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Abstract

Soybean (Glycine max (L.) Merr.) flowering time and plant height are critical agronomic
traits that significantly influence yield and environmental adaptability. To clarify the reg-
ulatory mechanisms of flowering-related genes and their associations with plant height,
a genome-wide identification of such genes in soybean were performed. This analysis
used Arabidopsis thaliana flowering genes as references, employing BLASTP searches and
pathway classification. All of the identified flowering-related genes were classified into
eight regulatory pathways, with the photoperiod pathway (Ph) being the most prominent.
Evolutionary and expression analyses revealed that core regulators (e.g., GmFTs, GmSOC1s)
are conserved across pathways and are preferentially expressed in shoot apical meristems
(SAMs). Additionally, both flowering-related genes and key hormones (e.g., IAA, GA, ABA)
exhibited rhythmic responses to light signals. CRISPR-Cas9-mediated validation confirmed
that genes GmSAUR46b regulates both flowering time and plant height, as mutants of this
gene showed early flowering and reduced height. Notably, a large proportion of previously
mapped flowering genes overlapped with our identified ones, while some remained unde-
tected, likely due to whole-genome duplication and adaptive evolution, which generate
new regulatory networks. Most of the identified flowering-related genes, however, have
not been mapped, which highlights substantial uncharacterized potential in soybean flow-
ering and plant height regulation. This provides a valuable molecular framework to guide
soybean molecular breeding for enhanced yield and environmental adaptability.

Keywords: soybean development; flowering time; CRISPR/Cas9; plant height; photope-
riod pathway; gene pleiotropy; regulatory network crosstalk; molecular breeding

1. Introduction
Soybean (Glycine max (L.) Merr.) is a cornerstone of global agriculture and one of

the most economically valuable crops, serving as a primary source of vegetable oil and
plant-based protein [1,2]. Modern cultivated soybeans originated from the domestication
of wild soybean (G. soja Sieb. & Zucc.) in China approximately 5000 years ago, after
which they gradually spread worldwide [1–4]. A critical factor influencing soybean growth
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performance and yield potential is the tightly regulated transition from vegetative to
reproductive growth, with flowering marking the initiation of this shift [2].

Flowering time in soybean is more than just a developmental milestone [5]; it is a
highly plastic trait intricately linked to the plant’s ability to synchronize its life cycle with
environmental cues, including photoperiod [2,5–18], temperature [19–24], and hormonal
signals [25,26]. Both delayed and early flowering can disrupt the balance of growth, result-
ing in reduced pod formation, suboptimal seed development, and ultimately significant
yield losses [27–29]. Given the growing global demand for soybean products and the chal-
lenges posed by climate change [30–32], a deeper understanding of the genetic mechanisms
controlling flowering time has become urgently necessary for sustainable agriculture.

As a model plant with well-characterized genetic systems [33–37], Arabidopsis thaliana
has provided a theoretical framework for flowering regulation research in other species [38].
Based on environmental influencing factors, flowering regulatory pathways can be cate-
gorized into eight types: the photoperiod pathway (Ph); the flower development/apical
meristem response pathway (Fd) [34–36,39–41]; the hormone pathway (Ho) [42–47]; the
vernalization pathway (Ve) [48]; the ambient temperature pathway (At) [49–51]; the aging
pathway (Ag); the autonomous pathway (Au) [52,53]; and the sugar pathway (Su) [54].
These pathways integrate internal and external signals through coordinated crosstalk to
precisely control the floral transition [33,55–59]. For instance, the photoperiod pathway
detects day-length variations via photoreceptors and activates floral integrator genes, such
as FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS
1 (SOC1) [39,54,60,61]. In the hormone pathway, gibberellin (GA) facilitates flowering by al-
leviating the DELLA-mediated repression of genes like LEAFY (LFY) and SOC1 [46,62]. The
vernalization pathway centers on FLOWERING LOCUS C (FLC), a major repressor; cold
exposure inhibits gene FLC expression through epigenetic modifications, thereby activating
flowering-promoting genes [49–51,63,64]. Additionally, critical crosstalk exists between
these pathways—for example, the photoreceptor Cryptochrome 2 (CRY2) and the splicing
factor CRY2 INTERACTING SPLICING FACTOR 1 (CIS1) coordinately regulate flower-
ing under low-temperature conditions [65]—and root-specific genes (e.g., FRIGIDA (FRI))
also contribute to flowering regulation [66,67]. These discoveries have not only enhanced
our understanding of plant development, but also provided a theoretical framework for
studying flowering regulation in other plant species.

As a typical short-day crop, soybean’s precise regulation of flowering time depends on
a complex gene interaction network [5,6,68,69]. This network begins with the perception of
photoperiod signals, proceeds through a cascade of core regulatory factors, and ultimately
controls the expression of flowering-inducing genes, enabling adaptation to varying light
environments. Within this regulatory system, E1 family genes (E1s) [17,70–73] act as a
central hub linking light signals to downstream flowering pathways. The regulation of
their expression and function relies on the synergistic action of upstream photoreceptor—
E3 [74,75] and E4 [74,76,77], which are homologous to phytochrome A (phyA), specifi-
cally phyA3 and phyA2—and transcriptional regulators such as Tof11 (homologous to A.
thaliana PSEUDO-RESPONSE-REGULATOR3a, PRR3a), Tof12 (homologous to A. thaliana
PRR3b) [78,79], Tof5 (homologous to A. thaliana FRUITFULL2a, FUL2a) [80], and Tof16
(homologous to A. thaliana LATE ELONGATED HYPOCOTYL1a, LHY1a) [78,81,82], among
others. Together, these components form a multi-level regulatory network (Table 1).

Under long-day (LD) conditions, the photoreceptor E3 (phyA3) [74,75] and E4
(phyA2) [74,76,77] serve as key components for light signal perception and induce the
expression of E1 genes through multiple pathways [2,10]. On one hand, E3/E4 can directly
interact with E1 and its homologous proteins to enhance their stability [10]. On the other
hand, E3/E4 promote the expression of the transcription factors Tof11 and Tof12 [8]; these
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two proteins subsequently bind to the promoters of the clock genes LHYs and repress
their transcription [13]. Since LHYs can directly bind to the E1 promoter and inhibit its
expression, the repression of LHYs by Tof11/Tof12 indirectly alleviates the repression of
E1 by LHYs, ultimately upregulating E1 transcription. Additionally, genes such as E2
(a GI homolog) [73,83,84], FLAVIN-BINDING, KELCH REPEAT, F BOX 1s (FKF1s) [85],
COL [86,87], and TOE4a/b (AP2/ERF transcription factors) [11] synergistically promote
E1 expression through different mechanisms, collectively reinforcing the core inhibitory
function of E1 under LD conditions (Table 1).

The downstream targets of E1 primarily include focus on FT family genes (FT2a, FT5a,
FT4 (E10) [88,89], FT1a [90,91]), among which FT2a and FT5a are key flowering-inducing
factors in soybean [92–96]. Protein E1 downregulates the expression of FT2a and FT5a either
directly or indirectly (e.g., by inhibiting Tof5) [72]. As a positive regulator, Tof5 can directly
bind to the promoters of FT2a and FT5a to promote their transcription; however, E1’s
inhibition of Tof5 indirectly reduces the expression of FT2a and FT5a [80]. This suppression
further inhibits the activation of downstream floral identity genes (e.g., AP1 [97], Tof18, a
SOC1 homolog [12]), ultimately delaying flowering under LD conditions. Furthermore,
under LD environments, GmNF-YC4 acts as another important regulator that directly binds
to the promoters of FT2a and FT5a, repressing their transcription and thereby enhancing
the flowering-inhibiting effect [98]. The miRNA pathway (miR156b–miR172–TOE4a) is also
involved in this process: miR156b indirectly regulates miR172 by inhibiting the expression
of SPLs [99–102], which in turn affects TOE4a levels. TOE4a then contributes to delaying
flowering by downregulating FT2a and FT5a expression [103] (Table 1).

In contrast, under short-day (SD) conditions, the function of E3/E4 is significantly
diminished, resulting in a reduced inductive effect on E1 expression [71,89,104,105]. On
one hand, the decreased activity of E3/E4 enhances the stability of LUX proteins within
the circadian clock complex EC (Evening Complex), allowing LUX to strongly repress
E1 expression. On the other hand, the repression of J (a gene homologous to A. thaliana
ELF3) [5,106,107] and Tof16 by E3/E4 is alleviated; proteins both J and Tof16 can directly
bind to the E1 promoter and inhibit its transcription [108,109]. This dual repression causes a
sharp decline in E1 expression levels. The reduced abundance of E1 relieves its repression of
FT2a and FT5a, while the activity of positive regulators such as Tof5 is restored. Collectively,
these factors promote the expression of FT2a and FT5a [80], ultimately activating floral
genes such as AP1s and accelerating flowering under SD conditions [104] (Table 1).

Notably, key genes within this regulatory network also exhibit signatures of evolu-
tionary adaptive. For example, different alleles of Tof5 (Tof5H1, Tof5H2) have facilitated the
adaptation of cultivated soybean (Glycine max) and wild soybean (Glycine soja) to the light
environments of high-latitude regions through artificial selection and natural selection,
respectively [80]. This further underscores the central role of this gene network in the
ecological adaptation of soybean. In summary, the photoperiodic flowering regulatory net-
work in soybean achieves precise responses to varying photoperiod conditions through the
cascade regulation of E3/E4–Tof11/Tof12–E1–Tof5–FT2a/FT5a, complemented by auxiliary
mechanisms such as GmNF-YC4 and the miRNA pathway [110] (Table 1).
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Table 1. Information on genes associated with soybean flowering that have been identified.

Locus Gene Accession Number
A. thaliana

Homologous
Gene Names

Flowering
Pathways Encoded Proteins

Biological or
Molecular
Functions

Function to
Flowering Reference

E1 E1 Glyma.06G207800

AP2/B3-like
transcriptional
factor family

protein

Transcriptional
factor Inhibit [70,71]

E1La Glyma.04G156400 B3-domain protein Transcriptional
factor Inhibit [72]

E1Lb Glyma.04G143300 B3-domain protein Transcriptional
factor Inhibit [72,73]

E2 GmGI Glyma.10G221500 1 GI Ho, Ph, Su Inhibit [70,73,84]

E3 GmphyA3 Glyma.19G224200 1 PHYA Ph Phytochrome A Photoreceptor Inhibit [74,75,83]

E4
GmphyA2 Glyma.20G090000 1 PHYA Ph Phytochrome A Photoreceptor Inhibit [76,77]

GmphyA1 Glyma.10G141400 1 PHYA Ph Phytochrome A Photoreceptor Unknown [76]

E5 Inexistence [84,111]

E6 Unknown Promote [107,112,113]

E7 Unknown Inhibit [114]

E8 Unknown Inhibit [113]

E9 GmFT2a Glyma.16G150700 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Florigen Inhibit [71,92,94,115]

E10 GmFT4 Glyma.08G363100 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Inhibit [88,89]

E11 Unknown Promote [116]

J GmELF3 Glyma.04G050200 ELF3 Circadian clock
gene Promote [5,117]

GmFT5a Gyma.16G044100 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Florigen Promote [92–95]

GmFT1a Glyma.18G298900 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Inhibit [90,91]

GmFT1b Glyma.18G299000 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Inhibit [90]

GmFT2b Glyma.16G151000 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Promote [93,105]

GmFT3a Glyma.16G044200 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Promote [93]

GmFT3b Glyma.19G108100 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Promote [93]

GmFT5b Glyma.19G108200 1 FT; TSF At, Ho, Ag, Ph, Su,
Fd, Ve Promote [93]

GmFT6 Glyma.08G363200 Inhibit [93]

Tof5 GmFUL2a Glyma.05G018800 1 FUL, AGL8 At, Ph, Ag, Su, Ve Promote [80]

Tof11 GmPRR3a Glyma.U034500 PRR Circadian clock
gene Inhibit [8,79]

Tof12 GmPRR3b Glyma.12G073900 PRR Circadian clock
gene Inhibit [8,78,79]

Tof16 GmLHY1a Glyma.16G017400 1 CCA1 Ph Promote [8,13,81]

GmLHY1b Glyma.07G048500 Promote

[5,81]GmLHY2a Glyma.19G260900 Promote

GmLHY2b Glyma.03G261800 Promote

Dt1 GmTFL1b Glyma.19G194300 1 TFL1; ATC;
BFT Fd, Ph, Au Inhibit [97,118]

SOC1 GmFUL Glyma.06G205800 1 FUL, AGL8 At, Ph, Ag, Su, Ve AGAMOUS-like 8 [119]
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Table 1. Cont.

Locus Gene Accession Number
A. thaliana

Homologous
Gene Names

Flowering
Pathways Encoded Proteins

Biological or
Molecular
Functions

Function to
Flowering Reference

AP1

GmAP1a Glyma.16G091300 1 FUL, AGL8;
AP1

At, Ag, Ph, Su, Fd,
Ve

MADS-box domain,
an intervening

domain, a
keratin-like domain,

and a C-terminal
domain proteins

Transcriptional
factor Promote [120]

GmAP1b Glyma.08G269800 1 FUL, AGL8;
AP1

At, Ag, Ph, Su, Fd,
Ve

GmAP1c Glyma.01G064200 1 AP1 At, Ag, Ph, Su, Fd,
Ve

GmAP1d Glyma.02G121600 1 AP1 At, Ag, Ph, Su, Fd,
Ve

1 Gene IDs highlighted represent the genes identified through genome-wide identification and analysis. Ph:
photoperiod, circadian clock, and light signaling pathway. Au: autonomous pathway; Ho: hormone signaling and
metabolism. Ve: vernalization. Ag: aging pathway. Su: sugar signaling. Fd: flower development/apical meristem
response pathway. At: ambient temperature pathway.

Current studies primarily focus on the photoperiodic flowering pathway in soybeans.
Research on other flowering regulatory pathways—including aging, hormone, autonomous,
and ambient temperature pathways—remains relatively limited. To date, only a small
number of genes have been associated with these pathways. Furthermore, the molecular
mechanisms underlying their functions and interactions are poorly understood. For exam-
ple, hormones such as GAs and auxins are known to regulate flowering in A. thaliana and
many other plant species [38,42,45]. However, their specific roles and regulatory networks
in soybean flowering have not been fully elucidated. Similarly, the autonomous pathway,
which integrates intrinsic developmental cues, has been insufficiently studied in soybean.

Deciphering the intricate regulatory mechanisms of these understudied pathways
is essential. It not only facilitates a comprehensive understanding of soybean flowering
but also holds significant potential for advancing breeding strategies. By identifying
and characterizing key genes within these pathways, researchers can develop innovative
approaches to modulate flowering time. This, in turn, will enable the development of
soybean cultivars with enhanced adaptability to fluctuating environmental conditions and
diverse agricultural demands.

Against this background, the present study was designed to perform a genome-wide
identification and comprehensive analysis of flowering-related genes in soybean. Three
specific objectives were established. First, to identify all potential flowering-associated
genes in the soybean genome through homology searches using A. thaliana flowering
gene sequences as references. Second, to classify these genes based on their functional
similarities to A. thaliana genes and to analyze their evolutionary relationships, gene
structures, and expression profiles. Third, to elucidate the roles of these genes in the
flowering regulatory pathway through functional validation experiments. Achieving these
objectives will not only expand our fundamental understanding of soybean development,
but also provide valuable genetic resources and theoretical support. These resources can
be used to develop molecular breeding strategies aimed at optimizing flowering time and
improving soybean yields. In doing so, the study will contribute to global food security
and promote agricultural sustainability.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Plant materials were cultivated in a growth chamber (model AR-R1060L2F, Xunneng
Instruments (Beijing) Co., Ltd., Beijing, China) under short-day conditions, following
standard cultivation practices. The chamber’s light spectrum was adjusted by optimizing
the proportions of red and blue light to meet the growth and developmental requirements
of soybean. Two photosynthetic photon flux density (PPFD) treatments were applied: high
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PPFD to simulate normal light conditions and low PPFD to mimic shaded environments
under dense planting. To analyze differences in hormone content and gene expression
levels between varieties with distinct plant heights, Zhexian 12 (ZX12) and Zhexian 19
(ZX19) were grown under high and low PPFD, respectively. The conventional soybean
cultivar Williams 82 (W82) was cultivated under high PPFD to investigate the rhythmic
responses of hormones and gene expression.

2.2. Data Retrieval and Acquisition of Genomic and Expression Data

Genome annotation details for A. thaliana were obtained from the TAIR10 database
(http://www.arabidopsis.org/index.jsp, accessed on 12 December 2024) [121]. For soy-
bean, relevant datasets—including genomic sequences, coding sequences, and protein
sequences—were retrieved from SoyBase (http://www.soybase.org, accessed on 2 January
2025). Soybean gene expression data were obtained from the “Expression—RNA SEQ Atlas”
(RNA-seq Expression Atlas) database on the SoyBase website, with the data type specified
as “Raw” (raw data). This transcriptomic dataset includes information from 14 tissues
(young leaves, flowers, pod shells at 10 and 14 days after flowering (DAF), seeds at 10, 14,
21, 25, 28, 35, and 42 DAF, as well as roots and nodules), and its associated tables, figures,
supplementary materials, and raw data are all available for download on the SoyBase
website (http://www.soybase.org, accessed on 13 February 2025) [122].

2.3. Homology Identification

Homology identification was performed using an integrated strategy that combined
synteny-dependent and similarity-dependent methods. For the similarity-dependent analy-
sis, flowering-related genes from A. thaliana were used as query sequences, and the BLASTP
method was employed to search against soybean proteins with the following parameters:
e-value less than 1 × 10−20, sequence identity exceeding 60%, coverage greater than 75%,
and alignment length greater than 70 amino acids [54].

2.4. Chromosomal Distribution

The distribution pattern of flowering-associated genes was determined based on their
positions on chromosomes or scaffolds. Detailed chromosomal distribution data for the
predicted soybean flowering-related genes were obtained from soybean genomic datasets.
To map these putative flowering-associated genetic elements onto pseudomolecular chro-
mosomes, a localization map was generated using MapChart software (MapChart 2.32;
developed by Dr. ir. R.E. (Roeland) Voorrips at Wageningen University, Wageningen, The
Netherlands [54].

2.5. Multiple Sequence Alignment, Phylogenetic Analysis, Gene Structure Visualization, and
Conserved Motif Identification of Flowering-Associated Genes

Protein sequences of the target genes were aligned using ClustalW 1.81, a tool cur-
rently maintained by Des Higgins, Fabian Sievers, David Dineen, and Andreas Wilm at the
Conway Institute, University College Dublin (Dublin, Ireland). A phylogenetic tree was con-
structed with MEGA 6.0 software using the maximum likelihood (ML) method with 1000
bootstrap replicates, based on the full-length protein sequences [54]. The Gene Structure Dis-
play Server 2.0 (GSDS 2.0; https://gsds.gao-lab.org/Gsds_help.php, accessed on 22 March
2025) was used to map the structure of flowering-associated genetic elements and illus-
trate the exon-intron organization in soybean [54]. Conserved domains within the protein
sequences of key soybean flowering-associated genetic elements were identified using Mul-
tiple Em for Motif Elicitation (MEME) Version 4.11.4 (http://meme-suite.org/tools/meme,
accessed on 17 February 2025). All parameters were set to default values, except for the
maximum number of motifs, which was adjusted to 20 and 15.

http://www.arabidopsis.org/index.jsp
http://www.soybase.org
http://www.soybase.org
https://gsds.gao-lab.org/Gsds_help.php
http://meme-suite.org/tools/meme
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2.6. RNA Isolation, cDNA Synthesis, and Quantitative PCR (qPCR)

Total RNA was isolated from fresh samples (≥2 g) that had been frozen in liquid
nitrogen and ground into powder using the FastPure Universal Plant Total RNA Isolation
Kit (Vazyme, Nanjing, China). For first-strand cDNA synthesis, 1 µg of RNA was used with
the HiScript II 1st Strand cDNA Synthesis Kit (Vazyme). Quantitative real-time PCR was
performed on a QuantStudio 5 instrument (Thermo Fisher Scientific, Waltham, MA, USA)
using ChamQ Universal SYBR qPCR Master Mix (Vazyme). The 10 µL reaction mixture
consisted of 5 µL SYBR Mix, 0.2 µL of each primer, 1 µL cDNA, and 3.6 µL nuclease-free
water. The cycling protocol was as follows: initial denaturation at 95 ◦C for 30 s, followed
by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s, with melting curve analysis. GmTublin
(Glyma.05G157300) was used as the reference gene [120], and relative expression levels were
determined using the 2−∆∆Ct method, with three biological and three technical replicates.
Details of the primers are provided in Supplementary Table S1.

2.7. Determination of Plant Hormones

Plant hormones were quantified using an HPLC-MS/MS system (QTRAP 5500, AB
Sciex) with three biological replicates per hormone. Standards included IAA, GA1, GA4,
ABA, JA, SA, and their corresponding deuterated internal standards (D-IAA, D-SA, D-
ABA). Stock solutions (500 µg/mL) and mixed working solutions (5 µg/mL for standards
and 0.1 µg/mL for internal standards) were prepared in methanol. Standard curves ranging
from 0.1 to 200 ng/mL, each containing 20 ng/mL internal standards, were generated. For
sample extraction, approximately 0.2 g of homogenized sample was mixed with 2.0 mL of
acetonitrile and 30 µL of internal standard, then extracted overnight at 4 ◦C. The mixture
was centrifuged (7000 rpm, 5 min) and re-extracted with an additional 2.0 mL of acetoni-
trile. The combined supernatants were purified using 200 mg of C18 sorbent, centrifuged,
concentrated to dryness, re-dissolved in 150 µL of methanol, filtered through a 0.22 µm
membrane, and analyzed. HPLC conditions: Waters XSelect® HSS T3 column (Waters
Corporation, USA) (2.1 × 150 mm, 2.5 µm), column temperature 30 ◦C, injection volume
5 µL, flow rate 0.35 mL/min; mobile phase consisted of solvent A (0.1% formic acid in
water) and solvent B (acetonitrile) with gradient elution. MS conditions: Multiple reaction
monitoring (MRM) mode; curtain gas at 35 psi; spray voltage ± 4500 V; atomizing and
auxiliary gases at 60 psi; source temperature 500 ◦C. MRM transitions were as follows: GA1
(negative ion mode)—347.2 → 259.2 *; GA4 (negative ion mode)—331.4 → 243.2 *; IAA
(positive ion mode)—176.2 → 129.8 *; JA (negative ion mode)—209.2 → 59.1 *; SA (negative
ion mode)—137 → 65 *; ABA (negative ion mode)—263.1 → 153.1 *.

2.8. Protein Structure Prediction Using ESM-Fold

To obtain the three-dimensional (3D) structures of flowering-related proteins, their
amino acid sequences were submitted to the Biomedical Digital Intelligent Computing
Platform WeMol (https://wemol.wecomput.com/ui/#/, accessed on 28 March 2025),
utilizing the Protein Structure Prediction module (ESMFold) for structure prediction.

2.9. Calculation of Ka/Ks Ratios for Genes Associate with Flowering

For the calculation of nonsynonymous-to-synonymous substitution ratios (Ka/Ks),
full-length amino acid sequences of flowering-related genes from soybean and A. thaliana
were first subjected to pairwise alignment using Multiple Sequence Comparison by Log-
Expectation MUSCLE 3.8.31 software [54]. Subsequently, the aligned amino acid sequences
were converted into their corresponding coding nucleotide sequences using Perl scripts
adapted from ParaAT_2.0 software. These coding nucleotide sequences were then used
as input files to calculate Ka/Ks values with the Phylogenetic Analysis by Maximum

https://wemol.wecomput.com/ui/#/
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Likelihood (PAML) program (PAML 4.9; http://www.bork.embl.de/pal2nal/index.cgi,
accessed on 8 April 2025) under preset parameters [54]. All variant loci within the aligned
pairs were included in the Ka/Ks computation [54].

2.10. Vector Construction and Genetic Transformation

The CRISPR-Cas9 system was employed for the targeted editing of gene GmSAUR46b,
following the soybean transformation protocol from Boyuan Biotechnology and previous
studies [123,124]. Specific sgRNAs were designed based on the GmSAUR46b sequence
and cloned into the BsaI site of the PEG401 vector to generate the CRISPR-Cas9 construct
(Figure S1). This construct was subsequently introduced into Agrobacterium tumefaciens
strain EHA105 via electroporation.

The method for genetic transformation in soybeans is as follows: surface-sterilized
seeds were aseptically germinated, and contamination-free cotyledonary node explants
were obtained after 3 to 5 days. The explants were immersed in a recombinant Agrobacterium
tumefaciens EHA105 inoculum (OD600 = 0.5) for 2 to 3 min, with occasional agitation. They
were transferred to filter paper-lined co-cultivation plates and incubated at 25 ◦C in the
dark for 3 to 5 days. Healthy, contamination-free explants were selected; their hypocotyl
tips were excised and plated on solid callus dedifferentiation medium for 7 to 10 days under
a 16 hours (h) light/8 h dark photoperiod, with subculturing on fresh medium. The formed
embryoids were transferred to redifferentiation medium for 21 days of selection culture
under the same photoperiod, with subculturing, then vigorous embryoids were moved to
the elongation medium for another 21 days of selection under the same conditions. When
shoots reached approximately 5 cm, they were transferred to the rooting medium and
cultured for 21 days (16 h light/8 h dark) to promote root and shoot meristem initiation
and differentiation. The transgenic plants were then analyzed using the Hi-TOM platform
to assess mutation occurrence [125]. The sgRNA sequences and Hi-TOM primers used in
this study are provided in Tables S2 and S3, respectively.

3. Results
3.1. Identification and Classification of Genes Related to Flowering in Soybean

A total of 1166 flowering-associated genes were identified in the soybean genome
through BlastP searches, using protein sequences from 306 A. thaliana flowering-associated
genes as queries (Table S4). Evolutionary analyses of these genes and their inclusion in
the FLOR-ID database (http://www.flor-id.org; accessed on 3 November 2021) have been
previously reported [121].

To elucidate the flowering mechanism in cultivated soybean, putative flowering-
associated genes were categorized into eight gene clusters based on the A. thaliana gene
classification system [54]. These clusters correspond to the following pathways: photope-
riod (Ph); flower development/apical meristem response (Fd); hormone (Ho); vernalization
(Ve); ambient temperature (At); aging (Ag); autonomous (Au), and sugar (Su) pathways
(Figure 1). During soybean evolution, 147 flowering genes were lost (Table S5). Notably,
most of these lost genes (75, accounting for 51.02%) belonged to the photoperiod pathway
(Ph) (Table S6). In contrast, gene sets from three pathways were preferentially retained, as
follows: flower development/apical meristem response (Fd, 11 genes lost, 7.48%), sugar
(Su, 18 genes lost, 12.24%), and ambient temperature (At, 18 genes lost, 12.24%). However,
over 20% of genes were lost in three other pathways, as follows: autonomous (Au, 40 genes
lost, 27.21%), vernalization (Ve, 37 genes lost, 25.17%), and hormone (Ho, 30 genes lost,
20.41%) pathways (Table S6).

http://www.bork.embl.de/pal2nal/index.cgi
http://www.flor-id.org
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Figure 1. Identification and classification of flowering-associated genes in Glycine max (L.) Merr. The
left histogram displays the number of flowering-associated genes within each flowering regulatory
pathway. In the central matrix, individual black dots represent the number of genes unique to a
specific pathway, while lines connecting these dots indicate overlaps between different pathways.
The vertical red histogram corresponds to the number of genes present in these intersections. Abbre-
viations: Ph, photoperiod, circadian clock, and light signaling pathway; Au, autonomous pathway;
Ho, hormone signaling and metabolism; Ve, vernalization; Ag, aging pathway; Su, sugar signaling;
Fd, flower development/apical meristem response pathway; At, ambient temperature pathway.

The photoperiod pathway (Ph) contained the largest number of genes (597), represent-
ing approximately 51.20% of the analyzed genes. It also had the highest number of unique
genes (269) (Figures 1 and S2).

The autonomous pathway (Au) comprises 450 genes, accounting for approximately
38.59% of the total (Figure S2). These genes regulate flowering independently of envi-
ronmental cues [48,52,53]. They primarily participate in processes such as chromatin
modification and RNA processing, which influence the expression of flowering-associated
genes at both transcriptional and post-transcriptional levels. A total of 42 genes are uniquely
shared between the photoperiod (Ph) and autonomous (Au) pathways. Additionally, the
photoperiod (Ph) and flower development/apical meristem response (Fd) pathways share
three common genes: GmLFY, GmFT, and GmSOC1. The Fd pathway contains seven unique
genes and shares one gene with the Au pathway (Figure 1).

The hormone pathway (Ho) comprises 180 genes, representing approximately 15.44%
of the total (Figure S2). It contains only 7 unique genes but shares 83 genes with the pho-
toperiod pathway (Ph) (Figure 1). These shared genes are associated with GA biosynthesis
and include those encoding enzymes involved in the GA biosynthesis pathway, such as
GmGA20ox1 and GmGA3ox1, as well as genes related to signal transduction.

Moreover, this study conducted a comparative analysis between previously mapped
flowering-related genes and the genome-wide identified flowering-related genes reported
here (Table 1). The previously mapped genes include, for example, E1 [70,71]; E2
(GI) [73,83,84]; E3-5 (PHYA) [74,76,77,84,111]; E6 [112]; E7 [114]; E8 [113]; E9 (FT2a) [94,115];
E10 (FT4) [88,89]; E11 [116]; J (ELF3) [5,117]; FT5a [92–94]; FT1a/b [90,91]; FT2b [93,105];
FT3a/b, FT5b, FT6 [93]; Tof5 (FUL2a) [80]; Tof11/12 (PRR3a/b) [78,79]; Tof16 (LHY1a) [81];
GmAP1 [120]; and GmDT1 (TFL1b) [97,118].
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The results show that 67.74% of the previously mapped genes overlapped with those
identified in our genome-wide analysis (Tables 1 and S4). This high degree of overlap
confirms the reliability of our gene identification results.

3.2. Chromosomal Location of Flowering-Related Genes

Chromosomal location analysis revealed that flowering-related genes are distributed
across all 20 soybean chromosomes (Figure 2, Table S7). However, their distribution density
is uneven (Table S8).

Figure 2. Chromosomal distribution of genes associated with flowering in soybean. The chromosomal
locations of flowering-related genes were visualized, with each chromosome represented by a vertical
bar labeled Gm01 to Gm20. Genes are marked on their respective chromosomes, where green
indicates genes located in the upper regions and yellow indicates genes in the lower regions. Gene
names are displayed alongside their positions on the chromosomes.

Chromosomes 6, 8, 11, and 13 exhibited relatively high densities of flowering-related
genes (Figure 2, Table S8). For instance, chromosome 13 contained 36 flowering-related
genes within a specific region spanning approximately 15 to 25 Mb. Similarly, chromosome
6 harbored 25 flowering-related genes in a region of about 5 to 50 Mb. Chromosome 8 also
formed a gene-rich cluster, with multiple flowering-related genes concentrated between
3 and 40 Mb (Figure 2, Table S7). In contrast, some chromosomes exhibited relatively
low densities of flowering-related genes. For instance, chromosome 14 contained only 13
flowering-related genes along its entire length (Figure 2, Table S8).
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3.3. Evolutionary, Structural, and Conserved Domain Analyses of Ph Pathway Flowering-Related
Genes in Soybean

To comprehensively elucidate the molecular basis of photoperiod-regulated flowering
in soybean, we systematically analyzed the evolutionary relationships, expression pat-
terns, gene structures, and conserved domains of genes associated with flowering in the
photoperiod pathway.

A phylogenetic analysis was conducted to investigate the evolutionary divergence
of these genes. Flowering-associated genes in the soybean photoperiod pathway were
grouped into distinct clades (Figure 3A). This phylogenetic pattern suggests that functional
specialization has emerged during soybean evolution. However, the core photoperiod-
sensing mechanisms have been conserved.

Conserved domain analysis (Figures 3C,D and S3) identified key functional motifs
essential for photoperiod signaling. A high percentage of photoperiod-associated proteins
contained F-box domains, which are characteristic of LOV KELCH PROTEIN2, LKP2-like
proteins and critical for mediating protein–protein interactions within the circadian clock
complex. The PAS domain, a hallmark of phytochrome family proteins, was detected in all
homologs of GmPHYA, GmPHYB, and GmPHYE (Figure 3C). This domain is crucial for
mediating light-induced transcriptional regulation, enabling these proteins to efficiently
sense and transmit red/far-red light signals. In doing so, they coordinate downstream gene
expression cascades that are essential for regulating photomorphogenesis and flowering
in soybean. Moreover, MADS domains—characteristic of APETALA1 (AP1)-like floral
integrators—were detected in downstream photoperiod effectors (Figure 3C). These do-
mains were frequently associated with disordered regions, indicating regulatory plasticity
in protein complex assembly and underscoring their role in bridging light signaling and
floral meristem identity.

3.4. Expression Analysis of PH Pathway Genes in Soybean

To investigate the expression divergence of homologous genes and their functional
roles in the photoperiod pathway, we systematically analyzed the expression patterns of
candidate flowering-associated genes across various soybean tissues. These tissues included
young leaves, flowers, pod shells at 10 and 14 days after flowering (DAF), seeds at 10, 14, 21,
25, 28, 35, and 42 DAF, as well as roots and nodules (Figure 3B, Table S9). Genes within the
same phylogenetic clade often exhibited coordinated expression across tissues. A subset of
genes (GmLFY, GmFKF1, GmCRY1, GmNF-YC9, GmAP1, GmSOC1, GmAHL22, GmJMJ330s,
GmCPK33, GmPHYB, GmPFT1, GmMSI1, GmTPL, and GmNF-YB3) were preferentially
upregulated in young leaves under inductive short-day conditions, consistent with their
roles in initial photoperiod perception. In contrast, other gene clusters (GmLKP2, GmAS1,
GmFKF1, GmJMJ330s, GmFTIP1, GmNF-YC9, GmSTO, GmCKB3, GmAP1, GmSVP, GmCPK33,
GmPHYA, GmPHYB, GmGA2ox1, GmHDA5, GmGI, GmGA3OX1, GmMSI1, GmTPL, GmTFL1,
GmLWD1, GmAFR1, and GmNF-YB3) displayed peak expression in flowers or developing
pods (Figure 3B), suggesting their roles in floral transition and reproductive development.
Notably, certain gene subsets were preferentially upregulated in young leaves under
inductive short-day conditions and also maintained prominent expression in flowers
and pods at various developmental stages (Figure 3B). For example, one gene cluster
showed peak expression in young leaves during the photoperiod-sensing phase while
maintaining high transcript abundance in flowers and maturing pods (Figure 3B). This dual-
tissue expression profile indicates multifunctional roles, suggesting these genes may link
initial photoperiod perception in leaves to subsequent floral transition and reproductive
development in flowers and pods. In comparison, other gene clusters exhibited more
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tissue-specific peak expression; for instance, some were exclusively enriched in flowers or
developing pods, implying specialized functions in floral organ formation or pod ripening.

Figure 3. Evolutionary, structural, and conserved domain analyses of flowering-associated genes
involved in the photoperiod, circadian clock, and light signaling pathways (Ph) of Glycine max (L.)
Merr. (A) Phylogenetic tree of flowering-associated genes in the Ph pathway. (B) Expression level
analysis of flowering-associated genes in the Ph pathway. (C) SMART domain analysis of flowering-
associated genes in the Ph pathway. The legend below represents different domains. (D) Distribution
of conserved motifs in flowering-associated genes of the Ph pathway.
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3.5. Evolutionary, Expression, Structural, and Conserved Domain Analyses of HO, AT, and FD
Pathways in Flowering-Related Genes of Soybean

A considerable number of flowering-associated genes are shared among the hormone,
ambient temperature, flower development/apical meristem response, and photoperiod
pathways. Some genes participate in multiple flowering pathways simultaneously. Notably,
the hormone and photoperiod pathways share the greatest number of flowering-related
genes (Figures 1 and S2). We analyzed genes in three pathways separately: hormone
(Figures S4 and S5), flower development/apical meristem response (Figures S6 and S7),
and ambient temperature (Figures S8 and S9). For each pathway, we examined gene
evolution, expression patterns (Tables S10–S12), gene structures, and conserved functional
domains. Phylogenetic analysis grouped soybean flowering-related genes into distinct
clades (Figures S4A, S6A and S8A). Core regulators, including GmFT, GmLFY, GmSVP,
and GmSOC1, were conserved across the photoperiod, ambient temperature, and flower
development/apical meristem response pathways (Figures 3, S6 and S8). This conservation
reflects the retention of core flowering regulatory mechanisms that underpin functional
crosstalk between pathways. Protein GmSOC1 integrates signals from four pathways—
photoperiod, ambient temperature, hormone, and flower development/apical meristem
response—and thereby regulates flowering. Additionally, genes GmGA20ox1, GmGA3OX1,
GmGA2ox1, GmGA2ox2, and GmGI are specifically shared between the photoperiod and
hormone pathways; they were not detected in the flower development/apical meristem
response or ambient temperature pathways (Figures 3, S4, S6 and S8).

Expression heatmaps revealed tissue- and stage-specific expression dynamics. Shared
genes exhibited coordinated expression patterns. For example, GmSOC1 showed peak
expression in two key sites: young leaves (where photoperiod and ambient temperature
are sensed) and floral meristems (where flower development occurs). GmLFY was enriched
in young leaves (Figures 3B, S4B, S6B and S8B). GmFT was enriched in floral buds and
developing pods (Figures 3, S6 and S8). GmGI was preferentially expressed in young
leaves and developing pods (Figures 3B and S4B). Genes specific to individual pathways
exhibited tissue-restricted expression. In contrast, shared genes functioned as “hubs” for
signal integration [17,91,107,126,127]. Protein structure predictions and motif analyses
(Figures S4C,D, S6C,D and S8C,D) revealed functional domains shared across pathways.
For instance, MADS-box domains in GmAP1 and GmSOC1 mediated DNA binding and
transcriptional regulation. These processes are involved in photoperiodic signal transduc-
tion, floral meristem identity specification, and temperature-responsive flowering.

3.6. Protein Structure Prediction of Flowering-Associated Genes in the Ph Pathway

To investigate the functional mechanisms of photoperiod pathway-related flowering
genes in soybean, we analyzed the protein structures of key genes involved in this pathway.
As shown in Figure 4, these photoperiod pathway genes display a diverse array of three-
dimensional protein structures.

For instance, proteins involved in light perception—such as LKP2 and CRY1/2—
exhibit unique structural folds. The LKP2 protein features a compact, multi-domain
architecture, which likely supports its role in mediating protein–protein interactions within
the circadian clock machinery. CRY1 and CRY2 proteins possess characteristic β-barrel
structures in their photolyase-homology regions (Figure 4). These structures are essential
for blue light absorption and play a key role in initiating light signaling.

Transcription factors in the photoperiod pathway include CO family proteins and
AP1-like proteins containing MADS domains. These proteins exhibit structural features
characteristic of their functional classes. AP1-like proteins possess a MADS-box domain,
which forms a conserved DNA-binding motif. This motif consists of a helix–loop–helix
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structure (Figure 4) that facilitates specific binding to target gene promoters. In this way, it
regulates floral meristem identity.

Figure 4. Protein structure prediction of flowering-related genes involved in the photoperiod,
circadian clock, and light signaling (Ph) pathways. Different shaded colors represent different genes.

Enzymes involved in hormone biosynthesis and signaling within the photoperiod
pathway include GA20ox and GA3OX, which are GA-related enzymes (Figure 4). These
enzymes feature catalytic domains with active-site architectures consistent with their roles
in GA metabolism. The catalytic domains contain conserved amino acid residues that are
likely involved in substrate binding and enzymatic reactions. These functions are essential
for promoting flowering under appropriate photoperiodic conditions.

3.7. Selection Pressure on Flowering Pathway Gene Sets

As a major legume crop, soybean exhibits well-documented variations in flowering
time among domesticated germplasm. This trait is essential for modern agricultural
production; however, its significance during domestication remains unclear [8].

Selection pressure was analyzed using the Ka/Ks ratio, a metric that reflects evolution-
ary selection patterns in genomes [128]. Calculations of the Ka/Ks ratio for orthologous
pairs of flowering-related genes between the G. max and A. thaliana genomes revealed that
all flowering-associated genes had a Ka/Ks ratio below 1 (Figure 5, Table S13). This finding
indicates that these genes are under purifying selection.

Selection pressure analysis revealed that the average Ka/Ks ratios of flowering-
associated gene sets between A. thaliana and soybean ranged from 0.001 to 0.200 (Figure 5,
Table S13). Notably, genes involved in the photoperiod and hormone pathways experi-
enced weaker negative selection pressure compared to those in other pathways (Figure 5).
Additionally, the selection pressure on genes in the photoperiod and autonomous pathways
exhibited a broader distribution range than that observed in other flowering pathways
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(Figure 5). This suggests that a substantial number of genes in these two pathways must
maintain functional conservation to ensure the proper execution of soybean’s fundamental
physiological processes. In contrast, genes in the ambient temperature pathway expe-
rienced the strongest selection pressure, indicating that flowering-related genes in this
pathway are subject to relatively intense selective constraints (Figure 5). These genes have
undergone strong selective pressure during evolution, with many experiencing selection
followed by evolutionary divergence. This implies that genes in these pathways retain
conserved functions throughout evolution. Furthermore, among all flowering-related path-
way genes, those in the photoperiod pathway exhibited the greatest variation in selection
pressure during soybean evolution (Figure 5, Table S13).

Figure 5. Direction and magnitude of natural selection acting on distinct sets of flowering-associated
genes. Ka/Ks ratios of flowering-associated genes in Glycine max (L.) Merr. Abbreviations: Ph,
photoperiod, circadian clock, and light signaling pathway; Au, autonomous pathway; Ho, hormone
signaling and metabolism; Ve, vernalization; Ag, aging pathway; Su, sugar signaling; Fd, flower
development/apical meristem response pathway; At, ambient temperature pathway.

3.8. Expression Patterns of Flowering Pathway Genes in Various Tissues and Their Relationships
with Plant Height and Hormone Levels

ZX12 (dwarf, early-maturing) and ZX19 (tall, late-maturing) were used to investigate
gene responses in different flowering pathways related to plant height. Under low-PPFD
conditions (Figure 6A), ZX19 exhibited significantly greater plant height and internode
length than ZX12 (Figure S10A,B). In contrast, ZX12 had a thicker stem diameter compared
to ZX19 (Figure S10C). These morphological differences suggest that internal genetic and
hormonal factors may play regulatory roles in determining plant height.

The expression patterns of genes in ZX12 and ZX19 were analyzed in stems, leaves,
and shoot apical meristems (SAMs) under both high- (Figure 6B) and low-PPFD conditions
(Figure 6A). The results show that genes associated with various flowering pathways
were preferentially expressed in SAMs, with the lowest expression levels observed in
stems. GmTPL, which participates in the Ag, Ph, and Fd flowering pathways, reached
peak expression in ZX12’s SAMs under high PPFD and in ZX19’s SAMs under low PPFD
(Figure 6C). GmEBS, GmLWD1, and GmCPK33, all specific to the Ph pathway, exhibited peak
expression in the SAMs of both ZX12 and ZX19 under both low- and high-PPFD conditions.
A similar pattern was observed for GmMSI1, which functions in the photoperiod, flower
development/apical meristem response, and autonomous pathways (Figure 6D–I). Genes
GmGA20ox1 and GmGA3OX1, involved in both photoperiod and hormone pathways,
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showed the highest expression in ZX19’s SAMs under low PPFD. In contrast, GmGA2ox1
was most highly expressed in ZX19’s leaves under low PPFD (Figure 6J–L). Additionally,
GmNF-YC9, involved in both photoperiod and hormone pathways, and GmJMJ330, present
in the photoperiod, autonomous, and ambient temperature pathways, reached their highest
expression levels in ZX19’s SAMs under low PPFD (Figure 6M–P). The SAM is a critical
site for plant growth and development, involved in processes such as flowering initiation
and the regulation of plant architecture. This preferential expression in SAMs suggests that
the functional activity of these flowering-related genes is concentrated in this tissue.

Figure 6. Analysis of the expression levels of flowering-related genes involved in different flowering
pathways in young soybean leaves. (A,B) Spectra of low PPFD (A) and high PPFD (B) under short-
day (SD; 8 h light/16 h dark) conditions. (C–P) Young leaves were harvested for qRT-PCR analysis of
the expression levels of T (C), E (D), L (E), M (F), C1 (G), C2 (H), C3 (I), G1 (J), G2 (K), G3 (L), N1 (M),
N2 (N), J1 (O), and J2 (P) in soybean cultivars ZX12 and ZX19 grown under SD conditions with high
and low PPFD. Relative expression levels were normalized to GmTublin (Glyma.05G157300). Data are
presented as means ± SD of three replicates. Gene abbreviations: T, GmTPL; E, GmEBS; L, GmLWD1;
M, GmMSI1; C1, GmCPK33a; C2, GmCPK33b; C3, GmCPK33c; G1, GmGA20ox1; G2, GA3OX1; G3,
GA2ox1; N1, GmNF-YC9a; N2, GmNF-YC9b; J1, GmJMJ330a; J2, GmJMJ330b. Abbreviations: PPFD,
photosynthetic photon flux density; H, high PPFD; L, low PPFD; SD, short-day; 12, Zhexian 12; 19,
Zhexian 19; SAM, shoot apical meristem.
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The determination of hormone content in the leaves of ZX12 and ZX19 revealed that
ZX19 had significantly higher levels of IAA, JA, and ABA than ZX12. In contrast, ZX12
contained significantly greater amounts of GA-1 and SA than ZX19. Additionally, ZX12
exhibited significantly higher GA-4 levels compared to ZX19 (Figure 7). These hormonal
differences strongly suggest that hormones play a crucial role in regulating soybean plant
height. ZX19, which is tall-stemmed, and has elevated levels of IAA, JA, and ABA, whereas
ZX12, which is short-stemmed, has higher concentrations of GA-1, GA-4, and SA (Figure 7).

Figure 7. The levels of hormones IAA (A), GA-1 (B), GA-4 (C), JA (D), SA (E), and ABA (F) were
measured in young leaves of soybean cultivars ZX12 and ZX19 under short day conditions with
high photosynthetic photon flux density (PPFD). Data are presented as means ± standard deviations
of three replicates (*** p ≤ 0.001, ** 0.001 < p ≤ 0.01; * 0.01 < p ≤ 0.05). ZX12, Zhexian 12; ZX19,
Zhexian 19.

3.9. Analysis of Expression Patterns and Hormonal Content Responses to Rhythms and
Light Signals

To investigate whether genes involved in different flowering pathways and leaf hor-
mones respond to light signals, we analyzed two aspects. First, we examined the diurnal
rhythmic expression patterns of flowering pathway genes under dark treatment. Second,
we monitored dynamic changes in leaf hormone content in response to photoperiod and
circadian rhythms.

As shown in Figure 8A, genes from various flowering pathways (GmTPL, GmMSI1,
GmEBS, GmLWD1, GmCPK33a/b/c, GmGA20ox1, GA3OX1, GA2ox1, GmNF-YC9a/b) exhibited
coordinated responses to dark-induced rhythmicity. Their expression slightly increased
after 4 h of dark treatment, peaked at 28 h, declined to the lowest level at 36 h, and then
showed a minor upward trend. In contrast, GmJMJ330a/b peaked at 32 and 36 h, respectively,
with elevated expression maintained for 4 to 6 h. This rhythmic expression pattern indicates
that genes across different flowering pathways are sensitive to light-related rhythmic signals
and suggests their involvement in integrating photoperiodic information.
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Figure 8. Analysis of the expression levels of flowering-related genes in different flowering pathways
and the contents of various hormones in young soybean leaves. (A) Young leaves were harvested
for qRT-PCR analysis to measure the expression levels of T, E, L, M, C1, C2, C3, G1, G2, G3, N1, N2,
J1, and J2 at multiple time points (0 h, 4 h, 8 h, 12 h, 16 h, 20 h, 24 h, 28 h, 32 h, 36 h, 40 h, 44 h, and
48 h) following the dark treatment of soybean cultivar W82 under short-day (SD) conditions with
high photosynthetic photon flux density (PPFD). (B) Hormone contents of IAA, GA-1, GA-4, JA,
SA, and ABA were measured in young leaves at various time points (0 h, 8 h, 16 h, 24 h, 32 h, 40 h,
and 48 h) after the dark treatment of soybean cultivar W82 under SD conditions with high PPFD.
Relative gene expression levels were normalized to GmTublin. Data are presented as means ± SD
of three replicates. Abbreviations: T, GmTPL; E, GmEBS; L, GmLWD1; M, GmMSI1; C1, GmCPK33a;
C2, GmCPK33b; C3, GmCPK33c; G1, GmGA20ox1; G2, GA3OX1; G3, GA2ox1; N1, GmNF-YC9a; N2,
GmNF-YC9b; J1, GmJMJ330a; J2, GmJMJ330b; W82, Williams 82; h, hour.

Figure 8B illustrates that leaf hormone levels also responded to photoperiod and
rhythmic changes. GA-1 increased at 8 h, then decreased, followed by a substantial rise
to a maximum at 40 h—exhibiting a 4 h delay compared to the peak of gene expression.
GA-4 peaked at 16 h, then declined with fluctuations, reflecting its response to rhythmic
variations. IAA showed a downward trend after dark treatment but gradually increased
at 32 h, with its peak also delayed by 4 h relative to the gene expression peak. JA content
rose rapidly following dark treatment. ABA exhibited a parabolic pattern: it increased to a
peak at 16 h, declined to its lowest point at 32 h, then rose rapidly again. SA responded
to rhythmic signals by gradually decreasing during the first 16 h, reaching its lowest level
at 16 h—as opposed to ABA, which peaked at that time. After 16 h, SA content increased
rapidly, reaching a maximum at 40 h before declining.

3.10. GmSAUR46b Not Only Regulates the Plant Height of Soybeans but Also Controls Flowering

To further validate the correlation between plant height and flowering time, we
generated transgenic soybean lines carrying targeted mutations in GmSAUR46b using
the CRISPR-Cas9 system (Figure 9A,B). Phenotypic analysis of homozygous mutant lines
revealed pleiotropic effects (Figure 9C,D).
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Figure 9. GmSAUR46b not only regulates soybean plant height but also controls flowering. (A) The
red bar indicates the sequence of the single guide RNA (sgRNA). (B) The process of CRISPR/Cas9
genetic transformation in soybeans. (C) Detection of CRISPR/Cas9 editing status in soybean gene-
edited materials using Sanger sequencing. Curves of different colors represent different bases.
(D,E) Phenotypic analysis (D) and plant height (a), number of internodes (b), pod count (c), and
flowering time (d) statistical evaluation (E) of plant height, number of internodes, pod count, and
flowering time in the edited Gmsaur46b lines compared to wild-type plants (WT), specifically Williams
82 (W82). The plants were grown under short-day (SD) conditions (8 h light/16 h dark). Scale bar,
10 cm. *** p ≤ 0.001, ** 0.001 < p ≤ 0.01.

Compared to wild-type plants, Gmsaur46b mutant lines exhibited significant reduc-
tions in several traits, including reduced plant height, number of internodes, pod count, and
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flowering time (Figure 9D,E). These findings indicate that GmSAUR46b is a key pleiotropic
regulator controlling both soybean flowering and plant height development. Statistical
analysis revealed that the average height of mutant plants was 23.10 cm, approximately
34.11% shorter than that of wild-type plants (p < 0.001) (Figure 9E), suggesting that Gm-
SAUR46b plays a critical role in regulating stem elongation. Additionally, mutant plants
had significantly fewer internodes, averaging 8.50 per plant compared to wild-type plants
(p < 0.001) (Figure 9E). This further confirms its role in internode development. Further-
more, flowering time was significantly advanced in Gmsaur46b mutants (Figure 9E). Mutant
plants initiated flowering at 15.20 days after sowing, whereas control plants flowered
at 21.30 days. This indicates that flowering time in mutants was shortened by 28.64%
compared with controls (p < 0.001) (Figure 9E).

4. Discussion
4.1. Evolutionary Conservation and Functional Divergence of Flowering Pathways

Our research results show that a substantial proportion of the candidate genes associ-
ated with flowering correspond to known mapped genes. Of all the flowering-related genes,
the photoperiod pathway exhibited the highest gene retention, consistent with current
findings; most mapping and functional analyses of soybean flowering genes focus on this
pathway [2,3,5,6,8,68,80,89,91,97,98,127,129]. This pathway is crucial for soybean flowering
as soybeans are short-day plants [107], and the photoperiod-related genes play a key role in
sensing and responding to changes in day-length. For example, genes encoding photorecep-
tors such as phytochromes (GmPHYA, GmPHYB) and cryptochromes (GmCRY1, GmCRY2)
were identified (Table S4). These photoreceptors can sense the light signals and transmit
them to downstream regulatory factors. Notably, some photoperiod pathway genes were
lost during soybean evolution, while new flowering-related genes have emerged. Examples
include E1, ELF3, FT6, PRR3a/b, LHY1b, and LHY2a/b (Table 1 and Table S4). This diver-
sification is likely due to whole-genome duplication (WGD) events and domestication in
soybean [5,13,78]. Additionally, novel mutations have played a role, facilitating adaptation
to environmental changes throughout evolution [5,6,12,13,78,80,96,107,130–134]. These
processes increased the number of flowering-related homologous genes and generated
new functions and regulatory mechanisms. In contrast, the flower development/apical
meristem response and ambient temperature pathways showed higher gene retention,
suggesting conserved roles in meristem identity and temperature sensing [19–23,97].

Key integrators—such as GmFT, GmLFY, and GmSOC1—are co-retained across the
photoperiod, ambient temperature, and flower development/apical meristem response
pathways, indicating the preservation of core regulatory modules. For example, GmSOC1
integrates signals from photoperiod, temperature, hormonal cues, and meristem activity,
demonstrating how conserved genes function as “hubs” for cross-pathway crosstalk [126].
Protein structure predictions further support this, showing that the MADS-box domains
in GmAP1 and GmSOC1 facilitate DNA binding across multiple pathways [135]. These
structural features are tightly associated with their respective functions, including light
perception, signal transduction, transcriptional regulation, and hormone-related processes.
This provides a structural basis for enhancing our understanding of how these genes
coordinate to regulate soybean flowering in response to photoperiodic cues.

Chromosomal location analysis revealed that flowering-related genes exhibit relatively
high density in certain chromosomes, forming gene-rich clusters. Owing to their close
physical proximity, these clustered genes may be co-regulated, potentially sharing common
cis-regulatory elements or being influenced by the same trans-acting factors. Such coor-
dinated regulation is likely to play a critical role in the synchronized control of soybean
flowering. Furthermore, the uneven chromosomal distribution of these genes may be
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linked to the evolutionary history of soybeans [4,5]. Gene duplication and translocation
events during evolution presumably facilitated the accumulation of flowering-related genes
in specific chromosomal regions, whereas other regions remained relatively gene-poor.

Conserved domain analysis identified functional motifs critical for pathway crosstalk.
Selection pressure analysis revealed that all pathways are under purifying selection
(Ka/Ks < 1). However, the photoperiod and hormone pathways experienced relatively
relaxed constraints, suggesting that while core functions are conserved, adaptive evolution
in these pathways has enabled soybean to fine-tune flowering in response to diverse envi-
ronmental conditions [15,68,95]. The ambient temperature pathway exhibited the strongest
selection pressure, indicating rapid evolution to adapt to temperature fluctuations [29,95].

4.2. Cross-Pathway Interactions and Molecular Signal Integration in the Regulation of
Soybean Flowering

The genetic networks regulating soybean flowering demonstrate significant crosstalk
between the photoperiod and hormone regulatory pathways. These two pathways share
83 genes, the highest number among all pathway pairs, underscoring their close interac-
tion. Genes such as GmGA20ox1, GmGA3OX1, and GmGI are present in both pathways
(Figures 3 and S4), coordinating GA metabolism with photoperiod signaling. For example,
key photoperiodic regulators like E1, GmFT2a, and GmGI intersect with GA metabolism
and circadian clock pathways, forming integrated regulatory hubs [6,92,95]. E1 acts as a
major repressor in the photoperiod pathway by directly inhibiting the expression of GA
biosynthesis genes GmGA20ox1 and GmGA3ox1, thereby linking day-length sensing to
GA-driven stem elongation and floral transition [136].

Such interconnections form a complex regulatory network in which environmen-
tal cues (e.g., photoperiod, temperature) are integrated to precisely regulate flowering
time [13,80,95] (Figure 10). Under short-day conditions, the photoperiodic induction
of GmFT2a triggers flowering [98,104]. Elevated temperatures can accelerate soybean
growth and development, sometimes leading to earlier flowering by transcriptionally re-
programming flowering-associated genes within the photoperiod pathway [20]. Specifically,
high temperatures induce the expression of soybean flowering activator genes, including
GmFT2a, GmFT5a, and several GmCOL, while simultaneously suppressing the expression
of homologs of the flowering repressor genes E1 and E2. This regulatory pattern ultimately
promotes flowering in soybean [20] (Figure 10). Furthermore, under short-day conditions,
soybean plants exhibit accelerated flowering at 30 ◦C but delayed flowering at 35 ◦C. The
upregulation of FT2a and FT5a induced by a condition of 30 ◦C results in early flowering,
indicating that high temperatures influence soybean flowering time, with effects varying
across different high-temperature ranges [21]. This finding confirms that high temperatures
can influence soybean flowering time and promote early flowering. The complexity of
these interactions further underscores the adaptive advantage of integrated regulatory
mechanisms. In various eco-geographic regions, genetic variations in cross-pathway genes
(e.g., GmFT, GmAP1, and J) have undergone positive selection. This enables soybean to
balance photoperiod sensitivity with other adaptive traits [5,80,97,120] (Figure 10). Such
functional overlap illustrates how pleiotropic genes serve as nodal points for cross-pathway
communication, allowing soybean to synchronize flowering with developmental and
environmental cues.



Agronomy 2025, 15, 2204 22 of 31

Figure 10. Molecular mechanisms regulating soybean flowering and plant height, with a molecular
model diagram illustrating their connection.

4.3. Breeding Implications of Genome-Wide Identification and Characterization of
Flowering-Related Genes for Regulating Flowering Time and Plant Height in Soybean

Our findings collectively reveal a close connection between the flowering regulatory
pathways and plant height regulatory network in soybean. This conclusion is supported
by three key observations: genes involved in various flowering pathways are influenced by
rhythmic and light signals (Figure 8A); leaf hormone levels respond to rhythmic signals
(Figure 8B); and GmSAUR46b regulates both plant height and flowering (Figure 9).

Prior studies have highlighted the intricate interactions between soybean flowering-
regulatory genes and those controlling plant height, underscoring a key aspect of soybean
developmental plasticity. For example, E1 is a core regulatory factor influencing both
plant height and flowering [17,137]. Under short-day conditions, the suppression of E1
expression is a pivotal regulatory event that initiates a cascade of molecular interactions
governing soybean development. Reduced inhibition by E1 releases GmMDEs (MADS-
box transcription factor), which then promote the expression of GmFT2a and GmFT5a
in SAM [17]. The upregulation of GmFT2a and GmFT5a in the SAM triggers two inter-
connected pathways that together modulate both flowering time and plant height. This
highlights the integration of these developmental processes [17]. On one hand, GmFT2a
and GmFT5a act as key signals to induce GmAP1 expression [17,97,118]. Increased GmAP1
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then inhibits GmDt1, suppressing soybean stem elongation [96,97] (Figure 10). On the
other hand, GmFT2a and GmFT5a promote the expression of GmAP1, GmSOC1, and GmLFY
in the SAM. This promotes soybean flowering [2,3,6,8,12,91,94,97] (Figure 10). Notably,
recent studies show that while both GmFT2a and GmFT5a induce flowering, they differ
in their control of post-flowering stem growth. GmFT5a is markedly more effective than
GmFT2a in terminating post-flowering stem growth by downregulating GmTFL1b and
upregulating GmAP1 [97,120,138] (Figure 10). This dual role of GmFT2a and GmFT5a—
coordinating floral initiation and height suppression—underscores their central role in
mediating photoperiodic responses. This ensures soybean plants align reproductive timing
and morphological development adaptively with environmental cues. Moreover, GmTFL1b
(the candidate gene for the GmDt1 locus) interacts with GmAP1 in the SAM, regulating
soybean stem growth habit [118,120,139] (Figure 10). Based on the observation that genes
involved in different flowering pathways are predominantly expressed in the SAM, we
hypothesize that the SAM acts as a key tissue for integrating regulatory signals governing
plant height and flowering. Moreover, the coordinated interaction between these genes and
hormones determines the ultimate plant height and flowering traits of soybean cultivars.

Several other genes regulate both flowering and plant height, thereby influencing yield
and environmental adaptability. These genes include J (GmELF3) [5], GmTof11/12 (Gm-
PRR3a/b) [8], GmTof16 (CCA1/LHY) [81,120], and GmTOE4b [2,11]. The MADS-box tran-
scription factor GmFULc participates in regulating flowering time, maturity [119,140,141],
and plant height [142]. GmFULc modulates plant height by binding to the promoter
of the GA-responsive gene GmGASA. This enhances the expression of GmGASA14 and
GmGASA32 [142]. The R2R3-MYB transcription factor GmGAMYB positively regulates
both flowering and plant height. It is induced by long-day conditions and GAs [143].
GmGBP1, a soybean transcriptional co-regulator, interacts with GmGAMYB. This interac-
tion enhances the transcription of GmSAUR genes. These GmSAUR genes subsequently
upregulate flowering-promoting factors such as GmFT2a and GmFDL19, resulting in early
flowering [144]. Additionally, the GmGBP1/GmGAMYB complex contributes to the GA-
mediated promotion of soybean plant height and hypocotyl elongation by facilitating
GmSAUR expression [145]. Furthermore, GmGAMYB interacts with GmGBP1 and up-
regulates GmFULc to promote flowering; it also enhances GA sensitivity and upregulates
GmGA20ox to increase plant height [143]. This gene may function by integrating envi-
ronmental signals, such as photoperiod, and endogenous hormonal cues. In doing so,
it coordinates the transition from vegetative to reproductive growth while influencing
plant height.

The temporal asynchrony between gene expression and hormone dynamics suggests
complex crosstalk between genetic regulatory networks and hormonal signaling pathways
in response to photoperiodic cues (Figure 8). Such interactions may link flowering pathway
genes to the regulation of plant height. The integration of photoperiodic and hormonal
signals is crucial for plant growth and development, including flowering and the determi-
nation of plant height. These findings provide a foundation for further exploration of the
molecular mechanisms by which flowering pathway genes regulate plant height though
the integration of light and hormonal signals.

Current research on soybean flowering-related genes has predominantly focused on
those involved in the Ph and Fd pathways. Examples include genes J, GmFTs, GmPRR3s,
GmLHYs, and GmAP1s [5,92,104,107,120]. However, there is a scarcity of studies inves-
tigating the molecular mechanisms regulating flowering through other pathways, such
as the hormone, autonomous, sugar, ambient temperature, and vernalization pathways.
This limits our comprehensive understanding of the complex regulatory networks gov-



Agronomy 2025, 15, 2204 24 of 31

erning soybean flowering and underscores the need for further investigation into these
understudied pathways.

In addition to flowering, soybean plant height is a critical agronomic trait that signifi-
cantly influences planting density, lodging resistance, and ultimately yield [120,145,146].
However, the molecular mechanisms regulating soybean plant height remain relatively
poorly understood. This study provides a comprehensive review of key genes involved
in soybean plant height regulation in recent years, and summarizes their roles in soybean
flowering. These traits are influenced by both genetic factors and external environmental
cues, such as light signals and temperature, which together form a complex regulatory net-
work. This complexity underscores the need for integrated research approaches to unravel
the interplay between genetic and environmental factors shaping soybean development.
By comparing the flowering-related genes identified in this analysis with those previously
characterized, we confirmed the reliability of our findings. These results thus serve as a
valuable reference for research on the molecular mechanisms underlying soybean flowering
and plant height regulation.

Overall, this study provides valuable insights into the regulation of soybean flowering
and plant height. The comprehensive analysis of flowering-related candidate genes, com-
bined with the review of genes associated with plant height, establishes a solid foundation
for future research in these fields.

5. Conclusions
This study systematically identified 1166 soybean flowering-related genes. These

genes are distributed across eight pathways, with the photoperiod pathway being the most
prominent (51.20%). Core regulators such as GmFTs and GmSOC1s are conserved across
pathways. They are preferentially expressed in SAMs, where they integrate developmental
signals. Flowering genes and hormones exhibit rhythmic responses to light. Additionally,
GmSAUR46b was validated as a pleiotropic regulator. It influences both flowering time
and plant height. The findings show a 67.74% overlap with previously mapped genes.
This confirms the reliability of the results. The remaining 32.26% of undetected genes
may represent novel networks. These networks likely arose from genome duplication
and adaptive evolution. Notably, only 10.12% of the identified genes have been mapped
to date. These results reveal thus reveal interconnected regulatory networks governing
flowering and plant height. They provide a genetic framework for molecular breeding.
This framework can be used to optimize key agronomic traits in soybean.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy15092204/s1, Figure S1: Schematic diagram of the
CRISPR/Cas9 gene editing vector for GmSAUR46b; Figure S2: Statistics of flowering-related genes
in soybeans across different flowering pathways. (A) Distribution of soybean flowering-associated
genes across various flowering pathways. (B) The number of flowering genes with different flowering
pathways. Ph: photoperiodism pathway. Au: autonomous pathway. Ho: hormone pathway. Ve:
vernalization. Ag: ageing pathway. Su: sugar signaling. Fd: flower development/pical meristem
response pathway. At: ambient temperature pathway; Figure S3: The identified motifs (20) of
photoperiod, circadian clock, and light signaling pathway (Ph) flowering-related genes in Glycine
max (L.) Merr; Figure S4: Distribution of conserved motifs and exon–intron structures of hormone
signaling and metabolism (Ho) pathway flowering-related genes. (A) Phylogenetic tree of Ho
pathway flowering-related genes in Glycine max (L.) Merr. (B) Expression level analysis of Ho
pathway flowering-related genes. (C) SMART domain analysis of flowering-related genes in the Ho
pathway. (D) Distribution of conserved motifs in Ho pathway flowering-related genes; Figure S5: The
identified motifs (15) of hormone signaling and metabolism (Ho) pathway flowering-related genes in
Glycine max (L.) Merr; Figure S6: Evolutionary, structural, and conserved domain analyses of flower
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development/apical meristem response pathway (Fd) flowering-related genes in Glycine max (L.)
Merr. (A) Phylogenetic tree of Fd pathway flowering-related genes. (B) Expression level analysis of
Fd pathway flowering-related genes. (C) SMART domain analysis of flowering-related genes in the
Fd pathway. (D) Distribution of conserved motifs in Fd pathway flowering-related genes; Figure S7:
The identified motifs (15) of flower development/apical meristem response pathway (Fd) flowering-
related genes in Glycine max (L.) Merr; Figure S8: Evolutionary, structural, and conserved domain
analyses of ambient temperature (At) pathway flowering-related genes in Glycine max (L.) Merr. (A)
Phylogenetic tree of At pathway flowering-related genes in Glycine max (L.) Merr. (B) Expression level
analysis of At pathway flowering-related genes. (C) SMART domain analysis of flowering-related
genes in the At pathway. (D) Distribution of conserved motifs in flowering-related genes of the At
pathway; Figure S9: The 15 identified motifs of ambient temperature (At) pathway flowering-related
genes in Glycine max (L.) Merr; Figure S10: The statistics and analysis of the internode length and
plant height (A,B), and the stem diameter (C) of soybean cultivars ZX12 and ZX19 grown under
SD conditions with low PPFD. ZX12, Zhexian 12; ZX19, Zhexian 19. Table S1: Flowering-related
genes in Glycine max L. identified using A. thaliana flowering genes as queries via BLASTP; Table
S2: Presence or absence of homologous flowering genes in Glycine max L. compared to A. thaliana;
Table S3: Statistics on flowering-related genes lost in soybean; Table S4: Distribution of flowering-
related genes on Glycine max L. chromosomes; Table S5: Count of flowering-related genes on each
chromosome; Table S6: FPKM of the Ph flowering pathway genes; Table S7: FPKM values of the
Ho flowering pathway genes; Table S8: FPKM values of the Fd flowering pathway genes; Table S9:
FPKM values of the At flowering pathway genes; Table S10: Direction and magnitude of natural
selection acting on different flowering-related genes for Glycine max L.; Table S11: Primers used in
qRT-PCR; Table S12: The sgRNA sequences of GmSAUR46b; Table S13: Primers for detection of gene
editing events in mutant lines.
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