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Abstract

To investigate the dormancy and germination mechanisms of seeds from differ-
ent Xanthoceras sorbifolium cultivars, this study selected seeds of four cultivars
(‘Putong’ (PT), ‘Qihong’ (QH), ‘Wofeng’ (WF), and ‘Woshi’ (WS)) for storage
treatments at -20 °C over different durations (30, 60, 90, 120, and 150 d). Ger-
mination indices were measured at each stage, and seed internal contents and
hormone levels were analyzed before storage, after storage, and during a 7-day
germination period. The results demonstrated: (1) Storage at -20 °C signifi-
cantly improved germination quality in small-seeded cultivars (PT and QH),
with the 60-day treatment being optimal, achieving germination rates of 48.3%
and 58.3%, respectively; however, the effects on large-seeded cultivars WF and
WS were inferior to those of the former two. (2) During 60-day storage at -
20 °C and 7-day moist sand germination, oil content and seed coat thickness
decreased significantly across all four cultivars, with substantial reductions oc-
curring between days 3-7 (except for WS). Kernel moisture content increased
rapidly during days 1-3 of germination, then gradually increased to peak on day
7, while kernel starch and soluble sugar contents accumulated significantly at
days 3-4. (3) Low-temperature storage elevated the GA/ABA and tHor/ABA
ratios (where tHor = TAA + GA + ZR + iPA) in small-seeded cultivars, thereby
promoting oil degradation and seed coat thinning to break dormancy. In conclu-
sion, large seed size, thick and hard seed coat, and physiological after-ripening
constitute the primary causes of dormancy in Xanthoceras sorbifolium, which ex-
hibits combinational dormancy. Low-temperature storage effectively breaks dor-
mancy and enhances germination rates, with greater efficacy in small-seeded cul-
tivars. Large-seeded cultivars such as ‘Woshi’ can achieve improved germination
(38.7%) through extended low-temperature storage (150 d). Low-temperature
storage combined with moist sand germination represents a rapid and conve-
nient method for promoting Xanthoceras sorbifolium seed germination. This
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study provides valuable insights for the promotion of superior cultivars and
research on seed dormancy-release mechanisms.

Full Text
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Abstract: To study the seed dormancy and germination mechanism of Xan-
thoceras sorbifolium, seeds from four cultivars (‘Putong’ (PT), ‘Qihong’ (QH),
‘Wofeng’ (WF), and ‘Woshi’ (WS)) were stored at -20 °C for different periods
(30, 60, 90, 120, 150 d). The seed germination indexes were determined for
each treatment, and changes in reserve substances and hormone content were
analyzed across three stages: before storage, after storage, and during 7 days
of germination. The results were as follows: (1) Cold storage significantly pro-
moted the germination rate and germination potential of small seeds (PT, QH).
The optimal treatment was cold storage for 60 days, with germination rates
reaching 48.3% and 58.3%, respectively. The effect on large seeds (WF and
WS) was lower than that on small seeds. (2) The kernel oil content and seed
shell thickness (SST) in seeds of all four cultivars decreased significantly dur-
ing cold storage and germination, particularly during days 3-7 of germination
(except for WS). Kernel water content increased rapidly within 1-3 days of ger-
mination, then slowly increased to a peak on day 7. Kernel starch and soluble
sugar contents accumulated significantly on days 3-4 of germination. (3) Low-
temperature storage increased the GA/ABA and tHor/ABA ratios (where tHor
= IAA+GA+ZR+iPA) in small-seed cultivars, thereby promoting oil degrada-
tion and seed shell thinning to break dormancy. In conclusion, the main factors
causing dormancy in Xanthoceras sorbifolium seeds are large seed size, thick
and hard seed coats, and physiological after-ripening, indicating a comprehen-
sive dormancy type. Low-temperature storage can break seed dormancy and
improve germination rates, with better effects on small-seed cultivars than large-
seed ones. For large-seed cultivars like “Woshi’, extending the low-temperature
storage duration to 150 d can increase the germination rate to 38.7%. Low-
temperature storage combined with wet sand germination is a rapid and simple
method to promote Xanthoceras sorbifolium seed germination. This study pro-
vides a reference for the promotion of superior varieties and research on seed
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dormancy-breaking mechanisms in Xanthoceras sorbifolium.
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1. Materials and Methods
1.1 Experimental Materials

The experimental materials were obtained from the Xanthoceras sorbifolium
germplasm resource nursery of Shandong Woqi Agricultural Development Co.,
Ltd. Four cultivars were selected: ‘Putong’ (PT), ‘Qihong’ (QH), ‘Wofeng’
(WF), and ‘Woshi’ (WS). The ‘Putong’ cultivar is the original variety in the
germplasm resource nursery. ‘Qihong’ (ornamental type) features pink to
purplish-red petals and serves as both an ornamental and oil-use variety.
‘Wofeng’ (high-yield type) is a multi-flower, multi-fruit variety with white
petals that turn purplish-red at the base and produces abundant fruit. ‘Woshi’
(oil-use type) has white petals with yellow bases, exhibits clustered fruiting
at terminal and lateral buds, demonstrates strong fruiting ability, and shows
drought resistance and strong adaptability.

In December 2021, plump, undamaged, pest-free seeds from each cultivar were
selected for -20 °C storage treatment (preliminary experiments comparing sand
storage, -20 °C storage, PEG, ABT, hot water, and other methods showed -20
°C storage to be the most effective). Seeds were randomly placed in perforated
self-sealing bags and stored in a -20 °C freezer for five durations: 30, 60, 90, 120,
and 150 d. Each cultivar had 300 seeds per time period (100 seeds per bag, with
three replications), with room temperature storage at approximately 25 °C for
60 d serving as the control.

1.2 Seed Germination Assessment

Sterilized sand was mixed with water and placed in germination boxes. When
the sand could form a ball when squeezed but would crumble when released,
seeds from both cold storage and room temperature storage were evenly mixed
into the wet sand and covered with a 3 cm layer of wet sand (100 seeds per

chinarxiv.org/items/chinaxiv-202308.00244 Machine Translation


https://chinarxiv.org/items/chinaxiv-202308.00244

ChinaRxiv [$X]

box). Germination was conducted at approximately 25 °C room temperature.
During the experiment, seeds were regularly turned to maintain aeration and
sprayed with water to maintain consistent moisture. After germination began,
the number of germinated seeds was observed and recorded daily until germina-
tion ended at 30 d.

Germination rate (%) = (Total number of germinated seeds / Total number
of tested seeds) x 100% (based on 30 d statistics). Germination potential (%)
= (Number of germinated seeds at peak germination (day 15) / Total number
of tested seeds) x 100%. Germination index (Gi) = X(Gi/Dt), where Gi rep-
resents the number of germinated seeds at different times and Dt represents
the germination time (calculated for the first 30 d in this study). Germinated
seeds were transplanted into non-woven bags containing a substrate mixture of
peat:perlite:vermiculite (2:1:1) and cultivated for one month to record seedling
survival rates and observe growth conditions.

1.3 Measurement of Seed Traits and Physiological Indices

Concurrent with germination testing, an additional three replicates of 300 seeds
per cultivar were subjected to the same 60 d storage and germination treat-
ments for determination of oil, hormones, and other internal substances. Seeds
from both cold storage and room temperature storage were divided into six
time periods for sampling: before storage (Stage I), end of storage (wet sand
germination day 0) (Stage II), wet sand germination day 1 (Stage I1I), wet sand
germination day 3 (Stage IV), wet sand germination day 4 (Stage V), and wet
sand germination day 7 (seed germination stage) (Stage VI). Measured indices
included seed coat thickness, seed thickness (measured with vernier calipers),
single-grain weight, and physiological indices such as water content, oil content,
soluble sugar, starch, soluble protein, and five hormones (IAA, GA, ZR, iPA,
ABA). Single-grain weight was measured only at Stage I, while the five hormones
were measured only at Stages I, II, and VI.

Water content was determined using the oven-drying method: seeds were pe-
riodically removed from wet sand, washed clean, surface moisture was blotted
with paper towels, seeds were cracked with pliers, and kernels were weighed for
fresh weight (M1), then dried in a 60 °C oven to constant weight for dry weight
(M2). Kernel water content (%) = (M1-M2)/M1 x 100. Seed coats were mea-
sured for thickness using vernier calipers, with 50 replicates per treatment and
averages calculated.

Soluble sugar and starch (anthrone method), soluble protein (Coomassie bril-
liant blue method), and oil content (Soxhlet extraction method) were deter-
mined following Wang’s method (2017). Plant hormone content was measured
using enzyme-linked immunosorbent assay (ELISA, Wu et al., 1988). Plant hor-
mones were measured using fresh seeds (before oven-drying), while oil, soluble
sugar, starch, and soluble protein were measured using oven-dried seeds and cal-
culated as percentage content. All indices were measured with three replicates
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per cultivar per time period.

1.4 Data Statistics and Analysis

Data are presented as mean + standard deviation (SD). All data were analyzed
using SPSS 23.0 software for one-way ANOVA and Duncan’s multiple range
tests. Prism and R software were used for graphing.

2. Results

2.1 Comparison of Seed Phenotypes Among Xanthoceras sorbifolium
Cultivars

Seed phenotypes of the four cultivars were measured before storage. As shown
in [Figure 1: see original paper], WF and WS cultivars belong to the large-seed
category, with seed thicknesses of 1.19 cm and 1.21 cm and single-grain weights
of 1.22 g and 1.36 g (P < 0.05), respectively, both significantly higher than PT
and QH cultivars (seed thicknesses of 1.09 cm and 1.08 cm; single-grain weights
of 0.95 g and 0.99 g, belonging to the small-seed category).

2.2 Effects of Cold Storage Duration on Seed Germination Charac-
teristics

Seeds of the four Xanthoceras sorbifolium cultivars treated with -20 °C cold
storage for 30, 60, 90, 120, and 150 d and room temperature storage for 60 d
(control, CK) were germinated in wet sand at room temperature. Changes in
germination indices are shown in [Figure 2: see original paper]. As indicated
in Figure 2A, the average initial germination days for room temperature-stored
seeds of the four cultivars were 7.3, 8.3, 9.0, and 8.3 d, respectively. After cold
storage at all five time periods, germination time was advanced for all cultivars.
The shortest initial germination time for PT cultivar was 5.3 d at 60 d, 2 d
earlier than the control. QH cultivar showed initial germination times of 6.0 d
and 5.6 d at 60 d and 150 d of cold storage, respectively, 2.3 d and 2.7 d earlier
than the control. WF cultivar had its shortest initial germination time of 6.3
d at 150 d, while WS cultivar showed its shortest germination time of 5.7 d
at 120 d. Overall, 60-150 d of cold storage was appropriate, advancing initial
germination by approximately 2 d for all cultivars.

As shown in Figures 2B-D, after room temperature storage, large-seed cultivars
WF and WS had germination rates of 25.3%, while small-seed cultivars PT and
QH had germination rates of 33.3% and 41.3%, respectively, with the latter
showing higher germination potential and germination index (P < 0.05). Cold
storage treatment promoted seed germination, and although the three indices
remained higher in small seeds than in large seeds, the trends differed. During
0-60 d of cold storage, PT, QH, and WF cultivars showed increasing trends in
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all three indices, peaking at 60 d with significant differences from room tempera-
ture storage (P < 0.05). After 60 d, these indices began to decline significantly,
gradually stabilizing between 90-150 d (with no significant differences among
these three time periods for PT and WF). QH cultivar showed a rebound to
the 60 d level at 150 d. WS cultivar showed no significant changes in the three
indices compared to the control during 0-120 d (P > 0.05), but increases oc-
curred after 120 d, with values at 150 d significantly higher than the control
(P < 0.05). The ranking of the three indices from highest to lowest was QH
> PT > WF > WS (with WS > WF at 150 d cold storage). PT, QH, and
WF cultivars all showed maximum values at 60 d cold storage, with QH achiev-
ing the highest germination rate of 58.3%. Compared to their respective room
temperature storage, germination rates increased by 45.3%, 41.1%, and 32.9%;
germination potential increased by 45.8%, 36.7%, and 28.1%; and germination
index increased by 78.8%, 58.7%, and 51.0%. WS cultivar at 150 d cold storage
showed increases of 52.7%, 64.0%, and 66.0% in germination rate, germination
potential, and germination index, respectively, compared to room temperature
storage (Figures 2B, C, D). After transplanting germinated seeds and cultivat-
ing for one month, WS cultivar showed the highest seedling survival rate and
produced relatively robust seedlings.

2.3 Dynamic Changes in Seed Coat Thickness and Kernel Contents
Under Cold Storage

The effects of low-temperature cold storage and room temperature storage on
seed coat thickness, water content, and kernel contents of the four Xanthoceras
sorbifolium cultivars are shown in [Figure 3: see original paper] through [Figure
5: see original paper]. As shown in Figure 3A, kernel water content among
the four cultivars ranged from 4.1% to 5.8% before storage. After 60 d of cold
storage, kernel water content decreased to 1.7%-2.1% across all cultivars, while
room temperature-stored kernels showed even greater decreases to 1.3%-1.9%,
with QH and PT cultivars having higher water content than WF and WS (P
< 0.05). When seeds from both storage treatments were placed directly in wet
sand for germination, kernel water content showed an S-shaped trend: a rapid
(linear) increase during 0-3 d, an inflection point at 3-4 d marking the transition
to a slow phase, and a plateau during 4-7 d. Differences between cold and room
temperature storage mainly occurred on germination days 1 and 7 (when radicles
began to emerge). On day 1, room temperature-stored seeds showed significantly
higher water content than cold-stored seeds, with increases of 21.3%, 32.6%,
21.9%, and 10.2% across the four cultivars (P < 0.05, non-significant for WS),
indicating faster water absorption in room temperature-stored seeds during early
germination. On day 3, QH cultivar still showed lower water content under cold
storage, but the other three cultivars had values approaching those of room
temperature storage. By day 7, all cultivars except PT showed significantly
higher water content than cold-stored seeds, with increases of 8.3%, 7.4%, and
8.5%.
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Regarding seed coat thickness, WS cultivar had the thickest coats before storage,
followed by WF, QH, and PT with the thinnest. After 60 d of storage (Stage II),
both treatments showed reduced coat thickness. Cold storage decreased coat
thickness by 6.0%, 3.0%, 16.0%, and 4.0% across the four cultivars compared to
harvest time, while room temperature storage caused greater reductions. Dur-
ing germination, room temperature-stored seeds showed no significant changes
in coat thickness except for a slight decrease on day 7 (non-significant). In
contrast, cold-stored seeds showed gradual decreases in coat thickness during
germination, with reductions of 17.0%, 14.0%, 10.0%, and 5.0% on day 7 com-
pared to day 0 (P < 0.05). Moreover, cold-stored seeds had higher coat thickness
than room temperature-stored seeds during early germination (1-3 d), but by
day 7, PT and QH cultivars showed lower thickness than room temperature-
stored seeds (decreases of 5.7% and 4.9%), while WF and WS remained higher.
This demonstrates that thick seed coats contribute to stronger dormancy in
large-seed cultivars (Figure 3B).

Before storage, kernel oil content varied significantly among the four cultivars,
ranking WS > WF > PT > QH, with large-seed WS showing the highest oil
content, 7.3% higher than the lowest QH (P < 0.05). After cold storage, oil
content decreased in all cultivars by 4.5%, 4.75%, 5.1%, and 2.6%, respectively,
compared to before storage. Room temperature-stored seeds showed greater
decreases of 8.9%, 6.5%, 7.9%, and 6.2% (P < 0.05). During germination
(0-7 d), the two storage methods showed different declining patterns. Room
temperature-stored seeds showed the greatest decrease during 0-1 d, with QH
and WF decreasing by 7.4% and 5.7% on day 1, followed by a gradual decline.
Cold-stored seeds showed significant decreases during two stages: 0-1 d (QH,
WF) and 4-7 d (PT, WF) or 3-7 d (QH), with QH decreasing by 7.6% between
days 3-7 and WF decreasing by 4.5% between days 4-7 (P < 0.05, Figure 4A).

Soluble protein content in cold-stored seeds decreased at the end of storage,
fluctuated somewhat during germination (0-4 d), but overall showed no signif-
icant changes, returning to pre-storage levels by day 7. Room temperature-
stored seeds showed significantly lower soluble protein content after storage (P
< 0.05), with little change during germination but values significantly lower than
cold-stored seeds at all stages. On day 7, the four cultivars showed decreases
of 19.0%, 16.5%, 16.4%, and 17.4% compared to cold-stored seeds (P < 0.05,
Figure 4B).

Starch content decreased from before storage to the end of cold storage, then
gradually increased during germination, peaking on day 4 (day 3 for QH) before
declining to the lowest level on day 7 when radicles began to break through the
seed coat. At the end of cold storage (day 0), starch content had decreased
by 19.0%, 15.0%, 33.0%, and 17% compared to before storage (P < 0.05). By
day 4 of germination, starch content had increased by 70.0%, 44.6% (QH on
day 3), 122.0%, and 102.0% compared to the end of cold storage, followed by
a sharp decline. On day 7, PT, QH, and WF cultivars showed starch content
lower than at day 0, while WS remained higher than both cold-stored day
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0 and room temperature day 7. After room temperature storage (Stage II),
starch content did not show significant decreases compared to before storage,
with QH and WF even showing significant increases. During germination under
room temperature, PT showed fluctuating starch content during 0-3 d, QH
showed a significant decrease, but both gradually increased during 3-7 d; WF
remained essentially at day 0 levels with little change; WS showed a gradual
increase during 0-4 d followed by a decline on day 7 (P < 0.05). On day 7, cold-
stored seeds of PT, QH, and WF showed significantly lower starch content than
room temperature-stored seeds, with reductions of 68.3%, 49.2%, and 32.2%,
respectively.

Soluble sugar content showed greater variation than starch. Cold storage sig-
nificantly reduced soluble sugar content, with decreases of 29.0%, 54.0%, and
37.0% at the end of storage compared to before storage (except WS). Dur-
ing 0-4 d of germination, soluble sugar content increased substantially, then
fell back to day 0 levels by day 7, with all cultivars peaking on day 4 at in-
creases of 103.4%, 165.3%, 70.5%, and 63.3% compared to the end of cold stor-
age. Room temperature-stored seeds showed much greater decreases in soluble
sugar content than cold-stored seeds (except PT). During germination, room
temperature-treated seeds showed fluctuating soluble sugar content, with no
significant differences from day 0 (except PT, which was significantly higher on
day 7 than day 1). Compared to room temperature storage, cold-stored seeds
showed 53.1%, 63.2%, 25.8%, and 70.55% higher soluble sugar content on day
4, but 28.7%, 39.5%, and 16.6% lower content on day 7 for PT, QH, and WF
(P < 0.05).

2.4 Effects of Cold Storage on Endogenous Hormone Content

Before storage (Stage I), GA content was highest in WS, followed by PT, and
lowest in QH. After cold storage (Stage II, day 0), GA content decreased in
three cultivars but increased by 32.0% in QH. On day 7 of germination (Stage
VI), GA content in PT and QH increased significantly compared to Stage 1T by
84.0% and 24.0%, respectively, while WF and WS increased by only 5.0% and
12.0% (Figure 6A).

ABA content before storage ranked QH > PT > WS > WF across the four
cultivars. After 60 d of cold storage, ABA content decreased in PT, increased
slightly (non-significantly) in QH (P > 0.05), and increased by 30.0% and 14.0%
in WF and WS, respectively. On day 7 of germination, ABA content decreased
dramatically in all four cultivars by 48.0%, 30.0%, 24.0%, and 39.0% compared
to Stage II (Figure 6B).

Before storage (Stage I), TAA content was highest in PT and lowest in WF.
After 60 d of cold storage, TAA content decreased by 25.0% and 19.0% in PT
and QH, respectively, while increasing by 20.0% and 10.0% in WF and WS. By
day 7 of germination, PT and QH showed significant increases of 31.0% and
21.0% compared to Stage II, while WS decreased by 18.0% (Figure 6C).
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ZR (zeatin riboside) and iPA (isopentenyl adenosine) contents in QH cultivar
showed an initial increase followed by a decrease across the three stages, in-
creasing after low-temperature storage then decreasing by day 7 of germination.
The other three cultivars showed the opposite pattern: decreasing after cold
storage then recovering to levels similar to harvest time by day 7 of germination
(Figures 6D-E).

The GA/ABA ratio in QH cultivar increased by 23.5% after cold storage com-
pared to before storage (Stage I), while the other three cultivars showed signif-
icantly lower ratios, with PT, WF, and WS decreasing by 29.1%, 26.0%, and
22.4%, respectively. On day 7 of germination, the GA/ABA ratio was signifi-
cantly higher than in the previous two periods, with the four cultivars showing
increases of 213.9%, 87.2%, 80.3%, and 81.1% compared to Stage IT (Figure 6F).

The TAA/ABA ratio at the end of cold storage was lower than before storage
(Stage I) in all four cultivars, with decreases of 15.6%, 24.3%, 8.0%, and 3.5%,
respectively, reaching significant levels in PT, QH, and WF (P < 0.05). By day
7 of germination, the TAA/ABA ratio increased significantly compared to Stage
1T by 127.1%, 83.4%, 68.6%, and 52.1% across the four cultivars (Figure 6G).

The tHor/ABA ratio (where tHor = TAA+GA+ZR+iPA) decreased signifi-
cantly at the end of cold storage compared to Stage I by 18.6%, 8.6%, 6.9%, and
5.2% (P < 0.05). By day 7 of germination, this ratio increased dramatically,
being significantly higher than the previous two stages, with particularly large
increases compared to the end of cold storage of 146%, 75.4%, 77.0%, and 81.1%
across the four cultivars (Figure 6H).

2.5 Correlations Among Indices Under Cold Storage

Correlations among indices at various stages are shown in [Figure 8: see original
paper]. Closely correlated indices included GA, ABA, GA/ABA, tHor/ABA,
kernel water content, kernel oil content, and seed coat thickness. The GA/ABA
and tHor/ABA ratios showed significant negative correlations with ABA and oil
content (across all four cultivars), seed coat thickness (PT, QH, WS), and starch
(PT, QH), but significant positive correlations with GA and water content (all
four cultivars) and starch (WF, WS) (P < 0.01 or P < 0.05). Seed coat thickness
showed significant or highly significant negative correlations with water content
across all four cultivars, significant positive correlations with oil content, and
significant positive correlations with starch in PT and QH (P < 0.01 or P <
0.05). Oil content in PT and QH showed significant positive correlations with
starch (P < 0.05).

3. Discussion and Conclusion

Current classifications identify five types of seed dormancy: physiological dor-
mancy, morphological dormancy, morphophysiological dormancy, physical dor-
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mancy, and combinational dormancy (Baskin et al., 2005). Physical dormancy
results from seed size, seed coat hardness, and thickness affecting water perme-
ability (Schutte et al., 2014; Rodrigues-Junior et al., 2018). Season and seed
size determine dormancy degree, with larger seeds of the same species typically
showing higher germination rates (Rubio de et al., 2017; Liyanage & Ooi, 2018).
However, for Xanthoceras sorbifolium seeds with hard and thick coats, germi-
nation rate differs from these findings. In this study, small-seed cultivars PT
and QH showed higher germination rates, while large-seed cultivars WF and
WS showed lower rates, likely related to seed coat thickness and hardness in
large seeds. WF and WS seeds were difficult to crack with pliers, with thick,
hard coats representing one reason for low germination rates in large seeds—
indicating stronger physical dormancy in large seeds than in small seeds.

Physiological dormancy arises from germination inhibitors or physiological after-
ripening that suppress radicle emergence (Baskin et al., 2014). In this study, oil
content in seeds of the four cultivars ranged from 57% to 62%, suggesting that
physiological after-ripening may be another cause of physiological dormancy. Af-
ter low-temperature storage, contents of oil, protein, starch, and soluble sugar
in Xanthoceras sorbifolium kernels decreased, but the former two decreased less
than under room temperature storage, while starch and soluble sugar decreased
more. This indicates that low-temperature storage can reduce metabolic inten-
sity and decrease consumption and degradation of seed reserves (Da Silva et al.,
2018). These results are consistent with findings in Libidibia ferrea seeds stored
at room temperature for 6 months, which showed decreased glucose and amino
acid content, while these substances changed little at -18 °C (Bragante et al.,
2018).

The transition from dormancy to germination involves mobilization of stored
substances such as starch, protein, and oil (Vondrakova et al., 2020). Studies
show that protein and crude fat mobilize rapidly during Pinus tabulaeformis
seed germination, being the first reserves utilized (Chen & Shen, 2010). Peanut
seed oil content also declines rapidly during germination (Wang et al., 2017). In
this study, Xanthoceras sorbifolium seed oil content gradually decreased during
germination, soluble sugar increased dramatically during days 3-4, and starch
content also increased during days 1-4, indicating that oil degradation occurs
first, gradually converting to starch and soluble sugar to supply radicle and
plumule elongation. This is consistent with Jin et al. (2015) regarding oil re-
duction during Xanthoceras sorbifolium seed germination. Similar patterns of
these internal substance changes occur during germination of dormant seeds in
Phoebe hui and Phoebe sheareri (Zhang et al., 2022; Liu et al., 2023).

Seed germination is a water absorption-induced process of gradually increasing
respiration and metabolism. This study found that low-temperature storage
reduced consumption of seed internal substances while also altering seed coat
characteristics. After cold storage, all cultivars showed higher seed coat thick-
ness than room temperature-stored seeds. This difference resulted in lower water
absorption during 0-3 d of wet sand germination compared to room tempera-
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ture seeds, but higher absorption during 4-7 d. This suggests that cold storage
brings seed coat thickness to a specific state that alters mechanical strength
and water permeability, allowing seeds to undergo a gradual rewarming process
during water absorption in wet sand, which prevents physical damage to ker-
nels from excessive swelling in the early stage. Additionally, cold storage may
enhance seed antioxidant capacity, while room temperature storage leads to re-
active oxygen species accumulation, seed deterioration, and viability loss. For
example, H,O, content peaks after imbibition in room temperature-stored seeds
(Bicalho et al., 2016), indicating oxidative stress that may damage kernels—a
particularly important consideration for small-seed PT and QH cultivars in this
study. These results align with findings that peanut seeds undergo fission after
one year of storage and that teak seeds show higher initial water absorption
rates with hot water treatment (Zhang et al., 2018; Ling et al., 2018), and cor-
respond with results showing that mixed sand moisture-preserving cold storage
significantly improves germination rates in Corydalis sazicola seeds (Pan et al.,
2022). Further research is needed on physiological changes and reactive oxygen
species metabolism during water absorption in cold-stored seeds.

Seed dormancy and germination are primarily determined by the GA/ABA ra-
tio, with high ratios favoring germination and low ratios favoring dormancy
(Zhang et al., 2022). Appropriate low-temperature storage can promote degra-
dation of inhibitory substances such as ABA and oil, stimulate synthesis of
growth hormone GA, complete after-ripening, and promote germination (Wu
& Shen, 2021; Scepanovic et al., 2022). In this study, after cold storage, PT
seeds showed significant ABA decrease, while QH showed increased GA content
and GA/ABA ratio higher than before storage, indicating inherent differences in
maturity and dormancy degree among Xanthoceras sorbifolium cultivars. Small-
seed QH and PT cultivars had higher maturity; cold storage enabled rapid ABA
decline (PT) or increased GA content (QH), gradually breaking dormancy—
consistent with changes during dormancy release in Ginkgo biloba and Tilia
miqueliana seeds (Jia et al., 2020; Wu & Shen, 2021). In contrast, due to large
size and abundant internal substances, WF and WS showed no ABA decrease
after low-temperature storage, and their GA/ABA ratio increased less than in
small seeds, resulting in less pronounced germination improvement. This study
also found that GA/ABA and tHor/ABA ratios increased substantially on day
7 of wet sand germination (when radicles broke through the seed coat), indicat-
ing that cold storage combined with wet sand germination better promotes seed
germination.

In summary, Xanthoceras sorbifolium seed dormancy is comprehensive, result-
ing from three main factors: (1) large seed size; (2) thick, hard seed coats;
and (3) physiological after-ripening. The four cultivars can be divided into two
categories: small-seed ‘Qihong’ and ‘Putong’ with high germination rates, and
large-seed ‘Wofeng’ and ‘Woshi’ with low germination rates. Cold storage at
-20 °C for 60 d significantly improved germination rates of small-seed cultivars,
advancing germination time, with ‘Qihong’ and ‘Putong’ reaching 58.3% and
48.3% germination rates, respectively. Large-seed ‘Woshi’ required extended
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cold storage to 150 d for better results, achieving 38.7% germination. Small-
seed cultivars, having lower oil content and thinner coats, showed reduced ABA
content or increased GA/ABA ratio after low-temperature storage, thereby pro-
moting oil degradation and seed coat thinning to break dormancy. Large-seed
WS, with high oil content and thick coats, showed only partial dormancy re-
lease after low-temperature storage, maintaining relatively high oil content,
coat thickness, and ABA content, resulting in lower germination rates. Low-
temperature storage combined with wet sand germination is a rapid and simple
method to promote Xanthoceras sorbifolium seed germination.
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