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Abstract

Rice (Oryza sativa L.) is a vital staple crop, and the environmental risk assessment of trans-
genic varieties is crucial for formulating biosafety policies. Rice pollen grains are spherical,
with an average diameter of 40.03 4= 2.75 pm. This study established a standardized
protocol for in vitro pollen germination by first optimizing key culture conditions. A single-
factor experimental design identified the optimal medium composition as 150 g/L sucrose,
40 mg/L boric acid, 20 mg/L calcium chloride, 10 mg/L monopotassium phosphate, and
10 mg/L magnesium sulfate. The ideal germination temperature was determined to be
31 £ 1 °C, with no germination observed below 16 °C or above 40 °C. Pollen germination
rates declined significantly within 5 min post-isolation and ceased completely after 30 min.
Building on this optimized protocol, a standardized evaluation method was developed,
defining key assessment conditions at temperatures of 25/31/37 °C and post-isolation times
of 0/5/15 min. Under these defined conditions, the pollen viability of glyphosate-resistant
transgenic rice G2-6 was compared to its non-transgenic recipient ZH11. No significant
differences were found at any tested time-temperature combination (p > 0.05). This work
establishes a practical and reproducible standard for transgenic rice pollen assessment,
offering a scientific basis for evidence-based biosafety regulation and policy-making.

Keywords: pollen viability; biosafety policy; rice (Oryza sativa L.)

1. Introduction

With the global population projected to exceed 9.5 billion by 2050, ensuring sustainable
agricultural productivity has emerged as a critical challenge [1,2]. Concurrently, biosyn-
thetic technologies and gene-editing techniques have witnessed expanding applications
in agricultural innovation. Biotechnology-driven breeding, particularly represented by
transgenic technology, provides an effective solution to enhance crop yields and stress
resilience [3-5]. According to ISAAA statistics, the global cultivation area of genetically
modified (GM) crops reached approximately 109.4 million hectares by 2019, demonstrating
significant contributions to food security and economic growth [6]. However, rigorous
environmental safety assessments must precede the commercialization of these biotechno-
logical products to evaluate their potential adverse impacts on ecosystems [7]. Biosafety
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concerns have now become a pivotal constraint limiting both the advancement of trans-
genic biotechnology and the widespread agricultural adoption of genetically engineered
products [8]. Over-reliance on empirically derived risk models could foster a mislead-
ing sense of security among regulators, which could in turn compromise their capacity
to comprehensively address risks that resist straightforward scientific quantification [9].
Thus, the establishment of a sound environmental risk assessment system constitutes an
urgent necessity.

Within the biosafety evaluation framework, environmental risk assessment (ERA)
plays a central role in predicting unintended ecological consequences, with transgene
escape mediated through pollen-driven gene flow being a primary concern [10,11]. This
process may alter the genetic composition of wild relatives, and even low-frequency hy-
bridization events could lead to transgene persistence in natural ecosystems, particularly
if the transgenes confer a selective advantage, potentially disrupting ecological equilib-
rium [12,13]. The scale of this risk is not solely a function of distance but is intrinsically
linked to pollen viability under realistic environmental conditions—a key determinant of
fertilization success and effective dispersal range [14]. Pollen encountering suboptimal
temperatures or prolonged dispersal times exhibits rapidly declining viability, meaning a
meaningful ERA must assess performance across a spectrum of environmentally relevant
scenarios, not just under idealized laboratory conditions. While multiple pollen viability
assessment methods exist (e.g., TTC, MTT, and I,-KI staining), their limitations in sim-
ulating natural conditions raise substantial concerns. For instance, in rice, aniline blue
and TTC staining are known to yield false-positive results, overestimating environmental
risks [15,16]. Consequently, in vitro pollen germination remains the most direct, effective,
and accurate method for assessing functional pollen viability, as it can be adapted to model
these critical ecological variables.

Rice, the world’s third-largest cereal crop after maize and wheat, serves as the primary
food source for nearly half of the global population. Given its paramount importance
in agriculture, promoting the development of genetically modified rice is imperative.
Although rice pollen exhibits relatively weak in vitro viability, it retains the capacity for
natural hybridization at low frequencies [11]. This biological characteristic, coupled with its
known hybridization potential with wild Oryza species, elevates the priority of transgenic
ERA for rice [17]. However, a parallel, standardized protocol for the environmental release
assessment of transgenic rice remains absent, creating a significant methodological gap in
the biosafety evaluation pipeline for one of the world’s most important staple crops.

This study was designed specifically to bridge this gap. Our primary objective was not
to define the universal “optimal” conditions for rice pollen germination, but rather to estab-
lish a standardized and reproducible system for the comparative assessment of pollen viabil-
ity between transgenic and non-transgenic rice lines under a range of ecologically realistic
stress conditions. To this end, we defined a set of key evaluation parameters—including
a standardized culture medium and, crucially, a series of temperature regimes and post-
isolation timescales. These parameters were explicitly selected to simulate realistic field
scenarios: optimal growing temperatures, high-temperature stress, mild cold stress, and
the temporal decay of viability corresponding to increasing dispersal distance. Within this
standardized and ecologically contextualized framework, we then conducted a focused
case study to compare the pollen viability of a glyphosate-resistant transgenic rice line
(G2-6) with its non-transgenic recipient (ZH11). The established system provides regulatory
bodies with a critical tool to ensure that any potential differences in pollen performance
between GM and non-GM lines are detected consistently and under conditions that are
relevant to environmental risk assessment.
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2. Materials and Methods
2.1. Plant Material and Pollen Collection

The perennial wild rice ZH11 and herbicide-resistant transgenic rice line G2-6 were
collected from the Sanya population (18°21’ N, 109°10’ E) of Hainan Province, China, and
used as the pollen donor. The planting conditions were set as follows: row spacing of 30 cm
and plant spacing of 12 cm. Seeds of the non-transgenic wild-type rice ZH11 were provided
by Cropedit Biotechnology Company Limited, Beijing, China, while seeds of the transgenic
rice line G2-6 were supplied by the Biotechnology Research Institute, Chinese Academy
of Agricultural Sciences (CAAS), Beijing, China [18]. The optimization of in vitro culture
temperature, desiccation duration, and culture medium was conducted using the wild-type
ZH11. Three days prior to pollen collection, rice plants at the pre-germination stage were
carefully dug up from the field with roots intact. The entire plants, along with adhering soil
and field water, were placed in 60 cm diameter buckets and transported to the laboratory,
where they were maintained outdoors under natural conditions. Pollen collection was
consistently conducted between 11:00 a.m. and 2:00 p.m. local time. Ambient temperature
during pollen collection ranged from 28 to 32 °C with 65-80% relative humidity, and three
biological replicates were performed for each treatment group, with in vitro germination
assays immediately conducted following pollen collection.

2.2. Experimental Materials

All reagents used in the experiments were of analytical grade. The chemical reagents
used in the culture medium preparation, including sucrose (CAS:57-50-1), H3BO3; (CAS:10043-
35-3), CaCl, (CAS:10043-52-4), KH,PO, (CAS:7778-77-0), and MgSO, (CAS:10034-99-8) were
procured from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.3. Preparation and Optimization of Culture Media

Stock solutions were filter-sterilized (0.22 um PVDF membrane) and stored at 4 °C
for <30 days. Final medium was prepared by diluting stocks with sterile deionized
water (18.2 M()-cm) to achieve target concentrations. The stock solutions were diluted
to working concentrations prior to use. The optimization process commenced with the
baseline medium M4 containing 175 g/L sucrose, which had been previously established as
the optimal carbohydrate concentration. Building upon this formulation, we systematically
tested combinatorial gradients of the following components: H3BO3 (20, 40 and 60 mg/L),
CaCl; (20,40 and 60 mg/L), KH,POy (0, 10 and 20 mg/L), and MgSO; (0, 10 and 20 mg/L).

2.4. Temperature Treatment of Pollen

To simulate the diverse temperature conditions during natural anther dehiscence and
pollen dispersal, in vitro pollen germination was assessed across a gradient of temperatures.
For each assay, a 10 mL aliquot of liquid culture medium was dispensed into a 35 mm
Petri dish. Anthers were gently crushed with fine-tipped forceps and immersed in the
medium, followed by gentle agitation to ensure homogeneous pollen distribution. Each
pollen sample was tested with three biological replicates. The plates were then incubated in
precision-controlled chambers at specified temperatures ranging from 16 °C to 40 °C (specif-
ically, 16, 22, 25, 28, 31, 34, 37, and 40 °C) for a 15 min period at each temperature. Following
incubation, the germination rates were quantified through microscopic examination.

2.5. Pollen In Vitro Treatment

For the in vitro treatment of pollen, 20 mL of distilled water was added to a 90 mm
Petri dish, and a dry filter paper was placed in a 35 mm dish positioned at the center of the
90 mm Petri dish. Pollen grains were evenly distributed on the dry filter paper, and the
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assembly was incubated at 28 °C in a precision incubator for specified durations. Following
hydration, the pollen was transferred to a fresh 35 mm Petri dish containing liquid medium
and gently agitated to ensure uniform distribution. Finally, the cultures were maintained at
31 °C for 15 min in a controlled-humidity environment.

2.6. Pollen Germination and Data Analysis

All medium components (all reagents were analytical grade in this study) were dis-
solved in distilled water. To prevent component degradation from heat sterilization, the
medium was filter-sterilized using 0.22 um membrane filters. 10 mL of the medium was
dispensed into 35 mm Petri dishes. Anthers were carefully excised using forceps, placed
at the center of the medium, and gently crushed to release pollen grains. The dishes were
slightly agitated to ensure even pollen distribution. The plates were incubated at 31 °C
in a precision incubator for 15 min. After incubation, samples were examined under an
Olympus microscope (Model SZX2-ILLTQ Olympus Corporation, Tokyo, Japan). For each
replicate, >20 pollen grains were imaged. Pollen was considered germinated when the tube
length exceeded half of the grain diameter. Germination rates were quantified using Image
J (version 1.8.0). Statistical analysis was performed using one-way ANOVA followed by
Tukey’s post hoc test in GraphPad Prism (version 8.0.2). The comparison of different pollen
viability data was performed using Student’s t-test in Excel software (version 2509). The
raw data for all analyses are provided in Supplementary Materials. The pollen germination
rate was calculated using the following formula:

Number of germinated pollen grains

100
Total pollen grains counted 8

Pollen germination (%) =

2.7. Microscopic Examination of Pollen Morphology

Observations were conducted using an Olympus stereo microscope (Model SZX2-
ILLTQ Olympus Corporation, Tokyo, Japan) with the following imaging parameters: Expo-
sure time: 60 ms, Exposure compensation: +1/3 EV, Resolution: 1920 x 1200 pixels, Aspect
ratio: 16:10. The Petri dish was positioned under the microscope stage, and the focusing
knobs were adjusted to bring pollen grains into sharp focus. Digital images were subse-
quently captured using the integrated camera system (Model DP74 Olympus Corporation,
Tokyo, Japan) and archived in JPG format via cellSens Standard v2.3 imaging software.

3. Results
3.1. Microscopic Observation of Pollen Morphology

Rice, as a self-pollinating crop, exhibits relatively weaker pollen viability compared to
cross-pollinating crops such as maize. Consequently, the initial pollen status significantly
influences pollen germination rates. To maintain experimental consistency, we conducted a
series of preliminary trials and identified that anthers reaching the upper half of the glume
just prior to pollen release demonstrated optimal germination potential (Figure 1b). These
selected anthers were subsequently employed for experimental procedures.

Fresh pollen grains were immediately immersed in distilled water for morphological
characterization under microscopy. The pollen grains displayed subspherical morphology
with uniform dimensions ranging from 38 to 42 um in diameter (n = 57) (Figure 1f). The
observed structural integrity and size consistency confirmed the suitability of these pollen
samples for subsequent experimental phases.
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Figure 1. Screening of tested rice (Cultivar ZH11) pollen and morphological observation. (a) Anthers
positioned within the lower portion of the lemma-palea enclosure. (b) Anthers ascending to the upper
lemma-palea junction prior to spikelet opening. (c) Anthers partially exserted through the recently
split lemma margins. (d) Fully exserted anthers having completed pollen shedding. (e) The apical
portions of the lemma and palea were surgically excised. (f) Microscopic morphological observation
of In Vitro pollen in rice (n = 57), bar = 200 um.

3.2. Screening of the Initial Medium

Through systematic optimization based on existing pollen culture media research, we
first identified sucrose (as carbon source), boric acid (H3BOj3) and calcium chloride (CaCl,)
(as micronutrients) as essential components [15,19-21].

A series of preliminary experiments identified sucrose, CaCl,, and H3BOj3 as essential
components of the culture medium. To identify the optimal concentrations of medium
components, an orthogonal experimental design was implemented to systematically eval-
uate the effects of varying concentrations of sucrose (50, 100, 150, 175, 200, and 400 g/L),
H3BO;3 (20, 40, and 60 mg/L), and CaCl, (20, 40, and 60 mg/L) on in vitro pollen ger-
mination rates in rice. The results demonstrated that medium M4, containing 175 g/L
sucrose, achieved the highest pollen germination rate, establishing this as the optimal
carbohydrate concentration for in vitro rice pollen germination (Table 1). Further analysis
indicated that both M10 and M11 media produced the most effective micronutrient synergy,
significantly outperforming other formulations. Among them, the M10 medium, containing
40 mg/L H3BOj3; and 20 mg/L CaCl,, demonstrated a superior performance, achieving an
in vitro pollen germination rate of 85.03 = 3.7% (Table 2). This systematic approach ensures
reproducible quantification of rice pollen viability under controlled conditions.

Table 1. Germination percentage of pollen cultured on media containing various concentrations of
sucrose, different letters indicate statistically significant differences (p < 0.05).

Treatment Sucrose (g/L) H3;BOj3; (mg/L) CaCl, (mg/L) Germination Rate (%)

M1 50 40 20 927 £242d
M2 100 40 20 29.34 +£4.18 ¢
M3 150 40 20 62.67 £6.30Db
M4 175 40 20 8472 +£ 479 a
M5 200 40 20 58.47 £5.13b

Meé 400 40 20 0x0e
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Table 2. Germination percentage of pollen cultured on media containing various concentrations of
boric acid and calcium chloride, different letters indicate statistically significant differences (p < 0.05).

Treatment Sucrose (g/L) H3;BOj3; (mg/L) CaCl, (mg/L) Germination Rate (%)

M7 175 20 20 63.05 £ 4.38 bc
M8 175 20 40 72.31 + 3.08 bc
M9 175 20 60 65.44 £+ 4.45bc
M10 175 40 20 85.03 +£3.70 a
M11 175 40 40 80.51 £2.35ab
Mi2 175 40 60 61.86 = 4.80 c
M13 175 60 20 67.35 £2.97 bc
M14 175 60 40 69.74 £ 7.32 bc
M15 175 60 60 65.13 £ 4.98 bc

3.3. Further Optimization of Pollen Germination Medium

To further optimize the culture medium, systematic testing of additional micronu-
trients revealed that varying concentrations of monopotassium phosphate (KH;POy)
(0,10, 20 mg/L) and magnesium sulfate (MgSOy) (0, 10, 20 mg/L) enhanced the germi-
nation rate of isolated rice pollen (Table 3). Both KH,PO, and MgSO, exhibited optimal
efficacy at 10 mg/L. Based on these findings, the refined culture medium formulation (con-
taining 175 g/L sucrose, 40 mg/L H3BO3, 20 mg/L calcium chloride, 10 mg/L KH,POy,
and 10 mg/L MgSO,) was formulated and adopted for subsequent experimental phases
(Figure 2). With reference to existing standards for transgenic pollen viability culture,
after the culture medium was determined, we also needed to determine the incubation
temperature and the post-excision time [22].

W
%
%

S
m—

Figure 2. The germination performance of rice (Cultivar ZH11) pollen in the optimized M17 medium,
bar =200 um.



Agriculture 2025, 15, 2420

70f13

Table 3. Germination percentage of pollen cultured on media containing various concentrations of
monopotassium phosphate and magnesium sulfate, different letters indicate statistically significant
differences (p < 0.05).

Treatment  Sucrose (g/L)

H3BO;3; (mg/L)  CaCl, (mg/L) KH,PO4 (mg/L) MgSO4 (mg/L)  Germination Rate (%)

M1ie6
M17
M18
M19
M20

175
175
175
175
175

40 20 0 0 85.45 +2.11ab
40 20 10 10 90.38 =431 a
40 20 10 20 85.64 £ 2.35 ab
40 20 20 10 83.33 4+ 3.03 ab
40 20 20 20 81.31 +3.81Db

100 -

co
-
|

=)
o
|

I
-
|

)
<
|

Pollen germination rates( %)

-

3.4. Determination of Pollen Culture Temperature

The data revealed a triphasic response pattern: Complete germination inhibition
occurred at 16 °C. A positive thermal correlation was observed from 16 to 31 °C, with
maximum germination efficiency achieved at 31 °C. Subsequently, a significant negative
correlation emerged from 31 to 40 °C, culminating in complete germination cessation at
40 °C (Figure 3). This thermal optimum (31 °C) was therefore designated as the control
condition for subsequent assays.

&
-

f

I I I I I I I
22 25 28 31 34 37 40 CC)

Figure 3. Pollen germination rate in response to different temperature. Different letters indicate
statistically significant differences (p < 0.05), and bars represent standard deviations.

Further analysis revealed marginal germination at 22 °C. While 28 °C maintained
comparable viability to 31 °C (p > 0.05), statistically significant reductions (p < 0.05) were
recorded at 25 °C, 34 °C, and 37 °C. Notably, the more pronounced reductions at 25 °C
and 37 °C relative to 31 °C established these thresholds as representative hypothermic
and hyperthermic stress conditions, respectively. Consequently, a three-tiered temperature
framework (25/31/37 °C) was implemented to evaluate pollen environmental resilience
under controlled in vitro stress simulations.
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3.5. Determination of Post-Excision Time for Pollen

Pollen-mediated gene flow via wind dispersal facilitates cross-pollination, with the
effective distance of transgene escape being critically dependent on pollen viability un-
der in vitro conditions [23]. To evaluate the temporal effects of post-excision duration
on pollen viability, germination rates were systematically analyzed at varying time inter-
vals (0,1, 2,3,4,5,6,9,12,15, 20, and 30 min) post-isolation (Figure 4). The results demon-
strated a time-dependent decline in germination efficiency. Compared to freshly collected
pollen (0 min), no significant differences (p > 0.05) in germination rates or viability were
observed within the first 4 min post-excision. However, a statistically significant reduction
(p < 0.05) in germination rate became apparent after 5 min, with progressive deterioration
observed over time. A sharp decline in viability occurred from 12 to 15 min post-isolation,
culminating in complete loss of germination capacity (0% germination) by 30 min. Based
on these findings, critical time points of 0, 5 and 15 min post-excision were established for
subsequent evaluation of pollen environmental stress tolerance (Figure A2).

100 =
® X 5 K
T T T be d
80 L CT de
T o
60— T
f
40— T
20- T
h
L h
0 | 1 | | 1 | | | 1 | | |
0 1 2 R) 4 5 6 9 12 15 20 30 (mm)

Figure 4. Pollen germination rates following varying post-excision durations. Different letters
indicate statistically significant differences (p < 0.05), and bars represent standard deviations.

3.6. The Transgenic Event in G2-6 Did Not Affect Pollen Viability Relative to ZH11 Controls

To assess the potential impact of genetic modification on pollen viability, we con-
ducted comparative experiments using herbicide-tolerant transgenic rice (G2-6) and its
non-transgenic parental cultivar (ZH11) [19]. Pollen grains from both genotypes were
collected and subjected to in vitro storage for 0, 5, and 15 min, followed by incubation at
25 °C, 31 °C, and 37 °C for 15 min.

A two-tailed t-test was performed to analyze pollen germination rates under differ-
ent storage durations periods and temperature conditions. The results demonstrated no
statistically significant differences (p > 0.05) in in vitro pollen germination rates between
transgenic G2-6 and non-transgenic ZH11 across all nine treatment combinations (Figure 5).
Collectively, these data indicate that the genetic modification process did not exert signif-
icant adverse effects on pollen viability in the transgenic rice line G2-6 compared to its
non-transgenic counterpart ZH11.
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Figure 5. Pollen viability of transgenic rice G2-6 versus non-transgenic ZH11 under varying post-
excision durations and temperature regimes. ns: not significance, determined using a t-test (p > 0.05),
and bars represent standard deviations.

4. Discussion

During our experimental investigations, we observed that rice pollen viability is highly
susceptible to environmental and operational factors due to its inherently weak in vitro
stability. Consequently, the selection of developmentally synchronized pollen grains proved
critical for experimental reproducibility. We systematically compared pollen germination
rates across four distinct anther developmental stages: Pre-emergence anthers localized
in the lower lemma—palea region; emergent anthers positioned at the upper lemma-palea
junction; initial dehiscence-stage anthers during spikelet opening; post-dehisced anthers
fully exposed post-pollination. Quantitative analysis revealed highly significant differences
in germination efficiency among these stages (Figure 1a—d). The highest germination rate
was achieved using pollen from emergent anthers at the upper lemma-palea junction
(Figure Alb). The optimal pollen selection criterion was defined by anthers that exhibited
immediate dehiscence upon contact with the central air-liquid interface of the culture
medium following gentle extraction with fine-tipped forceps.

Successful in vitro pollen germination depends on a precisely optimized culture
medium, generally composed of carbohydrates, trace elements, and supplementary com-
ponents. Boron and calcium play essential roles in pollen germination [24,25]. Specifically,
boron is required for pollen tube growth by forming borate esters through binding with
pectin in the cell wall, thereby enhancing wall elasticity and plasticity [26]. Meanwhile,
calcium ions (Ca®*) serve as crucial secondary messengers during this process. During
pollen germination, the stigma releases Ca?* to establish a concentration gradient, which
directs the oriented growth of pollen tubes through chemotropism [27,28]. Additionally,
KH,PO, provides essential phosphate groups for ATP synthesis and potassium ions (K*) to
regulate osmotic balance, while MgSOy supplies Mg?* as a cofactor for energy metabolism-
related enzymes and stabilizes cell wall architecture through pectin crosslinking [29-31].
Together, these components support efficient pollen tube elongation by sustaining re-
dox homeostasis and cytoskeletal dynamics. In our preliminary screening of various
formulations—including additives such as polyethylene glycol 4000 (PEG 4000), thiamine
(VB1), and manganese sulfate—these compounds, though reported to enhance pollen
germination rates in prior studies, exhibited no statistically significant effects in our ex-
perimental system [32]. This discrepancy may arise from species-specific micronutrient
requirements or divergent physical parameters governing pollen viability across taxa.
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This study establishes a comprehensive methodology for assessing pollen viability in
GM crops, providing critical technical support for environmental risk evaluation of biotech-
nological agricultural products. Pollen viability is influenced not only by plant species,
but also by climatic conditions, and even further modulated by geographical distribution
or genotypic variations [33-35]. Against this complex background, China has developed
national standards for pollen viability assessment in several major crops such as maize,
soybean, and cotton [22]. Although the culture media used in these protocols are distinct
for each species, the temperature treatments and post-isolation durations are consistently
applied. However, our experimental findings indicate that these standardized criteria are
not directly applicable to rice, primarily due to its inherently weaker pollen viability. This
observation underscores the substantial interspecific variation in pollen survival capacity
and highlights the necessity of developing species-specific evaluation protocols—with
tailored temperature regimes, isolation durations, and culture medium formulations. Con-
sequently, this methodology not only provides critical insights for environmental biosafety
assessment but also serves as a valuable reference for establishing future species-specific
standards—offering practical guidance on how to efficiently screen culture media, and
adjust isolation times and temperatures based on pollen vitality. Ultimately, this supports
the development of science-based biosafety regulations, including isolation distance re-
quirements, coexistence strategies, and long-term ecological impact projections for GM
crops across diverse agroecosystems.

5. Conclusions

This study pioneers the systematic optimization of in vitro pollen germination medium
for rice, establishing for the first time the quantitative relationships between pollen germi-
nation efficiency and critical environmental parameters. Initial investigations confirmed
the critical influence of pollen viability status at harvest on germination success rates,
establishing a methodological recommendation to prioritize anthers positioned in the up-
per lemma-—palea enclosure for germination assays. Results demonstrate that rice pollen
viability is significantly influenced by medium composition (optimized at 175 g/L sucrose,
40 mg/L H3BO3, 20 mg/L CaCly, 10 mg/L KH;POy, and 10 mg/L MgSOy), post-excision
duration (showing time-dependent decline), and incubation temperature (optimal at 31 °C).
Guided by the principle of substantial equivalence, we used the same germination medium
for both transgenic and non-transgenic rice. We developed a novel transgenic pollen
assessment protocol employing three post-excision intervals (0/5/15 min) and temper-
ature regimes (25/31/37 °C), enabling comparative viability analysis between GM and
non-GM varieties.

This study establishes a comprehensive framework for transgenic crop environmen-
tal risk assessment by pioneering the development of a species-optimized in vitro pollen
germination medium—one that not only achieves unprecedented initial germination effi-
ciency under controlled conditions but also features a significantly simplified formulation
compared to conventional media. More importantly, this work describes a standardized
in vitro protocol for pollen viability assessment that directly supports environmental risk
assessment by improving the evaluation of transgene flow potential in genetically mod-
ified rice. The methodology delivers robust datasets crucial for biosafety verification
(particularly for gene flow-related risk evaluation) and precision breeding initiatives, with
transformative potential in advancing agricultural biotechnology innovation and informing
evidence-based biosafety governance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture15232420/s1.
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Abbreviations

The following abbreviations are used in this manuscript:

H3BO; Boric acid

CaCl, Directory of open access journals
KH,PO4 Monopotassium phosphate
MgSO;  Magnesium sulfate

GM Genetically modified
VB1 Vitamin B1
Appendix A

Figure A1l. Pollen Germination in Relation to Anther Position in Rice (Cultivar ZH11). (a) Pollen
germination status in anthers positioned at the lower lemma-palea enclosure, bar = 200 um. (b) Pollen
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germination status in anthers ascending at the upper lemma-palea junction prior to spikelet opening,
bar = 200 pm. (c) Pollen germination status in anthers partially exserted through the recently split
lemma margins, bar = 200 um. (d) Pollen germination dynamics in fully exserted anthers beyond the
lemma-palea enclosure, bar = 200 um.
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Figure A2. Pollen germination rate in response to different temperature. (a) Pollen germination
of post-excision, bar = 200 um. (b) Pollen germination after 5 min of post-excision. bar = 200 um.
(c) Pollen germination after 15 min of post-excision, bar = 200 um. (d) Pollen germination after 30 min
of post-excision, bar = 200 um.
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