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Abstract

Bentaleb C., Bendimered-Mouri F.Z., Mehdadi Z., Latreche A., Smahi K., 2026: Effect of storage condi-
tions on the germination of Mentha X rotundifolia seeds from western Algeria. — Botanica, 32(1): 37-53.
https://doi.org/10.35513/Botlit.2026.1.4

This study focuses on the ex sifu conservation of Mentha x rotundifolia (L.) Huds. (Lamiaceae), a sponta-
neous aromatic and medicinal plant from western Algeria. It has been little studied from a physiological and
reproductive perspective. It requires conservation attention, as its regeneration in the wild is difficult due to
anthropogenic pressures such as overgrazing, trampling, uprooting and habitat disturbance. This study aimed
to determine the effect of different temperature regimes on seed viability during short-term storage in a seed
bank. After determining the optimal temperature and light conditions for post-harvest germination of the seeds,
three samples were stored separately at -20°C, 5°C, and room temperature (20°C to 25°C) and their viability
was assessed after 6-, 14-, and 18-month storage. The germination results showed that the seeds were positively
photoblastic, required a post-maturation period of at least three months, and had an optimum germination tem-
perature of 30°C. Storage conditions (temperature and duration) significantly affected seed viability. The best
germination rate (100%) was obtained after 6 months’ storage at 5°C. For longer storage, the recommended
temperature is —20°C. This study should contribute to a better understanding of the conservation conditions for
this species and provide essential information for improved management of this a regionally threatened plant.

Keywords: ex situ conservation, ex situ seed bank, germinative performance, Lamiaceae, seed viability, stora-
ge duration, storage temperature.

INTRODUCTION

The genus Mentha L. belongs to the Lamiaceae
family and contains around 42 species with a cos-
mopolitan distribution across all agro-climatic condi-
tions. This genus is widely known for its essential oils,
valued at over 400 million US dollars (Bounatirou et
al., 2007). Mentha xrotundifolia belongs to the tribe
Mentheae within the Nepetoideae subfamily (Har-

ley et al., 2004) and is a taxonomically ambiguous
species within the genus. Earlier studies described it
as a natural hybrid between Mentha longifolia (L.)
Huds. and Mentha suaveolens Ehrh. (Kokkini & Pa-
pageorgiou, 1988; Lorenzo et al., 2002; Denslow and
Poindexter, 2009). Recent molecular analyses have
confirmed this interpretation, supporting its hybrid
origin and taxonomic affinity with Mentha suaveo-
lens (Olofsson et al., 2024). It is a perennial plant
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frequently found along pathways, in ditches and in
other damp places. It grows in semiarid and humid
bioclimates with warm and temperate variations,
across the Mediterranean basin, in America and in
Western Asia (Derwich et al., 2010). It thrives in
moderately humid soils, rich in organic matter, and
with a slightly alkaline pH (Brahmi et al., 2022).
Mentha *rotundifolia is traditionally used as a
painkiller with antiseptic and anti-inflammatory agents
to treat wounds and infections (Riahi et al., 2013). It
has antioxidant, anti-tyrosinase, anti-acetylcholineste-
rase and insecticidal activities (Yahia et al., 2019).
These properties are mainly attributed to the presence
of several phenolic compounds, including rosmarinic
acid, the dominant metabolite (Ferdjioui et al., 2019).
Several antioxidant therapeutic approaches are cur-
rently being studied for the treatment of pathologies
linked to oxidative stress, including neurological dis-
eases. Some of its metabolites are presently undergo-
ing clinical trials (Forman & Zhang, 2021).
Alongside studies on the therapeutic properties of
aromatic and medicinal species, understanding seed
viability and the germination process is vital. Gorai
et al. (2011) point out that detailed information on
germination patterns is crucial not only for success-
ful cultivation, but also for understanding species es-
tablishment and tolerance to abiotic factors, as plant
establishment success largely depends on germina-
tion. This physiological phenomenon is an essential
stage in the life cycle of plants and is characterised
by a high degree of spatio-temporal unpredictability.
Various environmental factors, including tempera-
ture, salinity, light and soil moisture, simultaneously
influence this process (Gorai et al., 2011).
Knowledge of seed dormancy and germination is
important not only for understanding plant reproduc-
tion in its natural habitat, but also for developing ef-
fective cultivation methods that can reduce pressure
on wild populations while supporting conservation
actions and improving the livelihoods of local popu-
lations (Phondani et al., 2015). Moreover, in the con-
text of ex situ biodiversity conservation strategies,
information regarding the storage behaviour of seeds,
particularly for uncultivated Mediterranean plant spe-
cies, remains scarce or entirely lacking (Brits et al.,
2015). Rao et al. (2006) have noted that, to preserve
seed viability over long periods, basic collections are
generally stored at temperatures below 0°C, often
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between -18 and -20°C. Moreover, seed longevity is
not determined solely by temperature. The longevity
of seeds is influenced by their initial quality and by
the humidity and temperature to which they are ex-
posed during storage (Walters et al., 2005).

In the Sidi Bel Abb¢s region (northwestern Al-
geria), the populations of spontaneous plant species,
sought after for their virtues, are depleted by over-
exploitation, overgrazing, trampling and changes in
local habitat conditions. Excessive grazing, a key
component of the economic and social organisation
of rural populations, is a major cause of degrada-
tion of natural ecosystems. It affects the dynamics,
cover, and diversity of rangelands in the Western Al-
gerian steppe, preventing regeneration and depleting
available resources, leading to vegetation cover loss
caused by overgrazing (Bencherif et al., 2021) and
forest fires (Saidi et al., 2016).

The present study was conducted as part of on-
going efforts to establish a seed bank dedicated to
the conservation of the spontaneous flora of western
Algeria. It focused on the germination behaviour of
several native species, particularly those belonging
to the Lamiaceae family. This work provides valu-
able insights into seed dynamics under different stor-
age conditions and strengthens the scientific founda-
tion for developing effective long-term conservation
strategies. This approach is essential for monitoring
and managing seed banks.

Mentha % rotundifolia is among the most endan-
gered Lamiaceae in the Sidi Bel Abbes region of west-
ern Algeria (Baraka, 2008) and requires appropriate
conservation measures. To date, only limited research
has investigated the storage behaviour and longevity
of germination and viability of Mentha x rotundifolia
seeds, and little information is available regarding its
natural regeneration. Among the few existing studies,
Liu et al. (2012) have examined the effects of specific
treatments on seed germination of this species. Addi-
tional work has focused on other species within the
Mentha genus, such as Mentha * piperita L., Mentha
aquatica L., Mentha pulegium L., exploring their dor-
mancy and germination responses under various ther-
mal regimes (Bréindel, 2006; Bendjeddi et al., 2025).
However, studies on seed viability and storage lon-
gevity within the genus remain scarce, particularly for
Mentha % rotundifolia, for which most available stud-
ies have focused on its chemical composition rather



than its physiological and germinative aspects. Nota-
ble examples include the works of Seladji et al. (2014),
Benomari et al. (2018), Sbai et al. (2020), Yakoubi et
al. (2024) and Afrokh et al. (2024).

The objective of this study was to determine the
optimal conditions for germination of Mentha x
rotundifolia seeds and to assess their viability after
harvesting. The study aimed to evaluate the effects
of different storage temperatures and durations on
germination performance and the seeds’ ability to
withstand short-term storage. This approach was es-
sential for the monitoring and management of plant
species seeds stored in seed banks (Meddour & Der-
ridj, 2007), enabling optimal storage conditions to be
defined for short- or long-term storage. Therefore, we
sought to answer the following research questions:
(1) How did photoperiod affect the germination re-
sponse? (2) What was the optimal temperature for
seed germination under controlled laboratory con-
ditions? (3) How did storage temperature and dura-
tion influence seed viability and germination during
short-term ex situ conservation?
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MATERIALS AND METHODS
Harvesting site

Seeds of Mentha x rotundifolia were collected in
October 2021 from a natural population located in the
Ain Thrid region, a municipality of Sidi Bel Abbes
province (Western Algeria). The geographical coordi-
nates of the collection site are as follows: 35.26156° N
and 0.73547° W, at an altitude of 521 m.

Mature seeds were manually harvested from healthy
individuals bearing well-developed infructescences.
Random sampling was applied across all accessible
fruiting plants to ensure representativeness and repro-
ducibility of the material used for experimentation.
Seed collection was carried out during the period of
peak fruit maturity to obtain predominantly mature, ful-
ly developed seeds from healthy populations (Fig. 1).

This region belongs to a semiarid bioclimatic
zone characterised by cold winters and very low av-
erage annual precipitation of 174 mm. The soils are
predominantly calcareous, poor in humus, and highly

Fig. 1. Mentha x rotundifolia (A) the plant in its natural habitat; (B) plant in vegetative state; (C) flowering plant; (D) fruit
tetrakene ( x 20); (E) seeds ( x 20); (F) seed ( x 30); (G) a section of a seed staining with 2,3,5-triphenyltetrazolium ( x 40);
Em: embryo; Fs: flowering stem; Fl: flowers; F: Fruits; Inf: inflorescence; Lf: leaf; St: stem; Sd: seeds. Photographs by Celia

Bentaleb, 2021.
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vulnerable to erosion. The vegetation cover is sparse,
and traditional extensive sheep farming in this semi-
arid region further accentuates soil degradation and
vegetation loss, making this ecosystem even more
fragile (Bouiadjra et al., 2011).

Morphometric and moisture analysis of seeds

Morphometric measurements were conducted
using an EduBlue Euromex binocular microscope,
equipped with an integrated digital camera. Seed di-
mensions (length, width and thickness) were meas-
ured using the calibrated measurement tool of the
Optika Vision Lite software (Optika, Italy) at x30
magnification. Mean values were calculated from
measurements of 100 seeds randomly selected from
the collected populations.

The moisture content of seeds was determined
froma 100-seed sample before and after drying. Seeds
were dehydrated in a desiccator containing orange
silica gel (Isolab Laborgerate Gmbh, Bahnhofstrasse
1097877 Wertheim, Germany) at laboratory temper-
ature (20-25°C) until a constant weight was reached.
The dry weight was measured using a high-precision
analytical balance (P.I. Precision Instruments, model
FA2004B, readability = 0.0001 g). Moisture content
(MC) was calculated according to ISTA (2021), as
the percentage difference between the fresh and dry
weights, relative to the fresh weight.

Biochemical test

The biochemical test of viability was performed
by applying a standard the tetrazolium (TTC) staining
method to a sample of 100 seeds. According to Moore
(1985), this test is a rapid and reliable method of de-
termining seed viability, particularly for species with
slow or irregular germination. The procedure was car-
ried out in accordance with the (TTC) protocol detailed
by Starfinger & Karrer (2016). The seeds were first
soaked in distilled water for 24 hours at room tempera-
ture to soften the tissues. Each seed was carefully cut
longitudinally with a fine blade through the embryo
under a binocular magnifying glass to ensure that the
embryo was sectioned. The seeds were then immersed
ina 1% solution of 2,3,5-triphenyltetrazolium chloride
(TTC) in glass containers and incubated in the dark at
30°C for 24 hours in a Memmert oven. After incuba-
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tion, the seeds were rinsed several times with distilled
water to remove any excess stain and then soaked in a
lactophenol solution for one to two hours before final
observation. Seed tissues showing uniform or partial
red staining were considered viable, while those re-
maining uncoloured were classified as non-viable. The
results of this test provide a direct indication of the
viability of embryonic tissue in seeds.

Conduct of the germination tests

Before germination, the seeds were disinfected
with 10% sodium hypochlorite (NaClO) for five
minutes, then rinsed. The entire protocol was carried
out under aseptic conditions. Germinated seeds were
counted daily.

For all germination experiments, including those
evaluating the effect of photoperiod, temperature,
and storage conditions, the same experimental design
was used. Each treatment was replicated five times,
with 10 seeds per replicate.

Germination tests were conducted in 90 mm x
14.2 mm sterile Petri dishes lined with a single layer
of PRAT DUMAS (France) filter paper moistened with
sterile distilled water. Seeds were moistened daily using
a sterile Pasteur pipette to maintain controlled optimal
humidity and to prevent excess water accumulation,
which could inhibit germination in these small seeds.
The test was performed with five replicates of 10 seeds
each, for a total of 50 seeds per treatment. Germinated
seeds were counted every 24 hours for 40 consecutive
days under aseptic conditions, in proximity to a Bunsen
burner flame to minimise the risk of contamination. The
germination criterion was the breakthrough of the seed
coat by the radicle (Calone et al., 2020).

Germination test
Effect of photoperiod on seed germination

The germinative viability test was applied to
post-harvest seeds subjected to two light regimes: al-
ternating light and darkness (natural photoperiod of
12/12 hours) and continuous darkness, at a constant
temperature of 20°C. This temperature was selected
based on previous studies on Mentha species, which
report optimal germination under moderate tempera-
ture (Brindel, 2006).



To assess the effect of light availability on germi-
nation and the potential photosensitivity of the spe-
cies, the seeds were exposed to the natural photoperi-
od by keeping the exterior door of the Memmert-type
incubator open, allowing light to penetrate through
the inner transparent door.

Effect of temperatures on seed germination

To assess the effect of temperature on germina-
tion, some characteristics of the natural environ-
ment were recreated to better understand how seeds
respond to different thermal conditions, detect their
germinative capacity before storage and identify the
favourable germination conditions essential for mon-
itoring them during storage.

Based on preliminary tests that determined the
light preference of Mentha x rotundifolia seeds, ger-
mination was performed under the most suitable pho-
toblastic conditions. The experiment evaluated germi-
nation responses of the seeds across eight temperature
regimes: 5°C, 10°C, 15°C, 20°C, 25°C, 30°C, 35°C,
and 40°C to determine the thermal optimum for this
physiological process. These temperature treatments
followed the standard protocols commonly used in
seed germination studies (Bewley & Black, 1994).

Effect of storage conditions on seed germination

The seed storage protocol applied in this study
followed the recommendations of Gomez-Campo
(1985) and Meddour & Derridj (2007). Cleaned and
pre-dried seeds were placed in hermetically sealed
borosilicate glass tubes (18 x 150 mm) with metallic
screw caps. We added 12 g of silica gel as a desic-
cant, separated from the seeds by a thin layer of per-
meable cotton to prevent direct contact.

Before storage, the seeds were pre-dried under
ambient laboratory conditions (20-25°C) to reach a
stable moisture level suitable for conservation. The
prepared seeds were then divided into three samples:
the first was stored at room temperature (20-25°C),
the second in a refrigerator (5°C), and the third was
placed in a freezer (-20°C).

Three subsamples of Mentha x rotundifolia seeds
were thus stored separately under three temperature
conditions, with the ambient laboratory temperature
serving as a control to provide a natural reference
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for assessing the effects of cold and freezing storage
on seed viability. The first temperature slows down
metabolic processes (Harrington & Kozlowski, 1972;
Meddour & Derridj, 2007), whereas the second bet-
ter preserves the long-term viability by limiting cel-
lular deterioration.

Three successive storage periods were considered
in this study: 6, 14 and 18 months. For each storage
condition, germination tests were conducted at the
optimum temperature and light conditions predeter-
mined during preliminary germination tests.

Statistical analysis

Seed vigour, photosensitivity and the effects of
thermal and storage conditions on seed viability were
determined from curves showing the evolution of ger-
mination capacity over time, and by calculating the
following germination parameters: germination capac-
ity, velocity coefficient, latency time and mean germi-
nation time. The velocity coefficient was calculated
according to Kotowski’s (1926) formula. The mean
germination time, expressed in days, was calculated
as the reciprocal of the velocity coefficient multiplied
by 100, following the method of Come (1968).

All statistical analyses were performed using
IBM SPSS Statistics for Windows, with the integrat-
ed R extension, which enabled PERMANOVA. Due
to violations of the normality and homogeneity of
variance assumptions, non-parametric tests were em-
ployed. The Kruskal-Wallis test was used to assess
differences among the groups, and pairwise com-
parisons were performed using the Mann-Whitney
U test, with the significance (p < 0.05), to evaluate
the effect of the tested conditions on the viability of
Mentha * rotundifolia seeds.

RESULTS
Seed characteristics

The seeds are ovoid, with a glossy, dark-brown
surface showing fine wrinkles. The average dimen-
sions measured were 0.64 = 0.1 mm in length, 0.42
+ 0.1 mm in width and 0.31 = 0.1 mm in thickness,
while the average weight of 100 seeds was 0.0072 g
(Fig. 1). The average moisture content was low at
6.94% for a sample of 100 seeds.
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Using the 2,3,5-triphenyltetrazolium (TTC) test,
82% of the seeds were found to be viable (Fig. 1).
However, germination tests conducted on freshly
harvested Mentha x rotundifolia seeds without any
post-maturation period revealed 0% germination.

Effect of photoperiod on germination of Mentha x
rotundifolia seeds

Seeds exposed to natural photoperiod began
germinating earlier and showed a progressive rise,
which stabilised and remained almost unchanged
for the rest of the experiment. In contrast, seeds
kept in continuous darkness showed a late onset and
a nearly flat germination trajectory throughout the
test (Fig. 2).

Seeds subjected to natural photoperiod germinat-
ed at an average rate of 32 + 14.83%, significantly
higher (p < 0.05) than that obtained for seeds main-
tained in continuous darkness (germination capacity
was 6 £ 5.47%). In comparison, the final germination
rates were relatively low (< 40%) across the two con-
ditions tested (Fig. 3 A).

Continuous darkness conditions prolonged the
germination process over time (p < 0.01), as shown
by the higher mean germination time, from 15.67 +
0.57 days (in the absence of light) to 12.40 £ 0.89
days (in the presence of light). Pairwise comparisons

revealed no significant differences in the effects of
day and night alternation on the coefficient of veloc-
ity or latency time (Fig. 3 B, C). However, slightly
more favourable values were observed under natural
light for these two parameters, although these differ-
ences were not statistically significant.

All the parameters studied revealed positive pho-
tosensitivity in the seeds of this species. Light sig-
nificantly improved germination rate and reduced
mean germination time (Fig. 3 A, D). It also induced
a non-significant increase in the velocity coefficient
and a reduction in latency time, indicating a favour-
able effect on the overall germination process. Al-
though germination can occur in dark conditions,
natural light significantly optimises key parameters
and acts as a facilitator.

Effect of temperatures on germination and deter-
mination of the thermal optimum

The germination responses of Mentha x rotun-
difolia seeds varied with temperature (Fig. 4 and
Fig. 5). Seeds sprouted at temperatures ranging from
10 to 35°C (Fig. 4), while germination was absent at
5 and at 40°C.

The germination parameters calculated show
significantly different behaviour of seeds subjected
to different temperatures (Fig. 5). Germination ca-
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Fig. 2. Germination kinetics of Mentha x rotundifolia seeds in natural photoperiod (Np) and in continuous darkness (Cd).
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Fig. 3. Results of the calculation of germination parameters of Mentha * rotundifolia seeds subjected to two light regimes:
natural photoperiod (Np) and continuous darkness (Cd). Different letters above bars indicate significant differences according

to the results of the Mann-Whitney post hoc test.

pacity increased progressively with temperature,
reaching its maximum at 30°C (42 + 4.47%). Sig-
nificant differences were observed for germination
capacity between 10°C and 25°C (p = 0.029), 10°C
and 30°C (p = 0.018), 15°C and 25°C (p = 0.026),
and 15°C and 30°C (p = 0.015). A marked decrease
was observed at 35°C, which differed significantly
from 20°C (p = 0.018), 25°C (p = 0.006), and 30°C
(p = 0.005), with an average germination capacity of
18.0 £ 4.47% (Fig. 5 A). At the same time, tempera-
ture significantly influenced the velocity coefficient.
Significant differences were found in the velocity
coefficient between 10°C and higher temperatures
(25°C, 30°C, and 35°C; p = 0.009) and between
15°C and 25-35°C (p = 0.009-0.036). Additional
differences were observed between 25°C and 30°C
(» = 0.009) and between 30 °C and 35°C (p=0.016).
The highest velocity coefficient (12.54 + 1.59%) was
recorded at 30°C. In comparison, the lowest mean

value (4.96 + 1.06%) was recorded at 10°C, indicat-
ing that increasing temperature significantly favours
increased germination speed, reaching an optimum
of 30°C (Fig. 5 B). For each temperature treatment,
five replicates of ten seeds were used (n = 50 seeds
per treatment).

The lowest values of latency time and mean ger-
mination time were recorded at 30°C (3.8 + 1.3 days
and 8.07 = 0.95 days, respectively), whereas the
highest values were noted at 10°C (16.8 + 3.89 days
and 20.85 + 4.07 days, respectively) (Fig. 5 C, D).
These results indicate that increasing the tempera-
ture up to 30°C markedly reduces the time required
to trigger and complete germination (p = 0.009 for
latency time; p = 0.007 for mean germination time).
Beyond 30°C, these parameters increased again. This
temperature, therefore, appeared to be the most fa-
vourable under the tested conditions, as confirmed by
the statistical analysis (p < 0.05).
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Effect of storage conditions on seed viability

To assess the influence of storage temperature and
period on seed viability and germination behaviour, a
permutational multivariate analysis of variance (PER-
MANOVA) was performed. These analyses were con-
ducted to better understand how storage conditions af-
fect seed performance and to guide the development
of effective strategies for their ex situ conservation.

The results of the permutational multivariate
analysis of variance revealed that storage tempera-
ture significantly affected all measured germination
parameters, while storage duration alone generally
had no measurable influence (Table 1). The effect of
temperature on germination capacity was significant
(»p = 0.024), whereas storage duration did not affect
germination (p = 0.390). Nevertheless, their interac-
tion was highly significant (»p = 0.001), indicating
that the temperature response varied across storage
periods. The influence of temperature was signifi-
cantly stronger on the velocity coefficient (p=0.001),
with storage duration remaining non-significant
(p = 0.781); the interaction between both factors was
again highly significant (p = 0.001). Regarding la-
tency time, storage temperature also exerted a pro-
nounced effect (p = 0.001), whereas storage duration
was not significant (p = 0.143). However, their inter-
action remained significant (p = 0.001). Storage tem-
perature had a significant effect on mean germination
time (p = 0.001); the duration effect was negligible
(p =0.638), and the interaction between temperature
and duration was significant (p = 0.001).
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The calculated germination parameters reflect
seed viability and the degree of heterogeneity within
a sample and between different storage treatments.
The initial sample was tested three months after
harvest and stored under ambient conditions. The
second sample, which also represents seeds kept at
ambient temperature, serves as the control. The third
and fourth samples include seeds stored at 5°C and
-20°C, respectively.

As shown in Table 2, seeds stored at 5°C exhibited
the highest germination capacity (germination capac-
ity was 100%, p < 0.05) after six months. Both 5°C
and -20°C significantly influence this parameter dur-
ing the 6- and 14-month storage periods, with values
declining from 100% to 54% at 5°C (p = 0.005) and
increasing from 52% to 62% at -20°C (p = 0.156).

After 18 months, seeds stored at -20°C maintained
the highest germination capacity (64%, p > 0.05).
Seeds from the initial sample germinated at 32%.
Seeds kept at the same temperature showed a gradual
increase in germination capacity, reaching 36% and
52% after six and 14 months (p = 0.019), and 70%
after 18 months (»p = 0.011; p = 0.041, respective-
ly). Seeds stored at cold and freezing temperatures
showed significantly higher germination capacity
than those of the initial sample (p < 0.05).

Seeds stored at 5 and -20°C showed a signifi-
cant decrease in latency time compared to the initial
and ambient samples after six months (p = 0.005;
p = 0.006; p = 0.005; p = 0.012, respectively), and
after 14 months (p = 0.005; p = 0.005; p = 0.050;
p = 0.050, respectively). After 18 months, no sig-

Tablel. Results of permutational multivariate analysis of variance (PERMANOVA) showing the effects of storage tempera-
ture, storage duration, and their interaction on the germination parameters of Mentha x rotundifolia seeds. The significance
(p <0.05) is indicated in bold. Values of F and R? were computed from 999 permutations.

Parameter Factor df F R? p value
Germination capacity Temperature 2 4.39 0.173 0.024
Duration 2 0.91 0.041 0.390
Temperature x duration 8 12.30 0.732 0.001
Coefficient of velocity Temperature 2 20 0.488 0.001
Duration 2 0.26 0.012 0.781
Temperature x duration 8 7.38 0.621 0.001
Latency time Temperature 2 11.41 0.352 0.001
Duration 2 2.15 0.093 0.143
Temperature x duration 8 8.36 0.650 0.001
Mean germination time Temperature 2 2291 0.522 0.001
Duration 2 0.43 0.020 0.638
Temperature x duration 8 9.78 0.685 0.001
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Table 2. Germination parameters (germination capacity, coefficient of velocity, latency time and mean germination time) of
Mentha * rotundifolia seeds stored under different temperature conditions and duration. Values are expressed as mean =+ stan-
dard deviation (SD). Different lowercase letters indicate statistically significant differences in storage temperature at the same
storage duration. In contrast, uppercase letters indicate significant differences in storage duration across the same temperature

condition (Mann-Whitney post hoc test, p < 0.05).

Storage Storage duration Germination Coefficient of Latency time | Mean germination
temperature (°C) (months) capacity (%) velocity (%) (days) time (days)

-20 6 52 +4.474 28.76 + 4.49 1.2 £0.44A 3.54 +£0.56
-20 14 62 +13.03% 25.34 +6.87" 1 +£0A 4.17 £1.100
-20 18 64 £ 18.16" 25.88 +1.41 1.4 +0.54% 3.87+£0.214
5 6 100 + 0** 32.17 +£5.42¢4 1+0 3.18 £ 0.54
5 14 54 + 11.40% 25 +2.44% 1 +0A 4.03£0.41%8
5 18 62 + 10.95%8 24.57 + 6.35°48 1+£0° 4.24 + 0.8548
Control 6 36+ 11.40° 10.82 +5.18% 2.80 £ 0.83 10.45 +3.23%
Control 14 52 +4.47% 19.24 £ 9.24% 1.60 + 0.54%8 6.18 +2.74%
Control 18 70 + 14.14°¢ 14.86 + 4.61%B 1.40 + 0.54%A8 7.27 +£2.218

nificant differences were observed between ambient,
5°C, and -20°C conditions (p = 0.134; p = 1.000).
The longest LT corresponded to seeds from the first
sample, with the highest value recorded at 12.4 days
(p < 0.05). The best results were obtained after 18
months of storage at 5°C, with a value of one day,
followed by seeds stored at -20°C and at room tem-
perature, both showing a latency time of 1.4 days for
the same duration (Table 2).

For the coefficient of velocity, seeds stored
under cold (5°C) and freezing (-20°C) conditions
displayed a markedly higher coefficient of veloc-
ity than those kept at ambient temperature and
from the initial sample. After six months, signifi-
cant differences were detected between the initial
sample and each storage condition (ambient, 5°C,
-20°C; p = 0.016; p = 0.009; p = 0.009), as well
as between ambient and low-temperature treat-
ments (p = 0.009), while no significant difference
occurred between 5°C and -20°C (p = 0.459). Af-
ter 14 months, the initial sample again showed the
lowest coefficient of velocity (p = 0.009), whereas
no significant difference was observed between
ambient and cold conditions (p = 0.175) or ambi-
ent and freezing conditions (p = 0.175). After 18
months, significant differences were again found
between the initial sample and all storage condi-
tions (p = 0.009) and between ambient and 5°C (p
= 0.012) as well as between ambient and -20°C
(p = 0.009), while no significant difference oc-
curred between 5°C and -20°C (p = 0.117). The
highest coefficient of velocity was recorded at 5°C
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(32.17%), followed by -20°C (28.76%, 25.34%, and
25.88% for 6, 14, and 18 months, respectively).

For the mean germination time, seeds from the ini-
tial sample germinated significantly more slowly than
all stored lots (»p = 0.016-0.009). After six months,
significant differences were found between the ini-
tial sample and all storage temperatures (p < 0.016)
and between ambient (control) and low-temperature
treatments (p = 0.009), but not between 5°C and
-20°C (p = 0.459). After 14 months, the initial sam-
ple again differed from all stored seeds (p = 0.009),
while no difference occurred among storage tempera-
tures (p = 0.175-0.754). After 18 months, seeds from
the initial sample remained significantly slower (p =
0.009), and ambient-stored seeds differed from those
at 5°C (p = 0.012) and -20°C (p = 0.009), whereas
no difference was observed between 5°C and -20°C
(p=0.117).

The results of the calculation of germination ki-
netics parameters for seeds stored at cold and freez-
ing conditions, and those stored at ambient temper-
ature, showed a significant difference, indicating a
reduction in seed viability for seeds stored at ambient
conditions compared to those stored at cold condi-
tions (p < 0.05).

The best results were obtained with seeds stored
at 5°C for short periods and at -20°C for more than
14 months, compared to the other conditions studied
(p<0.05). The improvement in germination perform-
ance, reflecting enhanced viability, was statistically
significant for seeds stored at the lowest temperature
for durations exceeding 14 months (p < 0.05).



DISCUSSION

The small, ovoid seeds of Mentha x rotundifolia,
characterised by a glossy surface with fine granula-
tion, may reflect an adaptation that facilitates disper-
sal in their natural habitat. Similarly, a dark brown
colour could help protect against UV rays and limit
moisture evaporation. The small size provides a ref-
erence for comparison with other Mentha species or
Lamiaceae members. The low average weight indi-
cates dispersal mainly by wind, facilitating the wide
distribution of this species.

Our seed observations revealed exalbuminous
seeds, a feature that is consistent with the pattern re-
ported for members of the Nepetoideae subfamily.
The Lamiaceae family exhibits considerable diversity
in seed types, which can be either albuminous or ex-
albuminous depending on the subfamily. For instance,
among the 42 genera of Nepetoideae, all except Bystro-
pogon produce exalbuminous seeds, whereas the Lami-
oideae subfamily predominantly includes species with
albuminous seeds, with Amethystea being a notable
exception (Zoz & Litvinenko, 1979). Seeds are exal-
buminous (Fig. 1), meaning that the endosperm is ab-
sent or greatly reduced, and the nutritional reserves are
stored primarily in the cotyledons of the embryo. This
allows direct nutrient transfer to the growing tissues
during germination (Morot-Gaudry et al., 2021). This
clearly confirms that Mentha * rotundifolia belongs to
the exalbuminous group within the Lamiaceae.

The Royal Botanic Gardens Kew (2020) rec-
ommends maintaining seed moisture content be-
tween 3% and 7%, which is considered optimal for
long-term storage. In our study, the seeds reached a
moisture content of 6.94%, which falls within this
recommended range. Combined with their hygro-
scopic behaviour, this supports their classification as
orthodox seeds. Seeds were dried in glass desiccators
containing silica gel immediately after cleaning until
reaching this moisture range before storage. Exces-
sive humidity may promote mould and microbial
growth, while overly low moisture levels can lead
to excessive dehydration, reducing seed viability.
As stated by Nadarajan et al. (2023), Harrington’s
Thumb Rules (1972) indicate that appropriate drying
improves seed longevity by 1% for every reduction
in seed moisture content to equilibrium. The ability
of orthodox seeds to withstand long-term storage is a
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major advantage for seed banks and ex situ conserva-
tion programmes. Studies have shown that the lon-
gevity of orthodox seeds can be increased by reduc-
ing their moisture content and storage temperature,
with a doubling of their lifespan for every 1-2% re-
duction in their moisture content (Corbineau, 2024).

Freshly harvested Mentha x rotundifolia seeds
did not germinate, indicating the presence of innate
dormancy or physiological immaturity of the embryo
that could be overcome by a post-maturation treat-
ment. Post-maturation is a process of storing har-
vested seeds for varying periods at ambient tempera-
tures (Baskin & Baskin, 1998). Seeds kept for three
months in ambient conditions germinated with rela-
tively low vigour. Thus, those subjected to a natural
photoperiod regime germinated at 32%, while those
subjected to continuous obscuration germinated at
only 6%. These results highlighted the importance of
the post-maturation period to trigger the physiologi-
cal processes necessary for seed germination in this
species. The results of this study agree with those
of Baskin & Baskin (2014), who have reported that
seeds of species in the Lamiaceae family generally
exhibit shallow physiological dormancy. Accord-
ing to Bewley & Black (1994), dormancy allows for
time-spread germination by making the elimination
of dormancy dependent on an environmental factor
that is itself time-spread. The seeds of Mentha * ro-
tundifolia studied are in dormancy or physiological
immaturity and require a post-maturation period of
several months. In addition, it is reported that the
seeds of the genus Mentha are mainly character-
ised by physiological dormancy (Baskin & Baskin,
2004; Brandel, 2006; Elhindi et al., 2016; Lopez del
Egdigo et al., 2019). Physiological dormancy is the
most common type of dormancy, characterised by
the influence of environmental and hormonal factors
that prevent immediate seed germination even under
favourable conditions (Baskin & Baskin, 2014).

The results obtained highlight the crucial role of
natural photoperiod in the germination process of
Mentha % rotundifolia seeds. This explains why this
species is adapted to an alternating regime of light
and darkness rather than continuous darkness, which
is vital in preparing it to regulate essential subsequent
biological processes such as photosynthesis and
growth. The results obtained corroborate the findings
of several previous studies on this subject.
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According to Quail (2010), the seeds of many
plants that require light to initiate germination con-
tain a quantity of phytochrome (photoreceptor) in an
inactive form, which becomes active when the seeds
absorb light rays. In contrast, seeds capable of ger-
minating without light have been reported to already
possess enough active phytochrome (Quail, 2010).
Therefore, the need for light observed in our study
confirms that our seeds are positively photoblastic.
This finding is further supported by Liu et al. (2012),
who have reported a significantly higher germination
rate for Mentha * rotundifolia seeds under white light
than under total darkness. This dependence on light is
consistent with the low nutrient reserves in the seed
(absence of endosperm), making rapid post-germina-
tion photosynthesis essential for seedling survival. In
line with this, previous studies by Milberg et al. (2000)
and Pearson et al. (2002) have shown that small seeds
depend on light to germinate because they have lim-
ited internal reserves, which require rapid activation
of photosynthesis after germination.

According to Probert (2000), the ideal tempera-
ture range for germination is generally determined
by the thermal conditions in the habitat. In our study,
seed germination occurred between 10°C and 35°C,
an amplitude comparable to that reported for several
Mediterranean arid and semiarid species of the Lam-
iaceae family, such as Lavandula dentata L., Teucri-
um gnaphalodes L’Hér., Thymbra capitata (L.) Cav.
and Thymus hyemalis Lange (Kadis & Georghiou,
2010), and Salvia sclarea L., which germinates seeds
between 10°C and 30°C (Come, 1993). Beyond this
thermal range, a distinct optimum was identified at
30°C under light conditions. These findings are con-
sistent with those of Liu et al. (2012), who have also
reported 30°C as the most favourable germination
temperature for Mentha X rotundifolia, reinforcing
the ecological relevance of this thermal preference.
Similarly, Hyptis marrubioides Epling (Lamiaceac)
exhibited optimal germination at the same tempera-
ture under comparable light conditions (Sales et al.,
2011). It is known that optimal thermal intervals are
related to the geological origin of species and pro-
mote their adaptation and regeneration in semiarid
Mediterranean climate.

Seed longevity is strongly influenced by initial
quality, moisture levels, and temperature to extend
seed life during storage. Numerous studies have dem-
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onstrated that seed longevity increases when mois-
ture is reduced and storage temperature is lowered,
underscoring the importance of properly managing
these factors to optimise seed conservation (Wal-
ters et al., 2010; Nadarajan et al., 2023). According
to Rao et al. (2006), maintaining seed viability over
long periods requires storage temperatures below
0°C, often between -18°C and -20°C. According to
the observations of Harrington & Kozlowski (1972),
temperature and humidity are indeed determinants of
seed conservation, and they found that every a 5°C
reduction in storage temperature doubles the lifespan
of seeds. Hay et al. (2023) have emphasised that
maintaining seed viability and vigour over extended
periods requires strict control of moisture content,
usually between 3% and 7 %, in combination with
cold storage in airtight containers. These conditions
ensure that the seeds remain below the critical water
activity threshold that triggers biochemical deterio-
ration. The synergy between low humidity and cold
temperature is therefore essential for slowing down
the rate of viability loss during ex sifu storage sys-
tems (Hay & Probert, 2013).

For Lamiaceae species, such as Mentha aquatica,
Lycopus europaeus L., and Stachys palustris L., Bran-
del (2006) has shown that dormancy release occurs at
temperatures below 12°C, indicating clear physiologi-
cal tolerance to cold. This supports the suitability of
low-temperature regimes (from -18°C to -20°C) for
the long-term preservation of Mentha seeds in seed
banks. The present findings thus align with these
previous reports, reinforcing the view that sub-zero
storage environments are optimal for maintaining the
germinative potential and physiological integrity of
Lamiaceae seeds over prolonged periods.

Ikeda et al. (1960) have demonstrated that to pre-
serve the germination capacity of Mentha x piperita
seeds from Japan, they must be kept at low tempera-
tures and under drying conditions. These findings
guided the selection of storage conditions for the
present study. The viability of Mentha x rotundifolia
seeds was maintained during the three storage pe-
riods considered in this study. Several studies have
examined the germination potential of seeds of cer-
tain Lamiaceae species stored for varying durations,
and their results corroborate our findings. This is the
case for Salvia officinalis L. and Mentha spicata L.,
where seeds maintained high germination rates for 18



months of storage under controlled conditions (Ellis
et al., 1985). In this study, a significant improvement
in the viability of Mentha * rotundifolia seeds was
observed after six months of storage at 5°C, with the
final rate reaching 100%. Among the temperatures
evaluated in this study, 5°C stands out as a particu-
larly advantageous storage option for short-term
storage. This rate decreased significantly after 18
months of storage to an average value of 62%. This
storage temperature could be reserved for short-term
use, when rapid, high germination is required. Wal-
ters et al. (2005) have demonstrated that refrigeration
temperatures can preserve seed viability in the short
term. An extended shelf life can lead to cell mem-
brane degradation and affect physiological processes,
eventually reducing viability. These results confirm
that low-temperature storage effectively preserved
germination velocity and maintained seed vigour
compared to ambient conditions.

The results of our study suggest that freezing
temperatures can not only preserve but also improve
seed viability over extended periods. This obser-
vation is supported by the research of Pritchard &
Dickie (2003), who have demonstrated that freezing
temperatures can slow down the metabolic and en-
zymatic processes responsible for seed degradation,
thereby improving conservation of viability. Similar-
ly, Walters et al. (2010) have revealed that low-tem-
perature storage delays cellular degradation by slow-
ing enzymatic and metabolic processes responsible
for seed ageing, while also protecting the integrity
of RNA and DNA. In our study, the seeds preserved
at -20°C exhibited the best overall stability, suggest-
ing that freezing temperatures not only maintain but
also enhance long-term viability compared to cold
or ambient conditions. Conversely, storage at room
temperature likely accelerated lipid peroxidation and
membrane disruption (Corbineau et al., 2024). While
some studies have reported that long-term storage at
room temperature can enhance seed viability, the re-
lationship between temperature and seed dormancy
remains complex. Low temperatures are often asso-
ciated with alleviation of dormancy (Bouwmeester &
Karssen, 1993a, 1993b), but in some species, they
can also induce dormancy. Conversely, room tem-
perature or higher temperatures may induce dor-
mancy in certain cases, while promoting its release
in others (Brindel, 2004; Briandel & Schutz, 2005).
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Seeds stored at -20°C maintained relatively stable
germination rates, reaching 64% after 18 months of
storage, although the observed variations were not
statistically significant (p > 0.05). In parallel, this
study demonstrated that storage at ambient tempera-
ture can enhance germination rates, depending on the
duration of storage. A significant improvement was
observed between six and 14 months, and between
six and 18 months (p < 0.05). Interestingly, seeds
stored at ambient temperature (control) showed the
highest germination rate after 18 months, suggesting
that, under certain conditions, room temperature may
favour long-term viability in Mentha % rotundifolia.
These findings are consistent with those reported by
Ikeda et al. (1960), who have demonstrated the effec-
tiveness of low-temperature storage combined with a
drying agent in preserving the germination capacity
of Mentha * piperita seeds for over a year. How-
ever, the same authors have also observed that this
capacity is almost entirely lost within a year when
the seeds are stored in dry air at room temperature.
The germination capacity of Mentha x rotundifolia
seeds was maintained and even improved after one
and a half years of storage in dry air, without a drying
agent, at ambient temperature.

CONCLUSION

The present study provides essential baseline in-
formation on the biological response of Mentha %
rotundifolia seeds under controlled conditions, con-
tributing to a better understanding of the species’
regeneration potential in ex situ conservation pro-
grammes.

Storage temperature significantly affected all
measured germination parameters, whereas storage
duration alone had no measurable influence. The best
germination performance was obtained under cold and
freezing conditions, which maintained high vigour,
and short germination times even after 18 months of
storage. In contrast, seeds kept under ambient condi-
tions germinated more slowly and exhibited reduced
vigour, despite occasionally higher germination per-
centages. These results confirm that low-temperature
storage is the most suitable strategy to preserve seed
viability and physiological integrity over time.

This study showed promising results in maintain-
ing and even enhancing the germinative performance
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of Mentha % rotundifolia seeds during storage. Fu-
ture research should consider extending the storage
duration to better assess seed longevity and ensure
long-term conservation efficiency.
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