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Abstract
Cumin (Cuminum cyminum L.) is an annual herbaceous plant from the Apiaceae family,
renowned for its medicinal and culinary applications as the second most popular spice glob-
ally after black pepper. Germination is a critical stage in the life cycle of plants, particularly
for medicinal plants, as it determines successful establishment and productivity. This study
explores the impact of ploidy levels (diploid and tetraploid) and genotype interactions on
germination traits, seed morphology and early seedling growth in five selected cumin geno-
types (YAR1, KBA4, SKD6, SIV8 andNKM9). Induction of tetraploidy significantly influenced
germination percentage, rate, seed vigour index, and morphological traits. Notably, diploid
genotypes exhibited higher germination percentages, while tetraploid SKD6 displayed the
highest germination speed and seedling biomass, demonstrating genotype-specific ploidy
effects. For the first time, root growth kinetics were analyzed, revealing distinct growth pat-
terns between diploid and tetraploid seeds. Morphometric evaluations showed that tetraploid
seeds and embryos were significantly larger, attributed to the ‘gigas effect’, which enhances
storage reserves and seed vigour. However, challenges such as embryo-less seeds and variabil-
ity in genotype responses to ploidy manipulation were observed. These findings underscore
the importance of targeted breeding strategies that optimize genotype-ploidy interactions to
improve seed quality, germination performance and early growth in cumin. By advancing
our understanding of polyploidy’s role in shaping key agronomic traits, this study provides a
foundation for sustainable cultivation practices and enhanced productivity ofmedicinal plants.

Introduction

The cultivation of improved cultivars of medicinal plants is critical for optimizing both agro-
nomic performance and the quality of the bioactive compounds they produce. To achieve these
goals, a range of strategies has been explored, with genetic improvement emerging as a par-
ticularly rational and economical method for enhancing agricultural traits and product quality
(Pahlavani et al., 2008). Among the genetic approaches available, polyploid induction – the pro-
cess of increasing the chromosome number beyond the diploid level – has gained prominence
for its potential to boost secondary metabolite production and improve adaptability to diverse
environmental conditions (Dhooghe et al., 2011).

Polyploidy, characterized by more than two complete sets of chromosomes in somatic cells,
plays a central role in speciation, genome evolution, and biodiversity (Ramsey and Ramsey,
2014). It can trigger the so-called gigas effect, which manifests as cell enlargement, increased
organ size and heightened metabolic activities (Astuti et al., 2020; Iannicelli et al., 2020).
These shifts frequently translate into enhanced stress tolerance, greater biomass production and
improved seed attributes, thereby conferring a competitive advantage in challenging environ-
ments (Godfree et al., 2017; Stevens et al., 2020; Chan et al., 2022). Empirical studies indicate
that polyploids often outperform diploids in harsh conditions, partly due to altered resource
allocation and gene expression (Akinroluyo et al., 2021). In addition, research on various crops
has shown that artificially induced polyploidy can significantly enhance secondary metabolite
concentrations, organ size and stress tolerance (Dhawan and Lavania, 1996; Dhooghe et al.,
2011; Sanaei-Hoveida et al., 2024).

Alongside these broader benefits, seed-related traits are particularly influenced by poly-
ploidy. Parameters such as seed size, dormancy status, viability, and germination speed are inte-
gral to plant fitness and agricultural value (Selvi and Vivona, 2022; Stevens et al., 2020). Larger
seeds often contain greater nutrient reserves that promote more robust seedling establishment,
although trade-offsmay exist in terms of total seed output (Chimonyo andModi, 2013; Ambika
et al., 2014). Environmental cues – such as temperature and moisture – also remain pivotal
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in regulating seed dormancy release and germination (Hidayati
et al., 2010; M. Liu et al., 2023; X. Liu et al., 2023; Munshaw et al.,
2014). In members of the Apiaceae family with underdeveloped
embryos, cold stratification and other treatments can effectively
enhance germination (Rahimi et al., 2024). However, despite a
well-documented relationship between polyploidy and seed per-
formance in several species (e.g.,Odontarrhena bertolonii, guayule
and Lolium multiflorum), few studies have directly explored
how polyploidy impacts seed germination and early growth in
Cuminum cyminum L. (cumin) (Akinroluyo et al., 2021; Selvi and
Vivona, 2021).

Cumin is an annual diploid (2n = 2x = 14) from the Apiaceae
family (Sharma andGhosh, 1954) that is economically,medicinally
and culinarily significant (Mnif and Aifa, 2015; Wilson, 2016).
Its global importance is underscored by extensive cultivation in
regions including Iran, Turkey, India, Egypt and China (Kafi et al.,
2006; Safari et al., 2015). In Iran – where it is regarded as one of
the most valuable domestic medicinal plants – cumin is cultivated
in multiple provinces, contributing substantially to rural develop-
ment and economic sustainability. The global export of medicinal
plants, including cumin, was estimated at approximately USD 60
billion in 2017, with an annual growth rate of about 6% (Zahra
et al., 2019; Parvin et al., 2023). Cumin fruits (commonly referred
to as seeds) are rich in terpenes, phenols and flavonoids, making
them beneficial for managing conditions such as hyperlipidemia,
cancer and diabetes (Bagchi and Srivastava, 2003; Mnif and Aifa,
2015). Furthermore, cumin’s distinctive aroma and flavour have
solidified its status as the second most popular spice worldwide,
following black pepper (Lodha and Mawar, 2014; Wilson, 2016).

Seed quality parameters – such as germination percentage (GP),
germination speed, and seedling vigour – are crucial for ensur-
ing uniform stand establishment and high yield (Ma et al., 2017;
Stevens et al., 2020). Measurement of germination provides valu-
able information about the onset, rate, uniformity and final per-
centage of germination. For example, two seed lots can have the
sameGP but differ in speed or uniformity.Therefore, total percent-
age germination after a specific period of time does not give a full
explanation of the dynamics of germination (Joosen et al., 2010).
Germination initiates when the embryo resumes active growth,
involving catabolic degradation of stored materials and anabolic
synthesis in the embryo (Ghassemi-Golazani and Dalil, 2010).
Germination in the Apiaceae family involves complex interactions
between environmental conditions, seed dormancy types, and hor-
monal regulation and embryonic development usually occurs prior
to germination (Walker et al., 2021).

Assessing these germination dynamics offers insights into opti-
mal seed production strategies and can clarify how genetic and
physiological factors influence early growth (Adewale et al., 2010;
Williams et al., 2024). Although the genotype-specific response of
cumin to environmental conditions and agronomic practices is rel-
atively well known (Pahlavani et al., 2008; Safari et al., 2015), the
potential influence of polyploidy on germination traits remains
largely unexplored. Early experiments with colchicine-induced
polyploidy in cumin have shown promise for boosting essential oil
content and altering chemical compositions (Sanaei-Hoveida et al.,
2024), hinting at broader applications for improving stress toler-
ance and yield stability (Dijkstra and Speckmann, 1980; Lavania
and Srivastava, 1990).

Accordingly, this study aimed to (1) investigate the GP
and speed in five selected genotypes of cumin at both diploid
and tetraploid levels, (2) assess other germination parameters
and seedling vigour in these genotypes, (3) explore potential

genotype-by-ploidy interactions, (4) compare root growth tra-
jectories under diploid and tetraploid conditions, (5) evaluate
seed and embryo size in relation to germination parameters, and
(6) comparing seed morphological and germination parameters
between diploid and tetraploid Cumin genotypes. By integrat-
ing perspectives from plant breeding, seed ecophysiology, and
agronomy, these findings may inform breeding programmes for
enhanced stress tolerance, improved germination, and higher-
quality yields in cumin. Ultimately, clarifying the effects of poly-
ploidy on seed traits could strengthen the sustainable production
and medicinal value of this globally important crop.

Materials and methods

Plant materials

This study was conducted using seeds from five selected cumin
(Cuminum cyminum) genotypes at two ploidy levels, diploid
and tetraploid. The experiments were performed in the Central
Laboratory of the College of Aburaihan, University of Tehran.
The five genotypes (YAR1, KBA4, SKD6, SIV8 and NKM9) were
selected based on previous findings by Kazemi et al. (2018),
Mortazavian et al. (2018) and Safari et al. (2015).

Diploid and tetraploid seeds were obtained from the study of
Sanaei-Hoveida et al. (2024). Prior to the germination experiments,
all seeds were stored in the gene bank at the College of Aburaihan,
University of Tehran, under dark conditions at a constant temper-
ature of 25°C for a period of three months. A factorial design was
used in a completely randomized experimental layout, combining
genotype and ploidy level.

Fifteen healthy, disinfected seeds from each genotype were
placed in 8 cm diameter sterile Petri dishes on filter paper. Seed
disinfection was achieved by treating the seeds with 0.2% sodium
hypochlorite solution for 5 minutes, followed by multiple rinses
with distilled water. Each treatment was replicated four times (4
Petri dishes per treatment), and seeds were selected randomly.The
distilled water used for the experiment was analyzed to ensure pH
(7.3) and electrical conductivity (EC; 0.53 dS/m) were consistent.

To prevent contamination, filter papers were replaced daily, and
2 mL of distilled water was added to each Petri dish. All Petri
dishes were incubated in a germinator under controlled condi-
tions of 3000 lux light intensity, 16°C temperature, a photoperiod
of 16 hours light/8 hours darkness, and 50% relative humidity for
14 days.

Soltani et al. (2019) reported that cumin seeds exhibit non-deep,
simple morphophysiological dormancy, with optimal germination
occurring within a temperature range of 5–20 °C. In our prelimi-
nary (unpublished) trials conducted prior to this experiment, we
tested several diploid genotypes at temperatures between 15 and
20°C and observed the highest GP at 16°C. Based on these results,
we selected 16°C as the incubation temperature in the current study
to provide optimal and consistent conditions for evaluating germi-
nation traits across genotypes and ploidy levels. Also, all seeds were
harvested in the same year under uniform conditions to minimize
environmental and physiological variability.

Seed germination evaluation

Seed germination was monitored daily at a fixed time to ensure
consistency. The emergence of a radicle of at least 1 mm was con-
sidered evidence of germination. Germinated seeds were recorded
daily until the end of the experiment, based on the method
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described by Ghassemi-Ghassemi-Golazani and Dalil (2010).
Germination was recorded daily for 14 days. At the end of the
experiment, each seedling was individually assessed for root length
(RL) and shoot length (SL) using a millimetre ruler. Fresh weight
(Wt) and dry weight (Wd) of each seedling were also measured
individually using a digital scale with a precision of 0.0001 g.
Dry weight was recorded after drying the samples at 70°C for
48 hours.

Germination parameters

Germination percentage (GP): According to the International
Seed Testing Association guidelines, GP refers to the proportion of
seeds capable of producing normal seedlings under specific condi-
tions and duration. Germination was defined as the emergence of a
radicle 1 mm in length, and G%was calculated using the following
formula:

GP = (S/T) × 100.

where S is the number of germinated seeds and T is the total
number of seeds sown (Scott et al., 1984; Salehzade et al., 2009).

Due to the limited availability of tetraploid seeds, viability test-
ing (e.g., cut test) could not be performed.

Germination rate (RS): Germination rate was calculated as

RS =
n

∑
i=1

Si
Di ,

where Si is the number of seeds germinated at each count and Di
is the number of days until the ith count and n is the total number
of counts.

Mean germination time (MGT):

MGT =
∑Dn
∑ n

,

where n is the number of seeds germinated on day D and D is the
number of days after germination began.

Time to 50% germination (T50):
Although mean germination time (MGT) is commonly used to

estimate germination speed, it is not a direct measure of the time
required for 50% of seeds to germinate, and may not accurately
reflect germination dynamics, especially at high GPs. Therefore,
in this study, we used T50 (time to 50% germination) as a more
appropriate indicator of germination speed, in accordance with the
recommendation by Soltani et al. (2015). T50 was calculated using
the Germin software developed by Soltani et al. (2013).

Coefficient of velocity of germination (CVG):

CVG =
n

∑
i=1

Gi
(1 + G1) + (2 + G2) + … + (n + Gn) ,

where G1 to Gn represent the number of seeds germinated from
the first to the last day of the test.

Mean daily germination (MDG):

MDG = FGP/D,

where FGP is the final GP and D is the number of days required to
reach maximum germination (Hamidi et al., 2009).

Seed vigour index (VI):

VI = (GP/100) × mean plumule length.

The length of the plumule was measured from the junction of
the hypocotyl and radicle up to the base of the cotyledons using a
millimetre ruler.

Seed and embryomorphometric analysis

Seed length, width, perimeter and area, as well as embryomorpho-
metric features, were analyzed for four seeds from each genotype at
diploid and tetraploid levels. For this purpose, seeds were soaked
on filter paper in Petri dishes for 24 hours at room temperature
and then longitudinally sectioned using a sterile scalpel. Digital
images of the seed and embryo sections were captured using a
Nikon stereomicroscope equipped with a monitor. Measurements
were obtained usingDigimizer software (version 6.4), and themor-
phometric parameters were calculated and subjected to statistical
analysis.

Root growth kinetics

To evaluate root growth kinetics, radicle length wasmeasured daily
for two seeds per Petri dish that germinated specifically on day
6, ensuring consistency in developmental stage. These seeds were
tracked until the end of the experiment.The following exponential
equation was used to model root growth:

E (%) = a(1 − exp(−bY))c,

where E is the percentage of root length growth, Y is time (days), a
is the maximum growth, b is the growth rate (days) and c is a shape
parameter (Soltani et al., 2013). The shape parameter c defines the
curvature of the growth trajectory – values greater than 1 indicate a
sigmoidal pattern with a lag phase, while values less than 1 indicate
rapid early growth.

Statistical analysis

Prior to analysis, data were tested for normality using the
Shapiro–Wilk test. For traits that did not meet normality assump-
tions, logarithmic transformation was applied. GP data, which
are binomial in nature, were analyzed using logistic regression
with a logit link function. For other traits, analysis of variance
(ANOVA) was conducted using SAS software, and mean compar-
isons were performed using Duncan’s multiple range test at the 5%
significance level. Correlation analyses between seed and germina-
tion traits were performed using Pearson’s correlation coefficient.
Graphs were generated in Microsoft Excel, and seed/embryo mor-
phometric measurements were processed using Digimizer soft-
ware (version 6.4). The number of replicates and detailed exper-
imental structure are provided in the Materials and Methods
section.

Results

Germination characteristics and seed vigour

Analysis of variance and mean comparison of germination
parameters
The analysis of variance (Table 1) showed that genotype signifi-
cantly affected all germination traits, such as GP, germination rate,
MGT, time to 50% germination (T50), radicle and plumule length,
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Table 1. Analysis of variance (ANOVA) for the effects of ploidy levels on germination parameters in various cumin genotypes

Source of Variation df GP RS T50 RL SL WtR WtS VI R/S

Genotype (Gen) 4 ** *** *** *** *** *** *** *** ***

Ploidy Level (Pol) 1 *** ns *** *** *** *** ns *** ***

Gen × Pol 4 * ** ** *** ** ns *** *** ns

C.V% 5.5 9.7 8.3 6.3 8.0 7.6 6.6 7.5 6.8

C.V%: Coefficient of variation; ns: non-significant; *, **, ***: Significant at 5, 1 and 0.1% probability level, respectively.
GP, Germination percentage; RS, Germination rate; T50, Time to 50% germination; RL, Root length; SL, Shoot length; WtR, Fresh weight of root; WtS, Fresh weight of shoot; VI, Vigour index;
R/S, Root-to-shoot length ratio.

Table 2. Mean comparison of ploidy effects on germination parameters in various cumin genotypes

Trait Means

Genotype (ploidy) GP RS T50 RL (mm) SL (mm) WtR(mg) WtS(mg) VI R/S

YAR1(T) 73.32 1.69 7.13 28.75 27.30 4.97 4.15 19.42 1.08

±5.4 ±0.21 ±0.21 ±1.23 ±1.72 ±0.17 ±0.62 ±1.10 ±0.01

d g ab d e c f de b

YAR1(D) 93.32 1.79 7.54 19.92 32.67 3.77 8.40 30.59 0.61

±5.42 ±0.18 ±0.44 ±2.72 ±2.29 ±0.25 ±0.85 ±3.90 ±0.07

a fg a fg cd e d c d

KBA4(T) 83.35 1.91 6.40 22.03 19.83 4.32 5.12 16.51 1.11

±3.86 ±0.14 ±0.40 ±1.49 ±1.66 ±0.40 ±0.33 ±1.33 ±0.06

bc e–g b–d ef f d e e b

KBA4(D) 96.65 2.06 6.68 17.43 27.87 3.57 5.12 29.24 0.58

±3.86 ±0.19 ±0.21 ±1.29 ±5.42 ±0.27 ±0.26 ±1.32 ±0.04

a d–f bc g e e e c d

SKD6(T) 93.30 3.02 4.50 56.65 41.85 6.25 13.18 41.86 1.35

±0 ±0.24 ±0.32 ±3.03 ±2.22 ±0.47 ±0.52 ±2.08 ±0.11

a a e a a a a a a

SKD6(D) 98.32 2.24 6.20 34.55 44.72 5.52 9.95 41.08 0.77

±3.35 ±0.23 ±0.36 ±1.58 ±2.59 ±0.45 ±0.42 ±3.75 ±0.03

a c–e cd c a b c a c

SIV8(T) 84.97 2.69 4.70 46.20 37.52 5.95 11.03 31.78 1.23

±9.99 ±0.22 ±0.41 ±2.09 ±2.82 ±0.42 ±0.49 ±3.15 ±0.07

b b e b b ab b bc a

SIV8(D) 98.32 2.44 5.70 33.43 43.97 4.40 8.48 43.16 0.76

±3.35 ±0.09 ±0.39 ±2.83 ±3.15 ±0.37 ±0.45 ±1.66 ±0.07

a bc d c a d d a c

NKM9(T) 76.65 2.20 5.73 34.90 28.90 3.52 2.98 22.13 1.21

±3.86 ±0.37 ±0.28 ±1.58 ±1.31 ±0.15 ±0.21 ±0.82 ±0.04

cd c–e d c de e g d a

NKM9(D) 96.65 2.29 6.18 23.70 35.70 2.82 3.88 34.48 0.67

±3.86 ±0.19 ±0.28 ±0.71 ±1.61 ±0.25 ±0.17 ±1.58 ±0.02

a cd cd e bc f f b d

Values are presented as mean ± standard error. Means with different letters indicate significant differences at p ≤ 0.05.
The highest and lowest values in each column are underlined.
T, tetraploid; D, diploid; GP, germination percentage; RS, germination rate; T50, time to 50% germination; RL, root length; SL, shoot length; WtR, fresh weight of root; WtS, fresh weight of
shoot; VI, vigour index; R/S, root-to-shoot length ratio.
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Figure 1. Total correlation coefficients Heatmap between germination parameters. Parameters: GP: germination percentage; RS: germination rate; MGT: mean germination
time; CVG: coefficient of velocity of germination; MDG: mean daily germination; RL: root length; SL: shoot length; WtR, WtS, WdR, WdS: fresh and dry weights of root and
shoot; VI: vigour index; R/S: root-to-shoot length ratio; X, Y: Ratios of fresh to dry weights root and stem, respectively.

and seed vigour index (VI). The significant interaction between
genotype and ploidy level (genotype × ploidy) observed for most
traits highlights the differential response of genotypes to ploidy
changes.

The comparison of means (Table 2) indicated that most geno-
types exhibited higher GPs at the diploid level. For instance,
SKD6(D) and SIV8(D) achieved approximately 98% germination,
leading among the genotypes. Additionally, there were no statis-
tically significant differences in GPs among the genotypes at the
diploid level. At the tetraploid level, genotype SKD6 showed the
highest germination speed, outperforming its diploid counterpart.
Genotypes such as SKD6 (at both ploidy levels) and SIV8 (espe-
cially at the diploid level) consistently performed better in vari-
ous traits, including GP, fresh weight of roots and shoots, radicle
and hypocotyl lengths, and seed VI. Conversely, KBA4 performed
below average in certain traits. While diploid genotypes gener-
ally showed enhanced GPs, tetraploid genotypes such as SKD6
displayed increased germination rate and fresh weight in specific
traits. This finding highlights the interaction between ploidy levels
and genotypic effects on germination quality and patterns.

The significant effects of ploidy level on most traits demon-
strated that the shift from diploid to tetraploid influenced ger-
mination performance, dry matter allocation, and early seedling
growth. However, not all traits were influenced by ploidy; for

example, MGT and root-to-shoot ratio (R/S) were not significantly
impacted.

Note: Further details are provided in the Supplementary data
file.

Correlations between germination traits
The total correlation analysis (Fig. 1) revealed strong negative rela-
tionships between germination speed indices (RS, CVG, MDG)
and MGT, confirming the classic inverse association of speed and
duration. An additional noteworthy pattern is the slightly posi-
tive correlation between GP and the fresh‐to‐dry weight ratio of
roots (X). Although one might expect higher germination to coin-
cide with denser radicles, the data suggest that seeds with high
GP exhibit a greater fresh weight component. Beyond GP and
speed indices, seed VI emerges as an integrative parameter that is
strongly and positively correlated with RL, SL and daily germina-
tion metrics (MDG), while being negatively correlated with MGT,
indicating that high‐vigour seeds tend to germinate faster and pro-
ducemore robust seedling structures. Similarly, root‐to‐shoot ratio
(R/S), fresh/dry weight metrics of roots and shoots (WtR, WdR,
WtS,WdS), and their ratios (X, Y) generally show positive linkages
to the speed‐based measures (RS, CVG, MDG) and VI, suggesting
that seedlings emerging rapidly also allocate biomass efficiently to
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Figure 2. Heatmap showing the correlation coefficients between germination parameters in diploid (upper triangle) and tetraploid (lower triangle) genotypes.

both root and shoot tissues, a trait important for competing for
water and nutrients in challenging conditions.

The correlation coefficients of germination traits for diploid
and tetraploid genotypes were analyzed separately (Fig. 2). The
analysis revealed notable differences in the correlation patterns
between the two genotypes. Specifically, for diploid genotypes,
negative correlations were observed between GP and SL, fresh
weight of root (WtR), fresh weight of shoot (WtS), and dry weight
of shoot (WdS). In contrast, these same traits exhibited positive
correlations in tetraploid genotypes. These contrasting patterns
suggest that the relationship between germination-related traits is
influenced by ploidy level. The negative correlation between GP
and SL, WtR, WtS, and WdS in diploid genotypes implies that as
the GP increases, shoot and root growth parameters tend to be
lower. This could be due to resource allocation during germina-
tion, where higher GP might be associated with faster, but less
extensive, growth. On the other hand, the positive correlations
observed in tetraploid genotypes suggest that the physiological
mechanisms underlying germination and growth are altered with
an increased ploidy level, possibly leading to more robust root and
shoot development as germination progresses.

Radicle growth and its kinetics

This study provided a detailed analysis of the daily radicle growth
trends in cumin, recording growth patterns for the first time (Figs.
3 and 4). Across both ploidy levels, the radicle growth followed
an approximately logistic trend. The rapid growth phase occurred

between days 5 and 10, after which the growth curve plateaued,
indicating a saturation point. Tetraploid genotypes generally exhib-
ited higher final radicle lengths than their diploid counterparts,
demonstrating the impact of increased chromosome levels on root
growth potential. For instance, SKD6(T) displayed radicles that
exceeded 60 mm in length, compared to approximately 35–40 mm
for the diploid SKD6(D). The significant differences in radicle
growth between diploid and tetraploid genotypes highlight the
role of polyploidy in enhancing growth dynamics. However, this
enhancement was not uniform across all genotypes. Genotypes
such as KBA4 showed less pronounced differences in radicle length
between diploid and tetraploid states, emphasizing the interaction
of genetic factors and ploidy effects.

Seed and embryomorphometric characteristic and internal
seed structure

Analysis of variance and mean comparison of seed
morphological traits
The analysis of variance (Table 3) indicated that genotype and
ploidy level significantly affected all seed and embryo morpho-
logical traits, including seed area, seed perimeter, seed length,
seed width, embryo area, embryo perimeter, embryo length,
embryo width and seed-to-embryo length and area ratios (Q,
Z). These findings reflect substantial genetic variability among
cumin genotypes and the influence of polyploidy on seed and
embryo dimensions. Interestingly, the genotype × ploidy interac-
tion was not significant for some traits, suggesting that for these
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Figure 3. Growth dynamics of radicle length across different diploid genotypes over time. The mean growth trend is represented by the black line, while individual genotypic
data points are colour-coded: YAR1 (orange), KBA4 (grey), SKD6 (yellow), SIV8 (blue) and NKM9 (green). The length is expressed in millimetres (mm) over the course of 30 days.
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Figure 4. Growth dynamics of radicle length across different tetraploid genotypes over time. The mean growth trend is depicted by the black line, with individual genotypic
data points represented as follows: YAR1 (orange), KBA4 (grey), SKD6 (yellow), SIV8 (blue) and NKM9 (green). Radicle length is expressed in millimetres (mm) over the course
of 30 days.

traits, the genotypic responsewas relatively consistent across ploidy
levels.

The mean comparison (Table 4) showed a significant increase
in seed and embryo morphometric parameters in tetraploid geno-
types across most traits. SKD6(T) exhibited the largest seed
area, seed length and seed perimeter, while maintaining relatively
high seed-to-embryo length and area ratios (Q, Z), indicating a

proportional enlargement of both seed and embryo. This pro-
portionality may explain the superior germination potential and
seedling vigour observed in SKD6(T). Conversely, diploid geno-
types such as YAR1(D) and NKM9(D) exhibited the lowest
values for most morphometric parameters. While these geno-
types showed increases in seed and embryo dimensions at the
tetraploid level, they remained statistically smaller than SKD6(T)
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Table 3 Analysis of variance (ANOVA) results for the effects of ploidy levels and different genotypes on seed morphological parameters in cumin
(Cuminum cyminum L.)

Parameter AS PS LS WS AE PE LE WE Q Z

Genotype (df = 4) *** *** *** *** *** *** *** *** ** ***

Ploidy level (df = 1) *** *** *** *** *** *** *** *** *** ***

Genotype × Ploidy level (df = 4) ns ns * ns *** ** ** ns * **

C.V% 12.13 8.06 9.20 10.59 21.71 17.46 19.63 17.10 15.57 23.55

The significance levels are indicated as follows: ns (non-significant), *(significant at 5% probability level), **(significant at 1% probability level) and ***(significant at 0.1% probability level).
AS, seed area; PS, seed perimeter; LS, seed length; WS, seed width; AE, embryo area; PE, embryo perimeter; LE, embryo length; WE, embryo width; Q, ratio of embryo length to seed length;
Z, ratio of embryo area to seed area.

and SIV8(T). Interestingly, YAR1(T) displayed the highest seed
width among all genotypes, suggesting that ploidy effects on seed
dimensions are not uniform. Also, may be due to genetic modifica-
tions made to the tetraploid genotypes, which have improved the
growth and development characteristics of the embryo compared
to its diploids. These improvements could have positive effects on
later stages of seed production and agricultural yield.

Longitudinal seed section and embryo position
Longitudinal section images (Fig. 5) revealed that tetraploid geno-
types, such as SKD6 and SIV8, exhibited bulkier embryos and
thicker endosperms compared to their diploid counterparts. This
structural difference likely reflects an increase in storage reserves,
which may account for the higher seed vigour and enhanced ger-
mination performance observed in these genotypes. Conversely,
genotypes like KBA4 and YAR1 showed minimal differences
between ploidy levels, indicating that ploidy-induced changes in
seed structure may depend on genotype-specific factors.

Seedling shape and seeds without embryos
Figure 6 illustrates the morphology of seedlings derived from
diploid and tetraploid genotypes. Notably, a proportion of
tetraploid seeds (e.g., images a and b) were found to lack embryos,
resulting in failed germination. This observation suggests that the
induction of tetraploidymay increase the incidence of embryo-less
seeds, potentially due to meiotic irregularities or other cytologi-
cal disturbances associated with chromosome doubling. However,
when embryos were present and well-developed, as in SKD6(T)
(Fig. 5, image h), the resulting seedlings displayed longer radi-
cles and hypocotyls and exhibited superior vigour compared to
their diploid counterparts. These results underscore the impor-
tance of selecting genotypes that respond favourably to ploidy
enhancement.

Discussion

Insights into germination characteristics and seed vigour

The significant interaction between genotype and ploidy level
(genotype × ploidy) variability underscores the importance
of genotype-specific evaluations when selecting for optimal
ploidy levels in breeding programmes (Sonnleitner et al., 2013).
Genotypes exhibiting elevated germination rates and enhanced
vigour indices possess the capability to establish more rapidly
and efficiently during the initial phases of development, which
holds particular significance in cumin breeding and utilization
programmes. These results are further supported by findings in

Lolium multiflorum, where tetraploid lines exhibited genotype-
specific improvements in germination traits (Akinroluyo et al.,
2021).

The decrease in seed VI due to an increase in the MGT MGT
and T50 confirms that seed masses with a shorter germination
time have greater strength and viability for establishment in the
field. Many studies have shown that MGT cannot be the average
(or median) germination time and does not represent the time
to 50 % germination (T50). Therefore, T50 is widely recognized
as an indicator of germination speed in studies that report high
final germination rates (Sulaiman et al., 2023; Luo et al., 2022).
Actually, T50 provides a specific measure of the time required for
50%of the seeds to germinate, whileMGToffers a broader perspec-
tive on the overall germination duration across a seed population.
T50 is particularly useful for assessing the speed of germination
under optimal conditions whereas MGT is effective for evaluat-
ing the consistency of germination across varying environmental
factors.These results indicate considerable genetic variation in ger-
mination and early growth potential among genotypes, an essential
consideration for breeding programmes targeting specific traits
and genotypes (Sonnleitner et al., 2013; Munshaw et al., 2014;
Sulaiman et al., 2023).

These genotype-dependent enhancements align with the ‘gigas
effect’ typically observed in polyploids, whereby larger seeds
and enhanced vigour emerge due to increased storage reserves
(Eliášová and Münzbergová, 2014; Stevens et al., 2020). In cumin,
these findings echo similar genotype-specific trends reported by
Bahmankar et al., (2019), who found variations in biochemi-
cal profiles, such as proteins and antioxidant enzymes, among
Iranian landraces, which likely affect embryonic and seed devel-
opment. Research on rice has shown that while certain quantita-
tive trait loci (QTLs) are linked to improved germination under
low-temperature conditions, the presence of additional chromo-
somes does not uniformly enhance germination traits. Specifically,
one study identified QTLs on chromosome 4 that increased low-
temperature germinability, but these effects were not consistent
across all germination conditions, suggesting that increased chro-
mosome numbers do not guarantee improved germination traits
in all contexts (Fujino et al., 2003; Ji et al., 2009). Additionally, the
effects of environmental conditions on germination traits further
complicate the relationship between ploidy level and germination
behaviour. Similarly, Chan et al., (2022) observed that while poly-
ploid Pomaderris seeds had significantly larger mass and faster
germination (T50), traits like seed survival at certain temperatures
showed less consistent ploidy-related advantages.

The variability observed among genotypes and traits supports
the notion that ploidy effects are not uniform. For example, the
gigas effect observed in polyploids typically enhances biomass and
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Table 4 Mean comparison of the effects of ploidy levels and different genotypes on seed morphological traits in cumin (Cuminum cyminum L.)

Genotype (Ploidy) AS (mm2) PS (mm) LS (mm) WS (mm) AE (mm2) PE (mm) LE (mm) WE (mg) Q Z

YAR1 (T) 2.92 b 9.17 b 4.56 cd 1.59 a 0.37 c–e 3.89 cd 1.92 cd 0.25 de 0.42 bc 0.13 cd

YAR1 (D) 2.13 cd 7.44 d 3.13 e 1.32 b 0.18 f 2.82 d 1.18 e 0.21 de 0.38 bc 0.09 d

KBA4 (T) 4.35 a 11.33 a 5.48 ab 0.89 c 0.54 c 4.21 c 2.23 c 0.25 c-e 0.41 bc 0.12 cd

KBA4 (D) 3.22 b 8.30 b-d 4.57 cd 0.66 d 0.30 d-f 3.88 cd 1.59 de 0.18 e 0.36 bc 0.09 d

SKD6 (T) 4.43 a 11.38 a 5.66 a 1.00 c 1.41 a 6.96 a 3.43 a 0.39 a 0.59 a 0.32 a

SKD6 (D) 3.00 b 8.73 bc 4.35 d 0.69 d 0.47 cd 4.00 cd 1.46 de 0.28 b-d 0.33 c 0.15 bc

SIV8 (T) 4.30 a 11.18 a 5.03 bc 0.94 c 0.88 b 5.36 b 2.85 b 0.33 b 0.57 a 0.21 b

SIV8 (D) 2.66 bc 8.96 bc 4.07 d 0.71 d 0.44 c–e 4.17 c 1.83 cd 0.26 b-d 0.45 b 0.17 bc

NKM9 (T) 2.69 bc 8.93 bc 4.11 d 0.64 d 0.46 cd 4.26 c 1.83 cd 0.32 bc 0.45 b 0.18 bc

NKM9 (D) 1.94 d 7.77 cd 4.05 d 0.48 e 0.27 ef 4.01 cd 1.52 de 0.18 e 0.38 bc 0.16 bc

AS, seed area; PS, seed perimeter; LS, seed length; WS, seed width; AE, embryo area; PE, embryo perimeter; LE, embryo length; WE, embryo width; Q, ratio of embryo length to seed
length; Z, ratio of embryo area to seed area. Means with the same letter within a column are not significantly different (based on a specific post-hoc test, e.g., Duncan’s or Tukey’s test).
(T) represents tetraploid genotypes, and (D) represents diploid genotypes.

early vigour but does not universally improve GP (Stevens et al.,
2020). Similarly, Bahmankar et al., (2019) reported that morpho-
logical and biochemical variations between Iranian cumin lan-
draces could influence somatic embryogenesis and developmen-
tal outcomes. By analogy, these genotype-dependent biochemical
properties may also explain why some ploidy-genotype combi-
nations (e.g., SKD6(T)) respond more favourably in seed vigour
than others. These findings highlight the importance of genotype-
specific evaluations when optimizing ploidy effects in breeding
programmes.

The observed genotype-ploidy interactions align with studies
on Pomaderris, where polyploids consistently produced heavier
seeds that germinated faster than diploids but exhibited vari-
able impacts on seedling traits such as shoot:root ratio (Chan
et al., 2022). Enhanced germination rates in tetraploid genotypes
align with findings in Odontarrhena bertolonii, where tetraploid
seeds exhibited faster germination and greater vigour due to their
larger size and higher metabolic activity. These observations fur-
ther emphasize the role of polyploidy in enhancing germination
through increased resource allocation (Selvi and Vivona, 2022).
Similar patterns of genotype-specific responses were observed in
Vicia cracca, where autotetraploid populations displayed varying
seedmasses and germination rates depending on population origin
and local environmental conditions (Eliášová and Münzbergová,
2014). These results suggest that the genetic background strongly
influences how polyploidy impacts germination traits, a pattern
consistent with the varying responses among cumin genotypes like
SKD6 and SIV8.

Specifically, seeds that germinate more quickly (higher RS,
CVG, MDG) exhibit a lower MGT, underscoring the ecological
and agronomic advantage of rapid seedling establishment in envi-
ronments prone to stress or competition (Stevens et al., 2020).
Consistent with these findings, GP shows moderate to high pos-
itive correlations with several growth‐related parameters, notably
radicle length (RL), suggesting that seeds with higher GP tend
to produce longer radicles and benefit from superior resource
mobilization (Eliášová and Münzbergová, 2014; Selvi and Vivona,
2022).

The positive correlation between GP and the fresh‐to‐dry
weight ratio of roots (X) possibly reflecting stronger water uptake
and expansion that promotes early radicle elongation – an attribute

reported for heavier seeds or polyploid germplasm investing in
substantial early growth (Eliášová and Münzbergová, 2014; Chan
et al., 2022). This observation parallels studies on Hopea chinensis,
where larger seeds with high water retention achieved acceler-
ated radicle elongation (X. Liu et al., 2023), and in Lagenaria
siceraria, where enhanced radicle length correlated positively with
seedling vigour (Chimonyo and Modi, 2013). Collectively, these
correlations underscore the value of selecting genotypes with faster
germination rates (low MGT) and higher GP, as they tend to
produce more robust seedlings with balanced biomass allocation,
enhanced root and shoot growth, and improved stand establish-
ment (Sonnleitner et al., 2013; Stevens et al., 2020).

The differing correlation patterns between diploid and
tetraploid genotypes suggest that ploidy level plays a significant
role in shaping the interrelationships of germination traits. The
changes in these correlations may be attributed to various factors
associated with increased chromosome size, such as altered gene
expression, metabolic pathways, and stress response mechanisms.
Tetraploids often exhibit more complex gene interactions, which
could lead to different physiological responses compared to
diploids, thereby affecting the relationships between traits. These
findings highlight the importance of considering ploidy level when
studying germination traits, as it may influence the interpretation
of genetic, metabolic, and ecological factors in plant development.

Physiological implications of radicle growth

Results from the study of Radicle Growth and Its Kinetics are con-
sistent with findings in other polyploid systems, where larger seeds
and increased storage reserves have been associated with enhanced
radicle elongation (Eliášová and Münzbergová, 2014).

Enhanced radicle growth in tetraploid genotypes aligns with
the ‘gigas effect’ typically observed in polyploid plants, where
increased cell size and metabolic activity drive superior growth
outcomes (Stevens et al., 2020). This trend has also been observed
in Carum carvi, where tetraploid seeds showed superior radi-
cle elongation due to increased nutrient reserves and metabolic
efficiency (Dijkstra and Speckmann, 1980).

These genotype-specific patterns mirror observations in other
systems, such as Vicia cracca, where tetraploid populations exhib-
ited greater competitive advantages in early seedling growth under
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Figure 5. Longitudinal sections of seeds showing the embryo and endosperm in diploid and tetraploid cumin (Cuminum cyminum L.) genotypes. Scale bar: 1 mm. (a) Tetraploid
genotype SIV8, (b) tetraploid genotype NKM9, (c) tetraploid genotype SKD6, (d) tetraploid genotype KBA4, (e) tetraploid genotype YAR1, (f) diploid genotype SIV8, (g) diploid
genotype NKM9, (h) diploid genotype SKD6, (i) diploid genotype KBA4 and (j) diploid genotype YAR1.

dense vegetation, attributed to the gigas effect (Eliášová and
Münzbergová, 2014).These findings underscore the importance of
considering both genotype and ploidy level when selecting for root
growth traits in breeding programmes.

Seed and embryomorphometric characteristic

These results of seed morphological traits echo findings in Vicia
cracca, where seed enlargement patterns in autotetraploid pop-
ulations were variable and influenced by population origin and
genetic background (Eliášová and Münzbergová, 2014). Also, the
observed increase in seed dimensions at the tetraploid level aligns
with previous findings in polyploid species such as Capsicum

annuum and Carum carvi, where larger seeds were associated with
improved germination and early vigour (Dijkstra and Speckmann,
1980; Samarah et al., 2016). Overall, the increase in seed and
embryo size due to tetraploidy supports the hypothesis that poly-
ploidy enhances seed quality through increased storage reserves.
These results are further supported by Dhawan and Lavania
(1996), who noted that increased ploidy levels in medicinal plants
were associated with larger seed sizes and improved biochemi-
cal profiles. The observed non-uniformity in seed shape and size
across genotypes highlights the complexity of genotype-ploidy
interactions. Similar variability has been noted in Odontarrhena
bertolonii, where tetraploid seeds exhibited enhanced germina-
tion traits without uniform improvements across all dimensions

https://doi.org/10.1017/S0960258525100056 Published online by Cambridge University Press

https://doi.org/10.1017/S0960258525100056


Seed Science Research 11

Figure 6. Seedlings of diploid and tetraploid cumin (Cuminum cyminum L.) genotypes. Scale bar: 1 mm.(a) and (b) Tetraploid seeds without embryos. (c) Diploid genotype
NKM9. (d) Tetraploid genotype NKM9. (e) Diploid genotype SIV8. (f) Tetraploid genotype SIV8. (g) Diploid genotype SKD6. (h) Tetraploid genotype SKD6. (i) Diploid genotype
KBA4. (j) Tetraploid genotype KBA4. (k) Diploid genotype YAR1. (l) Tetraploid genotype YAR1.

(Selvi and Vivona, 2022). These findings underscore the impor-
tance of tailoring ploidy manipulations to specific genotypes to
optimize seed quality traits.

The enhanced seed structure observed in tetraploids aligns
with findings in Carum carvi, where increased endosperm thick-
ness contributed to improved early growth potential (Dijkstra and
Speckmann, 1980). These results support the notion that poly-
ploidy alone is not sufficient to enhance seed structural attributes
universally. Instead, the interaction between genotype and ploidy
level plays a critical role in determining the degree of enhance-
ment in embryo and endosperm development.This finding echoes
similar trends in Vicia cracca and other polyploid systems, where
seed and embryo traits were significantly influenced by both
genetic background and environmental context (Eliášová and
Münzbergová, 2014).

The observed variability in embryo development among
tetraploid genotypes is consistent with findings in autotetraploid
Carum carvi, where meiotic disturbances and seed sterility
were noted in early generations of tetraploids but were sub-
sequently minimized through selective breeding (Dijkstra and
Speckmann, 1980). Additionally, Lavania and Srivastava (1990)
highlighted that careful selection of genotypes with stable mei-
otic behaviour is critical for harnessing the benefits of poly-
ploidy while minimizing trade-offs such as sterility or seed
defects.

Conclusion

This study highlights the pivotal role of genotype and ploidy level
in shaping cumin seed quality, germination potential, and early
seedling growth. Tetraploid genotypes such as SKD6 and SIV8
demonstrated substantial improvements in seed dimensions, ger-
mination speed, time required to reach 50% of the total seed
population (T50), and seedling vigour compared to their diploid
counterparts, underscoring the potential of polyploidy to enhance
key agronomic traits. However, challenges such as the occur-
rence of embryo-less seeds and variability in genotypic responses
emphasize the need for genotype-specific selection and careful
management of ploidy effects in breeding programmes.

Comparable genotype-based differences have been reported in
Vicia cracca (Eliášová andMünzbergová, 2014) and Iranian cumin
landraces (Bahmankar et al., 2018), where variations in morpho-
logical and biochemical traits significantly influenced develop-
mental outcomes. These findings suggest that leveraging poly-
ploidy for breeding requires a nuanced understanding of the
interactions between genotype, ploidy level, and environmental
conditions.

The practical implications of these findings are significant. By
integrating genotype selection with ploidy enhancement, breed-
ers can develop robust cumin cultivars with superior germination
rates, early vigour, and resilience under diverse environmental con-
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ditions.This approach provides a pathway to improve seed quality,
enhance early establishment, and boost overall productivity in
cumin and related crops.
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Abbreviations
GP Germination percentage
RS Germination rate
MGT Mean germination time
T50 Time to 50% germination
CVG Coefficient of velocity of germination
MDG Mean daily germination
FGP final germination percentage
RL Root length
SL Shoot length
WtR Fresh weight of root
WtS Fresh weight of shoot
WdR dry weight of root
WdS dry weight of shoot
VI Vigour index
R/S Root-to-shoot length ratio
X, Y Ratios of fresh to dry weights root and stem, respectively
QTLs quantitative trait loci
D diploid level
T tetraploid level
AS Seed area
PS Seed perimeter
LS Seed length
WS Seed width
AE Embryo area
PE Embryo perimeter
LE Embryo length
WE Embryo width
Q Ratio of embryo length to seed length
Z Ratio of embryo area to seed area.
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