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ABSTRACT
CMS lines are highly sensitive to temperature change for the sterility status. Determination of critical temperature for sterility breakdown in wild abortive cytoplasmic male sterile (WA-CMS) lines under field condition is essential for efficient seed production planning. CMS lines IR58025A and IR68897A were grown at different dates of sowing to give exposure to a series of temperature regime and day length at natural field condition. At panicle initiation stages temperatures below 28.5°C, the CMS lines were sterile and at temperatures below 30°C, the lines became partially sterile. Above 30°C, the CMS line reverted to fertile. The highest pollen sterility was recorded (98.3%) during the long day condition while the lowest was recorded (43.5%) during the short day condition indicating the effect of both temperature and day-length on break down of sterility. Differential expression of floral characters like panicle exertion and stigma was found with variation in temperature. This simple field-driven technique can be successfully employed to work out the functional temperature for fertility reversibility which is of utmost importance for planning seed production and maintenance of genetic purity of the hybrids. The techniques will aid in designing seed production planning for hybrid rice in any rice-growing area in the world.
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INTRODUCTION
Rice (Oryza sativa L.) is one of the essential cereals grown across the world. Achieving self-sufficiency in rice production and maintaining food security are important objectives in developing countries, where rice is the staple food and generates employment and income for poor people (FAO 2014). The plateauing yield trend of the modern high yielding varieties, declining and degrading natural resources like land, water and change in temperature due to global warming make the task of increasing rice production quite challenging. Rice production is profoundly impacted by various climatic factors as well as the change in day and night temperature (Yang et al. 2017). Rice yield has been estimated to be reduced by 41% by the end of the 21st Century due to different climate change effects (Ceccarelli et al. 2010). The increase in global mean temperatures is one of the most critical factors contributing to the yield decrease (Ziska et al. 1996; Peng et al. 2004; Sheehy et al. 2005; Shah et al. 2011; Fahad et al. 2017). There are reports on yield decrease up to 10% with 1oC change in temperature (Peng et al. 2004; Shah et al. 2014; and Chaturvedi et al. 2017). Rice is used as a model plant for many years, but crop phenological responses of rice to high temperatures are still poorly understood (Nagai and Makino, 2009). Among the various genetic approaches for improving rice productivity, hybrid rice has secured a prime position in uplifting the yield barrier. Hybrid rice technology for large-scale production has a yield advantage of 15 to 20% or more than 1 tonne of paddy per hectare, over the best-bred varieties (FAO 2004). As rice is a crucial source of livelihood for a large section of the population, a considerable yield through hybrid technology will have a significant impact on household food and nutritional security, income generation, and an overall economy of the rice grown regions (Cantrell and Hettel 2004). In major rice-growing countries of the world, hybrid rice area accounts for 0.5 % in Indonesia, 3.2 % in India, 4.3 % in the Philippines, 6.8 % in Bangladesh, 9.4 % in Vietnam, 14.5 % in the USA and 57.6 % in China (Barclay 2010).

Several scientific and technical challenges have hampered hybrid rice development. An important challenge is the multiplication of hybrid rice seed in significant levels of quality and quantity (Xie and Hardy 2009).  The success in the use of hybrid rice depends on the extent of heterosis and efficiency of the seed production techniques. The three-line system of seed production involving CMS, maintainer and restorer lines is commonly used for large-scale hybrid rice seed production in the world. The most popular male sterility system is wild abortive cytoplasmic male sterility system (WA-CMS). Wild-Abortive CMS (WA-CMS) system is derived from the common wild species Oryza rufipogon (Lin and Yuan 1980). The maintenance of genetically uniform parental lines and commercial hybrids that are true to type is an essential requirement in the production and marketing of hybrid crops. The CMS system generally used as the method of pollination control does not always provide complete protection against self-pollination resulting in unacceptable numbers of non-hybrid seeds. The presence of female self’s and chaffy grains due to alteration in the fertility of CMS is a significant cause reducing yield and economic value of hybrids. Hence maintenance of the purity of the CMS lines is essential in achieving the purity of hybrids and thus the commercial benefit of the seed producer. The CMS purity to avoid self-seed during multiplication can only be assessed at the heading stage by observing pollen fertility. There are reports on genotypic variation in spikelet sterility at high temperatures (Matsui et al. 2001; Satake and Yoshida 1978; Prasad et al. 2006). The temperature threshold for different rice varieties has also been defined (Matthews et al. 1995; Nakagawa et al. 2002). Nevertheless, the response of temperature on fertility reversibility of CMS lines is a significant area which needs to be determined for the planning of hybrid seed production. 

Every country has its both formal and informal seed system. Delivery of quality seed in both the system follows specific rules for quality assurances. Timely supply of quality seed is of utmost importance in achieving the target productivity. In times of uncertain natural threats like present pandemic for COVID 19, there is a considerable restriction on global transactions of agricultural seeds, crops and commodities; hence there is absolute necessity to strengthen local seed system of every country for food security. Hybrid seed production of rice needs to address specific technical issues for maintaining the quality standards and sterility of CMS lines is a significant issue to avoid contamination of female self-seeds. Developing a simple and effective method to assess sterility status of CMS for maintenance of the hybrid purity and for determination of planting windows is a need of the hour. The present study aimed at estimating the critical temperature for sterility breakdown of the CMS lines in the field conditions using simple observations which can be applied in hybrid seed production planning in rice-growing areas.

MATERIALS AND METHODS 
Experimental materials
Two most widely used WA-CMS lines, namely IR58025A (1A) and IR68897A (3A) comprised the experimental material of the present study. The pedigrees of IR58025A and IR68897A are IR48483A/8*Pusa167-120 and IR62829A/6*IR62856, respectively. CMS line IR58025A (1A) is used as parents in many released commercial hybrid seed production in India, Vietnam, Bangladesh, Indonesia and other countries (Virmani 2002).

Experimental area 
The experimental location was Assam Agricultural University, Jorhat, Assam, which is one of the seven states of northeast India, located between 24° 8′ N to 28° 2′ N latitudes and 89° 42′ E to 96° E longitudes. The experimental material was sown in the Instructional-cum Research Farm of Assam Agricultural University Jorhat, Assam located between 26o44/ N latitude and 94o10/ E longitude.

Temperature and photoperiod in the natural field conditions
There are three main growing seasons for rice in Assam. The summer rice is grown in February/March and harvested in June/July traditionally known as Ahu rice, which flowers during long day length condition and temperature is lower than Sali season. The winter rice is grown in June/July and harvested in November/December known as Sali rice which flowers during the short-day condition. The CMS lines were sown in six different dates, at ten days interval, both in Ahu and Sali (Table 1). Weekly average maximum and minimum temperature and sunshine hours were depicted in Fig 1.

Fertility examination
Observations were recorded on days to initial flowering, days to 50% flowering, pollen sterility at 50% flowering, panicle exertion rate and stigma exertion rate. Classification of sterility status and other characters were done following the Hybrid Rice Breeding Manual (Virmani et al. 1997). Thirty florets per plant were sampled at 50% anthesis from the primary panicles and fixed in 70% ethanol for the examination of pollen fertility using a 1% iodine potassium iodide (I–KI) solution (Fig 2). 

Statistical analysis
For evaluating the CMS lines over the dates of sowing, a two-factor completely randomized design (CRD) was followed. Mean data for the observed characters were subjected to analysis of variance considering replications and genotypes as fixed effects.

RESULTS 
The flowering behaviour of CMS lines 
There was a significant variation for lines, dates of sowing and their interaction for days to initiation of flowering, panicle exertion rate, and stigma excretion rate (Table 2). The earliest flowering duration of 69 and 66 days was observed in IR58025A and IR 68897A, respectively when sown in July during the Sali season followed by the other two dates of sowing. During the Ahu season, days to initial flowering was found to be longer in both the CMS lines which varied from 85 to 103 days having significant variation between the lines. The panicle exertion rate ranged from lowest 10.4% during Sali season to 77.5% in IR68897A, whereas in IR58025A it varied from 40% in Sali to 76.8% in Ahu season  (Table 3). The panicle exertion was rated, according to Virmani et al. (1997). During Sali season, the panicles of IR68897A were found to be moderate to partially exerted (10.4 to 36.8%) whereas in IR58025A only enclosed panicles were observed. During the Ahu season, both the lines exhibited enclosed panicles. During the Sali season just exerted stigmas were observed varying from 22.8 to 23.9% in IR 68897A and 31.8 to 33.2% in IR 58025A whereas in the Ahu season, the latter exhibited stigma exertion rate from 27.9 to 29.5%, also being categorized as just exerted. 

Pollen sterility behaviour of the CMS lines 
The pollen sterility ranged from 43.5 to 98.3% in both the CMS lines (Table 3). During the Ahu season in IR 58025A, pollen sterility was found to be partially sterile to sterile (74.5 to 98.3%) while during the Sali season, partial pollen sterility was registered in 2 sowing dates and reverted to partially fertile in on 4th sowing date with 58.8% pollen sterility . During the Ahu season, pollen sterility of IR 68897A ranged from partially sterile (74.5%) to sterile (92.5% and 91.1%) while in the Sali season, pollen sterility was 43.5 to 53.6% which was categorized as partially fertile. The variability was significant for both the CMS lines. The dates of sowing also revealed significant variation for pollen sterility. In the Ahu season, a high sterility percentage was observed for all the dates of sowing in both the CMS lines. In Sali season, both the CMS lines were found to produce variable pollens, and the variation was significant. The interaction effect was also significant for pollen sterility. The CMS line IR58025A registered maximum pollen sterility of 98.3% whereas, in IR68897A, maximum pollen sterility was 92.4%. 

Calculation of critical temperature for fertility alteration
In order to study the critical fertility alteration behaviour, the average temperatures at different panicle developmental stages were recorded. The daily temperature was taken at eight panicle developmental stages (S1 to S8) following Rangaswamy (1993). The pollen sterility/fertility was the basis for classification and characterization of sterility behaviour following Virmani et al. (1997). The fertility of the CMS lines undergoing various temperature variations during different panicle development stages is given in Table 4(a) and 4(b). The CMS lines, if not experienced more than 28.50 C in any of the eight stages of panicle development, were found to be sterile (PS-91.1-98.3%) (Table 3,4a,4b). The lines were characterized as partially sterile ( PS-74.5-87.7%) at temperature below 30°C during any one of the eight panicle development stage. The sterile lines became partially fertile (PS-43.5-58.8%) at the temperature above 30°C at any one stage of panicle development. In Sali season with shorted day length expression of phenological characters viz., panicle exertion rate and stigma exertion rate varied from partially exerted to enclose. In contrast, pollen sterility varied from partially sterile to partially fertile, indicating the probability of inferior quality hybrid seed with more number of selfed seeds. Both the CMS lines IR58025A and IR68897A exhibited pollen sterility was ranked as sterile to partially sterile, and the critical temperature for fertility alteration is given in Table 5. 

DISCUSSION
The present study indicates that the temperature variation over eight different panicle development stages determines the sterility status of the CMS lines. The pollen sterility study was taken as the basis for sterility reversion as there are reports on pollen analysis used to discriminate between different species, identify possible inter-species hybrids (Mariani and Tavoletti 1993), and identify restorer and maintainer lines (Ikehashi and Araki 1984). There are reports of high temperature has various effect on rice production (Espe et al. 2017). High temperature during flowering and grain development stage has an impact on spikelet fertility (Shi et al. 2016). The anthesis, fertilization and the preceding stage booting are considered to be most susceptible to temperatures changes in rice (Satake & Yoshida 1978; Farrell et al. 2006). Under the six different sowing dates stretching over Ahu and Sali seasons, complete sterility (100%) was not observed during any of the sowing dates. However, differential fertility behaviour was observed over dates of sowing under different temperature regimes. Based on pollen sterility behaviour, critical fertility alteration temperatures were calculated. The CMS lines were characterized as sterile under the temperature below 28.5°C over eight panicle development stages (Table 5) whereas the lines were characterized as partially sterile at temperatures below 30°C. The sterility expression was the poorest when the temperature was above 30°C as the line reverted from being sterile to fertile. Thus the sterility reversibility is dependent on the date of sowing, flowering time and the temperature during pre booting time (Fig 3). These changes were brought about by a minimum of 0.5oC temperature differences in any 1 out of 8 panicle development stages, indicating the importance of a stable temperature regime during that stage. He et al. (2006) reported that male fertility is affected by both temperature and photoperiod with the temperature being the more critical factor. They also reported that the critical temperature for complete sterility is between 27-28°C but become partially fertile at higher temperatures, which could be a reason for the absence of 100% pollen sterility or complete sterility in the present investigation. Generally, development of the male reproductive organ in rice is known to be more sensitive to heat stress (Wassmann et al. 2009). Prasad et al. (2006) reported that high-temperature stress during rice flowering lead to decreased pollen production and pollen shed. In our study, alteration of sterility behaviour of the CMS lines appears to result from variation in temperatures during the critical stages of panicle development. The problems of sterility reversibility can be manipulated through a change in flowering time or more particularly, the panicle initiation stage. Both the lines show variation for flowering duration over sowing dates. Hence through proper screening of sowing dates the sterility status can be restrained as it has a direct effect on fertility reversibility (Fig 3).

The pollen sterility was the highest in IR58025A (98.3%) during the Ahu season under long-day conditions while the lowest fertility was found in IR68897A (43.5%) during the Sali season under short-day conditions. The development of IR58025A and IR68897A involved WA CMS and non-restorer pollinators having different nuclear genetic backgrounds. Various studies reported pollen abortion patterns depending on different degrees of interaction between the nuclear genetic background and the cytoplasm. There are reports on sterility in rice depending upon the genetic diversity between the cytoplasmic donor parent and the nuclear donor parent (Fujii et al. 2010; Maureen et al. 2004; Joshi et al. 2007; Chaudhary et al. 1981), which might be another cause of differences for fertility reversibility in both the CMS lines. Wang et al. 2016 also reported that high temperatures inhibit anther filling at the panicle initiation stage, which leads to a decline in pollen activity. 
Local hybrid seed production may be a new regular activity in the present day scenario of global communication restrictions. The main criteria for attaining high genetic purity of the hybrid is always sterility status of the CMS lines, which is as per previous findings, where pollen sterility is the principal criterion for selection of CMS lines (Shrivastava et al. 2015). The present study implies the vital role of calculation of critical sterility temperature for fertility reversibility which can be attained with a simple field experiment without any sophisticated tools and technology. In the present scenario of global food demand, hybrid rice will play a key role in securing food security and local seed production strategy will play a critical role in mitigating the challenges of restrictions in export and imports. Hence, to strengthen the local seed sectors, seed production of hybrids must be designed with strict monitoring of the prevailing temperature regime of the locality to maintain the genetic purity standards.
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	Table 1: Pedigree and sowing plan of the CMS lines and their maintainers

	Designation
	Pedigree
	Season
	Number of sowing
	Sowing date

	IR58025A (1A)
	IR48483A/8*Pusa167-120//Pusa167-120
	Ahu (Summer rice)
	1st sowing
	05.02.2018

	
	
	
	2nd sowing
	15.02.2018

	
	
	
	3rd sowing
	25.02.2018

	IR68897A (3A)
	IR62829A/6*IR62856/IR62856
	Sali (Winter rice)
	4th sowing
	06.07.2018

	
	
	
	5th sowing
	16.07.2018

	
	
	
	6th sowing
	26.07.2018


	Table 2: ANOVA for the characters in the two CMS lines

	Source of variation
	D.F.
	MEAN SQUARES

	
	
	Day to first flowering (DF)
	Panicle exertion rate (%) [PER]
	Stigma exertion rate (%) [SER]
	Pollen sterility (%) [PS]

	Lines (L)
	1
	2279.40**
	11070.16**
	2262.00**
	9192.75**

	Dates (D)
	5
	3121.21**
	7680.60**
	73.40**
	5532.43**

	Interaction (L x D)
	5
	86.42**
	3416.63**
	7.55*
	1298.83**

	Error
	108
	6.43
	3.66
	3.06
	3.79

	*=Significant at 5%, **=Significant at 1%


	Table 3: Reproductive characters and sterility status of CMS lines

	CMS line
	Season
	Date of sowing
	Days to 1st flowering
	Panicle exertion rate (%)
	Stigma exertion rate (%)
	Pollen sterility (%)
	Sterility status

	IR58025A
	Ahu
	1st sowing
	103
	76.8
	27.9
	97.9
	S

	 
	 
	2nd sowing
	97
	76.1
	29.5
	87.5
	PS

	 
	 
	3rd sowing
	93
	75.3
	28.3
	98.3
	S

	 
	Sali
	4th sowing
	78
	40.0
	31.8
	58.8
	PF

	 
	 
	5th sowing
	69
	72.2
	32.4
	79.0
	PS

	 
	 
	6th sowing
	73
	76.5
	33.2
	87.7
	PS

	IR68897A
	Ahu
	1st sowing
	88
	75.8
	19.3
	74.5
	PS

	 
	 
	2nd sowing
	87
	77.5
	20.2
	92.4
	S

	 
	 
	3rd sowing
	85
	76.3
	22.1
	91.1
	S

	 
	Sali
	4th sowing
	67
	24.9
	22.8
	49.0


	PF

	 
	 
	5th sowing
	66
	10.4
	22.9
	43.5
	PF

	 
	 
	6th sowing
	67
	36.8
	23.9
	53.6
	PF

	CD Lines (L)
	 
	 
	1
	0.7
	0.6
	0.7
	 

	CD Dates (D)
	 
	 
	2
	1.2
	1.1
	1.2
	 

	CD L X D
	 
	 
	2
	1.7
	1.6
	1.7
	 

	PER (Panicle exertion rate, %):  well exerted (0%), moderately exerted (1-10%), just exerted (11-25%), Partially exerted (26-40%), 9 - enclosed (>40%); SER (Stigma exertion rate, %):  well exerted (>70%), Moderately exerted (41-70%), just exerted (21-40%), partially exserted (11-20%), enclosed (0-10%); PS (Pollen sterility (%): 100%, completely sterile (CS), 91-99%, sterile (S), 71-90%, partially sterile (PS), 31-70%, partially fertile (PF)  21-30%, fertile (F),  0-20%, fully fertile (FF)


	Table 4(a): Average temperature regime during panicle developmental stages in IR58025A

	Stage
	Days before heading
	Sowing dates/Temperature (oC)

	
	
	1st sowing
	2nd sowing
	3rd sowing
	4th sowing
	5th sowing
	6th sowing

	S1
	25-26
	28.2
	27.3
	27.9
	28.0
	29.9
	27.0

	S2
	22-24
	27.8
	26.1
	23.8
	30.4
	28.2
	25.6

	S3
	19-21
	27.4
	26.6
	23.7
	30.1
	28.7
	26.8

	S4
	15-18
	26.6
	24.2
	23.9
	29.4
	29.2
	27.3

	S5
	12-14
	23.8
	22.4
	26.0
	28.6
	29.6
	28.2

	S6
	9-11
	22.9
	25.4
	26.4
	28.6
	27.6
	28.3

	S7
	3-8
	25.3
	26.1
	27.2
	29.3
	26.2
	29.0

	S8
	1-2
	27.2
	28.6
	27.3
	27.0
	27
	28.5

	Pollen sterility at 50% flowering
	97.9
	87.5
	98.3
	58.8
	79.0
	87.7

	Status
	S
	PS
	S
	PF
	PS
	PS


	Table 4(b): Average temperature regime during panicle developmental stages in IR62829A

	Stage
	Days before heading
	Sowing date/Temperature (oC)

	
	
	1st sowing
	2nd sowing
	3rd sowing
	4th sowing
	5th sowing
	6th sowing

	S1
	25-26
	25.5
	26.7
	28.1
	28.5
	30.1
	29.2

	S2
	22-24
	28.7
	27.6
	26.7
	29.9
	30.3
	29.6

	S3
	19-21
	28.9
	27.9
	27.0
	29.3
	28.2
	27.6

	S4
	15-18
	29.4
	27.7
	23.8
	27.2
	28.8
	25.8

	S5
	12-14
	28.3
	26.5
	22.9
	30.4
	29.2
	27.1

	S6
	9-11
	27.9
	24.9
	24.7
	30.1
	29.6
	27.3

	S7
	3-8
	26.9
	23.4
	26.2
	29.1
	26.6
	28.2

	S8
	1-2
	25.5
	25.1
	27.7
	28.2
	26.8
	31.6

	Pollen sterility at 50% flowering
	74.5
	92.4
	91.1
	49.0
	43.5
	53.6

	Status
	PS
	S
	S
	PF
	PF
	PF


	Table 5: Calculated scale for critical alteration temperatures for the tested CMS lines

	Scale
	Temperature (°C)
	Category

	1
	<28.5°C
	Sterile

	2
	<30°C
	Partially sterile

	3
	>30°C
	Partially Fertile
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Fig 1: Weekly average of maximum and minimum temperature during crop growing season
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Fig 2: Pollen sterility testing 
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Fig 3: Sterility reversibility factors 

