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THE IMPACT OF ALLELIC VARIATION IN E-GENES ON TOTAL PHENOLIC CONTENT
AND FLAVONOID ACCUMULATION IN SOYBEAN (GLYCINE MAX (L.) MERR.) SEEDS

Aim. To investigate the impact of early-stage
photoperiodic induction (V3-V5 stages) n the parti-
tioning of phenolic compounds and flavonoids in
mature seeds of soybean near-isogenic lines (NILS)
carrying various maturity gene combinations (E1-
E3). Methods. Nearly isogenic lines (NILs) of soy-
bean, in which the E-genes are located at different
allelic loci, were used. Short-day (ShD) lines —
genotypes E1E2E3, Ele2e3 and neutral-day (ND)
lines — genotypes elE2e3, ele2E3, ele2e3. Starting
from the V3 stage, plants were exposed to either a
natural long day (16 h) or an inductive short day (9
h) for 14 days. Total phenolic content (TPC) and
flavonoid accumulation were subsequently ana-
lyzed in mature seeds. Results. A profound "meta-
bolic memory" effect was observed, where early
induction determines the final seed metabolome.
ShD lines (with E1) exhibited significantly higher
TPC, particularly following the 9-hour induction. In
contrast, ND lines showed lower TPC but a signifi-
cant shift toward flavonoid biosynthesis. The triple-
recessive ele2e3 genotype achieved the highest
flavonoid content and a four-fold increase in the
flavonoid-to-phenolic ratio compared to the domi-
nant EIE2E3 line. The elE2e3 genotype demon-
strated metabolic stability, maintaining a constant
flavonoid share regardless of the initial photoperi-
od. Conclusions. E-genes act as metabolic gate-
keepers: dominant alleles prioritize generalized
phenolic accumulation, while recessive alleles trig-
ger specialized flavonoid partitioning. Photoperiod-
ic neutrality is genetically linked to an enriched
flavonoid profile in soybean seeds.

Keywords: soybean (Glycine max (L.) Merr.)
seeds, isogenic lines, E-genes, photoperiod, flavo-
noids, phenolic compounds.

Soybean (Glycine max (L.) Merr.) is one of
the most economically significant crops globally,
serving as a primary source of vegetable protein
and oil, as well as a rich reservoir of bioactive sec-

ondary metabolites (Ali et al., 2020). Among these,
phenolic compounds, particularly flavonoids, play a
dual role: they are essential for plant adaptation to
environmental stresses — such as UV radiation and
pathogen defense — and provide significant health
benefits for human nutrition due to their antioxi-
dant, estrogenic, and anticancer properties (Corso et
al., 2020, Dixon and Pasinetti, 2010).

The growth, development, and metabolic
profile of soybean are fundamentally governed by
its response to photoperiod (Zhang, 1997). As a
short-day plant, soybean utilizes a complex genetic
network to perceive day length and trigger the tran-
sition from vegetative to reproductive stages (Lin et
al., 2021). This photoperiodic control is primarily
mediated by the "maturity genes" (the E series) (Lin
et al., 2021). While several loci have been identi-
fied, including the more recently discovered E9 and
E10 which modulate flowering time through the
fine-tuning of florigen expression, and the J locus,
which facilitates the "long juvenile period" allow-
ing soybean cultivation in tropical short-day envi-
ronments, the E1, E2, and E3 loci remains the most
critical regulators of development in temperate
latitudes (Lin et al., 2021, Jiang et al., 2014).

The molecular signaling cascade is centered
on the regulation of GmFT (Flowering Locus T)
genes, which are the primary targets of the E gene
network (Lin et al., 2021). Dominant E alleles act
as repressors that inhibit the expression of GmFT2a
and GmFT5a, thereby delaying the floral transition
(Cao et al., 2017). Within this hierarchy, E1 is the
most potent repressor, encoding a legume-specific
B3-domain protein (Lin et al., 2021). E2 functions
as an ortholog of GIGANTEA (Gl), linking the cir-
cadian clock to developmental timing, while E3
encodes a phytochrome A  photoreceptor
(GmPHYAZ3) responsible for sensing light quality
and stabilizing the E1 suppressor under long-day
conditions (Xu et al., 2013).
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The interaction of E1, E2, and E3 forms the
genetic backbone for most commercial cultivars in
temperate regions (Jiang et al., 2014). Crucially,
their influence on the duration of the vegetative
phase and the timing of maturation directly corre-
lates with the "metabolic window" available for the
phenylpropanoid pathway. This makes these ma-
turity genes indirect yet powerful regulators of the
seed phenolic complex (Zhu et al., 2018). Recent
evidence suggests that the signaling crosstalk be-
tween light-sensing receptors and downstream tran-
scriptional factors does more than time the harvest;
it orchestrates a systemic shift in the partitioning of
secondary metabolites (Corso et al., 2020).

Despite the extensive characterization of E
genes in relation to phenology, their specific impact
on the partitioning of phenolic compounds in seeds
— particularly how different allelic combinations
affect the ratio of flavonoids to total phenolics —
remains insufficiently explored (Josipovi¢ et al.,
2016, Malenci¢ et al., 2012). Understanding this
relationship is crucial for "precision breeding" of
soybean cultivars with optimized phytochemical
profiles.

This study aims to evaluate the total phenolic
content (TPC), flavonoid accumulation, and their
relative proportions in the seeds of unique near-
isogenic lines (NILs). By analyzing these lines un-
der long-day (16 h) and short-day (9 h) conditions,
we seek to elucidate how the genetic status of E1,
E2, and E3 modulates the seed phenolic metabo-
lome, providing new insights into the biochemical
pleiotropy of soybean maturity genes.

Materials and methods

Plant materials. As plant material in this
study, four genotypes were used — the cultivar
Clark and near-isogenic lines (NILs) of soybean (G.
max) developed within the genetic background of
this cultivar. The isolines differ in the allelic state
of E-genes (Lin et al., 2021), which determine the
photoperiodic response and the maturity period
after flowering. The manifestation of this photoper-
iodic response was confirmed through phenological
observations under field cultivation conditions at
the experimental research site of the Department of
Plant and Microorganism Physiology and Biochem-
istry of V. N. Karazin Kharkiv National University,
Kharkiv (geographical latitude — 50° N) (Yuhno
and Zhmurko, 2010). The NIL seeds used in the
research were provided by National Center for
Plant Genetic Resources of Ukraine, Kharkiv. Ex-
periment design. Field experiments were conducted
at the experimental site of the Department of Plant

and Microorganism Physiology and Biochemistry
of V. N. Karazin Kharkiv National University dur-
ing the 2023-2024 growing seasons (Eastern For-
est-Steppe of Ukraine, 50° N latitude). The soil
type was leached heavy loamy chernozem. No ferti-
lizers or bacterial preparations were applied to the
plants. Sowing was performed manually on plots of
1 m?, with three biological replicates for each line,
at the end of May. Each isoline plot consisted of six
parallel rows, each 1 meter in length, with 20 seeds
manually sown per row. After emergence and up to
the third true leaf stage (V3), the plants were grown
under natural long-day conditions (in Kharkiv, 50°
N — 16 hours of daylight). Upon reaching the V3
stage, experimental plants of each isoline were sub-
jected to photoperiodic induction under short-day
conditions for 14 days. The short-day photoperiod
was artificially created by placing the plants in
lightproof chambers from 5:00 p.m. to 9:00 a.m.
(photoperiod duration: 9 hours). Control plants
continued to be grown under natural long-day con-
ditions (photoperiod duration: approx. 16 hours).
After this all plants were grown again under long-
day conditions until the end of the growing season.
Extraction procedure. Plant material (1 g of whole
seeds per sample) was ground in a mill, reduced to
a fine powder, and extracted with 70% aqueous
acetone (50 mL) for 20 minutes. The extracts were
rapidly vacuum-filtered through a sintered glass
funnel and kept refrigerated before assay. Determi-
nation of total polyphenol contents. Total polyphe-
nols were determined by the Folin—Ciocalteu meth-
od (Kroyer, 2003). The amount of total polyphenols
was calculated as a gallic acid equivalent (GAE)
from the calibration curve of gallic acid standard
solutions (covering the concentration range be-
tween 0.1 and 1.0 mg/mL) and expressed as milli-
grams of GAE per gram of dry weight (DW). De-
termination of flavonoids. Total flavonoids were
determined after extraction of plant material (1 g of
whole seeds) with 20mL of extracting solvent
methanol-water—acetic acid (140 : 50 : 10 by vol-
ume), for 60 minutes, according to the procedure of
Marckam (Marckam, 1989). The amount of flavo-
noids was calculated as a rutin equivalent (RE)
from the calibration curve of rutin standard solu-
tions and expressed as milligrams of RE per gram
of DW. All measurements were done in triplicate.
Statistical analysis. Statistical analysis was per-
formed using one-way and two-way analysis of
variance (ANOVA), followed by Tukey’s HSD test
(p < 0.05) to determine significant differences be-
tween genotypes and treatments. Data are presented
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as means + standard deviations (x = SD) in figures
and tables.

Results and discussion

Genotype-specific Response of Total Phenol-
ic Content to Photoperiodic Shifts. The accumula-
tion of total phenolic compounds (TPC) in soybean
seeds demonstrated a clear dependence on the allel-
ic state of the E genes and the photoperiodic condi-
tions during the early vegetative stage. Our results
show that even a brief (14-day) exposure to differ-
ent photoperiods starting from the V3 stage signifi-
cantly influences the final seed metabolome.

As shown in Fig. 1, the ShD-lines (E1E2E3
and Ele2e3) exhibited the highest overall levels of
TPC. In the triple-dominant genotype E1E2E3, the
TPC reached its maximum at 18.09 mg/g under the
9-hour photoperiod. This suggests that the presence
of the E1 allele, which is a potent repressor of the
floral transition, promotes a longer vegetative
buildup, effectively "priming" the phenylpropanoid
pathway for higher total phenolic output (Jiang et
al., 2014).

Interestingly, the induction short-day (ShD)
resulted in a significant increase in TPC for these
sensitive genotypes compared to the natural 16-
hour long-day (LD) conditions. This indicates that
the 9-hour "pulse™ at the vegetative stage was suffi-
cient to trigger a metabolic shift that persists
through the grain-filling period.

20,0

15,0 4

10,0 1

Total phenalic content, mg of GAE /g DW

In contrast, the ND-lines, characterized by
the recessive el allele (elE2e3, ele2E3, and
ele2e3), showed significantly lower TPC levels and
reduced sensitivity to the initial photoperiodic
treatment. The genotype elE2e3 demonstrated re-
markable stability, with TPC values remaining
nearly constant (10.26 mg/g under LD vs. 9.59
mg/g under ShD). The triple-recessive genotype
ele2e3 yielded the lowest TPC values (8.51-9.32
mg/g).

This disparity confirms that the E1 locus is
not only a developmental regulator but also a meta-
bolic gatekeeper. In the absence of E1 (recessive
el), the plant bypasses the prolonged vegetative
regulatory phase, leading to a more "diluted" phe-
nolic profile in the mature seeds (Lin et al., 2021).

The data suggest an additive effect of the E2
and E3 loci when E1 is dominant. The decrease in
TPC from E1E2E3 to Ele2e3 (from 18.09 to 13.79
mg/g under ShD) highlights that while E1 is the
primary driver, the E2 (GIGANTEA ortholog) and
E3 (Phytochrome A) loci are essential for maximiz-
ing the flux through the phenolic biosynthetic
pathway (Xu et al., 2013). The early 9-hour photo-
periodic induction likely accelerates the develop-
ment of sensitive lines (Yuhno and Zhmurko,
2010), but the presence of dominant E alleles en-
sures that this acceleration does not compromise the
synthesis of secondary metabolites.

50 -
0,0
E1E2E3 E1e2e3 elE2e3 ele2E3 ele2e3
OLong day (16 h) @Short day (9 h)

Fig. 1. Total phenolic content (TPC) in seeds of soybean isolines differing in E gene alleles under different pho-
toperiodic treatments, mg of GAE /g DW (Long day — 16 h, Short day — 9 h; n= 10, x = SD). Comparisons were made
between different isolines and photoperiodic conditions. Different letters indicate statistically significant differences

based on Tukey’s post hoc test (p < 0.05).
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Divergent Regulation of Flavonoid Accumu-
lation and Metabolic Partitioning. The accumula-
tion of flavonoids in soybean seeds, as observed in
our study, does not follow the same quantitative
logic as total phenolic content (TPC). While TPC is
maximized in genotypes with dominant E alleles,
the absolute and relative concentrations of flavo-
noids reach their peak in recessive, neutral-day
lines. This phenomenon suggests a fundamental
metabolic trade-off between the various branches of
the phenylpropanoid pathway, orchestrated by the
photoperiodic genetic clock (Lin et al., 2021, Josi-
povi¢ et al., 2016).

The data illustrated in Fig. 2 reveals a strik-
ing inverse correlation: the transition from the tri-
ple-dominant genotype E1E2E3 to the triple-
recessive ele2e3 results in a nearly 3-fold increase
in absolute flavonoid content (from 0.32 to
0.92 mg/g).

From a biochemical perspective, all phenolic
compounds share the same precursor — L-
phenylalanine (Marckam, 1989). The commitment
of this precursor to specific downstream products is
regulated by "gatekeeper" enzymes (Corso et al.,
2020). Our findings suggest that the E1 protein,
either directly or through downstream florigen sig-
naling (Lin et al., 2021), may prioritize the flux
toward the monolignol branch (leading to lignin) or
the synthesis of simpler phenolic acids. In contrast,
the absence of E1 (as seen in ND-lines) appears to
"open" the gateway to the flavonoid branch, likely
by increasing the expression or activity of Chalcone
Synthase (CHS) and Chalcone Isomerase (CHI)
(Corso et al., 2020, Malenci¢ et al., 2012).

The most revealing metric of this study is the

1,0
09 A
08 A
07
06 A
05 1
04 -
03 1
02

Flavonoid content, mg of RE / g DW

0,1 A

0,0 +

Flavonoid-to-Total Phenolic ratio (Table). We ob-
served a stepwise increase in this "partitioning in-
dex" linked to the loss of dominant maturity alleles.
The "Dominant Strategy" (E1E2E3): flavonoids
represent a mere 2.34-2.63% of the total phenolic
pool. This suggests a "quantity-over-specificity"”
strategy, where the plant, sensitive to the 9-hour
photoperiodic pulse, rapidly accumulates a broad
spectrum of phenolics, possibly for structural rein-
forcement or general stress protection (Dixon and
Pasinetti, 2010). The "Recessive Strategy"
(ele2e3): in the triple-recessive background, the
flavonoid share jumps to ~10%. This indicates a
high degree of metabolic specialization (Lee et al.,
2011). Despite having a lower total phenolic
"budget,” these plants allocate a significantly larger
portion of it specifically to flavonoids (Zhu et al.,
2018).

The genotype elE2e3 deserves special atten-
tion. It displays a "hybrid" metabolic signature: a
TPC similar to other ND lines but a remarkably
stable flavonoid ratio. While the 9-hour ShD treat-
ment typically boosts absolute flavonoid levels, the
relative share in e1E2e3 remained fixed at 5.11% in
both experimental groups.

This stability points toward the E2 locus (the
GIGANTEA ortholog) as a metabolic stabilizer.
GIGANTEA is known to link the circadian clock
with various physiological processes (Lin et al.,
2021, Jiang et al., 2014); in this context, it may act
as a homeostatic regulator that prevents the over-
allocation of resources to the flavonoid pathway,
ensuring a balanced phenolic profile regardless of
the early-season photoperiodic "noise" (Josipovi¢ et
al., 2016).

E1E2E3
OlLong day (16 h) BShort day (9 h)

Eie2e3 e1E2e3 e1e2E3 ele2e3

Fig. 2. Flavonoid content in seeds of soybean isolines differing in E gene alleles under different photoperiodic
treatments, mg of RE / g DW (Long day — 16 h, Short day — 9 h; n = 10, x = SD). Comparisons were made between
different isolines and photoperiodic conditions. Different letters indicate statistically significant differences based on

Tukey’s post hoc test (p < 0.05).
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Table. Partitioning of flavonoids within the total phenolic pool (Flavonoid-to-Total Phenolic ratio) in
seeds of soybean isolines differing in E gene alleles under different photoperiodic treatments (n= 10,

x £ SD)

Isoline genotype Photoperiodic reaction

Flavonoid/Total Phenolic Ratio (%)

Long day — 16 h Short day — 9 h

E1E2E3 short-day (ShD) line 2.34+0.07° 2.63+0.12¢
Ele2e3 short-day (ShD) line 4.48 +0.16¢ 4.87 +0.19°4
elE2e3 neutral-day (ND) lines 5.11 +0.13¢ 5.11 +0.13°
ele2E3 neutral-day (ND) lines 5.11 + 0.15¢ 6.19 + 0.20°
ele2e3 neutral-day (ND) lines 10.17 + 0.252 9.93 + 0.40°

Notes: comparisons were made between different isolines and photoperiodic conditions. Different letters indicate statistically

significant differences based on Tukey’s post hoc test (p < 0.05).

The fact that a 14-day ShD treatment at the
V3 stage impacts the seed composition weeks later
points to a "metabolic memory" effect. In ShD-
sensitive lines (El-carrying), the 9-hour induction
likely accelerates the reproductive program (Yuhno
and Zhmurko, 2010), which in turn upregulates the
entire phenylpropanoid machinery. However, in
ND lines, the response is more targeted. The 9-hour
pulse acts as a signal to specifically enhance flavo-
noid synthesis without significantly altering the
total phenolic baseline.

In conclusion, the genetic transition from
photoperiodic sensitivity to neutrality is not a sim-
ple "loss-of-function” event. Instead, it represents a
reprogramming of the seed metabolome. By reduc-
ing the dominance of the E loci, soybean plants
switch from a generalized phenolic accumulation
strategy to a specialized flavonoid-rich profile. For
breeders, this means that selecting for early-
maturing, photoperiod-insensitive varieties may
inherently result in seeds with higher concentra-
tions of bioactive flavonoids, enhancing the func-
tional and nutritional quality of the crop (Ali et al.,
2020, Lee et al., 2011).

Conclusions

The present study provides compelling evi-
dence that the genetic system of soybean maturity
genes (E1, E2, and E3) acts as a sophisticated met-
abolic regulator, orchestrating the partitioning of
secondary metabolites in seeds. Our findings
through the analysis of isogenic lines reveal several
key conclusions:

1. The maturity genes do not only dictate the
timing of flowering and maturation but also func-
tion as "metabolic switches” for the phenylpro-
panoid pathway. Dominant alleles, particularly E1,
promote a high-output strategy for total phenolic
compounds, whereas recessive alleles favor a shift
toward specialized flavonoid biosynthesis.

2. We identified a possible metabolic trade-
off between total phenolic quantity and flavonoid
specificity. Photoperiod-neutral lines (ele2e3) ex-
hibit a significantly higher flavonoid-to-phenolic
ratio (reaching up to 10%), which is four times
higher than that of short-day sensitive genotypes.
This suggests that breeding for early maturity and
photoperiodic insensitivity inherently selects for a
more specialized flavonoid-rich seed profile.

3. Short-day photoperiodic induction (9-
hour) at the vegetative stage (V3-V5) is sufficient
to reprogram the seed metabolome. This "metabolic
memory" confirms that early-season environmental
signals trigger long-term epigenetic or transcrip-
tional shifts that persist until seed desiccation.

4. While E1 is the primary driver of total
phenolic accumulation, E2 functions as a biochemi-
cal stabilizer. Its presence in certain genetic back-
grounds (elE2e3) provides metabolic buffering,
maintaining a consistent flavonoid proportion re-
gardless of fluctuations in day length.

These results have significant implications
for "precision breeding". To develop soybean varie-
ties with high antioxidant and functional value
(high flavonoid content), breeders should focus on
combinations of recessive e alleles. Conversely, for
varieties where structural robustness or high total
phenolic content is required, dominant E genotypes

are preferable.
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IOXHO 10. 10.
Xapxiecokuti nayionanvHuil yHieepcumem imeni B. H. Kapasina,
Yrpaina, 61022, m. Xapxkis, maiioan Ceo6o0u, 4

BILJIMB AJIEJIBHOI BAPIATUBHOCTI I'EHIB E HA 3ATAJIBHAM BMICT ®EHOJIBHUX CIIOJIVK 1
HAKOITMYEHHSA ®JABOHOIIIB Y HACIHHI COI (GLYCINE MAX (L.) MERR.)

Mema. [locninuty BIMB paHHbOI (oTonepionnynoi inaykuii (craxist V3-V5) Ha po3noin GeHoNbHUX croyK 1 (iaBoHOI-
IiB y HaciHHI Maibke i3orenHmx miniii (MII) coi 3 pisHuMu KomGiHamisiMu reHiB ckopocminocti (E1-E3). Memoou.
O6’extamu Oyiu Maibke i3oreni minii coi (Glycine max (L.) Merr.): kopotkozensi (ShD: EIE2E3, Ele2e3) ta HeitrpansHo-
nenni (ND: elE2e3, ele2E3, ele2e3). Pociunu mijyiaBaiy BIUTHMBY MpUpoHOro aus (16 rox) abo iHIYKTHUBHOTO KOPOTKOTO
Jrst (9 rox) mpotsroM 14 [HIB 13 MOAANBIIMM BUPOIIYBAHHSM JI0 J03piBaHHs. BusHauanu 3aranphuii BMicT deHoui (3BD)
Ta ¢aBoHOIIB. Pe3yremamu. Bussiero edekT «MeTabONIYHOT aM’STi»: paHHS IHIYKIlis BI3HAYA€E KiHIIEBHA METab0JIOM
Hacindst. ShD minii (3 E1) manu 3HauHo Buinuii 3B®, ocobimBo 3a 9-rouHHOI iHayKIii. ND-J1iHIl MPOAeMOHCTPYBaIA HUXK-
qnit 3B, ane cyrreBnii 3cyB y 0ik praBoHOiniB. PeniecBHMiA reHOoTHIT €1e2e3 MaB HAWBHUIIHI BMICT (DJIABOHOIIB 1 YOTHUPH-
KpaTHe 3pOCTaHHs IXHBOT YacTKH BinHOoCcHO 3B® y mopiBHsHHI 3 ShD niniero E1E2E3. T'enotumn e1E2e3 BusiBucst Mmetabouti-
YHO CTaOUIFHUM HE3aJIEXKHO BiJl PeKUMY OCBITIEHHS. Bucnosku. I'enn E-cepii niroTh sk «MeTabonivHi BOpoTapi»: TOMiHaH-
THI aJieJTi CTUMYJTIOIOTh 3arajbHe HAKOMMYEeHH (DeHOJIIB, TOI SIK PELECHBHI — aKTUBYIOTh CIICIiAIi30BaHMI CHHTE3 (pJIaBOHO-
iniB. ['eneTiyHa HEHWTPaIBHICTE 10 (hoTOTIEpioNy clpHsie 30aradyeHHI0 (JIaBOHOIHOTO MPO(DLTIO0 HACIHHS.

Knouosi cnosa: Hacinus coi (Glycine max (L.) Merr.), i3orenHi miHii, reru E, ¢potorepion, hiaBoHOIIH, HEHOBHI CIIOTYKH.

Hanxomxkenns crarri: 26 mortoro 2026 p.
[MpuitHATTS 10 OPYKY micns perieH3yBanHs: 6 kitHs 2026 p.
[My6nikauis: 30 gepsust 2026 p.
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