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Abstract

This study aimed to analyze the effect of reduced water potential on the imbibition curve and
triphasic pattern of seeds in several Solanaceae species. The experiment was conducted at the Seed
Physiology and Health Laboratory and the Seed Biology and Biophysics Laboratory, Department of
Agronomy and Horticulture, Faculty of Agriculture, Bogor Agricultural University, from April to
September 2025. The study used seeds from three Solanaceae crops—chili (Capsicum annuum L.,
varieties Simpatik and Sempurna), tomato (Solanum lycopersicum L., varieties Niki and Rempai), and
eggplant (Solanum melongena L., varieties Tangguh and Provita). The seeds were subjected to various
levels of osmotic stress using polyethylene glycol (PEG 6000) to simulate water potentials of 0.00, —
0.30, -1.90, and —4.10 MPa. Lower water potential in the growing medium reduced the seed’s ability
to absorb the water. The triphasic pattern consistently appeared only in chili seeds, whereas in
tomatoes and eggplants, it varied across varieties and water potential conditions. The lower water
potential made the later the phase I ended, and the longer the phase II lasted. These findings confirm
that the standard imbibition pattern cannot be generalized to all seeds, and therefore, the imbibition
response is specific to seed type, variety, and germination environment.

Keywords: drought stress; germination; osmotic potential; radicle emergence; seed vigor

1. Introduction

Seed germination marks a pivotal transition in the plant life cycle, linking a quiescent, desiccated
seed to an actively growing seedling capable of independent establishment. Germination success
depends largely on environmental factors, particularly water availability [1]. Water not only initiates
the physical swelling of the seed but also triggers a cascade of metabolic and physiological processes
necessary for embryo activation and growth [2,3]. The initial uptake of water, known as imbibition,
is fundamental to germination because it rehydrates cellular components and restores membrane
integrity, and triggers metabolic processes essential for embryo activation and subsequent seedling
development [4-6]. However, when the surrounding medium exhibits reduced water potential, such
as under drought or osmotic stress, the rate and extent of imbibition are adversely affected,
potentially delaying, reducing, or completely inhibiting germination [7,8].

According to [3], the process of seed imbibition follows a triphasic pattern. In the first (Phase I),
water absorption occurs rapidly due to potential differences between the seed and the germination
medium, and by low-intensity metabolic activity. The second (Phase II) is characterized by a plateau
in water absorption, where the seed reaches near-hydration equilibrium. However, there is little to
no change and intense metabolic activities involved in preparing the seed for germination and
seedling growth. Next, the third (Phase III), subsequent growth with radicle protrusion and seed
weight gain. All of which are sensitive to water availability, reduced water potential slows or blocks
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the imbibition process and thereby delays germination [9] In particular, prolongation of phase II
under low water potential correlates with delayed radicle emergence and slower progression toward
germination completion [1], while the same hydric constraint aligns with observations of slowed
imbibition and germination under drought or osmotic stress across multiple species [2]. These
findings collectively establish water potential as a primary modulator of the imbibition timeline and
germination rate [2].

The Solanaceae family includes agriculturally important crops (Capsicum and Solanum species)
that are frequently cultivated under water-limited conditions, making them relevant for studying
seed germination in drought-like environments [10,11]. Seed germination under drought-like
environments is a critical stage determining stand establishment and yield, making it a pertinent focal
point for understanding drought tolerance in solanaceous crops [12,13]. This contextualizes, making
them ideal models for studying the influence of water potential on imbibition and the triphasic
pattern. Previous studies have reported that Solanaceae seeds are sensitive to reduced water
potential, showing delayed radicle emergence and decreased final germination percentage as osmotic
stress intensifies [14-16]. Furthermore, analyzing the imbibition curve under reduced water potential
provides valuable information for modeling seed hydration kinetics. Parameters derived from these
curves, such as the rate of water absorption and the duration of each imbibition phase, can be used
to describe species-specific differences and to identify thresholds of water limitation that impede
germination. Therefore, the present study aims to evaluate the effect of reduced water potential on
the imbibition curve and the triphasic pattern of seeds in selected Solanaceae species. The hypothesis
of this research is that reduced water potential significantly affects the seed imbibition curve and the
triphasic imbibition pattern in Solanaceae species.

2. Materials and Methods

This research was conducted at Seed Physiology and Health Laboratory, Department of
Agronomy and Horticulture, Faculty of Agriculture, Bogor Agricultural University from April to
September 2025. The main materials used in this research include seeds from three commodities of
the Solanaceae family, namely chilies (Simpatik and Sempurna varieties), tomatoes (Niki and Rempai
varieties), and eggplants (Tangguh and Provita varieties). The experiment was arranged in
randomized complete block design (RCBD) with a single factor, namely osmotic potential,
comprising four levels [0.0 MPa (control), —0.30, -1.90, and —4.10 MPa] induced by different
concentrations of polyethylene glycol 6000 (PEG 6000) solutions. Each treatment was replicated four
times, and each experimental unit consisted of 100 seeds. The concentrations of PEG 6000 required to
obtain these values were determined by using the equation [17]: W = [-0.10 - 0.001 C + 0.026 C2 —
0.0003 C3] where W = osmotic potential (MPa); C = concentration (g L-1 PEG 6000 in water). As
control, a solution with osmotic potential W = 0.0 MPa was used.

The research procedure began with germination of 50 seeds in each germination on a double
layer of paper and towel tissue soaked in at least 10 mL of the PEG 6000 solution in plastic box (17
cm x 11.5 cm x 7.5 cm). The boxes were stored in a germination room with a temperature ranging
from 25 °C + 2 °C. Water content and radicle emergence observations were carried out for four-hour
intervals, from 0 hour until no more radicles emerged. Radicle emergence was defined as the seed
emergence of a radicle reaching 2 mm in length. Both parameters used a new seed sample for each
imbibition event. Radicle emergence (RE) was calculated using the following formula:

Number of seeds with emerged radicles x 100
Total number of seeds

Seed moisture content was measured using the direct method using a high-temperature oven at

Radicle emergence (%) =

130 °C for 1 hour, with each testing unit consisting of 50 seeds. The measurement results are expressed
as a percentage of water content absorbed by the seeds, using the following formula [18]:

ight — igh
Water content (%) = Wet welght ~Dry welght » 100

Dry weight
Water content patterns for each commodity and water potential during imbibition were
analyzed using a regression model in Minitab 18. The equation model used is as follows:
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y=a+bx+cx?+dx3
where a, b, ¢, and d are constants, x is the imbibition time, and y is the seed water content (%).

The regression model was used to determine the classic imbibition curve proposed by [19],
which contains three phases: phase 1: fast imbibition; phase 2: little to no imbibition, usually longer
than phase 1; and phase 3: radicle protrusion and water content increases again. The transitions
between the phases were visually defined. The transition between phases 1 and 2 was identified as
the point at which seed water content increased very little or not at all, and between phases 2 and 3,
as the point at which seed water content began to increase rapidly. Statistical analysis was performed
descriptively by comparing the modeled imbibition curves with the observed seed water content
values and their standard deviations for each treatment. Model validity was confirmed when the
observed values fell within the standard deviation range of the fitted regression model.

3. Results

The results show that seed water content increases with imbibition time at each water potential.
Lower water potential (more negative) reduces the rate of water uptake by seeds (Figure 1). Figure
1A and 1B show that the water content at 140 hours for 0.00 MPa is 61.6% and 72.5%, respectively,
for the Simpatik and Sempurna varieties. Compared with -4.1 MPa, the water content at the same time
shows differences of 7.6% and 14.7%. Tomato seeds of the Niki and Rempai varieties (Figure 1C and
1D) tend to have higher water content. At the end of the observation, the water content of the Niki
and Rempai varieties at 0.00 MPa reached 84.3% and 86.1%, respectively, and, compared with -4.10
MPa at the same time, showed differences of 33.3% and 30.6%. This finding is interesting regarding
the way seeds absorb water. The outer surface of the tomato seed coat is covered with fine, hair-like
structures called trichomes. The anatomical structure of the seed coat plays a complex and species-
specific role in water uptake [20]. Figure 1D and 1E on eggplant seeds of the Tangguh and Provita
varieties show that the water content at the end of the observation for 0 MPa is 62.0% and 78.7%,
respectively. Compared with -4.10 MPa, the water content at the same time shows differences of
14.0% and 13.5%.

100 100

20 9%

80

70

60

o

50

«®
40 M
:

.
.
w|t?

Seed water content (%)
2 oz o=

Seed water content (%)

100,0 100,0
c D
90,0 900
sas . .s
800 ] 200 anli
. M
_ I P T N
£ mo etetan Lt 00 e :
T M -
£ e "Lt £ o " st
£ w0 . 3 w0 v
§ . I‘I.“. % .II aa st .
5 . . .
E 500 . R . * £ S0 [} N + .
F LK) . n B 2 Imgmy s, ..
Z RS R L L T A H g1, 5.0itdld .
. . + . .t H - ) .
& 40| g8 e Ll H
H § ‘
300 300
200 «0,00 MPa 200 *0,00 MPa
=030 MPa |- 030 MPa
100 A-190 MPa 10,0 A-1,90 MPa
*-4,10 MPs. *-4,10MPa
00 00

Times (hour) Times (hour)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202601.0533.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 January 2026 d0i:10.20944/preprints202601.0533.v1

4 of 12

60.0 [ |
o

Seed water content (%)
3

ird. ]
the ugre} ! spapit?y ! v
0o ‘!*: ,!:!,..I!l LELES ! i

Times (hour)

Figure 1. Seed water content pattern of chili seeds Simpatik (A) and Sempurna (B) variety; tomato seeds Niki (B)
and Rempai (D) variety; eggplant seeds Tangguh (E) and Provita (F) variety on four water potential levels.

The pattern and rate of water uptake vary with environmental conditions, particularly the
surrounding water potential, which determines the driving force for water movement into the seed.
Under osmotic stress, the rate of imbibition typically decreases, delaying subsequent physiological
events. The data presented in Figure 1 serve as the basis for establishing the mathematical
relationship between seed water content and imbibition time across different water potentials. The
third-degree polynomial regression equations for each commodity are presented in Table 1.

Table 1. Third-degree polynomial regression equations describing the relationship between seed water content

(y) and imbibition time (x) of chili, tomato, and eggplant seeds under different water potential levels.

Varieties Wate(xi\}[);;ntial Equations R?
Capsicum annuum (chili) seeds
Simpatik 0.00 YA e 01308+ 74.60%
= — 2
2030 y =25.40 +0.1(.)(())(())328X(3).01479x + 70.08%
= — 2
190 y =23.82 +3.§§307;<1X30.01371x + 75.93%
= - 2
410 y =23.25 +0(.)(.)Eé%%§;x§).01295x + 66.69%
Sempurna 0.00 y =24.70 + 1.183x-0.01756x2+ 0.000084x>  88.17%
-0.30 y =22.80 + 1.056x-0.01525x2+ 0.000073x*>  90.21%
= | 2
190 y =21.88 +0?6?)Z(52>;X(3.01359x + 88.75%
= —| 2
410 y =20.92 +0?6?)g§2>gx?.01261x + 84.19%
Solanum lycopersicum (tomato) seeds
= — 2
Niki 0.00 y =31.69 + (3:(5)21)3)5(5);3)(?.00366% + 86.81%
=28. . -0.007114x2
030 A TR g 109,
= — 2
190 y =26.66 + 3.3(;105(;)7)(5X30.01364x + 87 08%
= —_ 2
410 y =23.92 +01.(.)105020x89x(;.01849 X2+ £9.31%
Rempai 0.00 y=27.73+ gzézzéggxg.ooosshu 92.81%
= —_ 2
2030 y=27.70 + ((;:(6)?)23;4X(3).006216x + 91.06%
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1.90 y =24.89 +0.1(.)(())g§;9—)((3.01628x2+ 88.72%
410 y =22.85 +0‘1(.)?)31(’))>g3—xg).01824x2 + 76.31%
Solanum melongena (eggplant) seeds
Tangguh 0.00 y =787+ g gs 0656"3;30'01323"2+ 56.95%
030 y=24.77 +(§)..(?(?02(;L7x0;30.01489x2+ 56.35%
1.90 y =25.20 +g.()8(;1()1(;16><0;30.01293xz+ 53.13%
410 y =23.46 +368§()8(§J5><9;30.01289x2+ 54219
Provita 0.00 y=3304x gzzgég;—xg.owé%xz v 84.74%
- _ 2
-0.30 y=30.89 + 323333)2(3)(?'004264)( + 88.03%
1.90 y=29.44 + (()).31)1)}));7—)((3).004839x2 + 86.63%
= - 2
410 y=28.78 + 8353(1);(0 X(z.005739x + 82,489

For chili seed, the regression models show a strong fit, with coefficients of determination (R?)
ranging from 66.69% to 79.08% for the Simpatik variety and 84.19% to 90.21% for the Sampurna variety.
For tomato seed, R? ranged from 69.31% to 89.10% for the Niki variety and from 76.31% to 92.81% for
the Rempai variety. Moreover, for eggplant seed, R? ranged from 53.13% to 89.10% for the Tangguh
variety and 82.48% to 88.03% for the Provita variety. The results show that the third-degree
polynomial function effectively describes the relationship between time and water content. The
intercept and slope coefficients vary according to water potential, reflecting the influence of osmotic
stress on the rate and extent of seed water absorption. In general, the highest R? values were observed
at 0.0 MPa and -0.30 MPa, suggesting that the model fits the data better under non-stress or mild-
stress conditions. The gradual decrease in regression coefficients at lower water potentials (-1.90 MPa
and —4.10 MPa) indicates reduced water uptake efficiency and a slower imbibition rate as osmotic
pressure increased. Among the two varieties for each commodity, the higher R2 Sempurna, Rempai,
and Provita varieties imply more consistent water absorption behavior under varying water
potentials.

The standard triphasic imbibition pattern was not observed at any water potential level in either
tomato seed variety. The triphasic pattern was only identified at -4.10 MPa for the Niki variety (Figure
3), whereas for the Rempai variety it was identified at -1.90 and -4.10 MPa (Figure 4). At a water
potential of -4.10 MPa, the Niki variety reached the end of phases I and II at 28 and 104 hours,
respectively. However, no germination occurred because the seeds experienced excessive stress
(Figure 3D). At other water potential levels, although the triphasic pattern was not observed, Niki
tomato seeds were relatively resistant to -0.30 MPa and -1.90 MPa, as evidenced by radicle emergence
rates of 84% and 43%, respectively. Figure 5C shows that in the Rempai variety, the end of phases I
and II occurred at 36 and 84 hours, respectively, with a phase II duration of 48 hours. The radicle
protrusion at a water potential of -1.9 MPa occurred midway through phase II, at 64 hours, and
continued through the end of the observation, when the RE reached 58%. At a water potential of -4.1
MPa (Figure 5D), the end of phases I and II occurred at 36 and 104 hours, respectively, with the
duration of phase I being longer at 68 hours. The RE did not appear in the -4.1 MPa treatment because
the seeds experienced severe stress.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Imbibition and radicle emergence (RE) curves of Simpatik variety of chili seeds at a water potential of
0.0 MPa (A), -0.30 MPa (B), -1.90 MPa (C), and -4.1 MPa (D). Full vertical lines indicate the transition between
imbibition phases 1 and 2, and dotted lines indicate the beginning of phase 3.
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Figure 3. Imbibition and radicle emergence curves of Sempurna variety of chili seeds at a water potential of 0.0
MPa (A), -0.30 MPa (B), -1.90 MPa (C), and -4.1 MPa (D). Full vertical lines indicate the transition between
imbibition phases 1 and 2 and dotted lines indicate the beginning of phase 3.
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Figure 5. Imbibition and radicle emergence curves of Rempai variety of tomato seeds at a water potential of 0.0
MPa (A), -0.30 MPa (B), -1.90 MPa (C), and -4.1 MPa (D). Full vertical lines indicate the transition between
imbibition phases 1 and 2 and dotted lines indicate the beginning of phase 3.

The triphasic pattern was observed at all water potential levels in eggplant seed of the Tangguh
variety (Figure 6). In contrast, in the Provita variety, the pattern did not develop at all (Figure 7). In
Tanggquh varieties (Figure 6), the end of phase 1 was reached at the 36th hour at all water potential
levels. As the water potential level decreased, the duration of phase II became progressively longer,
respectively, at water potential treatments of 0.00 MPa to -4.10 MPa for 68, 72, and 80 hours. The
radicle protrusion in the Tangguh variety corresponds to [3], where radicle protrusion towards the
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end of phase II. At 0.00 MPa, RE appears at the 100th hour, and at -0.30 MPa and -1.90 MPa, RE
appears at the 100th and 112th hours, respectively. RE does not appear in the -4.10 treatment, as the
seeds experience severe stress. Tangquh variety seeds used tend to have relatively low seed quality,
where in the control treatment the RE percentage only reached 62.0% so that when given a lower
water potential treatment the seeds experienced a sharp decrease in RE, namely to 31.0% (-0.30 MPa)
and 3.0% (-1.90 MPa). The standard triphasic pattern was not formed in the Provita variety. Although
the water content rose rapidly at the onset and then leveled off, the seed’s water content increased
linearly throughout the entire imbibition process (Figure 7). Another finding from this eggplant
variety was the moderate decrease in RE at each water potential level. The RE percentage obtained
from water potentials of 0.00 MPa to -4.10 MPa ranged from 43.3 to 52.3%. This suggests that the
Provita eggplant seed variety is resistant to osmotic stress.
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Figure 6. Imbibition and radicle emergence curves of Tangguh variety of eggplant seeds at a water potential of
0.0 MPa (A), -0.30 MPa (B), -1.90 MPa (C), and -4.1 MPa (D). Full vertical lines indicate the transition between
imbibition phases 1 and 2 and dotted lines indicate the beginning of phase 3.
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Figure 7. Imbibition and radicle emergence curves of Provita variety of eggplant seeds at a water potential of 0.0
MPa (A), -0.30 MPa (B), -1.90 MPa (C), and -4.1 MPa (D).

4. Discussion

In general, for all commodities, the lower the water potential of the growing medium, the lower
the seed’s ability to absorb water, as seen from the seed’s water content (Figure 1). The triphasic
pattern does not always apply to every commodity, variety, and water potential level. From the
results of this study, it appears that only chili varieties in the two varieties tested produced a triphasic
pattern (Figures 2 and 3). In tomato seeds, the pattern was formed only at lower water potentials of -
4.10 MPa in the Niki variety (Figure 4) and -1.90 MPa and -4.10 MPa in the Rempai variety (Figure 5).
[21] also did not find this pattern in the Cassia excelsa imbibition curve under normal conditions, but
the pattern was seen when the seeds were at a water potential of -0.4 MPa. Eggplant seeds showed
different results in the two varieties, where the triphasic pattern was seen in the Tanggh variety for
all water potentials, while not for the Provita variety. This finding was also found in a study [22],
where of 25 forest tree seeds tested, the triphasic pattern was only found in 11 seed types. The absence
of this pattern has also been reported in several other species. Campomanesia adamantium, for example,
showed a linear increase in weight from the beginning of imbibition until radicle emergence [23].
Other species that also did not exhibit a triphasic imbibition pattern include Melanoxylon brauna [24].

Overall, the results of the study indicate that the lower water potential, the later the end of phase
I occurs and the longer the duration of phase II lasts. Phase II represents a plateau in water uptake
following the rapid imbibition of phase I, during which pre-germinative metabolism proceeds while
the radicle remains restrained. This stage is widely described as the critical window during which
cellular repair, hydrolytic enzyme activity, and metabolite accumulation are initiated or intensified,
without completing germination via radicle emergence [25-27]. The duration of phase II can vary by
species and environmental conditions, and its proper execution is central to achieving improved seed
vigor after subsequent dehydration and storage [26,28]. From a seed technology perspective, duration
of Phase II is particularly important because it determines the seed’s capacity to tolerate
environmental stress, respond to seed treatments such as priming, and maintain viability under
suboptimal conditions [29-32]. Prolongation or shortening of Phase II directly influences seed vigor,
uniformity of germination, and resilience to drought stress, making it a key parameter for evaluating
seed quality and for developing technologies aimed at improving germination performance in water-
limited environments. Environmental context during phase II (e.g., osmotic potential of the priming
solution, temperature) influences the balance between continued metabolic activation and the risk of
undesired radicle initiation. Several studies emphasize that priming must be controlled to avoid
premature protrusion while enabling sufficient biochemical activation for improved germination
later [27,33,34].

Furthermore, the emergence of the radicle does not always align with the imbibition pattern
results according to [3], which refers to the radicle protrusion at the end of phase II. In this study, it
was observed that the emergence of the radicle tended to occur earlier, namely in the middle of phase
II, except in Tangguh eggplant variety (Figure 6). This result was also found in a study by [22], which
found that only in four of 11 varieties with a triphasic pattern, germination coincided with the third
phase of imbibition. Several empirical reports that radicle emergence may occur before the canonical
end of Phase II under certain conditions or in specific genotypes. For example, [35] describe a pattern
where Phase II extends up to around 50-84 h depending on cultivar, with coleoptile elongation
observed thereafter; this reflects substantial intra-species variation in the timing of the Phase II-Phase
III transition and radicle-related events relative to the Phase II.

Radicle emergence commonly occurs after Phase II, as per the canonical three-phase model and
many priming studies; however, there is explicit evidence of genotype- and treatment-dependent
variation where radicle protrusion can occur within or near the Phase II window, including mid-
Phase II timing in rice and other species under certain osmotic or hormonal priming conditions
[35,36]. This indicates that the standard imbibition pattern does not apply generally to every seed;
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the pattern tends to be specific to each commodity, variety, and germination growing media
conditions.

5. Conclusions

Lower water potential in the growing medium reduced the seed’s ability to absorb water. A
consistent triphasic imbibition pattern was observed only in chili seeds, whereas in tomato and
eggplant seeds the occurrence of this pattern varied among varieties and across water potential
conditions. Decreasing water potential delayed the completion of Phase I and prolonged the duration
of Phase II. These findings demonstrate that the classical imbibition pattern cannot be universally
applied to all seeds; instead, imbibition responses are highly dependent on seed type, varietal
characteristics, and the germination environment.
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