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Insight of the seed germination
of Lily species under different
chemical treatments and light
conditions
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Lily seeds are commonly used for commercial production and genetic breeding, and their germination
rates under different light conditions can be improved by chemical treatments. However, there is a
lack of research to systematically screen the pre-treatment methods that are most suitable for various
lily species. The study selected six lily species (Lilium pumilum DC., Lilium davidii var. unicolor, Lilium
auratum var. platyphyllum, Lilium lancifolivm Thunb., Lilium distichum Nakai, and Lilium pensylvanicum
Ker Gawl.) and employed a randomized complete block three-factor factorial design, with three factors
being species, chemical treatments (0.1% KNOs, 0.1% K,PO,, and different concentrations of GA,),
and light duration (0 h/d, 12 h/d, and 24 h/d). Each treatment included three replicates. Before sowing,
the seeds were disinfected with 2% sodium hypochlorite solution for 15 min and rinsed with distilled
water, then soaked in the corresponding solution for 1 h. Treated seeds were placed in petri dishes

and incubated in an artificial climate chamber at 25 °C, with moist filter paper maintained and light
conditions set accordingly. Germination was monitored continuously for 40 days, and the germination
start time, completion time, and germination rate were recorded. Germination was defined as radicle
emergence through the seed coat by 1-2 mm. The results showed that different lily species responded
significantly differently to chemical treatment and light conditions. GA; treatment generally improved
germination performance, and some species also showed a promoting effect under KNO, or K,PO,
treatment. Comprehensive analysis revealed that L. lancifolium performed consistently well under
multiple treatment conditions and can be selected as the preferred species for stimulation treatment.
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Seed germination is a critical stage in the plant life cycle, directly affecting seedling establishment and final
yield formation'. Seed priming, a widely used pre-sowing treatment method, has been extensively applied in
horticulture and crop production. By activating seed metabolism without triggering full germination, priming
improves germination rate, uniformity, and seedling vigor. Studies have shown that different types of priming
agents promote germination by regulating endogenous hormones, enhancing water uptake, and activating
hydrolytic enzymes?>.

Lily (Lilium spp.), an important ornamental and medicinal plant, often exhibits physiological dormancy
or slow germination, leading to poor seedling quality and low propagation efficiency*. Previous research has
indicated that chemical priming treatments can improve lily seed germination by increasing osmotic potential
or supplementing essential nutrients’. For example, potassium nitrate (KNO,), as a nitrate-based nitrogen
source, regulates hormonal balance and promotes seed coat softening. Phosphate compounds participate in
energy metabolism and play a key regulatory role during early germination®’. However, the response patterns
of different lily species to these treatments remain unclear, and comparative studies in this area are still limited.

In addition, light is another key factor affecting seed germination, often acting as a promoter for many
photophilic seeds®. However, studies have also shown that light can have inhibitory or neutral effects in certain
plant species’. In particular, for species strongly regulated by gibberellins (GA) and abscisic acid (ABA), the light-
induced germination mechanisms involve phytochrome-mediated signaling pathways and complex hormone
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Fig. 1. Effect of control treatment on complete germination time of lily seeds. Note Different letters indicate
significant differences at p <0.05; the same letters indicate no significant difference (p >0.05). This notation is
applied consistently in all statistical figures (Figs. 1, 2, 3, 4, 5 and 6).
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Fig. 2. Effect of control treatment on germination rate of lily seeds.

interactions'®!!. Nevertheless, current research on the light responsiveness of lily seeds remains limited, and
there is a lack of systematic analysis regarding the synergistic effects of light and priming treatments.

Based on this, this study selects six representative lily seed types and conducts a three-factor factorial
experiment to systematically investigate the effects of different chemical priming treatments (KNO,, K,PO,
GA,) and light conditions (0 h/d, 12 h/d, 24 h/d) on their germination process. The goal is to elucidate the
regulatory mechanisms of various treatment combinations on lily seed germination behavior and to provide
theoretical support and technical references for the future propagation of lily seeds.

Results and analysis

Effect of distilled water treatment on the germination time and rate of Lily seeds

Six types of lily seeds were each treated with distilled water for 1 h as the control check group (CK), and the
results are shown in Figs. 1 and 2. Under 0 h/d light conditions, the time required for complete germination of
most lily species was shorter than under 12 h/d and 24 h/d light conditions. However, L. pensylvanicum took
longer to germinate under 0 h/d light than under 12 h/d and 24 h/d light, which may be due to its stronger light
requirement during the seed germination phase. Additionally, most species exhibited the highest germination
rates under 24 h/d light, while L. davidii var. unicolor and L. distichum had significantly higher germination rates
under 12 h/d light compared to the other two treatments. The germination rate of L. pensylvanicum did not
show significant differences between 12 h/d and 24 h/d light conditions. Therefore, considering both the time for
complete germination and the germination rate, the optimal treatment combinations are as follows: L. pumilum,
L. auratum var. platyphyllum, and L. lancifolium performed best under 24 h/d light conditions, while L. davidii
var. unicolor, L. distichum, and L. pensylvanicum showed better performance under 12 h/d light conditions.

Chemical treatment

The effects of different chemical treatments and light conditions on the complete germination time of six lily
seed species are shown in Figs. 3 and 4. Under 12 h/d light conditions, the 0.1% KNO, treatment significantly
shortened the germination time for mostlily species and improved germination rates, with some species achieving
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Fig. 3. Effect of different chemical treatments on the complete germination time of lily seeds.

germination rates close to 100%, significantly outperforming the CK and 0.1% tripotassium phosphate (K,PO,)
treatments. Similarly, the 0.1% K,PO, treatment also showed a noticeable promoting effect on germination rates
for several species, which was higher than that of the CK in most cases, except for L. distichum. Under 24 h/d
light conditions, the 0.1% KNO, treatment continued to exhibit good germination promoting effects in most
species, characterized by significantly shorter germination times and substantially improved germination rates,
particularly in light-responsive species such as L. pumilum, L. auratum var. platyphyllum and L. distichum. In
addition, the 0.1% K,PO, treatment also exhibited a clear promoting effect under 24 h/d light conditions, with
higher germination rates compared to the CK in several species. Under 0 h/d light conditions, the 0.1% KNO,
treatment resulted in germination rates of nearly 100% for all species, indicating a strong promoting effect,
although it also prolonged the time required for complete germination. Considering both germination rate and
the time required for complete germination, the optimal treatment conditions for each lily seed under chemical
treatment are as follows: L. pumilum, L. auratum var. platyphyllum and L. distichum should be treated with 0.1%
KNO, for 1 h under 24 h/d light conditions; L. davidii var. unicolor and L. lancifolium performed best under
24 h/d light conditions with either 0.1% KNO, or 0.1% K,PO,. L. pensylvanicum should be treated with 0.1%
K,PO, under 24 h/d light conditions.

Gibberellin treatment

The complete germination time and germination rate of six lily seeds treated with different concentrations of
gibberellin solution are shown in Figs. 5 and 6. The optimal treatment method: L. pumilum and L. distichum
are suitable for treatment with 200 mg/L gibberellin (GA,) for 1 h under 12 h/d light conditions. L. davidii
var. unicolor is suitable for treatment with 150 mg/L GA, for 1 h under 0 h/d light conditions. L. auratum var.
platyphyllum is suitable for treatment with 50 mg/L GA, for 1 h under 24 h/d light conditions. L. lancifolium is
suitable for treatment with 400 mg/L GA, for 1 h under 24 h/d light conditions. L. pensylvanicum is suitable for
treatment with 400 mg/L GA, for 1 h under 0 h/d light conditions.

Three-way factorial experiment

The study used a three-way factorial experimental design to investigate the effects of lily seed species, chemical
treatments, and light conditions on the germination of six lily seeds. The details are shown in Table 1. Different
lily species (A), chemical treatment methods (B), and light conditions (C) all significantly affect seed germination
rates. Among these, the main effect of lily species was the most significant (p <0.001), with an F-value of 16.99,
indicating significant differences in germination rates among different species; Chemical treatment methods

Scientific Reports |

(2026) 16:110 | https://doi.org/10.1038/s41598-025-29364-w nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Germination

Germination

Germination

rate (%)

rate (%)

Germination rate of lily seeds under different
chemical treatments under 12h/d light

a b a . a a be " a a
80 c b b1 b b
60 —b C
i | I il m
o |
L. davidii var. L. auratum var.
unicolor platyphyllum
Treatment method
B CK ®m 0.1%KNO; | 0.1%K;PO,

Germination rate of lily seeds under different
chemical treatments under 24h/d light

L. pumilum L. lancifolium L. distichum L. pensylvanicum

11(2)8 a a a a a b & 2 a b 2
80 b b b b b
60 b
40 I I c
20 i
L. davidii var. L. auratum var.

unicolor platyphyllum
Treatment method

B CK ® 0.1%KNO; m 0.1%K;PO,

Germination rate of lily seeds under different
chemical treatments under Oh/d light

(e}

L. pumilum L. lancifolium L. distichum L. pensylvanicum

120
100

00 a b N a a b a a a a a b

60 b b b c

40— ¢

1 i I 1 i i

L. davidii var. L. auratum var.
unicolor platyphyllum

Treatment method
B CK ®m 0.1%KNO; B 0.1%K;PO,

(=}

L. pumilum L. lancifolium L. distichum L. pensylvanicum

Fig. 4. Effect of different chemical treatments on the germination rate of lily seeds.

(p=0.003, F=14.24) and light conditions (p =0.015, F=10.70) also showed significant effects, indicating that pre-
treatment agents and light exposure time are important factors influencing seed germination rates. In addition,
a significant interaction was detected between species and treatment method (p=0.042), demonstrating that
different lily species respond differently to specific chemical treatments. In contrast, the interactions between
species and light exposure (p=0.082), treatment and light exposure (p=0.107), and the three-way interaction
(p=0.216) were not significant. Therefore, only the species-treatment interaction had a notable influence,
while the overall effects of other interactions were relatively minor. In summary, germination rate is primarily
influenced by single factors, and when optimizing treatment strategies, the focus should be on matching different
species with appropriate agents.

Summary and discussion

Summary

The results showed that GA, treatment significantly improved the germination rate and shortened the
germination time of most lily species, with the most pronounced effects observed in L. lancifolium and L.
distichum. KNO, also promoted germination in several species, such as L. auratum var. platyphyllum and L.
pumilum, while K,PO, showed only limited improvement. Regarding light response, L. davidii var. unicolor and
L. pensylvanicum germinated best in darkness, indicating light inhibition. L. auratum var. platyphyllum and L.
lancifolium showed higher germination capacity under continuous light, suggesting light promotion. Sensitivity
to both chemical treatments and light conditions varied significantly among species. Overall, GA, was the most
effective treatment, with L. lancifolium showing the strongest response.

Discussion

The results showed that chemical treatments and light conditions significantly affected lily seed germination, with
clear differences between varieties. First, GA, treatment significantly increased germination rates and shortened
germination time in most species, with L. lancifolium and L. distichum showing the most pronounced responses.
This suggests that these two seed types are highly dependent on exogenous GA ,, consistent with the physiological
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Fig. 5. Effect of GA, treatment on the complete germination time of lily seeds.

mechanism by which GA, promotes cell elongation and activates amylase synthesis to break dormancy. Related
studies have pointed out that GA, can break dormancy and promote germlnatlon by promoting seedling cell
elongation and the synthesis of hydrolyt1c enzymes such as a-amylase'2.

KNO, showed clear promoting effects in multiple species, whereas K,PO, exerted limited improvement,
mainly i in L. distichum and L. lancifolium. KNO,, as a typical nitrate nitrogen source, acts as a signal molecule in
plants to regulate endogenous hormone balance, thereby promoting seed coat softening and water absorption>.
K,PO,, as an efficient phosphorus source, enhances early seed energy metabolism, promotes radicle emergence,
and 1mproves germination uniformity'®. Research results indicate that in L. distichum and L. lancifolium,
germination rate and germination time under K,PO, treatment were slightly superior to the control group,
demonstrating a limited but species-specific adaptability.

Regarding light conditions, studies have also validated their important regulatory role in the germination
process of lily seeds. Overall, L. davidii var. unicolor and L. pensylvanicum exhibited optimal germination
under 0 h/d light conditions, suggesting that these species may belong to the negative phototropic seed type.
In contrast, L. auratum var. platyphyllum and L. lancifolium demonstrated higher germination potential under
24 h/d light conditions, exhibiting typical positive phototropic responses. Previous studies have shown that
light can regulate the relative content of GA and ABA by activating light-sensitive pigment-mediated signalling
pathways, thereby influencing seed germination behaviour!'?)- 11, The results indicate that different lily seed
species exhibit significant differences in their responses to light induction, and the effects of light conditions on
seed germination are species-specific.

Additionally, in the interaction between GA, and light, synergistic effects were observed in some treatments.
For example, L. distichum treated with 200 mg/L GA, under 12 h/d light conditions exhibited a significant
advantage, indicating that moderate light can enhance the stimulating effect of GA,. This synerglstlc mechanism
may be related to the cross-regulation between photopigments and the glbberellln signal pathway!”.

In summary, lily seed responses to stimulants and light are strongly species-dependent, suggesting that
targeted pre-sowing strategies should be developed to enhance germination efficiency and seedling quality.
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Fig. 6. Effect of GA, treatment on the germination rate of lily seeds.

Lily species (A) 5 |49.12%¢ 16.99
Treatment type (B) 2 | 4117 14.24
Light condition (C) | 2 |30.95* 10.7

AXxB 10 |6.75% 233
AxC 10 | 291 NS 1.01
BxC 4 |4.61NS 1.18
AxBxC 20 | 1.76 NS 0.69

Table 1. Results of three-factor analysis of variance. *p <0.05; **p <0.01; ns =not significant.

Materials and methods

Test materials

Among the six lily seed types listed in Table 2, the species are as follows: (1) L. pumilum, (2) L. davidii var.
unicolor, (3) L. auratum var. platyphyllum, (4) L. lancifolium, (5) L. distichum, and (6) L. pensylvanicum. All
seeds were collected from the same region in Tieling City, Liaoning Province, China, with the exception of L.
pensylvanicum, which was cultivated in the medicinal plant garden of Jilin Agricultural University. Images of
these seeds are presented in Fig. 7, and their physical characteristics are detailed in Table 2. All seeds used in this
study were harvested in 2022.

Chemicals and nutrients
KNO,, K,PO,, GA,, and sodium hypochlorite solution (NaClO), all of analytical grade, were purchased from
domestic suppliers in China and used in this study.
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L. pumilum Brown yellow/Bright | 0.2580 5.2283 3.8733 1.3498 Yes

L. davidii var. unicolor | Brown/Dark 0.4160 7.1100 5.1867 1.3708 Yes

L. auratum var.

platyphyllum Brown/Dark 0.3660 7.1267 5.0100 1.4225 Yes
L. lancifolium Brown/Dark 0.4130 6.8283 4.9733 1.3730 Yes
L. distichum Brown yellow/Dark | 0.6100 8.2733 5.6633 1.4609 Yes
L. pensylvanicum Brown/Dark 0.5370 7.6633 5.1850 1.4780 Yes

Table 2. Physical traits of Lily seeds.

Fig. 7. Picture of lily seed (a: L. pumilum; b: L. davidii var. unicolor; c: L. auratum var. platyphyllum; d: L.
lancifoliums; e: L. distichum; f: L. pensylvanicum).

Main testing instruments and equipment

Shanghai Sanfa Scientific Instrument Co., Ltd., artificial climate incubator, LHP.250 type; Yadu ultrasonic
humidifier, YC-D205S type; HH-6 digital display constant temperature water bath pot; Ohus Instruments
(Shanghai) Co., Ltd., electronic balance, AR323CN model.

Experimental design

The experiment was conducted in November 2023 using a randomized complete block design with three
main factors: lily species, chemical treatments, and light conditions. A three-factor factorial experiment was
implemented. Each treatment had three replicates, and five lily seeds were placed in each petri dish. Before
sowing, all seeds were disinfected with 2% NaClO solution for 15 min and then rinsed three times with distilled
water!®.

A total of 17 pre-treatment combinations were set up, as detailed in Table 3. Distilled water treatment for
1 h served as the control group (CK). Chemical pre-treatments included 0.1% KNO, and 0.1% K,PO,, while
hormone pre-treatments used GA, at different concentrations ranging from 50 to 400 mg/L. All treatments were
applied by soaking the seeds for 1 h.

After pre-treatment, seeds were placed in 9 cm petri dishes lined with two layers of moist filter paper and
incubated in an artificial climate chamber. Different light conditions were set according to Table 4 (0 h/d, 12 h/d,
24 h/d), with the temperature maintained at a constant 25 °C. During the 40 d incubation period, the moisture
of the filter paper was checked daily and supplemented with distilled water as needed to maintain a stable
environment. Moldy seeds were promptly removed.

A seed was considered germinated when the radicle emerged through the seed coat and extended 1 to 2 mm.
Germination was recorded daily. The observation period ended when all seeds had either germinated or decayed.
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Chemical treatment CK
0.1%KNO,
0.1%K,PO,
50 mg/L(ppm)

100 mg/L(ppm

150 mg/L(ppm) | After soaking for 1 h, rinse three times with distilled water | Soak the seeds in distilled water for 1 h

GA, | 200 mg/L(ppm

300 mg/L(ppm

400 mg/L(ppm

)
)
)
)
)
)

500 mg/L(ppm

Table 3. Pre-treatment methods for Lily seeds.

Cultivation conditions of artificial climate chamber

12 h/d illumination

24 h/d illumination | Temperature: 20 °C, Humidity: 70% RH, Light intensity: Hi% (rated light intensity: 3000LX)

0 h/d illumination

Table 4. Culture conditions of Lily seeds.

Measured traits

The start time of germination is recorded, including the completion time of germination for all seeds and the daily
germination amount under different treatments, and then the germination rate is calculated. The germination
start time refers to the time when the first lily seed germinates in each treatment. The completion time of all
germination refers to the time when the last lily seed germinates in the petri dish. Germination rate = (Number
of germinated seeds / Total number of seeds) x 100%.

Statistical analysis method

Data were analyzed using SPSS 22.0 software. A three-way factorial analysis of variance (ANOVA) was conducted
to assess the effects of lily species, chemical treatment, and light condition on germination rate and germination
time. The significance of main effects and interactions was evaluated at a significance level of p <0.05. Duncan’s
multiple range test was used for post-hoc comparisons among means. Significance tests were conducted within
each species to compare different treatments under the same light conditions. Letters were used in figures and
tables to indicate significant differences, where the means sharing the same letter were not significantly different
at the 0.05 level.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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