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A B S T R A C T

Flowering time is a crucial trait for crop adaptation and yield stability, yet its genetic regulation in Vicia faba 
remains poorly understood. In this study, we performed RNA-sequencing of shoot apex (SA) and leaf tissues to 
investigate the genetic mechanisms underlying variation in flowering time between two contrasting cultivars, 
Gubbestad (early flowering) and Honey (late flowering). Based on differential gene expression analysis, K-means 
clustering and weighted gene co-expression network analysis (WGCNA), we identified key transcriptional 
modules enriched in genes associated with gibberellin (GA) signaling, photoperiod response, and floral induc
tion. Notably, FT homologs exhibited distinct expression patterns: two FT genes were expressed in Gubbestad, 
whereas only one was detected in Honey, in the SA during the reproductive stage. The late-flowering cultivar 
displayed high expression of the transcriptional cofactor TFL1 and transcription factor AP2 in the SA at the 
vegetative stage, which likely contributed to late floral initiation by suppressing downstream activators of 
flowering such as SOC1, AP1, and SPL/miR156. In contrast, the early-flowering cultivar showed FT gene 
expression in both leaf and SA, promoting LFY, SOC1 which accelerate floral transition. Through co-expression 
analysis, WGCNA identified SOC1 and AG as key hub genes within flowering-related modules, co-expressed with 
multiple genes encoding regulators of floral development. Our findings highlight the interplay between GA- 
mediated flowering pathways and photoperiod-responsive genes, revealing a complex regulatory network that 
controls floral induction. Unraveling these molecular mechanisms provides insights into breeding faba bean 
cultivars that are better adapted to different geographical regions.

1. Introduction

Faba bean (Vicia faba L., 2 n = 12) is an important legume crop used 
for human consumption and livestock feed (Yu et al., 2023). Faba bean is 
one of the oldest domesticated crops, with evidence of its cultivation 
dating back 10,0000 BP in northwestern Syria (Karkanis et al., 2018). 
Global production has increased by about 30 % over the past decade 
(2012–2022) (FAOSTAT, 2024). Yet European grain legume production 
remains relatively low despite a growing demand for locally produced 
plant-based protein sources for food and feed (Jensen et al., 2021). 
Environmental factors, such as short growing season and cooler cli
mates, limit the warm season legumes (e.g., soybeans) in Northern 
Europe. However, faba bean has shown good adaptability (De Notaris 
et al., 2023), therefore, the development of early-flowering cultivars is 
crucial for expanding cultivation to northern latitudes. This is pivotal 

since the need for locally produced plant-based protein is increasing in 
Scandinavia (Bunge et al., 2024).

Faba bean is a cool season legume that plays a vital role in sustain
able cropping systems by crop rotation and reducing the use of synthetic 
fertilizers through its nitrogen fixation ability (De Notaris et al., 2023; 
Mesfin et al., 2020; Ohm et al., 2024). Apart from its agronomic 
importance, faba bean is highly nutritious, containing 25–40 % protein, 
47–68 % carbohydrates, and 11–30 % fiber (Augustin and Cole, 2022; 
Hall et al., 2017). Furthermore, the rising demand for plant-based pro
teins and sustainable agricultural practices are in accordance with the 
UN Sustainable Development Goals that encourage a shift to plant-based 
diets (Augustin and Cole, 2022). Despite this, faba bean remains an 
underutilized crop globally, with 2 % of the global soybean output in 
2022 (FAOSTAT, 2024). According to recent reports faba bean cultiva
tion in Sweden covers only less than 1 % of arable land 
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(Jordbruksverket, 2024). The short growing seasons and cooler climates 
at Nordic latitudes are limiting factors for cultivation, emphasizing the 
need for varieties adapted to regional conditions.

Flowering time is an important trait in crop adaptation to local en
vironments and yield improvement (Wu et al., 2023). This is orches
trated by a complex interplay between external environmental signals 
and internal genetic regulators (Hu et al., 2020). Six major regulatory 
pathways govern the transition to flowering in Arabidopsis: vernaliza
tion, photoperiod, autonomous, gibberellin, sugar metabolism, and age 
dependent pathways (Blümel et al., 2015; Wellmer and Riechmann, 
2010). These pathways coordinate the regulation of key flowering 
genes, including CONSTANS (CO), FLOWERING LOCUS T (FT), SUP
PRESSOR OF OVEREXPRESSION OF CO 1 (SOC1), FLOWERING LOCUS C 
(FLC), LEAFY (LFY), and APETALA (AP1, AP2, AP3), facilitating the 
transition from vegetative to floral meristem formation (Rehman et al., 
2023). LFY is one of the primary genes induced in floral primordia and 
works alongside the E3 ubiquitin ligase UNUSUAL FLORAL ORGANS 
(UFO) (Dolde et al., 2023; Hempel et al., 1997). Together with AP1 and 
CAULIFLOWER (CAL), it determines floral meristem identity, whereas 
AGAMOUS-like (AGL24), SOC1, and SHORT VEGETATIVE PHASE (SVP) 
contribute to the maintenance of this state during the early stages of 
development (Quiroz et al., 2021). The MADS-box FLC acts as a flow
ering repressor by delaying the expression of SOC1 and FT in leaves and 
inflorescence meristems. Vernalization reduces its activity, thereby 
facilitating flowering through a gradual decrease in FLC transcript and 
protein levels (Shi et al., 2024; Moon et al., 2003). In Arabidopsis, 
long-day flowering is regulated by the CO-FT photoperiod module, as 
CO directly activates FT by binding to its promoter (Lv et al., 2021). 
Subsequently, FT moves to the shoot apex and forms the FT-FD complex 
to promote floral meristem identity. This complex also represses FLC in a 
feedback loop that is crucial for coordinating flowering time and 
maintaining seed dormancy (Luo et al., 2019). Additionally, SVP in
teracts with FLC or functions independently to regulate flowering genes, 
including TEMPRANILLO 1 (TEM1), CO-like (COL1/4), SEPALLATA 3 
(SEP3), and ethylene-responsive SCHLAFMUTZE (SMZ) (Quiroz et al., 
2021). SVP can also bind separately to FT and SOC1 (Mateos et al., 
2015). Other MADS-box repressors, such as AGL15 and AGL18 suppress 
flowering through FT and SOC1, while microRNAs miR156 and miR172 
are crucial in age-dependent flowering regulation (Adamczyk et al., 
2007; Fernandez et al., 2014; Serivichyaswat et al., 2015). The gradual 
decline of miR156 allows SQUAMOSA PROMOTER BINDING 
PROTEIN-LIKE (SPL) to accumulate, promoting flowering through the 
activation of miR172B, which represses AP2-like genes and enables 
SPL3/4/5 activity (Hyun et al., 2017; Mateos et al., 2015; Quiroz et al., 
2021). In addition, SPL3 directly regulates FT expression in leaves to 
promote flowering in response to ambient temperature (Kim et al., 
2012). Conversely, SMZ represses SOC1 and AP1 to maintain floral in
hibition through a feedback manner (Tao et al., 2012).

In legumes, FT homologs (FTa, FTb, and FTc) were previously re
ported to have distinct expression patterns. In pea, expressions of FTa1 
and FTb2 act as key signals for floral induction, with FTb2 being induced 
in leaves under long days, whereas FTa1 and FTc are expressed in the 
apical meristem. FTa1 triggers flowering without photoperiod sensi
tivity, whereas FTb2 initiates the primary signal in leaves 
(Aguilar-Benitez et al., 2021; Yoo et al., 2010). Despite progress made in 
pea and soybean (Weller and Ortega, 2015), flowering regulators in 
other legumes, including faba bean, remain largely unexplored.

Faba bean is generally classified as a day-neutral plant, although 
some accessions require long-day conditions for flowering (Patrick and 
Stoddard, 2010). However, flowering is primarily driven by thermal 
time and winter types require vernalization to initiate reproductive 
development (Karkanis et al., 2018). A recent study showed that 
vernalization responsive legumes, including winter types of V. faba, 
generally lack a homolog of the Arabidopsis floral repressor FLC 

(Surkova and Samsonova, 2022), indicating that cold mediated repres
sion in legumes operates through an alternative mechanism. In a tran
scriptomic study of V. faba, CO signaling related genes (e.g; COL5, 
CRYPTOCHROME1), have been identified under cold treatment (Yuan 
et al., 2021). In the absence of FLC, repression of floral induction in 
legumes is mediated by VERNALIZATION2 (VRN2) regulators, such as 
MtVRN2 in Medicago, which directly represses FTa1 (Jaudal et al., 
2016). A key floral activator SOC1, identified in V. faba, showed 
vernalization mediated expression and promoted earlier flowering when 
ectopically expressed in Arabidopsis (Yuan et al., 2021). Despite these 
findings only a few studies have investigated flowering time regulation 
in faba bean (Catt et al., 2017; Yuan et al., 2021; Ohm et al., 2025), 
underscoring the need for further characterization of its flowering 
pathways.

Understanding the genetic regulation of flowering time is important 
for breeding high-yielding, climate-resilient cultivars suitable for 
different geographical regions and environments. In the current tran
scriptomic study, we analyzed two cultivars with contrasting flowering 
times. Using K-means clustering and WGCNA, we identified key regu
latory pathways and candidate genes involved in floral induction, 
providing novel insights into the genetic control of flowering time in 
faba bean.

2. Material and methods

2.1. Plant material and phenotype measurements

Two indeterminate Vicia faba cultivars with contrasting flowering 
times, Gubbestad (early) and Honey (late), were selected based on the 
results of a previous field trial (Ohm et al., 2024) and a preliminary 
growth chamber experiment (Biotron, SLU-Alnarp). Both cultivars were 
grown in 7.5 L pots containing commercial planting soil (Blom och 
Plantjord, Cramers Blommor) supplemented with 2 g/L of controlled 
release fertilizer (Osmocote 5, 5–6 M, ICL). Plants were maintained 
under fluorescent light (200 μmol⋅m⁻²⋅s⁻¹) in controlled climate cham
bers (Biotron, SLU-Alnarp) under a 16/8 h light/dark cycle with 
20◦C/18◦C day/night temperature and 60 % humidity. Flowering initi
ation was recorded when the first flower opened in each cultivar.

2.2. RNA sequencing and identification of DEGs

Shoot apex (SA) and leaf tissues (uppermost mature leaf; relevant for 
photoperiod related signaling) from both cultivars were harvested at 
three time points for RNA sequencing. These were carefully selected to 
represent distinct biological phases of the floral transition. The first time 
point (21 days after sowing, DAS) corresponded to the vegetative stage 
before any morphological signs of reproductive development. The sec
ond time point (39 DAS) coincided with visible sign of floral initiation in 
the early-flowering cultivar (Gubbestad), capturing the onset of repro
ductive transition. The third time point (68 DAS) represented the cor
responding phase of floral initiation in late-flowering cultivar (Honey), 
enabling direct comparison with the early flowering cultivar Gubbestad. 
All samples were collected at the same time of the day (6–7 h after the 
start of the light period) to ensure that samples represented the same 
time point during the diurnal rhythm. In total, 36 samples (2 tissues × 2 
cultivars × 3 stages × 3 biological replicates) were collected for tran
scriptomic analysis. Total RNA was extracted using the PureLink™ Plant 
RNA Reagent, and residual genomic DNA was removed using the 
TURBO DNA-free™ Kit (Cat. No. AM1907). Kits were supplied by 
Invitrogen (Thermo Fisher Scientific; USA) and followed the manufac
turer protocol. NanoDrop spectrophotometer and Agilent 2100 Bio
analyzer were then used for RNA quality assessment. cDNA libraries 
were prepared using polyA-enriched mRNA and sequenced using the 
INVIEW Transcriptome Discover service on the Illumina NovaSeq X   
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platform (Eurofins Genomics, Germany), yielding 30 million 2 × 150 bp 
paired end reads per sample.

Raw reads were processed using Trimmomatic v0.39 (Bolger et al., 
2014) to filter out low-quality reads, adapters, and barcode sequences. 
Clean reads were aligned to the Vicia faba reference genome (Hedin2 v1) 
(Jayakodi et al., 2023) using the STAR v2.7.11b. Gene expression levels 
were quantified as raw counts and fragments per kilobase per million 
reads (FPKM) according to established methods (Trapnell et al., 2012). 
Principal component analysis (PCA) was performed to assess the cor
relation between the samples. Genes with low reads were filtered out by 
retaining only those with a total count ≥ 10 across all samples in each 
comparison. Differentially expressed genes (DEGs) were identified using 
the DESeq2 R package with a previously standardized method, applying 
threshold of |log₂(fold change)| ≥ 1 and false discovery rate (FDR) 
< 0.05 (Benjamini and Hochberg, 1995). To characterize the regulatory 
components among the DEGs, corresponding peptide sequences were 
obtained from the annotated Vicia faba genome (GCA_948472305.1) 
and submitted to iTAK v1.6 for TFs, transcriptional regulators (TRs), and 
kinases.

2.3. Identification of TFs and genes related to flower initiation

To characterize the regulatory components among the DEGs, corre
sponding peptide sequences were retrieved from the annotated Vicia 
faba genome (GCA_948472305.1) and analyzed using the iTAK v1.6 
online tool (http://itak.feilab.net) to classify them as TFs, transcrip
tional regulators (TRs), and kinases (Zheng et al., 2016). To determine 
the genetic basis of floral induction differences between the varieties 
Gubbestad and Honey, we selected a set of flowering-related genes from 
Arabidopsis thaliana models (Bouche et al., 2016; Liu et al., 2024; Wu 
et al., 2024) and used them as reference sequences to blast against Vicia 
faba reference genome. Subsequently, a reciprocal BLASTP (E-value 
cutoff 1e-5) was used to mined homologous genes in Vicia faba (Altschul 
et al., 1997), and peptide sequences were further verified by PfamScan 
(https://www.ebi.ac. uk/Tools/pfa/pfamscan/) to confirm the respec
tive functional domains.

2.4. K‑means clustering of DEGs

To analyze the expression patterns of the DEGs, K-means clustering 
was used to group genes with similar expression patterns (Niu et al., 
2020). To examine the expression patterns of DEGs associated with 
flower initiation, K-means clustering was performed using the cluster 
package in R, with Pearson's correlation as the distance metric. The 
optimal number of clusters (12 for each cultivar) was determined by the 
gap statistics via the clusGap function in the R package factoextra 
(Kassambara and Mundt, 2017). Heatmaps were generated using Z-score 
normalized Log2(FPKM + 1) values and visualized using the pheatmap.

2.5. Weighted gene co‑expression network analysis (WGCNA)

Co-expression networks were constructed using the WGCNA package 
in R to identify co-expression modules and important regulatory genes 
related to our target trait (Langfelder and Horvath, 2008). Genes with 
FPKM values greater than one in at least one sample were selected and 
log₂-transformed prior to downstream analyses. The soft-threshold 
power was obtained using the pickSoftThreshhold function, ensuring a 
scale-free topology with R2 > 0.9. To find gene networks associated with 
floral induction, a gene co-expression network was then constructed to 
identify gene networks associated with floral induction using the 
blockwiseModules function, with the following settings: power = 12, 
minimum module size = 50, TOM type = unsigned, maximum block 
size = 35000, and merge cut height = 0.25. Regulatory interactions 
between transcription factors and their downstream genes were pre
dicted using the Plant Transcriptional Regulatory Map (PlantRegMap; 
http://plantregmap.gao-lab.org) (Tian et al., 2020). Then, the resulting 

gene regulatory networks were visualized using Cytoscape v3.10.2 
(Shannon et al., 2003).

2.6. Gene ontology (GO) and KEGG enrichment analysis

All Vicia faba genes were annotated with BLASTP against the Ara
bidopsis proteome dataset (TAIR11) with an E-value cutoff of 1e− 5 
(Altschul et al., 1997; Smoot et al., 2011). GO enrichment analysis was 
performed using the BiNGO plug-in function in Cytoscape version 
v3.10.4 (Smoot et al., 2011). GO terms with significant enrichment (FDR 
< 0.05) were identified, and KEGG pathway analysis was subsequently 
performed using the OmicShare online platform (https://www. 
omicshare.com/tools). GO results were visualized by generating bub
ble plots using the ggplot2 package in R (Ginestet, 2011).

2.7. Qualitative real-time time PCR (qRT‑PCR) validation

To validate the accuracy of RNA-seq data, qRT-PCR analysis was 
performed using the same DNase-treated RNA samples and biological 
replicates as used for RNA-seq. The cDNA was synthesized from 1 µg of 
total RNA using the Maxima First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific, USA) following the manufacturer’s instructions. A total 
of nine flowering-related genes, AG, AGL5/SHP2, FT, GID1B, LFY, PI, 
TEM and two SOC1, paralogs, were selected for validation; corre
sponding primer pair sequences used in qRT-PCR are provided in the 
table (supplementary Table S7). qRT-PCR reactions were performed 
using Maxima SYBR Green/ROX qPCR Master Mix (2 X) (Thermo Fisher 
Scientific, USA). All reactions were conducted in accordance with the 
Minimum Information for Publication of Quantitative Real-Time PCR 
Experiments (MIQE) guidelines. Two internal controls, Actin11 (VFH. 
ACT11) and elongation factor 1-alpha (VFH.ELFA-1) were used, and 
relative expression levels were calculated using the 2⁻ΔΔCt method 
(Abid et al., 2025; Niu et al., 2020).

3. Results

3.1. RNAseq of two faba bean cultivars with diverse flowering time

Two faba bean cultivars were selected for RNA sequencing based on 
their contrasting flower initiation phenotypes. The early-flowering 
cultivar, Gubbestad, initiated flowering 39 days after sowing (DAS; SD 
= 1.10), whereas the late-flowering cultivar, Honey, flowered at 68 DAS 
(SD = 1.68) under greenhouse conditions (Fig. 1). It can be noted that 
days to flowering under field conditions in southern Sweden (Ohm et al., 
2024) were very similar for Honey, for greenhouse and field, but slightly 
longer for Gubbestad in the field. A total of 36 samples (leaf and SA) 
from the two cultivars at three time points representing distinct bio
logical stages were collected to assess gene expression networks and 
uncover key regulatory genes associated with flower initiation. To 
capture the molecular changes associated with the onset of flowering, 
samples were collected from the vegetative to inflorescence meristem 
transition stage.

Transcriptome sequencing generated high-quality data, with on 
average 72.76 million reads per sample and > 75 % uniquely mapped 
reads, providing sufficient depth for DEGs identification and other 
downstream analysis for the construction of regulatory network 
(supplementary Table S1).

3.2. Identification and classification of DEGs

Transcriptome comparisons across three stages: vegetative (21 DAS), 
early flower initiation (39 DAS), and late flower initiation (68 DAS) in 
leaf and SA revealed dynamic expression changes associated with 
flowering initiation in two cultivars. A total of 16,864 unique DEGs were 
identified across all pairwise comparisons (Fig. 2; supplementary 
Table S2). In Gubbestad, the transition from the vegetative (G1) to floral 
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initiation stage (G2) showed strong transcriptional changes, particularly 
in leaf tissue, where 2776 genes were upregulated and 1896 were 
downregulated. Although SA had less overall DEGs (1776 up and 759 
down), the data set contained a higher proportion of regulatory genes, 
including more than twice the number of upregulated transcriptional 
regulators (TRs) in SA (20) than in leaf (9), highlighting their key reg
ulatory role during floral initiation. From G2 to a later flowering stage 
(G3) DEG numbers declined (leaf: 2527 up / 1723 down; SA: 999 up / 
1192 down), suggesting stabilization of transcriptional activity 
following the transition. The number of TFs in the SA remained rela
tively stable across both transitions, indicating continued regulatory 

activity during floral progression.
In Honey, the vegetative stages (H1 vs. H2) showed a substantial 

number of DEGs in leaf tissue (3717 up / 1187 down), but a more 
moderate shift in the SA (1021 up / 774 down), indicating that major 
transcriptional adjustments in the SA had not yet occurred. A pro
nounced transcriptional shift occurred between H2 and H3, when Honey 
initiated flowering. At H2 as compared to H3, leaves showed 1005 
upregulated and 2022 downregulated genes, while SA showed 1924 
upregulated and 713 downregulated genes. Importantly, upregulated 
TFs and kinases in SA markedly increased between H2 and H3 (125 TFs, 
50 kinases) compared with H1 and H2 transition (52 TFs, 22 kinases), 

Fig. 1. Days to first flower appearance in field and greenhouse environments. (a) Barplot showing the number of days from sowing to first flower appearance in 
Honey (H) and Gubbestad (G), grown under field (Ohm et al., 2024) and greenhouse (GH) conditions. (b) Representative plants of the early-flowering cultivar 
Gubbestad (right) and the late-flowering cultivar Honey (left) photographed when Honey initiated flowering, at which Gubbestad already had open flowers.

Fig. 2. Differentially expressed genes (DEGs) across stages, tissues and cultivars. DEGs classified as 'Up' or 'Down' were obtained from pairwise comparisons between 
the cultivars Gubbestad (G) and Honey (H) at three stages (vegetative (1), early flowering (2), and late flowering (3)) in leaf and shoot apex (SA) tissues. The number 
of Kinases, transcription factors (TFs), and transcriptional regulators (TRs) among the DEGs are shown above/below their respective bars in corresponding colors. 
Identification of TF, TR, and kinases was carried out via iTAK v1.6 (http://itak.feilab.net) (supplementary Fig. S2; Table S3).
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reflecting the regulatory changes accompanying floral initiation.
To explore cultivar-specific expression dynamics, we compared 

Gubbestad and Honey at their respective developmental stages. At the 
vegetative stage (G1 vs. H1), the total DEG counts were similar across 
tissues (leaf: 2975 up / 3482 down; SA: 2805 up / 3540 down). How
ever, the number of TRs and kinases showing higher expression in 
Gubbestad as compared to Honey was higher in leaf tissue than in SA 
(TRs, 15 vs. 8, and kinases 59 vs. 39), suggesting earlier engagement of 
regulatory pathways, particularly in the leaf, potentially contributing to 
its early-flowering phenotype. At G2 vs. H2, Gubbestad leaves exhibited 
more upregulated than downregulated genes (3560 up/ 2614 down) 
compared to Honey. Conversely, at the same time-point comparison 
between SA showed larger number of downregulated than upregulated 
genes in Gubbestad (3631 down/ 2366 up), reflecting a developmental 
shift as the meristem transitioned to flowering, while Honey remained 
vegetative. These results indicate that leaves show broader tran
scriptomic changes across stages, while SA plays a more specialized role 
in flower initiation, particularly in response to developmental cues and 
genetic mechanisms underlying early and late flowering phenotypes.

In addition, we compared Gubbestad and Honey at their floral 
initiation stage (G2 and H3, respectively), to capture cultivar differences 
at comparable developmental stages. This comparison revealed exten
sive transcriptional differences in both tissues (leaf: 3684 up / 3627 
down; SA: 1628 up / 1385 down). Among these DEGs in Gubbestad as 
compared to in Honey, regulatory genes were strongly represented, with 
TFs showing particularly large shift in leaf (110 up/ 204 down) and SA 
(105 up / 18 down) (Fig. 2) indicating that Honey undergoes a major 
regulatory change at H3 as it initiates flowering.

3.2.1. GO enrichment analysis of DEGs
GO enrichment analysis of DEGs between Gubbestad and Honey, 

revealed distinct temporal and tissue-specific patterns in gibberellin 
(GA) and flowering-related processes (supplementary Table S4). Ana
lyses were performed across stages and tissues (leaf and SA), with a 
particular focus on transcriptional changes during flower initiation.

In leaf tissue, Gubbestad exhibited early enrichment of hormonal and 
light-responsive terms. At G1, genes related to GA biosynthesis 
(GO:0009686), GA metabolism (GO:0009685), and response to light 
intensity (GO:0009642) were enriched. At G2, corresponding to floral 
initiation in Gubbestad, leaf tissue showed enrichment of genes involved 
in the cellular response to far-red light (GO:0071490) and specification 
of floral organ identity (GO:0010093) (supplementary Table S4). In 
contrast, Honey leaves at H2 were enriched for vegetative-to- 
reproductive phase transition (GO:0010228), mirroring Gubbestad’s 
earlier response. At H3, Honey leaves showed enrichment in flower 
development (GO:0009908), negative regulation of short-day photope
riodism (GO:0048577), and GA signaling (GO:0045487), consistent 
with a late onset of reproductive development.

In SA, transcriptional changes also reflected cultivar-specific timing 
of flower initiation. In Gubbestad, SA at G1 was enriched for floral 
meristem growth (GO:0010451), and G2 showed strong enrichment for 
vegetative-to-reproductive phase transition (GO:0048510) and inflo
rescence meristem identity (GO:0010077). In Honey, these terms 
appeared later, with enrichment at G3 in flower development 
(GO:0009908), GA homeostasis (GO:0010336), response to gibberellin 
(GO:0009739), and GA-mediated signaling (GO:0010476).

The comparison of the floral initiation stages in the two cultivars (G2 
vs. H3) revealed clear differences regarding which biological processes 
were active. In leaf tissue, genes showing higher expression in Gubbes
tad as compared to in Honey were enriched for light responsive terms (e. 
g., GO:0071490, GO:0071490, GO:00102018) consistent with earlier 
activation of photoperiod-mediated flowering pathways in Gubbestad. 
In contrast, genes showing higher expression in Honey at H3 were 
enriched for hormone responsive processes (e.g., GO:0009737, 
GO:0010371, GO:0090355) and maintenance of inflorescence meristem 
identity (GO:0010077) reflecting increased hormonal involvement 

during its later transition to flowering. A similar pattern was observed in 
SA, with earlier activation of light driven pathways in Gubbestad and 
increased hormone mediated regulation in Honey as it reaches its 
flowering transition.

Comparison of adjacent developmental stages within each cultivar 
further supported these temporal differences. In Gubbestad, DEGs in the 
transition from G1 to G2 was marked by increased enrichment of GA- 
related terms (e.g., GO:0010371, GO:0009739, GO:0009685), 
flowering-related processes (e.g., GO:0009911, GO:0022414, 
GO:0048506), and photoperiod regulation (e.g., GO:0048573, 
GO:0048574), particularly in the leaves. In Honey, similar patterns were 
observed between stages 2 and 3, coinciding with its later floral tran
sition and high enrichment in the SA. In summary, GO enrichment 
patterns indicate that floral transition occurs earlier in Gubbestad, with 
photoperiod, hormonal and flowering-related processes activated earlier 
in leaves, whereas in Honey, these processes appear later and are more 
prominent in the SA.

3.2.2. K-means clustering reveals expression patterns of DEGs
To categorize DEGs into groups with similar expression profiles, a K- 

means clustering analysis was applied separately to each cultivar and 
tissue type, resulting in 12 distinct clusters for each case (supplementary 
Fig. S1a-d). These clusters revealed gene expression patterns that closely 
correspond to the phenotypic trends of flowering initiation. Notably, we 
identified gene clusters with expression profiles that aligned with vari
etal differences in flowering initiation patterns, such as Gubbestad Leaf 
cluster1 and Honey Leaf cluster7, as well as Gubbestad SA cluster5/6 
and Honey SA cluster5 (Fig. 3a, c, f, h and supplementary Fig. S3). These 
clusters reflect the differential timing of flowering between the early- 
flowering Gubbestad (with increased expression between stages 1 and 
2) and the late-flowering Honey (increased expression between stages 2 
and 3).

Gene ontology (GO) analysis of selected clusters further emphasized 
this distinction, with overlapping terms detected between stage 2 of the 
early-flowering Gubbestad and the stage 3 of the late-flowering Honey. 
Both stages mark a shift from vegetative growth to reproductive devel
opment, highlighting the shared biological processes during this critical 
transition. Flowering-related GO terms were observed in important 
clusters, such as vegetative phase change, flower development, 
hormone-related terms, aging, photoperiod, and circadian rhythm 
(Fig. 3b, d, g, i). Heatmap visualization was generated using a subset of 
genes from the expression clusters known or predicted to be involved in 
flowering initiation. The results aligned with the clustering patterns, 
showing an early increase in transcript levels at stage 2 in Gubbestad, in 
contrast to late expression in Honey, which peaked at stage 3 (Fig. 3e, j). 
This delayed activation reflects the late onset of flowering-related gene 
expression in Honey compared to that in Gubbestad. The low or less 
coordinated expression patterns in Honey leaves likely reflect delayed 
activation of flowering pathways, whereas the distinct expression 
pattern in Gubbestad is consistent with its earlier transition to flowering. 
The limited overlap between flowering-related genes in the leaf heatmap 
(Fig. 3e) and the SA (Fig. 3j) reflects the distinct biological roles of these 
tissues during floral induction.

These findings indicate that variations in the timing and intensity of 
gene expression contribute to the differences in flowering time between 
the cultivars. Gubbestad transitions to reproductive development by 
stage 2, whereas Honey remains vegetative until stage 3. This delay in 
flowering in Honey may be attributed to the late activation of flowering 
genes.

3.3. WGCNA analysis and co‑expression network construction

Transcription factors are key regulators of complex traits in crops, as 
they govern the expression of downstream genes that contribute to 
phenotypic variation. To investigate the co-expression networks asso
ciated with floral induction, we constructed leaf- and SA-specific gene 

U. Mahmood et al.                                                                                                                                                                                                                             Environmental and Experimental Botany 243 (2026) 106334 

5 



expression networks using FPKM expression matrices from both 
cultivars.

The high correlation among biological replicates confirmed the data 
reliability for network construction (supplementary Figs. S4, S5). Sam
ple clustering showed distinct tissue and stage specific patterns: in leaves 
stage 2 and stage 3 clustered together in both cultivars, indicate a 
gradual transition toward flowering, whereas in SA, G2 and H3 formed 
distinct clusters, consistent with their different flowering times. This 
pattern reflected the earlier floral transition in Gubbestad and later 
transition in Honey.

In the WGCNA analysis, the optimal soft-threshold power was 
determined to be 12 for both leaf and SA tissues, achieving a scale-free 
topology model fit at R² = 0.9 (supplementary Figs. S4b, S5b). Using the 
automatic blockwiseModules function, co-expression modules were 
identified, resulting in 18 modules for leaf tissue and 16 for SA tissue. 

Modules were visualized with distinct color schemes to represent the 
varying levels of gene correlation (supplementary Figs. S4c-d, S5c-d). 
Functional modules were clearly divisible, with each module exhibit
ing similar expression patterns concerning stages, cultivars, and flow
ering time (Fig. 4).

In leaf tissue, across stages, Gubbestad and Honey exhibited different 
gene expression patterns, with positive and negative correlations with 
specific color modules, suggesting that these transcriptional profiles are 
linked to their contrasting flowering behaviors. Highly correlated 
modules, such as MEblack (r² = 0.95, p = 2E− 09), MEcyan (r² = − 0.80, 
p = 7E− 05), and MEblue (r² = 0.99, p = 2E− 17), were analyzed for GO 
enrichment. However, significant GO terms related to flowering initia
tion were only found in MEblack, which revealed GO terms associated 
with environmental responses, including "response to temperature 
stimulus" (GO:0009266), "circadian regulation of gene expression" 

Fig. 3. K-means clustering and functional enrichment of DEGs. K-means clustering was conducted separately for leaf and SA tissues in Gubbestad and Honey, 
producing twelve clusters per tissue. Panels (a, c) show selected leaf clusters, and (f, h) show selected SA clusters. The x-axis indicates developmental stage; the y-axis 
shows standardized FPKM values. Corresponding GO enrichment results are presented in (b, d, g, i). Expression heatmaps of flowering-related genes from two 
representative clusters in leaf (e) and SA (j) are included. Expression values are based on log₂(FPKM + 1).
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(GO:0032922), "regulation of circadian rhythm" (GO:0006986), 
"entrainment of circadian clock" (GO:0009649), and "response to light 
stimulus" (GO:0009416) (supplementary Fig. S6).

In SA tissue, high correlations were observed in MEblack (r² = 0.95, 
p = 2E− 09) for stages, MEturquoise (r² = − 0.99, p = 8E− 14) for cul
tivars and MEmidnightblue (r² = − 0.77, p = 2E− 04), and MEblue (r² =
0.83, p = 2E− 05) for flowering time. GO analysis of the highly corre
lated modules identified MEturquoise and MEblue as particularly rele
vant to the trait of interest. MEblue was significantly enriched in 
flowering-related GO terms, including "flower development" 
(GO:0019219), "floral organ development" (GO:0048437), "reproduc
tive structure development" (GO:0048608), "positive regulation of gib
berellic acid-mediated signaling pathway" (GO:0009939), and 
"maintenance of inflorescence meristem identity" (GO:0010077) (Fig. 5; 
supplementary Fig. S6).

These findings suggest that the modules contain key regulators of 
floral initiation, consistent with the phenotypic variations and differ
ential gene expression analyses. MEblack (leaf) was enriched for circa
dian rhythm, light stimulus, and temperature response, reflecting the 
environmental regulation of the transition to flowering (Fig. S4). GA- 
related signaling pathways in MEblue (SA) further support the 
involvement of hormonal regulation in the initiation flowering. 
Together, these modules reveal coordinated networks linking environ
mental cues with GA-mediated developmental signaling.

3.3.1. Co-expression networks and hub genes regulating flower initiation
Co-expression analysis identified two SA derived modules, MEblue 

(r² = 0.83, p = 2E− 05) and MEturquoise (r² = − 0.99, p = 8E− 14), as 
most strongly associated with floral initiation (Fig. 4b). The expression 
profile of genes within these modules showed high correlation with 

flower initiation and their respective module eigengene (Fig. 5a, c). A 
heatmap of these module genes (Fig. 5e) revealed expression dynamics 
similar to the flowering-related clusters identified by K-means clustering 
(Fig. 3), where flowering genes were upregulated earlier in Gubbestad 
and later in Honey.

To identify key regulatory genes, hub genes were selected from the 
MEturquoise and MEblue modules based on gene connectivity (K- 
within) using an absolute Pearson’s correlation. Genes within the top 
20 % of K-within values were designated as hub genes. From the 
MEturquoise module, 880 genes were selected, with K-within values 
ranging from 782.69 to 1510.33. These genes were classified into 24 
TFs, 10 TRs, and 16 kinases (Table S3). The TF VFH.04SOC1.1 (VFH. 
IV033800) was identified as a key hub gene with a K-within value of 
1090.23. Its Arabidopsis ortholog, AT2G45660 (SOC1), is a well- 
characterized regulator of flowering time and a member of the MADS- 
box TF family.

The gene network associated with VFH.04SOC1.1 (SOC1) consisted 
of 79 co-expressed genes, including 12 TFs, 4 TRs, and 7 kinases (Fig. 5b; 
supplementary Table S5). Among these, several genes were associated 
with vernalization (VERNALIZATION INDEPENDENCE 5, VIP5), circa
dian rhythm (ZINC-FINGER INFLORESCENCE MERISTEM, ZIM ; 
CYCLING DOF FACTOR 5, CDF5; XAP5 CIRCADIAN TIMEKEEPER, XCT), 
temperature response (RELATED TO ABI3/VP1 1, RAV1; TEM1), and GA 
signaling (MYB DOMAIN PROTEIN 65, MYB65). FT and several other 
flowering initiation and development-related genes were also part of 
this network. Notably, FT showed high connectivity with the SOC1 
paralog, reflecting coordinated regulatory activity during early floral 
induction. This co-expression relationship was more pronounced in 
Gubbestad than Honey, consistent with the earlier activation of flow
ering pathways in early flowering cultivar.

Fig. 4. Module trait relationships in leaf (a) and SA (b). The heatmap illustrates the correlation between colored gene co-expression modules and stages cultivars and 
flowering time. Each cell displays the correlation coefficient (ranging from –1–1, as indicated by the color scale) along with the corresponding p-values.
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Similarly, in the MEblue module, 440 genes were selected, with K- 
within ranging from 263.17 to 492.97. Functional classification using 
iTAK revealed that these genes included 68 TFs, 10 TRs, and 41 kinases 
(Fig. 5d; supplementary Table S5). The TF VFH.06AG (VFH.VI136800) 
was selected as a key hub gene within this module, with a K-within value 
of 439.16. The Arabidopsis ortholog of VFH.06AG (AGAMOUS; 
AT4G18960) encodes a MADS-box domain TF, which is known to play a 
critical role in flower development.

The VFH.06AG network consisted of 89 co-expressed genes, 
comprising 35 TFs, 3 TRs, and 7 kinases (Fig. 5d). This network included 
floral homeotic genes (AP1, AP3, PI), GA signaling components 
GIBBERELLIN INSENSITIVE DWARF1 (GID1B, GID1C), and members of 
the MADS-box TF family SEPALLATA (SEP1, SEP2, SEP3). The network 
also included SPL4, a miR156-regulated gene, along with several AGL 
genes. Additionally, genes involved in vernalization (VRN1), photope
riod regulation (FT), and circadian rhythm (CRYPTOCHROME 2, CRY2) 
were co-expressed within this network. The presence of multiple 
flowering-related regulators underscores the significant role of AG in 
floral organ identity and in reproductive development. Positive regula
tors of flower initiation (SOC1, FT, AG, etc.) exhibited high expression 
across all three sampling stages in Gubbestad but were predominantly 
expressed only at the third stage in Honey (Fig. 5e, f). This pattern in
dicates late activation of flowering time genes in the late-flowering 
cultivar.

3.4. Comparative expression analysis of key flowering time genes

The expression of flowering time genes from different regulatory 
pathways plays a crucial role in floral initiation in response to envi
ronmental cues. We observed notable differences in gene expression 
patterns between the two cultivars, potentially underlying their distinct 
flowering initiation timings. To compare these genes, expression values 
were normalized by applying a log₂(FPKM + 1) transformation and Z- 
score standardization. Based on previously described flower initiation 
genes in the Flowering Interactive Database (FLOR-ID) and The Arabi
dopsis Information Resource (TAIR), we selected only those genes that 
were expressed in at least one developmental stage (Fig. 6; supple
mentary Table S6). In Fig. 6, each gene is annotated with its corre
sponding pathway on the left-hand side of the heatmap, indicating 
hormone related genes such as GA-responsive genes (GID1B, GID1C, and 
RGA24) as well as photoperiod-related genes (FT, SOC1, CO, CRY2). 
This visual annotation highlights the coordinated expression of these 
pathways during floral induction.

Among these selected genes, VF.05FT.1 was expressed in both tissues 
(leaf and SA) of the early flowering cultivar Gubbestad but was not 
detected in any of the tissues in Honey. In contrast VF.05FT.2 was 
expressed only in SA of both cultivars, but expression levels remained 
higher across all stages in Gubbestad, while in Honey it showed late 
expression and increased only during the reproductive stage. In the late 
flowering cultivar Honey, the expression of TFL1 remained elevated 
across all SA stages and was markedly higher than in the Gubbestad, 
consistent with its known role in repressing floral initiation. Similarly, 
AP2 genes were highly expressed in the late-flowering cultivar but 
exhibited reduced expression at the reproductive transition phase. 

Another circadian rhythm-related gene Arabidopsis thaliana CENTROR
ADIALIS (ATC), appeared to promote late flowering in Honey by 
delaying the floral transition. Most SOC1 genes followed a similar 
expression pattern, showing higher expression levels in the early flow
ering cultivar even at the vegetative stage, whereas in Honey, these 
genes were only expressed at the flowering stage. The photoperiod- 
related gene CRY2 was expressed in both tissues, highlighting its 
important role in flower initiation. A TOE1 homolog, known as a floral 
repressor, was highly expressed in the SA of Honey during the vegetative 
stage suggesting a role in delaying the floral transition. GA-regulated 
genes also showed differential expression patterns. The GIDB gene, 
which promotes flower initiation, was highly expressed in Gubbestad at 
early stages, supporting the early flowering phenotype. Flower devel
opment genes, such as AG and RGA24, appeared to play crucial roles in 
flower initiation, as they exhibited higher expression at the flowering 
stage in Gubbestad. Additionally, miR156-regulated SPL4/5 genes fol
lowed a similar pattern, showing high expression at all stages in the 
early-flowering cultivar. In contrast, in the late-flowering cultivar, these 
genes displayed a gradual increase in expression towards the flowering 
stage. Overall, our findings suggest that variations in the expression of 
important flowering time regulators between cultivars contribute to 
differences in flowering phenotypes.

3.5. qRT-PCR validation

The relative expression levels of nine key genes were examined using 
qRT-PCR across three time points in leaf and SA tissues. The resulting 
expression profiles showed positive correlation with the fold change 
variations obtained from the RNA-seq results (supplementary Fig. S7). 
The correlation coefficients between expression levels from qRT-PCR 
and RNA-seq for the nine DEGs ranged from 0.76 to 0.94 including 
VFH.05FT.2 (0.92), VFH.04SOC1.1 (0.86), and VFH.03GID1B (0.88). For 
genes exhibiting zero FPKM values at specific time points in one or both 
cultivars, values were adjusted to 0.001 prior to fold-change calcula
tions. Overall, high concordance between relative expression levels from 
qRT-PCR and RNA-seq measurements was observed for most gene tar
gets, supporting the robustness and reliability of the transcriptomic 
dataset.

4. Discussion

4.1. Gibberellin dynamics in flower initiation

Flower initiation in Vicia faba is a key developmental event that in
fluences seed yield potential, particularly in northern latitudes, where 
early flowering facilitates maturity within a short growing season. 
Therefore, understanding the underlying genetic regulation is vital for 
breeding cultivars with improved climate adaptability and productivity. 
In this study, we examined the transcriptomic differences underlying 
flowering time variation in leaf and SA tissues from two contrasting 
cultivars (Gubbestad and Honey) previously characterized for their 
flowering time differences (Ohm et al., 2024). WGCNA identified two 
SA-derived gene modules strongly associated with flower induction 
(Fig. 5a, c), which were enriched in genes linked to GA signaling and 

Fig. 5. Co-expression network analysis of flowering-related modules identified by WGCNA. The MEturquoise and MEblue modules (derived from SA tissue) were 
significantly associated with floral initiation. (a) Scatter plot showing the correlation between module membership (gene–module correlation) and gene significance 
(correlation with cultivar) for the MEturquoise module in the SA. (c) Similar scatter plot for the MEblue module, indicating correlation with flowering-related traits. 
(b, d) Co-expression networks centered around VFH.04SOC1 (b) and VFH.06AG (d), the hub genes in the MEturquoise and MEblue modules, respectively. Node 
shapes indicate gene types: squares for transcription factors (TFs), diamonds for kinases, downward arrows for transcriptional regulators (TRs), and circles for other 
genes. Edge width reflects the strength of co-expression between genes, with wider edges representing higher weight values. (e) Heatmap showing log₂(FPKM + 1) 
normalized expression (from high (red) to low (blue), see color code) of flowering-related genes from the two modules in SA. Turquoise and blue bars indicate the 
corresponding gene modules, while gene_f labels denote gene function. (f) Heatmap showing selected flowering-related genes from the leaf tissue.
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Fig. 6. The expression heatmap of a subset of selected key genes from Arabidopsis involved in regulation of flowering in Vicia faba in leaves and SA. The gene 
expression of both cultivars (G and H) was visualized by Log2(FPKM + 1) transformation, left hand side showing information about pathways and regulation type 
(+/-) in each gene.
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floral development.
K-means clustering further revealed four distinct gene expression 

clusters, one for each cultivar and tissue type (leaf and SA). While each 
cluster exhibited unique expression profiles, their overall patterns were 
consistent with the flowering initiation stages of the two cultivars. 
Notably, both cultivars shared a similar set of GO-enriched terms at the 
transition stage (Fig. 3b, d, g, i); however, the flowering related genes 
were activated later in Honey, aligning with its late floral transition. 
This temporal difference was also reflected in the DEGs analysis, which 
showed earlier transcriptional activation in Gubbestad and later in 
Honey across both tissues (Fig. 2). The limited overlap between 
flowering-related genes in leaf and SA heatmaps (Fig. 3e, j) was 
consistent with the distinct biological roles of these tissues, as leaves 
contribute to the regulation of photoperiod-related flowering signals, 
whereas SA activates meristem identity and floral developmental pro
grams. A comparative analysis between WGCNA and K-means clustering 
revealed key genes associated with GA-regulated flower initiation, 
photoperiod response, and floral development. The strong correlation of 
the expression patterns of these genes and flowering initiation suggests 
that transcriptional regulation mediated by the GA pathway could be a 
potential target for fine-tuning of flowering time in Vicia faba.

Consistent with previous studies in Arabidopsis, GA-associated genes 
identified in this study showed expression patterns aligned with path
ways where GA is known to promote floral induction by activating SPL 
TF and downstream floral regulators, such as SOC1 and LFY (Bao et al., 
2020; Maple et al., 2024; Yu et al., 2012; Zhang et al., 2019). Addi
tionally, GA enhances the expression of FT in leaves, a central florigen 
that integrates multiple flowering signals (Hisamatsu and King, 2008). 
The enrichment of GA-related GO terms at flower induction, such as 
Stage 2 in Gubbestad and Stage 3 in Honey in this study, supports the 
potential role of GA in regulating flowering time. However, a clear 
distinction was observed between the cultivars, with Gubbestad exhib
iting early expression of flower induction genes, ensuring timely flow
ering, whereas in Honey, the late expression of these genes led to a later 
floral transition.

These gene expression patterns indicate that GA is associated with 
tissue-specific regulation of flowering transition in Vicia faba: in leaves 
by inducing SPL4 and SOC1, and in the SA via regulators such as AGL, 
AP2, AP3, PISTILLATA (PI), and LFY (Fig. 6). The differential gene 
expression observed between early- and late-flowering cultivars high
lights transcriptional regulation as a critical mechanism underlying the 
variation in flowering time. Taken together, these findings provide 
transcriptional evidence for GA-associated regulatory changes during 
floral initiation. However, confirming these mechanisms will require 
future functional validation of key candidate genes, along with endog
enous GA measurement and exogeneous GA application to directly 
assess hormonal dynamics.

4.2. Hub genes and co-expression networks underlying flower induction

Flower induction is a complex developmental process regulated by 
the coordinated activity of TFs, hormonal signaling and environmental 
cues. In this study, WGCNA analysis identified two key co-expression 
modules in the SA, that showed the highest correlation with flower 
initiation (Fig. 5a). In these modules, VFH.04SOC1 and VFH.06AG were 
identified as hub genes, underscoring their potential regulatory role in 
flower induction (Fig. 5).

SOC1 has been widely recognized as a pivotal integrator of multiple 
flowering pathways, including those related to GA, vernalization, and 
photoperiod responses (Kou et al., 2022). In legumes such as Medicago 
truncatula, SOC1-like genes, notably MtSOC1a, function as key regulators 
of floral induction, even without the conserved CO-FLC regulatory 
module that governs flowering in Arabidopsis (Jaudal et al., 2018). In 
legumes, flowering is regulated by a distinct pathway involving FT 

mediated SOC1 activation in response to long-day conditions. Moreover, 
SOC1 suppresses known floral repressors, such as TEM1 and RAV1 
(Matias-Hernandez et al., 2014). This study of faba bean suggests that 
the late flowering trait (Honey) might be associated with low SOC1 
expression and concurrent upregulation of RAV1 and TEM1, indicating 
that transcriptional repression contributes to late flowering. These in
sights further emphasize the critical role of SOC1 as a central molecular 
regulator of flowering time in Vicia faba.

In addition to SOC1, the AG gene was co-expressed with several key 
floral induction regulators in the SA, including AP1, AP3, SEP, SPL4, and 
GA receptors GID1B and GID1C, suggesting their coordinated role in 
floral initiation. Furthermore, LFY and the flowering promoter FT were 
also included in this network. Previous studies have demonstrated that 
LFY and FT activate AP1, which subsequently promotes the expression of 
AG and SEP3, which are crucial for specifying floral meristems and 
organ identity (Liu et al., 2023; O'Maoiléidigh et al., 2014). The early 
activation of FT, LFY, and AP1 in the SA of the early flowering cultivar 
(Gubbestad) aligns with previous findings, showing their crucial role in 
faba bean floral induction (Fig. 7).

Moreover, the early upregulation of several AGL TFs in Gubbestad 
supports their roles in floral transition. Remarkably, AGL24 has been 
shown to regulate flowering independently of SOC1 and FRUITFUL 
(FUL), with its expression enhanced under long-day conditions (Huang 
et al., 2024; Torti and Fornara, 2012). Collectively, these results suggest 
that floral induction in Vicia faba is orchestrated by a complex, inter
connected regulatory network of TFs and signaling genes that respond to 
developmental and environmental cues. This network varies between 
early- and late-flowering cultivars.

4.3. Regulatory networks governing flower induction in Vicia faba

Flowering regulation has been extensively characterized in Arabi
dopsis; however, its complexity in legumes, including Vicia faba, re
mains underexplored (Benlloch et al., 2015). Understanding the 
molecular basis of flowering time variation in legumes is crucial for 
breeding climate-adapted cultivars that are suited to diverse growing 
conditions. The expression dynamics of key flowering genes were pro
filed in early and late flowering Vicia faba cultivars to detect conserved 
and cultivar-specific regulatory patterns (Fig. 6).

Our results highlight the differential expression of FT, which is a 
central floral activator. In Gubbestad, two FT homologs were expressed 
across stages and tissues (leaf and SA), whereas in Honey, only one FT 
homolog was expressed, and only in the reproductive stage of SA. This 
expression profile aids to the established model in which flower initia
tion is triggered when FT interact with FD, whereas TFL1 antagonizes 
this activity (Zhu et al., 2020). In Gubbestad, the elevated expression of 
FT likely led to the early up-regulation of LFY which is a key gene for 
floral meristem identity (Fig. 7). This highlights the opposing interaction 
between FT and TFL1 in the regulation of flowering (Goretti et al., 2020; 
Hanano and Goto, 2011; Périlleux et al., 2019). Conversely, the 
late-flowering cultivar exhibited higher expression of TFL1, especially 
during the flowering transition indicating that TFL1 serves as a major 
repressor that delays floral induction. In addition, ATC, a TFL1 paralog, 
showed higher expression in Honey to further support the later flower 
initiation. Since both ATC and FT compete for FD binding and regulating 
AP1 in opposite ways (Huang et al., 2012), this supports a model in 
which photoperiodic signals modulate functionally divergent FT ho
mologs to finely tune floral initiation in faba bean. Furthermore, AP2, a 
key regulator of age-dependent pathways, was highly expressed in 
Honey, whereas its downstream targets, including SOC1, AP1, and 
SPL/miR156, were expressed at lower levels. This implies that AP2 may 
play an instrumental role in delaying floral transition, through its 
interaction with SOC1, AG, and miRNA regulatory pathways (Huang 
et al., 2012).

U. Mahmood et al.                                                                                                                                                                                                                             Environmental and Experimental Botany 243 (2026) 106334 

11 



Overall, these results reveal that flowering in Vicia faba is deter
mined by a complex regulatory framework that integrates signals from 
photoperiod, age, and meristem identity. The contrasting expression of 
floral activators and repressors between the cultivars highlights the 
transcriptional basis for their phenotypic divergence. It is essential to 
functionally validate these regulatory genes to fully understand their 
specific roles in legume flowering.

5. Conclusion

The regulation of flowering time is a critical determinant of repro
ductive success and yield stability in Vicia faba. This study examined the 
transcriptional dynamics associated with floral induction in two con
trasting cultivars, Gubbestad (early-flowering) and Honey (late-flower
ing), to identify the molecular mechanisms underlying the differences in 
flowering time. Through WGCNA and K-means clustering, we identified 
critical regulatory modules enriched in GA-responsive and floral 
development related genes. These results indicate an association be
tween GA signaling and the expression of transcription factors, such as 
SPL, SOC1, LFY, and AGL during the floral transition.

Gene expression profiling revealed distinct flowering-time regula
tory mechanisms between cultivars. The early-flowering Gubbestad 
exhibited earlier activation of GA-responsive floral genes in both leaves 
and SA, whereas Honey showed late expression, associated with the 
upregulation of TFL1 and AP2, both of which act as repressors of floral 
transition. Notably, SOC1 was identified as a key hub gene within the 
WGCNA modules, supporting its conserved role as a floral integrator in 
legume species. Co-expression analysis also revealed strong interactions 
between SOC1, AG, AP1, and FT, reinforcing their roles in the faba bean 
floral transition network.

These results provide valuable insights into the genetic and hor
monal regulation of flowering time in Vicia faba and offer potential 
targets for breeding programs. Fine-tuning GA-responsive pathways and 
key transcriptional regulators through plant breeding may enable the 
development of cultivars that are better adapted to different latitudes 
and growing season lengths. Future studies should prioritize the func
tional validation of hub genes and integrate transcriptomic and 

epigenetic tools to deepen our understanding of flowering regulation in 
legumes.
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Transcriptome profiling of shoot apex and leaf tissues reveals 
regulatory networks controlling flowering time in Vicia faba (SRA 
(NCBI))

Fig. 7. Proposed model based on transcriptome data explaining early and late flowering in contrasting Vicia faba cultivars. This model shows the transcriptional 
regulation of flower initiation in two Vicia faba cultivars. The left panel (Gubbestad) illustrates the early-flowering type, where flower initiation occurs alongside 
vegetative development, with high expression of floral activator genes (FT, SOC1, LFY, AP1, AG and SPL (SPL potentially regulated by miR156)) and low expression 
of repressor genes (TFL1, ATC and AP2). The right panel (Honey) shows the late-flowering cultivar, with extended vegetative growth and higher expression of 
repressors and lower expression of activators, as compared to the early-flowering cultivar at the same stage. The model highlights that differences in flowering time 
arise from shifts in the timing of gene expression, as both cultivars show broadly similar expression once flowering begins.
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