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Abstract
Evaluation	of	reproductive	�itness	is	essential	for	determining	the	stability	and	fertility	of	transgenic	crop	plants.	The	
present	study	investigated	the	reproductive	performance	of	T1	rice	transgenic	lines	through	pollen	viability,	fertility,	
male	sterility,	and	pollen	germination	assays.	Freshly	opened	�lowers	from	transgenic	and	untransformed	control	rice	
plants	were	collected,	and	pollen	grains	were	analyzed	using	Alexander	staining	protocol	followed	by	microscopic	
observation	under	an	Olympus	microscope.	Viable	pollen	grains	exhibited	intense	staining	and	normal	morphology,	
whereas	non-viable	pollen	grains	appeared	faintly	stained	and	irregular	in	structure.	Comparative	analysis	revealed	
variations	 in	 pollen	 viability	 and	 fertility	 among	 the	 transgenic	 lines.	 Certain	 transgenic	 plants	 maintained	
reproductive	performance	comparable	to	control	plants,	while	some	lines	showed	reduced	pollen	viability,	abnormal	
pollen	morphology,	and	partial	male	sterility.	In	vitro	pollen	germination	assays	further	demonstrated	differences	in	
pollen	 tube	 emergence	 and	 germination	 percentages	 between	 transgenic	 and	 control	 plants.	Male	 sterile	 lines	
exhibited	signi�icantly	lower	pollen	germination	capacity	compared	to	fertile	plants.	The	observed	variability	 in	
reproductive	traits	may	be	associated	with	transgene	insertion	effects,	tissue	culture-induced	variation,	or	altered	
physiological	processes	in�luencing	pollen	development.	Overall,	the	study	demonstrated	that	pollen	viability	and	
germination	assays	are	effective	tools	for	evaluating	reproductive	stability	and	biosafety	of	transgenic	rice	plants.	
The	�indings	provide	valuable	baseline	information	for	the	characterization	of	genetically	modi�ied	rice	lines	and	
contribute	to	future	breeding	programs	focused	on	developing	reproductively	stable	and	agronomically	superior	
transgenic	rice	cultivars.
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1.	Introduction
Rice ( Oryza	sativa L.) is one of the most important 
cereal crops and serves as a staple food for more than 
half of the world's population. Increasing global 
population, climate variability, emerging pathogens, 
and declining agricultural resources have intensi�ied 
the need for the development of improved rice 
cultivars with enhanced productivity, stress 
tolerance, and nutritional quality [1]. In recent years, 
plant genetic engineering has emerged as an effective 
strategy for introducing desirable agronomic traits 
into rice plants, including resistance to insects, 
diseases, herbicides, drought, and salinity stress [2]. 
Transgenic technology has signi�icantly contributed 
to crop improvement programs by enabling the 
transfer of speci�ic genes across species barriers. 
However, along with agronomic performance, 
evaluation of reproductive �itness is essential for 
assessing the stability and biosafety of transgenic 
plants [3]. 

Reproductive �itness determines the ability of plants 
to produce viable gametes, achieve successful 
fertilization, and maintain stable inheritance of 
introduced genes  across  generat ions .  Any 
unintended effects resulting from transgene 
integration may alter pollen development, fertility, 
�lowering behavior, or seed production [4].
Pollen viability is considered one of the most reliable 
indicators of male reproductive success in �lowering 
plants. Viable pollen grains possess functional 
cytoplasmic contents and are capable of successful 
germination and fertilization, whereas non-viable 
pollen grains fail to germinate or produce defective 
pollen tubes [5]. Assessment of pollen viability 
therefore plays a crucial role in plant breeding, hybrid 
seed production,  biosafety evaluation,  and 
characterization of genetically modi�ied crops [6]. 
Several staining methods have been developed for 
pollen viability analysis, among which Alexander 
staining remains one of the most widely accepted 
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cytological techniques due to its simplicity, accuracy, 
and ability to differentiate viable and aborted pollen 
grains effectively [7]. In this staining method, viable 
pollen grains typically appear dark red or purple 
because of intact protoplasmic contents, while non-
viable pollen grains exhibit greenish or faint 
coloration due to the absence of cellular integrity [8]. 
Microscopic examination of stained pollen grains 
provides rapid and reliable estimation of fertility 
status in transgenic plants, pollen germination tests 
provide functional  evidence regarding the 
fertilization potential of pollen grains. Successful 
pollen germination and pollen tube elongation are 
essential prerequisites for fertilization and seed 
formation [9]. Reduced germination ability may 
indicate physiological abnormalities, impaired 
metabolic activity, or adverse effects associated with 
transgene insertion and tissue culture-mediated 
transformation procedures [10]. Male sterility is 
another important reproductive characteristic 
frequently evaluated in transgenic plants. Male sterile 
lines exhibit reduced or absent functional pollen 
production and are particularly important in hybrid 
b r e e d i n g  p r o g ra m s  [ 1 1 ] .  C y t o l o g i c a l  a n d 
morphological examination of pollen grains can help 
identify sterility-associated abnormalities and 
reproductive impairments in genetically modi�ied 
lines [12]. Previous studies have demonstrated that 
certain transgenic crops may exhibit altered 
reproductive traits due to insertional mutagenesis, 
somaclonal variation, epigenetic modi�ications, or 
changes in gene expression patterns [13]. Therefore, 
detailed evaluation of pollen fertility and viability is 
essential for con�irming reproductive stability and 
environmental safety before commercialization of 
transgenic rice cultivars [14]. The present study 
aimed to analyze the reproductive �itness of T1 rice 
transgenic lines through pollen viability, fertility, 
male sterility, and pollen germination assays. 
Comparative evaluation between transgenic and 
untransformed control plants was conducted using 
Alexander staining and microscopic analysis. The 
study provides important insights into the 
reproductive behavior and stability of transgenic rice 
lines and contributes to future breeding and biosafety 
assessment programs.

2.	Materials	and	Methods
2.1	Plant	Materials	and	Growth	Conditions
T1 generation rice transgenic lines along with 
untransformed control plants were used in the 
present investigation. The plants were maintained 
under controlled greenhouse conditions with proper 
irrigation, nutrient management, and photoperiodic 
re g u l a t i o n  to  e n s u re  u n i fo r m  g row t h  a n d 
reproductive development. Healthy plants showing 
normal vegetative growth were selected for pollen 
viability and fertility analysis during the �lowering 
stage.

2.2	Collection	of	Floral	Samples
Freshly opened �lowers at anthesis were collected 
from both transgenic and control rice plants during 
morning hours when pollen viability is generally 
highest. 

Spikelets were carefully detached using sterile 
forceps, and mature anthers were isolated for 
cytological examination. The collected �loral samples 
were immediately processed to avoid desiccation and 
loss of pollen viability.

2.3	 Pollen	 Viability	 Assay	 Using	 Alexander	
Staining
Pollen viability analysis was carried out following the 
Alexander staining protocol with slight modi�ications. 
Fresh pollen grains were gently released from mature 
anthers onto clean microscopic glass slides using 
dissecting needles. A drop of Alexander stain was 
added to the pollen samples, followed by careful 
placement of a coverslip. The prepared slides were 
incubated brie�ly to allow proper staining and then 
examined under an Olympus light microscope at 
different magni�ications. Viable pollen grains 
appeared dark red or purple due to the presence of 
intact cytoplasmic contents, whereas non-viable or 
aborted pollen grains exhibited faint green or bluish 
coloration with shriveled morphology. For each 
sample, multiple microscopic �ields were examined, 
and at least 300 pollen grains were counted randomly 
to  d e te r m i n e  p o l l e n  v i a b i l i t y  p e rc e n t a g e . 
Photomicrographs were captured for comparative 
analysis between transgenic and control plants.
The percentage of pollen viability was calculated 
using the following equation:

2.4	 Evaluation	 of	 Pollen	 Fertility	 and	 Male	
Sterility
Pollen fertility was evaluated based on staining 
response, pollen morphology, and frequency of viable 
pollen grains. Fertile pollen grains exhibited uniform 
size, spherical morphology, and intense staining 
characteristics, whereas sterile pollen grains 
appeared collapsed, irregularly shaped, and weakly 
stained. Male sterile plants were identi�ied through 
microscopic examination of pollen grains and �loral 
structures. Plants exhibiting signi�icantly reduced 
v i a b le  p o l le n  p ro du c t i o n  a n d p o o r  p o l le n 
development were categorized as partially or 
completely male sterile. Comparative observations 
were recorded between transgenic and control plants 
t o  d e t e r m i n e  p o s s i b l e  e ff e c t s  o f  g e n e t i c 
transformation on male reproductive characteristics.

2.5	In	Vitro	Pollen	Germination	Assay
Pollen germination tests were conducted to evaluate 
the functional capability of pollen grains. Fresh pollen 
grains were inoculated onto germination medium 
containing suitable concentrations of sucrose, boric 
acid, calcium nitrate, and agar. The inoculated plates 
were incubated under controlled laboratory 
conditions for a speci�ic duration to facilitate pollen 
tube emergence. After incubation, the germinated 
pollen grains were observed under an Olympus 
microscope. Pollen grains with pollen tube length 
greater than the pollen diameter were considered 
germinated. Multiple microscopic �ields were 
examined to determine germination percentage.
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The pollen germination percentage was calculated 
using the formula:

2.6	Microscopic	Observation	and	Imaging
All stained pollen grains and germination assays were 
observed using an Olympus compound microscope. 
Representative images of viable, non-viable, 
germinated,  and sterile pollen grains were 
photographed for documentation and comparative 
analysis.

2.7	Statistical	Analysis
All experiments were performed in triplicates, and 
the obtained data were expressed as mean ± standard 
deviation (SD). Statistical comparisons between 
transgenic and control plants were analyzed using 
standard stat ist ical  procedures .  Graphical 
representation of pollen viability, fertility, and 
germination data was prepared using suitable 
software tools.

3.	Results	and	Discussion
3.1	Morphological	Observation	of	Pollen	Grains
Microscopic  examination revealed dist inct 
differences between viable and non-viable pollen 
grains in transgenic and control rice plants. Viable 
pollen grains were spherical, uniformly stained, and 
structurally intact, while non-viable pollen grains 
appeared shrunken, irregular, and weakly stained. 
The Alexander staining protocol effectively 
differentiated fertile and aborted pollen grains, 
al lowing rapid assessment of  reproductive 
performance. The untransformed control plants 
exhibited a comparatively higher proportion of viable 
pollen grains with normal morphology. In contrast, 
some transgenic lines displayed slight reductions in 
pollen viability and increased frequency of 
malformed pollen grains, suggesting that genetic 
transformation may in�luence pollen development 
and reproductive stability.

Figure	1:	Pollen	grains	from	freshly	opened	�lowers	collected	from	T1	
rice	 transgenic	 and	 untransformed	 control	 plants	 stained	 using	
Alexander	staining	protocol	and	observed	under	Olympus	microscope.

3.2	Evaluation	of	Male	Sterility
Male sterility analysis demonstrated signi�icant 
variation among the transgenic lines. Certain 
transgenic plants exhibited reduced pollen 
production, abnormal pollen morphology, and poor 
staining intensity compared with the control plants. 
Sterile pollen grains appeared collapsed and lacked 
normal cytoplasmic contents. The occurrence of male 
sterility in transgenic plants may result from 
insertional effects of transgenes, somaclonal 
variation generated during tissue culture, or altered 
expression of genes associated with pollen and anther 
development. Reduced pollen fertility may adversely 
affect reproductive success, seed set, and stable 
inheritance of introduced genes. Despite the 
occurrence of partial sterility in some lines, several 
transgenic plants maintained acceptable fertility 
levels comparable to the control plants, indicating 
successful reproductive adaptation following 
transformation.

Figure	2:	Male	sterile	rice	plants	showing	reduced	pollen	fertility	and	
abnormal	pollen	morphology.

3.3	Evaluation	of	Pollen	Fertility	and	Viability
Comparative assessment of pollen fertility revealed 
differences between transgenic and control rice 
plants. The control plants exhibited high pollen 
viability and uniform staining patterns, whereas 
transgenic lines showed varying fertility responses. 
Some transgenic plants maintained high pollen 
viability, while others exhibited moderate reductions 
in viable pollen frequency. The reduced fertility 
observed in certain transgenic lines may be 
associated with physiological stress, genomic 
rearrangements, or altered metabolic activity caused 
by transgene insertion. 
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Similar observations have been reported in several 
genetically modi�ied crop species where reproductive 
alterations were linked to tissue culture-mediated 
transformation processes.
Pollen fertil ity is  a critical  determinant of 
reproductive success and stable transmission of 
genetic material across generations. Therefore, 
maintenance of viable and functional pollen grains in 
transgenic plants is essential for breeding programs 
and biosafety evaluations.

Figure	 3a:	 Evaluation	 of	 pollen	 fertility	 and	 viability	 in	 T1	 rice	
transgenic	and	control	plants.

3.4	In	Vitro	Pollen	Germination	Assay
The pollen germination assay demonstrated the 
functional capability of pollen grains to initiate pollen 
tube development under in vitro conditions. 
Germinated pollen grains developed elongated pollen 
tubes, whereas non-germinated pollen grains failed 
to show tube emergence. The control plants exhibited 
relatively higher pollen germination percentages, 
indicating strong reproductive competence. Some 
t ra n s g e n i c  l i n e s  a l s o  s h owe d  s a t i s fa c to r y 
germination ability, suggesting that the introduced 
genetic modi�ications did not signi�icantly impair 
pollen functionality. However, male sterile plants and 
partially sterile lines displayed markedly reduced 
g e r m i n a t i o n  f re q u e n c i e s .  Re d u c e d  p o l l e n 
germination may result from impaired membrane 
integrity, altered enzymatic activity, or metabolic 
disturbances affecting pollen tube growth. Since 
pollen germination is directly related to fertilization 
ef�iciency and seed development, lower germination 
rates may negatively in�luence reproductive �itness in 
certain transgenic lines.

Figure	 3b:	 Evaluation	 of	 pollen	 fertility	 and	 viability	 in	 T1	 rice	
transgenic	and	control	plants	with	different	concentrations

Fig	4:	In	vitro	pollen	germination	assay	showing	germinated	and	non-
germinated	pollen	grains	in	rice	transgenic	plants.

3.5	 Reproductive	 Fitness	 of	 T1	 Transgenic	 Rice	
Lines
Overall, the present investigation demonstrated that 
pollen viability assays, fertility analysis, and pollen 
germination tests are effective tools for evaluating 
reproductive �itness in transgenic rice plants. The 
majority of transgenic lines retained moderate to high 
reproductive performance, while a few lines 
exhibited partial sterility and reduced pollen 
functionality. The observed variability among 
transgenic plants may be attributed to transgene 
i n te g ra t i o n  s i te s ,  c o py  n u m b e r  va r i a t i o n , 
physiological stress, and tissue culture-induced 
genetic instability. The �indings emphasize the 
importance of detailed reproductive assessment 
during the development and characterization of 
genetically modi�ied crops. These results also support 
the use of pollen-based cytological techniques for 
biosafety evaluation, breeding selection, and 
identi�ication of stable transgenic lines suitable for 
future agricultural applications.

4.	Conclusion
The present study successfully evaluated the 
reproductive �itness of T1 rice transgenic lines 
through comprehensive pollen viability, fertility, male 
sterility, and pollen germination assays. Alexander 
staining proved to be an effective and reliable method 
for differentiating viable and non-viable pollen grains 
and enabled detailed cytological assessment of 
reproductive performance in transgenic rice plants. 
Microscopic observations demonstrated distinct 
variations in pollen morphology, staining intensity, 
and germination behavior between transgenic and 
untransformed control plants. The results revealed 
that several transgenic rice lines maintained 
satisfactory pollen viability and germination capacity 
comparable to the control plants, indicating stable 
reproductive performance and functional male 
fertility. However, certain transgenic lines exhibited 
reduced pol len  v iabi l i ty,  abnormal  pol len 
morphology, and partial male sterility, suggesting 
that genetic transformation and tissue culture 
p r o c e d u r e s  m a y  i n � l u e n c e  r e p r o d u c t i v e 
development. Variability in reproductive traits 
among the transgenic lines may be associated with 
transgene insertional effects, physiological stress, 
genomic rearrangements, or altered gene expression 
patterns.
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The pollen germination assay further con�irmed the 
functional competence of viable pollen grains and 
highl ighted the importance of  pol len tube 
development in successful fertilization and seed 
formation. Reduced germination observed in some 
lines indicates possible impairment in pollen 
functionality and reproductive ef�iciency, the �indings 
demonstrate that pollen-based assays provide 
valuable information regarding reproductive stability 
and biosafety evaluation of transgenic rice plants. The 
study contributes important baseline data for the 
characterization of genetically modi�ied rice lines and 
supports future breeding programs aimed at 
developing reproductively stable and agronomically 
superior transgenic cultivars for sustainable crop 
improvement.
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