. Its role
in sensing light intensity and influencing growth indepen-
dently of BR signaling highlights the multiple layers of in-
teraction between BR and light responses in plants [31].
Physical interactions between BRI1 [32], BAK1, and Pro-
hibitin 3 (PHB3) [33], observed in Arabidopsis and crop
species such as tomato and potato, suggest that this signal-
ing module is conserved across diverse plant lineages.

PIF4 is a central regulator of hypocotyl elongation, es-
pecially in darkness [34]. BRs stabilize PIF4 protein by in-
hibiting its phosphorylation [34]. Because PIF4 gene ex-
pression is subject to threshold-dependent autorepression
[35], elevated BR levels in the triple mutant bas1-2 sob7-1
ben1-3 may enhance PIF4 protein accumulation and sub-
sequently drive down PIF4 transcript levels via this nega-
tive feedback regulation, which is consistent with our gene
expression data (Fig. 5A). Several downstream genes, in-
cluding SAUR19/63 [36], EXPA1/8 [37], PRE1 [38],GATA2
[39], and IBH1 [40], are known components of the PIF4
regulatory network. However, not all of these genes appear
to be responsive to BR overaccumulation in the hypocotyl
context. For example, SAUR19/63 and EXPA1/8, both as-
sociated with cell expansion and hormone responses [41],
showed limited transcriptional changes in bas1-2 sob7-1
ben1-3, suggesting they do not play major roles in BR-
modulated hypocotyl growth under the tested conditions
(Fig. 5B).

PRE1 and IBH1 form an antagonistic pair of
HLH/bHLH transcription factors that operate downstream
of BR signaling component Brassinazole-Resistant 1
(BZR1) and have been implicated in BR-mediated cell elon-
gation [42]. BZR1 directly targets PRE1 promoter to main-
tain somatic cell identity [43]. PRE1 can also activate plant
response to gibberellins (GAs), a main group of plant hor-
mones associated with BRs in regulating a wide range of
growth and developmental processes [44]. Nevertheless,
the PRE1–IBH1–HBI1 module [45] generally promotes
hypocotyl expansion in both light and dark [46], which is
inconsistent with their gene expression levels (Fig. 5) and
the growth suppression observed in BR overaccumulation
bas1-2 sob7-1 ben1-3 seedlings in darkness (Fig. 4C,D).
Similarly, MDP40, known to promote BR-mediated micro-
tubule reorganization and hypocotyl elongation [47], was
upregulated in the triple mutant (Fig. 5A) despite its re-
duced hypocotyl length in the dark (Fig. 4C,D). These
discrepancies illustrate the complexity of BR–light inter-
actions and suggest that excessive BR levels may disrupt
normal downstream regulatory balance.

Among all examined genes, GATA2 stood out as a
consistent indicator of hypocotyl growth outcomes across
light and dark conditions. The zinc finger-containing
GATA-family transcription factors [48] bind GATA mo-
tifs in promoters of light-responsive genes [49]. GATA2 is
known to integrate BR and light signaling pathways, inhibit
hypocotyl elongation, and promote photomorphogenesis
regardless of light availability [50]. In addition, GATA2-
auxin interaction maintains the root transition domain to
restrict cell division activity [51]. The triple mutant dis-
played reduced GATA2 expression in the light, correspond-
ing with longer hypocotyls, and increased expression in
darkness, corresponding with shorter hypocotyls (Fig. 4A–
D and Fig. 5A). This alignment between GATA2 transcript
levels and hypocotyl phenotypes across light/dark environ-
ments strongly suggests that GATA2 acts as a key coordina-
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Fig. 5. Expression profiles of selected genes involved in hypocotyl growth regulation in light- and dark-grown seedlings of Col-0
and the BR overaccumulation triple mutant bas1-2 sob7-1 ben1-3. Panels show relative transcript levels of ten genes measured by
RT-qPCR in four-day-old seedlings grown under continuous light (40 µmol m–2 s–1) or full darkness. (A) PIF4, IBH1, GATA2, PRE1,
and MDP40 exhibited significant expression changes in bas1-2 sob7-1 ben1-3, and these changes differed sharply between light and
dark conditions. (B) Expression of EXPA1/8, SAUR19/63, and HBI1 largely showed no strong association with altered BR homeostasis,
except that statistically significant differences were observed in EXPA1 and SAUR63 under dark conditions. Data represent six measure-
ments (three biological × two technical replicates). Expression values were normalized to UBQ10 using the ΔΔCt method. One-way
ANOVAwith Tukey’s HSD test was used to assess differences among samples. Distinct lowercase letters on top of the error bars indicate
statistically different groups (p < 0.05). A group labeled with two or more letters means that it overlaps with distinct subsets. Its average
value is statistically similar to multiple other groups that do not necessarily resemble each other. Error bars represent standard deviation
(SD). RT-qPCR, reverse transcription quantitative PCR.
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tor linking BR homeostasis with light-regulated hypocotyl
growth.

Collectively, our findings highlight the central role of
BR–light interactions in shaping hypocotyl development.
BL/BRZ response assays on BR overaccumulation mutants
reveal boundaries of BR-mediated growth control not visi-
ble in BR-deficient lines and underscore how excessive BR
supply disrupts normal growth responses. The gene expres-
sion results further emphasize that BR signaling is part of
a broader regulatory network in which transcription factors
like GATA2 integrate hormonal and environmental signals
to modulate hypocotyl elongation.

5. Limitations
This study focuses specifically on hypocotyl growth

phenotypes in BR overaccumulation Arabidopsis seedlings
and on expression changes in a selected group of growth-
related genes. Although these data provide valuable in-
sight into BR–light interactions during early seedling de-
velopment, they represent only a subset of physiological
and molecular processes influenced by BR overproduc-
tion. Extending these analyses to additional developmen-
tal stages would offer a more complete understanding of
BR-regulated growth. However, such experiments are con-
siderably more challenging. As plants mature, maintain-
ing uniform growth conditions becomes more difficult, and
phenotypic variability increases, making trait quantification
less precise than in seedlings.

Our gene expression analysis, while informative, was
limited to ten candidate genes. A broader transcriptomic ap-
proachwould likely reveal additional components of the BR
regulatory network and uncover interactions not captured in
this targeted set. Future work employing whole transcrip-
tome profiling could help establish a more comprehensive
picture of BR-associated gene expression changes.

Finally, although BR overaccumulation mutants with
combinations of BR-inactivating gene knockouts are avail-
able in Arabidopsis, similar mutants have not yet devel-
oped in other plant species. This restricts our ability to per-
form parallel BL/BRZ response assays in model crops such
as rice and tomato, limiting broader comparative analyses
across species.

6. Conclusions
This study demonstrates that BR overaccumulation

produces distinct effects on Arabidopsis hypocotyl growth
depending on light availability. In light-grown seedlings,
both wild-type plants and BR overaccumulation mutants
respond predictably to hormone treatments: BL enhances
hypocotyl elongation, while BRZ suppresses it. In dark-
ness, however, the relationship between BR levels and
hypocotyl growth shifts. BL and BRZ both reduce
hypocotyl length across all genotypes, indicating that dark-
grown seedlings already possess nearly optimal endoge-
nous BR levels for elongation, and deviations in either di-
rection lead to inhibition of hypocotyl growth.

Analysis of BR overaccumulation mutants supports
this model clearly. Although these mutants produce longer
hypocotyls than wild-type plants under light, they exhibit
shorter hypocotyls in darkness due to excessive BR supply.
High concentrations of BRZ can partially counteract this,
allowing dark-grown mutants to produce longer hypocotyls
than wild-type seedlings under the same treatment. Likely
due to BRZ-associated toxicity, BRZ cannot fully restore
mutant hypocotyl length to the maximum values achievable
in wild-type seedlings.

Gene expression analyses reveal that BR overaccumu-
lation alters the transcription of multiple hypocotyl growth
regulators and their responses depend strongly on light con-
ditions. Among the genes examined, GATA2 shows the
clearest alignment with hypocotyl growth phenotypes and
light/dark environments, suggesting its central role in inte-
grating BR and light signals to modulate hypocotyl elonga-
tion.

Together, these results highlight how BR homeostasis
and light signaling interact to shape early seedling devel-
opment. They also illustrate the importance of considering
hormone balance, not simply absolute hormone abundance,
when interpreting BR-mediated growth responses. The
findings contribute to a deeper understanding of BR–light
crosstalk and underscore the value of utilizing BR overac-
cumulation mutants for revealing aspects of BR homeosta-
sis that are not apparent in BR-deficient lines.
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