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ABSTRACT

Background: Physical seed dormancy complicates wild soybean (Glycine soja Sieb. and Zucc.) evaluation under salinity. Combined
effects of scarification duration, NaCl concentration and genotype on germination and early seedling performance were assessed.
Methods: Three accessions were tested in a three-factor completely randomized design with sulfuric acid (H,SO,) scarification (0,
5, 10 min), five NaCl concentrations (0-100 mM) and four replicates per combination. Germination, growth and biomass traits were
assessed using factorial ANOVA, correlation analysis and principal component analysis (PCA).

Result: Scarification increased germination from 17.1% (0 min) to 61.3% (5 min) and 59.3% (10 min), without a significant difference
between durations. Mean germination time fell from 7.5 to 4.5 and 4.2 days. Salinity did not significantly affect final germination
percentage but delayed germination and reduced vigor, seedling elongation and biomass. Genotype 2 showed higher germination
index, germination coefficient and vigor index, whereas Genotypes 1 and 3 accumulated more root and shoot dry matter. Genotype
3 germination declined significantly between 5- and 10-min. Correlation and PCA revealed overlapping germination indices and

additional biomass-related variation, supporting multi-trait assessment of early-stage salinity responses.

Key words: Germplasm evaluation, NaCl stress, Physical dormancy, Sulfuric acid pretreatment, Wild soybean.

INTRODUCTION
Wild soybean (Glycine soja Sieb. and Zucc.; Fabaceae),
the wild progenitor of cultivated soybean (Glycine max (L.)
Merr.), is a valuable genetic resource for soybean
improvement (Gong et al., 2025). Domestication
bottlenecks have reduced genetic diversity in cultivated
soybean relative to its wild progenitor (Hyten et al., 2006).
Wild soybean retains genetic variation relevant to stress-
response research, including loci associated with salinity
responses (Guo et al., 2021; Shi et al., 2022). Its cross-
compatibility with cultivated soybean supports potential
breeding applications; however, identifying useful
accessions requires reliable assessment of germination
and early seedling performance under stress conditions.
Soil salinity can impair crop establishment by restricting
water uptake and disrupting ion homeostasis (Bouzroud
et al.,, 2023). In soybean, increasing NaCl concentrations
may delay germination and reduce root and shoot
development (Han et al., 2025). Germination and early
seedling establishment are particularly sensitive
developmental stages, making their responses important
for evaluating salinity stress (Cirka et al., 2021; Cirka et al.,
2022). Assessing differences in germination timing,
seedling elongation and biomass among wild soybean
accessions can provide useful phenotypic information for
subsequent stress-response research (Shi et al., 2022).
However, reliable comparisons require addressing physical
seed dormancy, which can restrict germination
independently of salinity.
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Physical seed dormancy complicates wild soybean
germplasm evaluation because the compact seed coat,
including its palisade layer and waxy cuticle, restricts water
uptake (Gong et al., 2025). Hard-seededness also has a
genetic basis, with loci such as qHS1 and GmHs1-1
associated with seed-coat impermeability (Yan et al., 2024).
Scarification with concentrated sulfuric acid (H,SO,) can
disrupt this barrier and improve germination (Uzun and
Aydin, 2004; Avci et al., 2013). However, exposure duration
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requires careful consideration: insufficient treatment may
leave dormancy unresolved, whereas prolonged exposure
could damage the embryo. Evaluating scarification duration
is therefore essential for reliable comparisons of wild
soybean responses to salinity.

Previous studies have examined physical dormancy
and scarification in wild soybean (Gong et al., 2025) and
germination responses to salinity (Shi et al., 2022).
However, the combined influence of scarification duration,
NaCl concentration and genotype on germination and early
seedling performance remains less clearly characterized.
Accordingly, this study evaluated the individual and
interactive effects of these factors on germination,
germination timing, vigor, seedling elongation and biomass
in three wild soybean accessions. The objective was to
distinguish improvements associated with dormancy
breaking from salinity-related growth constraints and
characterize genotype-dependent early-stage responses.

MATERIALS AND METHODS
Plant material

The experiment was conducted at the Forage and Range
Research Laboratory, Cukurova University, Turkiye, in 2026.
Three wild soybean (Glycine soja Sieb. and Zucc.)
accessions originating from South Korea were evaluated:
Incheon Ongjin City (Genotype 1), Gangwon Hongcheon
(Genotype 2) and Gyeongnam Uiryeong (Genotype 3).
Seeds were stored at 4°C until the experiment and selected
for uniformity in size and appearance before treatment.

Experimental design

The experiment was arranged in a three-factor completely
randomized design (CRD) involving three sulfuric acid (H,
S0,) scarification durations (0, 5 and 10 min), five NaCl
concentrations (0, 25, 50, 75 and 100 mM) and three wild
soybean genotypes. The factorial arrangement comprised
45 treatment combinations, each replicated in four
independent Petri dishes containing 25 seeds, resulting
in 180 experimental units.

Treatments

Seeds were surface-sterilized for 3 min in a 10% (v/v)
dilution of sodium hypochlorite stock solution (Nazih et al.,
2024) and subsequently rinsed with distilled water to
remove residual sodium hypochlorite. To break the physical
dormancy, seeds were immersed in concentrated sulfuric
acid (H,S0,, 95-98%) at 25°C for 5-10 min, whereas
unscarified seeds served as the control (0 min). The seed-
to-acid ratio was maintained consistently across treatments
and seeds were gently stirred during immersion to ensure
uniform exposure. Following acid treatment, seeds were
rinsed under running tap water for 10 min, followed by
three rinses with distilled water to remove residual acid.
Control seeds underwent the same rinsing and drying
procedure without acid exposure. All seeds were then
blotted and air-dried at room temperature before sowing.

Seeds were placed in 10-cm Petri dishes containing
two layers of filter paper and 10 mL of the appropriate NaCl
solution (0 mM, distilled water; 25, 50, 75, or 100 mM) was
added to each dish, with distilled water serving as the 0
mM control. The Petri dishes were sealed with parafiim to
prevent water loss and incubated in a growth chamber at
25+1°C under a 16 h light/8 h dark photoperiod.

Measured parameters

Germination was recorded daily for 14 days, with radicle
emergence of at least 2 mm considered the germination
criterion (ISTA, 2018). Germination rate (GR), germination
index (Gl) and mean germination time (MGT) were
calculated Javaid et al. (2022), Rice (1960) and Khan et al.
(2025) and Kader (2005), respectively, using Equations 1-3.

Total number of seeds germinated

%) = 100
GR(%) Number of total seeds ) (1)
Gn

Gl=3 (D—) -(2)

G xD
MGT(days) =2< n > e
e (3)

Where,

G, = Number of newly germinated seeds on day n.
D, = Denotes the corresponding number of days from the
beginning of the germination test (n = 1-14).

The germination coefficient (GC) and vigor index (VI)
were calculated using Equation 4-5, respectively (Abdul-
Baki and Anderson, 1973; Irik and Bikmaz, 2024; Han et
al., 2025).

GC=1.00 xgd, +0.70 xgd, + 0.30 x gd,  ..(4)

Where,
gd,, gd, and gd, = Germination values recorded on days 2,
4 and 6, respectively.

VI = Seedling length (cm) x Germination percentage on day 14
..(5)
Ten seedlings were randomly selected from each
replicate and their root and shoot lengths were measured
in centimetre. Mean root and shoot lengths were calculated
for each replicate (Ertekin et al., 2022). Fresh roots and
shoots were excised and weighed using an analytical
balance with 0.0001 g readability and mean total fresh
weight was calculated per seedling. For dry-weight
determination, roots and shoots were dried in a forced-air
oven at 70°C for 48 h, weighed and expressed as root dry
weight and shoot dry weight (mg seedling™) (Dénmez,
2025).

Statistical analysis

Statistical analyses were performed in R using RStudio (R
Core Team, 2024). Each Petri dish was considered an
experimental unit, with four replicates per treatment
combination. Seedling measurements were summarized
as replicate means before analysis. Data were subjected
to three-way factorial analysis of variance (ANOVA),
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considering acid scarification duration (A), salinity (S),
genotype (G) and their two-way (A x S,A x G and S x G) and
three-way (A x S x G) interactions as fixed effects.
Homogeneity of variance was assessed using Levene’s
test and square-root or angular transformations were
applied when necessary to address deviations from model
assumptions. ANOVA and mean comparisons were
performed using the agricolae package (de Mendiburu,
2023). Following significant ANOVA effects, Duncan’s
multiple range test (P<0.05) was used for exploratory mean
separation among treatments. Correlation analysis was
conducted to examine relationships among measured
traits. Principal component analysis (PCA) was performed
on the 45 x 10 matrix of treatment-combination means
using the FactoMineR package (Lé et al., 2008). Variables
were standardized to zero mean and unit variance and
PCA was based on the correlation matrix. Components
with eigenvalues greater than 1 were retained according to
Kaiser’s criterion. Figures were generated using ggplot2
(Wickham, 2016).

RESULTS AND DISCUSSION

Table 1 summarizes the treatment means and analysis of
variance for ten germination and early seedling growth
traits.

Germination responses

Acid scarification, genotype and their interaction significantly
affected germination rate (GR), germination index (Gl),
mean germination time (MGT) and germination coefficient
(GC; all P<0.001). Salinity affected GI, MGT and GC (P<0.05),
but not GR (Table 1).

Overall GR increased from 17.1% (0 min) to 61.3% (5
min) and 59.3% (10 min), with no significant difference
between scarification durations. Genotype 2 recorded the
highest GR after scarification, whereas Genotype 3 declined
significantly from 62.6% to 50.9% between 5 and 10 min
(Fig 1A). Scarification increased Gl from 1.4 to 12.0-12.2
and GC from 0.06 to 0.79-0.83, with comparable 5- and 10-
min means. However, Genotype 1 showed significant
increases in Gl (7.7 to 10.4) and GC (0.45 to 0.70) between
these durations (Fig 1B,D).

MGT declined from 7.5 to 4.5 and 4.2 days across 0, 5
and 10 min, respectively; all three means differed
significantly. The additional reduction between 5 and 10
min was significant in Genotype 1 but not Genotypes 2 or 3
(Fig 1C). At 100 mM NaCl, Gl (7.4) and GC (0.48) were
significantly lower than at 0-50 mM, but not 75 mM; MGT
(5.7 days) exceeded values at 0 and 25 mM only.

Seedling vigor and elongation

Acid scarification and salinity affected vigor index (VI), root
length (RL) and shoot length (SL; P<0.001). Genotype
affected VI and RL (P<0.001) and SL (P<0.05). Scarification
x genotype interactions were significant for all three traits
(P<0.001), scarification x salinity for VI and SL (P<0.01)
and RL (P<0.05) and salinity x genotype for SL (P<0.01;
Table 1).

Across 0, 5 and 10 min, VI increased (54.2, 401.1,
449.6), RL (0.96, 2.25, 2.53 cm) and SL (1.70, 4.06, 4.80
cm), with significant differences among all durations.
Increasing NaCl reduced all three traits (Table 1).

Genotype 2 recorded the highest VI after scarification
(583.7 and 621.0 at 5 and 10 min), but these durations
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Fig 1: Effects of scarification x genotype on (A) germination rate, (B) germination index, (C) mean germination time and (D)
germination coefficient. Error bars: SE; shared letters: no significant difference (Duncan’s test, P<0.05).
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were statistically comparable (Fig 2A). Scarification benefits
for VI declined with increasing salinity (Fig 2B). The highest
numerical RL occurred in Genotype 2 after 10 min (3.08
cm), although 5 and 10 min were comparable in Genotypes
1 and 2; Genotype 3 showed no significant duration effect
(Fig 2C). At 100 mM, only 10-min scarification increased
RL significantly over the unscarified control (Fig 2D).

For SL, 5 and 10 min were comparable in Genotypes
1 and 2, whereas 10 min exceeded the unscarified control
in Genotype 3 (Fig 3A). Ten minutes exceeded 5 min only at

75 mM (Fig 3B). Genotype 2 had the highest numerical SL
at 0 mM (5.95 cm), comparable to Genotype 3; genotypes
did not differ at 100 mM (Fig 3C).

Seedling biomass

Acid scarification and salinity significantly affected total fresh
weight (TFW), root dry weight (RDW) and shoot dry weight
(SDW; P<0.001). Genotype affected TFW and SDW
(P<0.001) and RDW (P<0.01). Scarification x genotype
interactions occurred for all three traits (TFW and SDW,
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Fig 2: Vigor index (A, B) and root length (C, D) under scarification x genotype (A, C) and scarification x NaCl

(B, D).
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Fig 3: Shoot length under (A) scarification x genotype, (B) scarification x NaCl and (C) NaCl x genotype.
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P<0.001; RDW, P<0.05), scarification x salinity for RDW
(P<0.001) and salinity x genotype for TFW (P<0.05) and
SDW (P<0.01; Table 1).

TFW increased significantly across scarification
durations (50.3, 86.3 and 95.6 mg seedling™) but declined
from 92.3 to 54.6 mg seedling” between 0 and 100 mM
NaCl. The 5- and 10-min treatments were comparable in
Genotypes 1 and 2; in Genotype 3, 10 min increased TFW
over the unscarified control (Fig 4A). At 0 mM, Genotype 3
recorded the highest numerical TFW but was comparable
to Genotype 2; genotypes did not differ at 100 mM (Fig 4B).
RDW rose significantly with scarification duration (0.86,
1.09 and 1.36 mg seedling™). Ten minutes increased RDW
in Genotype 1 relative to 0 and 5 min; both scarification
durations exceeded the control in Genotype 2, whereas
Genotype 3 showed no significant differences (Fig 4C).
RDW declined at higher salinity and scarification durations
were comparable at 100 mM (Fig 4D).

SDW increased significantly across durations (8.0,
13.6 and 15.9 mg seedling™), but declined from 17.4 to 7.1
mg seedling”’ between 0 and 100 mM NaCl. Both
scarification durations increased SDW in Genotypes 1 and
2 without differing from each other; Genotype 3 showed no
significant response (Fig 4E). Genotype 3 had the highest
numerical SDW at 0 mM, whereas Genotype 1 was
numerically higher at 75-100 mM without significant
superiority (Fig 4F).

Trait correlations and principal component analysis

Across 45 treatment-combination means, germination rate
correlated with germination index (r = 0.98) and coefficient
(r = 0.96), which were nearly perfectly correlated with each

other (r = 1.00, rounded; P<0.001). Mean germination time
correlated negatively with other traits (r = -0.91 to -0.54).
Vigor index correlated with root and shoot lengths (r = 0.92
and 0.94). Dry weights showed weaker correlations with
germination traits (r = 0.40-0.56) but strong intercorrelation
(r = 0.90) and associations with total fresh weight (r = 0.81-
0.90; Fig 5A).

PC1 (72.3%) and PC2 (12.1%) jointly explained 84.4%
of variation. Germination indices and vigor aligned positively
with PC1, opposite to mean germination time; dry weights
contributed more to positive PC2. Scarified treatments
tended toward positive PC1, higher NaCl concentrations
toward negative PC1, with genotype-dependent patterns
(Fig 5B).

Low germination in unscarified wild soybean and its
improvement following acid scarification are consistent with
a water-impermeable seed coat (Gong et al., 2025).
Physical dormancy is associated with seed-coat structure
and loci including gHS1 and GmHs1-1 (Wen et al., 2024;
Yan et al., 2024). Sulfuric acid may facilitate imbibition by
disrupting this barrier (Uzun and Aydin, 2004). Effective
exposure durations vary considerably among legumes: 10-
15 min was most effective in annual Medicago species
(Kir, 2019), whereas Medicago falcata exceeded 94%
germination after 40 min in 98% H,SO, (Wang et al., 2024).
The significant decline in Genotype 3 germination between
5 and 10 min indicates a duration-dependent response;
possible embryo injury was not examined.

Although salinity did not significantly affect final
germination rate, it prolonged mean germination time and
reduced germination index, germination coefficient, vigor,
seedling elongation and biomass (Phang et al., 2008; Han
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Fig 5: (A) Pearson correlations among 45 treatment-combination means and (B) PCA scores and loadings by genotype. Colors
indicate NaCl concentrations and symbols indicate scarification durations in panel B.

et al., 2025). These responses may reflect osmotic
limitations on water uptake and ionic effects associated
with Na* and CI accumulation (Munns and Tester, 2008).
Changes in gibberellin and abscisic acid regulation may
also delay germination (Shu et al., 2017), although these
physiological mechanisms were not directly examined.

Final germination percentage alone inadequately
characterizes early-stage salinity responses. Although vigor
index responded to NaCl, its correlations with germination
and growth partly reflect shared mathematical components
rather than independent physiological evidence (Finch-
Savage and Bassel, 2016). Because trait discrimination
may vary with salinity (Gobade et al., 2025), combining
germination percentage, timing, seedling elongation and
dry-matter accumulation supports broader assessment
without overinterpreting correlated indices.

Significant scarification x salinity interactions for vigor
index, root length, shoot length and root dry weight indicated
NaCl-dependent responses (Table 1). Scarification
improved early growth, but benefits generally diminished
at higher salinity, indicating persistent salt-related
constraints (Munns and Tester, 2008; Nazih et al., 2024).
Thus, dormancy breaking should not be equated with
physiological salt tolerance. Whether scarification alters
salt entry through the seed coat remains untested;
standardized pretreatment is needed for reliable genotype
comparisons.

No accession was consistently superior. Genotype 2
had significantly higher germination index, coefficient and
vigor index, but its numerically highest germination rate
and shoot length did not significantly exceed Genotype 3.
Genotype 3 had greater total fresh weight; Genotypes 1
and 3 exceeded Genotype 2 in root and shoot dry weights
(Table 1). Such patterns align with reported wild soybean

diversity (Hyten et al., 2006; Luo et al., 2005). Despite salt-
tolerance-associated loci of breeding interest (Guo et al.,
2021; Shi et al., 2022), three accessions tested during
early development cannot establish whole-plant salt
tolerance or breeding superiority.

Correlation analysis and PCA provided exploratory
summaries of treatment-associated variation. Strong
correlations among germination indices and dry-weight
variation suggest that favorable germination need not imply
greater biomass. Multivariate approaches have informed
soybean salinity research (Shelke et al., 2017); MGIDI-
based selection was examined separately (Patil et al.,
2025). These analyses neither establish genotype
superiority nor test genotype x environment interactions.
Further evaluation requires larger germplasm panels and
less-redundant trait sets.

Three accessions were tested under controlled Petri-
dish conditions, using NaCl alone and two scarification
durations beyond the control. Assessments covered
germination and early seedling growth, not ion
accumulation, osmotic adjustment, antioxidant or hormonal
responses, or embryo injury. Consequently, mechanisms
cannot be established or field performance predicted.
Future work should include more accessions and
scarification durations, physiological measurements and
later-stage greenhouse and field trials.

CONCLUSION

Scarification improved wild soybean germination and early
seedling growth, consistent with alleviated physical
dormancy. Overall germination was comparable after 5 and
10 min, although Genotype 3 germination was significantly
lower after 10 than 5 min. Salinity delayed germination and
reduced seedling vigor, elongation and biomass without
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significantly affecting final germination percentage.
Genotype 2 had higher germination index, germination
coefficient and vigor index, whereas Genotypes 1 and 3
accumulated more root and shoot dry matter; none was
consistently superior. Dormancy breaking does not
establish physiological salt tolerance. Broader germplasm
evaluation and later-stage greenhouse and field validation
are required before breeding recommendations.
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