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Abstract

Seeds of Hopea chinensis are typical recalcitrant seeds. To investigate the adapt-
ability of seed germination to temperature and moisture, this study established
three temperature regimes (15 °C, 20 °C, and 25 °C) in an artificial climate
incubator and employed six mass percentage concentrations of polyethylene gly-
col (PEG-6000) (0, 5%, 10%, 15%, 25%, and 35%) to simulate drought stress
treatments, thereby examining the germination characteristics of Hopea chinen-
sis seeds. The results indicated that: (1) Temperature had a significant effect
on seed germination. Under the same drought stress concentration, the ger-
mination percentage, germination potential, germination index, radicle length,
shoot length, and vigor index of seeds showed an increasing trend with rising
temperature, germination lag time decreased with increasing temperature, and
germination duration exhibited a fluctuating increase with temperature eleva-
tion. (2) Drought stress had a significant effect on seed germination. At the
same temperature, the germination percentage, germination potential, germi-
nation index, germination duration, radicle length, plumule length, and vigor
index of seeds showed a decreasing trend with intensifying drought stress, while
germination lag time increased with aggravated drought stress. (3) The inter-
action between temperature and drought stress had a significant effect on seed
germination. Under drought stress, seed germination performance varied un-
der different temperature conditions. Under 35% PEG-6000 stress, the seed
germination percentages at 20 °C and 25 °C were 8.89% and 15.55%, respec-
tively, which were significantly greater than that at 15 °C (0%). In summary,
the temperatures suitable for seed germination were 20 °C and 25 °C, with 25
°C being optimal for early seedling growth. The greater the drought severity,
the stronger the inhibitory effect on seed germination; drought stress exerted a
greater influence on seed germination than temperature, and appropriate tem-
perature elevation could alleviate the inhibitory effect of drought stress on seed
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Abstract

Hopea chinensis seeds are typical recalcitrant seeds. To investigate their ger-
mination adaptability to temperature and moisture, this study examined seed
germination characteristics under three temperature regimes (15 °C, 20 °C, and
25 °C) and six polyethylene glycol (PEG-6000) concentrations (0, 5%, 10%, 15%,
25%, and 35%) simulating drought stress in artificial climate incubators. The re-
sults revealed: (1) Temperature significantly affected seed germination. Under
the same drought stress concentration, germination rate, germination energy,
germination index, radicle length, shoot length, and vitality index increased
with rising temperature, while germination delay decreased and germination du-
ration showed fluctuating increases. (2) Drought stress significantly impacted
seed germination. At the same temperature, all germination parameters de-
creased with intensifying drought stress, while germination delay increased. (3)
The interaction between temperature and drought stress significantly influenced
germination, with seeds showing different performance across temperatures un-
der drought stress. Under 35% PEG-6000 stress, germination rates at 20 °C and
25 °C were 8.89% and 15.55%, respectively, significantly higher than at 15 °C
(0%). In conclusion, the suitable temperatures for seed germination are 20 °C
and 25 °C, with 25 °C being optimal for early seedling growth. Greater drought
intensity increasingly inhibits seed germination, and drought stress exerts a
stronger effect than temperature, though appropriate warming can alleviate
drought-induced inhibition.

Keywords: endangered plant, Hopea chinensis, temperature, drought stress,
seed germination
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Introduction

Seed germination represents a critical stage in plant population regeneration
and is highly sensitive to environmental pressures (Li et al., 2007). Successful
germination and seedling emergence depend on multiple ecological factors (Yu
et al., 2006), and the capacity to adapt to environmental changes reflects a
plant’s ecological strategy (Lei et al., 2020). Different plant species require
distinct germination conditions and exhibit varying adaptive responses, making
the investigation of ecological factors’ effects on seed germination a persistent
research focus (Lei et al., 2020; Fan et al., 2021; Guan et al., 2022).

Temperature and moisture are among the most important ecological factors in-
fluencing seed germination. Some species benefit from alternating temperatures
(Guan et al., 2022), while others require constant temperature (Yu et al., 2004),
high temperature (Yu et al., 2004), or low temperature (Sheng et al., 2004).
Plant responses to water stress during germination vary considerably, with nu-
merous scholars employing PEG-6000 solutions to simulate drought stress and
assess germination-stage drought resistance (Li et al., 2013; Yan et al., 2016).
Low-concentration drought stress can promote germination in some species
(Wang et al., 2016); for example, PEG-6000 solutions at 0.05-0.10 g-ml!
enhanced germination and seedling uniformity in Metasequoia glyptostroboides
(Wu et al., 2020), and 5%—-10% PEG-6000 treatments broke seed dormancy in
Rhododendron ziaoxidongense (Li et al., 2022). However, as PEG-6000 concen-
tration increases, germination inhibition intensifies (Wang et al., 2016; Chen et
al., 2017), with germination rate and index declining accordingly (Liu, 2019).
Temperature and moisture interactively affect germination; moderate warming
can alleviate high-concentration PEG stress inhibition in Vicia unijuga seeds
(Tang and Nan, 2019), while Caragana korshinskii seeds show strongest drought
tolerance at lower temperatures (Yan et al., 2016). Investigating temperature
and moisture requirements for germination, particularly in endangered species,
helps elucidate germination characteristics, population dynamics, and ecological
adaptability (Steven, 1991), providing theoretical foundations for conservation
and restoration strategies (Zhang et al., 2018).

Hopea chinensis (Dipterocarpaceae) is an evergreen tree species, a nationally
protected second-class wild plant in China, a species with extremely small pop-
ulations, and is listed as Critically Endangered (CR) by the International Union
for Conservation of Nature. Previous research has focused on population ecology
(Huang et al., 2008), photosynthetic characteristics (Mo et al., 2009), seedling
physiology (Zhou et al., 2013), pollination biology (Lu et al., 2020), seed distri-
bution patterns and germination characteristics (Tang et al., 2009), and seed
physiological traits (Huang et al., 2022). These studies have advanced under-
standing of its population ecology and biological characteristics. H. chinensis
seeds have high moisture content, lack dormancy, and readily germinate in
warm, humid environments (Huang et al., 2008). In natural habitats, seeds
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falling on rocks rapidly desiccate and lose viability (Tang et al., 2009). Huang
et al. (2022) reported that after eight days of natural dehydration, germina-
tion rate dropped to only 51.67%, approaching the lethal threshold, suggesting
drought as a critical factor affecting germination. Additionally, seeds stored
at 12-13 °C under moist conditions showed poor germination (37%) when sown
after 25 days (Huang et al., 2008). Since H. chinensis seeds mature from Decem-
ber to January during Guangxi’s cool winter, low temperature may be another
important limiting factor. The species’ flora has tropical affinities requiring
warm-humid germination conditions, yet the specific effects of temperature and
moisture on its germination remain unclear. This study investigates germina-
tion characteristics under different temperatures and PEG-6000 concentrations
to explore: (1) adaptive mechanisms under varying temperature and drought
stress; (2) response strategies to different temperature and drought conditions;
and (3) differences in germination under interactive temperature and drought
treatments. The findings will help identify optimal ecological conditions for
germination and provide theoretical support for germplasm conservation and
seedling cultivation.

Materials and Methods

1.1 Experimental Materials Seeds were collected in January 2020 from
Nanshan Protection Station of Guangxi Fangcheng Golden Camellias National
Nature Reserve (108°02 33 E, 21°43 34 N, elevation 196 m, south-facing slope,
10° gradient). The 1000-seed weight was 470.73 g with 42.57% moisture content.
All seeds were mature and naturally abscised from mother trees. After collec-
tion, seeds were mixed thoroughly, immediately transported to the Guangxi
Key Laboratory of Superior Trees Resource Cultivation, cleaned of impurities,
and used for germination experiments. All collection activities were permitted
by local management authorities.

1.2.1 Drought Stress Simulation Using PEG-6000 Under Different
Temperatures Following Chen et al. (2017), six PEG-6000 concentrations
(0 [distilled water|, 5%, 10%, 15%, 25%, and 35%) were prepared to simulate
drought stress. Each treatment had three replicates of 30 healthy, wingless seeds.
Seeds were disinfected in 0.2% potassium permanganate solution for 5 minutes,
rinsed, and soaked in distilled water for 24 hours. They were then placed in
120 mm petri dishes lined with two layers of filter paper and 10 mL of PEG-
6000 solution. Based on native climate conditions and preliminary experiments,
dishes were incubated at 15 °C, 20 °C, or 25 °C under 3,000 Ix light for 12 h/d
at 80% relative humidity. Filter paper and PEG-6000 solutions were replaced
every two days.

1.2.2 Seed Viability and Germination Characteristics Germination was
recorded daily when radicles reached half the seed length. The 20-day experi-
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ment concluded with measurements of radicle length (Lr) and shoot length (Ls).
Germination indices included germination percentage (GP), germination index
(GI), germination delay (GD), germination duration (D), germination energy
(GE), and vitality index (VI), calculated as follows (Yan et al., 2016; Lei et al.,
2020):

o GP = (Total germinated seeds / Total seeds tested) x 100%

o GI = X(Number of seeds germinated on day t / Corresponding germina-
tion day)

e GD = Time required from incubation start to first seed germination

¢ D = Time required for the germination process

o GE = (Number of normally germinated seeds within 7 days / Total seeds
tested) x 100%

e VI =GI x (Lr + Ls)

Where Lr and Ls are radicle length (cm) and shoot length (cm) at experiment
termination (in this study, seedling root length represents the total length of
radicle and hypocotyl).

1.3 Data Analysis SPSS 19.0 was used for ANOVA and Duncan’s multiple
range tests on germination indices across treatments. Two-way ANOVA exam-
ined interactive temperature and drought stress effects (P < 0.05). Statistical
significance was set at o = 0.05 for all analyses.

Results

2.1 Effects of Different Temperatures on Seed Germination As shown
in Table 1 , under 0% PEG-6000, germination rate, germination energy, germi-
nation index, and radicle length at 20 °C and 25 °C were significantly greater
than at 15 °C, while germination delay was significantly shorter. Specifically,
germination rates were 0.59 and 0.56 times higher than at 15 °C, germination
energy was 1.1 and 1.2 times higher, germination index was 0.87 and 0.46 times
higher, and vitality index was 3.44 and 4.95 times higher, respectively. At 25 °C,
germination duration, radicle length, shoot length, and vitality index reached
maximum values of 14.3 days, 6.28 cm, 6.56 cm, and 27.62, respectively, with
germination duration, radicle length, and vitality index significantly exceeding
the other two temperatures.

Under 5% PEG-6000 stress, germination rate and energy at 20 °C and 25 °C
were significantly greater than at 15 °C, being 0.42 and 0.46 times higher for
germination rate, and 1.0 and 1.11 times higher for germination energy. At 25
°C, germination index, duration, radicle length, shoot length, and vitality index
were maximal, with germination index, duration, radicle length, and vitality
index significantly exceeding other temperatures.

Under 10% PEG-6000 stress, germination rate, energy, and index at 20 °C
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and 25 °C were significantly greater than at 15 °C. Germination rates were
0.48 and 0.33 times higher, germination energy was 1.75 and 2.0 times higher,
germination index was 0.77 and 0.75 times higher, germination delay was 0.35
times shorter, and germination duration was 0.44 and 0.12 times longer than at
15 °C. At 25 °C, radicle length, shoot length, and vitality index were maximal,
with radicle length and vitality index significantly exceeding other temperatures.

Under 15% PEG-6000 stress, germination rates across all temperatures fell be-
low 50%, reaching the semi-lethal threshold. At 25 °C, germination energy,
radicle length, shoot length, and vitality index were maximal. Under 25% PEG-
6000 stress, 25 °C yielded maximal germination rate, germination index, radicle
length, and vitality index, with minimal germination delay—0.23 and 0.28 times
shorter than at 20 °C and 15 °C, respectively. Radicle length was 0.21 and 0.35
times longer than at 20 °C and 15 °C, and vitality index was 1.42 times higher
than at 15 °C.

Under 35% PEG-6000 stress, germination rates were lowest across all tempera-
ture treatments, with germination occurring only at 20 °C (8.89%) and 25 °C
(15.55%), indicating severe inhibition.

2.2 Effects of Different PEG-6000 Concentrations on Seed Germina-
tion At 15 °C, germination rate, energy, index, radicle length, and vitality
index under 0% and 5% PEG-6000 were significantly greater than other concen-
trations. Germination delay under 0%, 5%, and 10% PEG-6000 was significantly
shorter than the remaining three concentrations. Germination duration under
0%, 5%, 10%, and 15% PEG-6000 was significantly longer than the other two
concentrations.

At 20 °C, germination rate, index, and vitality index under 0% PEG-6000 were
significantly greater than other concentrations. Germination delay under 0%,
5%, and 10% PEG-6000 was significantly shorter than the remaining three con-
centrations. Germination duration under 0% and 5% PEG-6000 was signifi-
cantly shorter than under 10% PEG-6000, showing a trend of initial increase
then decrease with intensifying drought.

At 25 °C, germination rate, index, radicle length, shoot length, and vitality
index under 0% and 5% PEG-6000 were significantly greater than other concen-
trations, with significantly shorter germination delay. Germination energy and
duration under 0% PEG-6000 were significantly greater than other concentra-
tions.

2.3 Interaction Between Temperature and PEG-6000 Simulated
Drought Stress Table 2 shows that temperature, PEG-6000 simulated
drought stress, and their interaction had highly significant effects (P < 0.01)
on all eight germination indices. Differential seed responses to PEG-6000
stress across temperatures reflected this interaction. For example, under 5%
PEG-6000, germination rates at 20 °C and 15 °C differed by 24.44% (82.22%
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vs. 57.78%). Under 10% PEG-6000, the difference between 20 °C and 15 °C
decreased to 22.22% (68.89% vs. 46.67%) compared to the 5% concentration.

Discussion and Conclusion

Seed germination requires suitable ecological conditions, with interacting fac-
tors influencing seed viability (Yu et al., 2006). Our results demonstrate that at
20 °C and 25 °C, H. chinensis seeds exhibited high germination rates, energy,
index, and vitality, with longer radicles and shoots and shorter germination
delays. Conversely, at 15 °C, these parameters were minimal, shoots failed to
grow, and germination was inhibited, indicating 20-25 °C as the optimal temper-
ature range. Notably, germination duration was significantly shorter at 20 °C
than at 25 °C, suggesting faster overall germination, while seeds at 25 °C began
germinating by day 2 with maximal radicle and shoot lengths, making it ideal
for early seedling growth. Appropriate temperatures maintain high enzyme ac-
tivity, accelerating enzymatic reactions, respiration, and nutrient mobilization
to meet germination demands (Qin et al., 2020). Extreme temperatures alter
hydrolase properties and membrane permeability, inhibiting germination (Song
et al., 2010). Optimal germination temperatures reflect adaptation to native
habitats (Li et al., 2021). Inhibition at 15 °C aligns with findings for other
tropical recalcitrant seeds like Shorea wantianshuea and Pometia pinnata (Wen
et al., 2002; Yan and Cao, 2006), likely due to chilling injury and indicating
unsuitability for cool regions. H. chinensis is restricted to areas below 600 m
elevation in Guangxi’s Shiwandashan region (Huang et al., 2008), where north
tropical monsoon climate provides necessary warmth but limits distribution.
Winter seed maturation exposes seeds to low temperatures, risking seedling
establishment and potentially limiting natural regeneration. However, germina-
tion under moist, cool conditions also represents an adaptive strategy, allowing
seeds to capitalize on precipitation events for seedling establishment.

Adequate moisture is essential for germination (Qin et al., 2020). Germination
was inhibited at 10% PEG-6000, reached semi-lethal rates at 15%, and was
severely suppressed at 35%, consistent with studies on Glycyrrhiza inflata (Shi
et al., 2010), Medicago sativa, and Sorghum bicolor (Li et al., 2009). Drought
stress likely inhibits protective enzyme activity and osmotic adjustment, disrupt-
ing normal metabolism (Li et al., 2013). H. chinensis seeds show high drought
sensitivity, possibly related to their native habitat and reproductive biology.
As a representative species of tropical seasonal rainforest, seeds mature during
the driest season and require moist conditions for germination, potentially ex-
plaining their restriction to dense valley forests and stream banks (Huang et al.,
2008).

Temperature and drought stress interactively affect germination. At 20 °C,
germination duration initially increased then decreased with drought intensity,
suggesting adaptive adjustment of germination timing to mitigate environmen-
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tal variability and reduce mortality risk (Wang et al., 2016; Zhang et al., 2022).
Under 5% PEG-6000, germination rates remained high at 20 °C (82.22%) and
25 °C (84.45%), possibly due to increased osmotic adjustment and protective
enzyme activity (Mai et al., 2009; Zhang et al., 2012). Under 35% PEG-6000,
germination rates at 20 °C and 25 °C were 8.89% and 15.35%, with radicle
lengths of 1.63 cm and 2.04 cm, respectively, demonstrating that elevated tem-
perature can alleviate drought inhibition (Tang and Nan, 2019). Continued radi-
cle growth facilitates water absorption, indicating that seeds maintain viability
under severe stress as an adaptive strategy (Tang and Nan, 2019). Critically, no
germination occurred at 15 °C under 35% PEG-6000, revealing that combined
low temperature and severe drought is lethal.

In summary, both temperature and drought stress affect H. chinensis germina-
tion. Fifteen degrees Celsius inhibits germination, while 20-25 °C is optimal,
with 25 °C best for early seedling growth. High moisture requirements mean
germination inhibition intensifies with drought stress, though 20-25 °C can mit-
igate inhibition under 35% PEG-6000 stress. Low temperature and drought
likely constrain seedling distribution and natural regeneration. For artificial
cultivation, maintain adequate moisture and use 20-25 °C to promote germina-
tion, with approximately 25 °C optimal for subsequent seedling growth.
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