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Summary

Sterols have long been associated with diverse fields, such as cancer treatment, drug
development, and plant growth; however, their underlying mechanisms and functions remain
enigmatic. Here, we unveil a critical role played by a GmNF-YC9-mediated CCAAT-box
transcription complex in modulating the steroid metabolism pathway within soybeans.
Specifically, this complex directly activates squalene monooxygenase (GmSQE1), which is a
rate-limiting enzyme in steroid synthesis. Our findings demonstrate that overexpression of either
GMNF-YC9 or GmSQET significantly enhances soybean stress tolerance, while the inhibition of
SQE weakens this tolerance. Field experiments conducted over two seasons further reveal
increased yields per plant in both GmNF-YC9 and GmSQET overexpressing plants under drought
stress conditions. This enhanced stress tolerance is attributed to the reduction of abiotic
stress-induced cell oxidative damage. Transcriptome and metabolome analyses shed light on the
upregulation of multiple sterol compounds, including fucosterol and soyasaponin Il, in GmNF-
YC9 and GmSQET overexpressing soybean plants under stress conditions. Intriguingly, the
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auxin and ethylene signalling (Souteet al., 2002), modulating
the activity of microRNAs (Broderseet al., 2012), and enhancing
tolerance to low-temperature stress (Senthil-Kumaeat al., 2013).
The biosynthesis of sterol requires the initial synthesis of squalene
(SQ), a 30-carbon intermediate, through the isopentenyl diphos-
phate (IPP) pathway (Phillipst al., 2006; Rasberyet al., 2007).

the NF-Y transcription factor, phytosterol, and abiotic stress
remains shrouded in ambiguity.

In our previous study, we identi ed two NF-YC family genes,
GmNF-YC9and GmNF-YC14 through a comprehensive analysis
of the molecular characteristics of this gene family in soybean (Yu
et al., 2021). These two genes exhibit signi cant induction under

Squalene is subsequently oxidised by squalene epoxidase (SQE,drought and salt stresses in soybean. Our current ndings reveal

squalene monooxygenase), leading to the formation of
2,3-oxidosqualene (2,3-0SQ) (Phillipgt al., 2006; Rasbery
et al., 2007), which then undergoes cyclisation to generate
sterols (Benveniste2004; Schaller, 2003, 2004; Spanova and
Daum, 2011). SQE serves as a crucial rate-limiting enzyme in the
sterol biosynthesis pathway. In the model plantArabidopsis
thaliana, seven SQE proteins are identi ed; however, only SQE1,
SQEZ2, and SQE3 exhibit catalytic activity in converting squalene to
squalene-2, 3-epoxide (2,3-OSQ) (Rasbest al., 2007). The
mutation of SQE1results in plants exhibiting impaired root
development, hypocotyl and stem elongation defects, as well as
inviable seeds (Peset al., 2009; Rasbenet al., 2007). Thesqel-5
mutant exhibits altered sterol composition in roots and impaired
stomatal responses (Peset al., 2009). Loss of SQE2 which
exhibits tissue-speci ¢ tissue expression patterns, does not exert
any discernible in uence on the sterol composition at the whole
plant level. However, depletion of SQE3results in the squalene
accumulation and consequential phenotypic defects (Laranjeira
et al., 2015). These studies unveil the signi cance of phytosterols
in plant growth and development, however, there remains a
dearth of research on the molecular mechanisms governing plant
sterol synthesis and their roles in abiotic stress.

In human, SP1 and SREBF2 have been identi ed as two crucial
transcription factors that regulate sterol synthesis by controlling
the expression level of SQE (Zhanet al., 2019). In addition,
research has demonstrated that WsWRKY1, a WRKY transcription
factor in Withania somnifera modulates biotic stress tolerance
through the regulation of the SQE-mediated triterpenoid system
pathway (Singhet al, 2017). In Panax notoginseng PnMYB4
exerts a repressive effect on saponin biosynthesis by modulating
the transcript level of SQE (Maret al., 2023). These ndings
sequentially unveil the regulatory role of a transcription factor in
sterol synthesis. However, among these transcription factors, the
nuclear factor Y (NF-Y) garners signi cant attention due to its
distinctive structure and functionality. The NF-Y transcription
factor, composed of NF-YA, NF-YB, and NF-YC subunits, exerts
crucial regulatory functions in diverse plant developmental
processes by binding to the CCAAT cis-element in target gene
promoters (Mantovani, 1999; Shen et al., 2020; Zanetti
et al., 2010). Moreover, NF-Y transcription factors also actively
participate in enhancing plant stress tolerance. For instance, a
recent study demonstrates thatNF-YB21plays a crucial role in
enhancing drought tolerance and modulating ABA-mediated IAA
transport to positively regulate root growth in Populus tricho-
carpa(Zhouet al., 2020). In our previous research, we discovered
that GmNF-YC14conferred enhanced tolerance to drought and
salt stresses by regulating the PYL-mediated ABA signalling
pathway in soybean (Yuet al, 2021). Recent research has
unveiled the interaction between NF-YCs and BIN2, which
indirectly regulates the biosynthesis of brassinosteroids, crucial
components of phytosterols. This interaction consequently
in uences light-regulated hypocotyl elongation in Arabidopsis
(Zhang et al., 2021). This highlights the signi cance of NF-Y
transcription factors in nely modulating phytosterol composition
and plant development. However, the intricate interplay between

that, unlike GmNF-YC14 the GmNF-YC9-mediated NF-Y tran-
scription complex directly regulates the expression dmSQE1
under stress conditions. This regulation leads to an enhancement
in the squalene metabolic pathway and ultimately enhances plant
abiotic stress responses. Our ndings have revealed a previously
unidenti ed regulatory module (NF-Y-SQE) that governs the
biosynthesis pathway of plant sterols and confers stress tolerance,
thereby establishing a theoretical basis for enhancing soybean
variety improvement. Furthermore, our comprehensive analysis of
transcriptome and metabolome association has demonstrated a
signi cant upregulation of multiple soybean sterols under
stressful conditions. Notably, exogenous application of soybean
sterols has been shown to signi cantly enhance crop stress
tolerance, highlighting the potential utility of plant steroids in
improving crop resilience to environmental challenges. These
results provide insights into a non-GMO strategy for modulating
crop stress tolerance through chemical intervention.

Results

GmNF-YC9-mediated CCAAT-box transcriptional
complex can improve stress tolerance in soybean

In our previous investigation, we observed a signi cant induction
of GMNF-YC9 expression in response to drought and salt
treatments (Yuet al,, 2021). To further elucidate the potential
role of GmNF-YC9n drought tolerance, we generated transgenic
soybean plants overexpressingGmNF-YC9 (GmNF-YC90EL,
GMNF-YC90ES5, andGmNF-YC9OES) (FigureS1). Our ndings
revealed that the overexpression ofGmNF-YC9in soybean
resulted in increased biomass, longer root and hypocotyl lengths
compared to wild-type (WT) plants under stress conditions
(Figure 1a—d). Microscopic analysis of root tip tissue sections
further demonstrated an enhanced root tip differentiation rate in
GMNF-YC90E plants subjected to 200 mM mannitol treatment
(Figure le,f). These results highlighted the superior growth
performance of GmNF-YC9OE plants under stress conditions,
which had been consistently observed in pot experiments
(Figure 1g). Furthermore, GmNF-YCOOE plants exhibited ele-
vated proline levels, reduced malondialdehyde (MDA) content,
and higher biomass compared to WT plants under drought and
salt stresses (Figurelh—). Notably, these effects were more
pronounced under stressful conditions, rmly establishing that
the overexpression ofGmNF-YC9enhances soybean’s tolerance
to osmotic and salt stresses.

To further elucidate the function of GmNF-YC9, we conducted
a screening of a soybean cDNA library to identify candidate
proteins. This screening led to the identi cation of several positive
clones, including two additional subunits of the CCAAT-box
complex, GmNF-YA2 and GmNF-YB24. Subsequent yeast
two-hybrid (Y2H) assays conrmed interactions among protein
pairs GmNF-YC9/GmNF-YA2, GmNF-YC9/GmNF-YB24, and
GmNF-YA2/GmNF-YB24 (Figur@a). These interactions were
further validated through bimolecular uorescence complemen-
tation (BiFC) assays iArabidopsisprotoplast cells (Figure2b—d).
Additionally, luciferase complementary imaging (LCl) assays
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In vitro GST pull-down assay

The open reading frames (ORFs) of bait protein and candidate
protein genes were cloned into the pCold™ TF vector (TaKaRa,
Bio) and pGEX-4T-1 vector (GE Healthcare, Chicago, Ib),
respectively. Subsequently, the recombinant plasmids were
introduced into the E. coli strain transetta (TransGen, Biotech).
Expressions of the corresponding proteins were induced over-
night using 0.5 mM isopropyl B-D-thiogalactoside (IPTG) (Inalco
SPA, San Luis Obispo, CA) at 16 °C, and then a pull-down assay
was performed. The experimental details were described by Yu
et al. (2021).

In vitro EMSA binding assay

The genes encoding three subunit proteins of the NF-Y
transcription factor were cloned into expression vectors harbour-
ing the tag proteins (His, GST, and MBP), respectively, and
subsequently transferred into competent cells of the E



were observed and recorded during controlled water treatment.
The leaf samples of crops were collected at the onset of
phenotypic variations in order to quantify physiological and
biochemical alterations.

Five-week-old of soybean, wheat, foxtail millet, and maize
seedlings cultivated under normal conditions were subjected to
osmotic stress treatment by irrigating them with 200 mM
mannitol agqueous solutions. During osmotic stress treatment,
the seedlings were sprayed with mock (mock, 40 mL distilled
water containing 200 pL of 40 mM APE), fucosterol (fucosterol
aqueous solutions, 20 pL fucosterol (600 mg/L) into 40 mL
distilled water containing 200 L of 40 mM APE), and soyasapo-
nin Il agueous solutions (soyasaponin Il aqueous solutions, 20 uL
soyasaponin Il (600 mg/L) into 40 mL distilled water containing
200 uL of 40 mM APE). The sprays were applied four times each
week, with at least 1 day between each spraying. The phenotype
changes of the crops were observed and recorded during
controlled water treatment. Leaf samples of the crops were
taken when differences in the leave phenotype began to appear
in order to measure physiological and biochemical changes.

Metabolites extraction, UHPLC-MS-MS analysis, and
data processing

The samples of stress induced WT and transgenic soybean
seedlings (GmSQET-OE6 and GMNF-YC9-OE8 plants) were
freeze-dried, and then crushed with a mixer mill. A 50 mg
aliquot of each individual samples were precisely weighed and
transferred to Eppendorf tubes, which were used for metabolites
extraction and UHPLC-MS analysis (Allwegene Technology Co.,
Ltd, Beijing, China). The methods of plant metabolites extraction
were described in detail by Vos et al. (2007).

The UHPLC separation was performed using an EXIONLC
System (Sciex). The mobile phase A was 0.1% formic acid in
water, while mobile phase B was acetonitrile. The column
temperature was set at 40 °C, and the auto-sampler temperature
was set at 4 °C with an injection volume was 2 ulL. A Sciex QTrap
6500+ (Sciex Technologies) was applied for assay development.
Typical ion source parameters were as follows: lonSpray Voltage,
+5500/—4500 V; Curtain Gas, 35 psi; Temperature, 400 °C; lon
Source Gas, 1:60 psi; lon Source Gas 2, 60 psi; DP, + 100 V
(Allwegene Technology Co., Ltd, Beijing, China).

SCIEX Analyst Work Station Software (Version 1.6.3) was
employed for MRM data acquisition and processing. MS raw data
(.wiff) files were converted to the TXT format using MSconventer.
An in-house R program and database were applied to peak
detection and annotation (Allwegene Technology Co., Ltd,
Beijing, China).

Measurement of squalene, cycloartenol, and beta-amyrin
by LC-MS

The samples of untreated, 25 mM terbinafine treated, and
100 mM mannitol induced soybean seedlings were freeze-dried,
and then crushed with a mixer mill. A 50 mg aliquot of each
sample was accurately weighed and transferred to Eppendorf
tubes for metabolites extraction. The extracted metabolites were
used for squalene, cycloartenol, and beta-amyrin content
measurement by UHPLC-MS analysis. The method of extracting
plant metabolites was described in detail by Vos et al. (2007).
Squalene (5 mg/mL) (Sigma, USA), cycloartenol (5 mg/mL)
(Sigma, USA), and beta-amyrin (5 mg/mL) (Sigma, USA) were
used in appropriate amounts to form standard solutions. These
solutions were then diluted with methyl alcohol to create a

suitable standard series of standards at concentrations of 5, 10,
20, 50, 100, 200, and 500 ng/mL. The peak areas of the standard
substances at different concentrations were used to draw the
standard curves that exhibited a good linear relationship with an
R? value >0.99. The standard curves were drawn based on the
peak areas of the standard substance at different concentrations
and their corresponding concentrations. With an R? value >0.99,
it indicated that the standard curves exhibit a strong linear
relationship and could be utilised for calculating the concentra-
tions of squalene, cycloartenol, and beta-amyrin in the samples.
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