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ABSTRACT 
 
Rice has been staple food for more than half of the world population and presently it is one of the 
top three crops cultivated across the world in terms of area and production. Low temperature stress 
has been a critical factor year after year in determining the yield globally. Since last five decades 
many tactics there have been developed for countering the effect of low temperature stress in rice, 
which includes conventional as well as molecular. Here, we have reviewed recent progress in 
research on cold stress-mediated physiological traits and metabolites; elaborated their roles in the 
cold-response network and cold-tolerance evaluation. We also have discussed criteria for evaluating 

Review Article 



 
 
 
 

Gautam et al.; AIR, 13(6): 1-9, 2018; Article no.AIR.35629 
 
 

 
2 
 

cold tolerance, evaluated the scope and shortcomings of each application. In this review,          
various approaches for cold tolerance are discussed with special reference to Quantitative Trait Loci 
(QTL). 

 
 
Keywords: Cold stress; evaluation criteria; metabolites; QTL; rice; seedling. 
  
1. INTRODUCTION 
 
Rice (Oryza sp.) belongs to the Poaceae family 
and have basic chromosome number n=12. It 
exists in two form diploid and tetraploid, the 
diploid (2n=24) species is known as Oryza sativa 
L. (Asian Rice) or Oryza glaberrima L. (African 
Rice) and cultivated widely across globe. The 
use of crop has a wide range including food like 
flour, snacks, cereal bran oil etc to some 
medicinal values. More than half of the world 
population depends on rice as a staple food [1]. 
The global area under rice cultivation is 156 
million hectare which has production of 650 
million tons of crop [2], while in India the area 
under cultivation is 44.6 million hectare and 
production is 103.6 million tons which is around 
23 percent of global production [3]. India is also a 
leading exporter of rice specially the Basmati 
rice. 
 
Thus, increasing rice yields to help meet and 
ensure world food security is a significant and 
pressing technological goal. However the 
attempts to enhancing the yield in rice is 
challenged by various biotic and abiotic factors, 
among abiotic factors temperature, salinity, 
rainfall, drought etc are major one. Abiotic 
stresses directly or indirectly affect the 
physiological status of rice and negatively alter 
its overall metabolism, often with impacts on 
grain yield. Among these, cold temperatures can 
be particularly harmful due to the tropical origin 
of the rice species. 
 
Low temperatures comprise a major climatic 
problem for rice growing in 25 countries, 
including Korea and Japan [4,5]. Low 
temperatures can have negative impacts on rice 
plants during germination, vegetative growth, and 
reproductive stages. Yield loss due to low 
temperatures is a major restriction on rice 
cultivation not only in areas at high latitudes or 
high altitudes but also in tropical countries such 
as the Philippines and Thailand [6]. Rice is highly 
sensitive to cold stress during reproductive 
developmental stages, and little is known about 
the mechanisms of cold responses in rice anther. 
Considering the expected higher frequency of 

extreme temperature events in the near future, 
cold waves could even increase the negative 
impacts of low temperatures in rice production 
[7]. 
 
The low temperature stress has reported to 
account up to 45 percent of yield loss in rice due 
to abiotic factors and frequently occurring low 
temperature may cause up to 50 percent 
reduction in overall yield [8]. Due to diverse 
growing locations and climatic factors, rice 
cultivars face cold stress at specific growth 
stages [9]. Researchers have established many 
growth-stage specific criteria to evaluate and 
select cold-tolerant rice. Evaluation of rice 
cultivars typically takes place during seedling and 
reproductive stages that are critical to production 
of rice. However, in high-latitude or high-altitude 
regions, low temperatures during long, cold 
springs can severely inhibit germination and 
constrain early seedling growth. So evaluation of 
cold tolerance at the germination stage is 
especially significant for these regions.  
 

In this review, we have discussed and clarified 
mechanisms and cause of low temperature 
stresses in rice, role of various metabolites 
during the response to cold stress in rice, their 
effect on yield, and summarize the diverse 
criteria that are useful for evaluating the cold 
tolerance of rice at different growth stages. In 
addition, as special reference we have discussed 
QTL (Quantitative Trait Loci) and markers related 
to cold tolerance that can be used to facilitate 
marker-assisted breeding through recurrent 
selection in rice. 
 

2. DEVELOPMENT OF COLD STRESS 
AND INDICATIONS IN PLANTS 

 
Low temperature (e.g. chilling and freezing) 
injury can occur in all plants, but the mechanisms 
and types of damage vary considerably. Many 
fruit, vegetable and ornamental crops of tropical 
origin experience physiological damage when 
subjected to temperatures below about +12.5°C, 
hence well above freezing temperatures. 
However, damage above 0°C is chilling injury 
rather than freeze injury [10].

 
Freeze injury 
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occurs in all plants due to ice formation. Crop 
that develop in tropical climates, often 
experience serious frost damage when exposed 
to temperature slightly below zero, whereas most 
crops that develop in colder climates often 
survive with little damage if the freeze event is 
not too severe. 
 
The symptoms of cold sensitivity and damage 
vary according to the growth stage of the rice 
plant [11]. In the germination stage, the most 
common symptoms of cold temperature damage 
are delayed and lower percentage of 
germination. At vegetative stage, chilling damage 
is expressed through yellowing of the leaves, 
lower stature, and decreased tillering of the rice 
plants. When cold coincides with the 
reproductive stage of the rice plant, sterility of the 
spikelets is the most common symptom of injury, 
but incomplete panicle exertion and spikelet 
abortion may also occur [12]. Spikelet sterility 
may result from pollen abortion due to cold 
during microsporogenesis, when pollen grains 
are being formed, at the booting stage [13].  
 
Depending on the duration and severity of the 
stress, exposure to these temperatures can lead 
to extensive damage to the plants. Chilling 
sensitivity is common in plants originating from 
tropical and subtropical regions and the injury is 
mainly a consequence of destabilization of cell 
membranes (Levitt 1980). Some exceptions are 
lettuce, which originated in a temperate climate, 
but can be damaged at temperatures near 0°C 
and some subtropical fruits trees that can 
withstand temperatures to -5°C to -8°C. Species 
or varieties exhibit different frost damage at the 
same temperature and phenological stage, 
depending on antecedent weather conditions, 
and their adaptation to cold temperatures prior to 
a frost night is called "hardening". 
 
During cold periods, plants tend to harden 
against freeze injury, and they lose the hardening 
after a warm spell. Hardening is most probably 
related to an increase in solute content of the 
plant tissue or decreases in ice-nucleation active 
(INA) bacteria concentrations during cold 
periods, or a combination. During warm periods, 
plants exhibit growth, which reduces solute 
concentration, and INA bacteria concentration 
increases, which makes the plants less hardy 
[14]. 
 
The degree of injury in rice usually depends on 
time of occurrence (growth stage), severity of 
chilling, and low temperature duration [15]. Ye 

and co. (2010) has shown that Low temperature 
has the potential to affect growth and 
development of rice plants during any 
developmental stage, from germination to grain 
filling. However, Yamada showed that sensitivity 
to cold varies between stages [16], According to 
his data, rice plants have a lower threshold 
temperature (10–13°C) for cold damage during 
the early stages of development (germination 
and vegetative), what makes them less sensitive 
to cold than during the reproductive stage, which 
has a higher threshold temperature for damage 
(18–20°C). 
 
There are very typical indications when rice plant 
suffers low temperature stress or cold shock, for 
example leaves from plants injured by chilling 
show inhibition of photosynthesis, slower 
carbohydrate translocation, lower respiration 
rates, inhibition of protein synthesis, and 
increased degradation of existing proteins [17, 
18]. During the early growth stages in rice, the 
occurrence of low-temperature stress affects 
seed germination that inhibits seedling 
establishment and eventually leads to non-
uniform crop maturation [19]. One of the most 
common features of low temperature stuck plants 
is retarded height and decreased chlorophyll 
content in leaves. Low chlorophyll content results 
in varying degree of discoloration in leaves from 
green to brown, which can be given a score of 1-
9 depending upon the degree of discoloration 
[20]. 
 
3. CHANGES IN MORPHOLOGICAL AND 

PHYSIOLOGICAL PARAMETERS 
UNDER COLD 

 

Low temperature stress has very clear and 
visible effect on crop plants especially in rice in 
the form of change in morphological and 
physiological development. Low temperature 
inflicts a wide range of damages to rice plants, 
such as low germination rate, stunted seedling 
growth, high death rate, and low spikelet fertility, 
and even lead to change in physiological 
functioning of plants like increased EL 
(electrolyte leakage)), changes in chlorophyll 
fluorescence, and increases in amounts of ROS 
i.e. reactive oxygen species, MDA (measuring 
malondialdehyde), proline and other metabolites 
etc. 
 

The most reliable morphological parameters for 
assessing the cold stress in rice are seedling 
height, seedling colour and germination percent. 
The important physiological parameters which 
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show quick response to cold stress are 
chlorophyll content, ABA and proline hormone, 
membrane fluidity, soluble sugar, channel 
proteins etc [21]. Liu and co. (2013) while 
working on oat have showed that during the cold 
treatment of 1°C, naked oats grew well as usual. 
Until 5 days later, the seedlings were always 
strong only except some leaf apexes began to 
get yellow [22] in the 7th day, most parts of 
seedling remained green as normal temperature. 
The seedling got curl after 3-4 hours after 
exposure to −10°C cold stress. Some leaf began 
to get yellow and curled seriously in the third day, 
while the seedling grew slowly. Most leaves 
showed severe rolling and wilting in the 7th day. 
Liu and co. (2013) observed increase in proline 
content upon exposure to cold stress. Compared 
with the control, the free proline content in 
seedling leaves under low temperature was 
obviously higher than that under room 
temperature. Proline plays a vital role in 
maintaining osmotic balance in plants. The 
accumulation of proline may function in 
preventing plants from being damaged by stress. 
The free proline acts as osmolytes to facilitate 
osmoregulation, thus protecting plants from 
dehydration resulting from cold stress by 
reducing water potential of plant cells [23]. In 
addition, proline can also function as a molecular 
chaperone to stabilize the structure of proteins as 
well as play a role in regulation of the antioxidant 
system [24,25,26]. Cook and co. (2004) while 
studying the effect low temperature stress on 
Arabidopsis have found that 434 metabolites 
monitored by GC-time-of-flight MS, 325 (75%) 
were increase in Arabidopsis Wassilewskija-2 
(Ws-2) plants in response to low temperature. Of 
these 325 metabolites, 256 (79%) also increased 
in non-acclimated Ws-2 plants in response to 
over-expression of C-repeat/dehydration 
responsive element-binding factor (CBF) [27]. 
Worker while studying the effects of cold stress 
in Arabidopsis have found that extensive 
changes occur in the transcriptome of 
Arabidopsis in response to low temperature 
[28,29,30,31,32]) and these changes are the 
results of CBF cold response pathways. 

 
4. BREEDING FOR COLD TOLERANCE IN 

RICE 
 
During last six decades various approaches have 
been tried and tested to counter the yield loss in 
rice due to cold stress. During first three decades 
the methods were mostly relying on conventional 
approaches however in last three decades many 

molecular tools including QTLs has been used to 
develop cold stress tolerance in rice. 
 

Breeding demands genetic variability. 
Fortunately, the rice species (Oryza sativa L.) 
has wide adaptability to cold, and cold-tolerant 
ecotypes are available for breeding. The 
cultivated species O. sativa L. has two 
subspecies: indica and japonica. The indica 
subspecies includes cultivars better adapted to 
tropical environments such as India, China, and 
Indonesia, while japonica cultivars are more 
adapted to temperate climates such as the ones 
in Japan, Korea, and Java. Different 
methodologies to screen rice genotypes for cold 
reaction under controlled temperature conditions 
at different stages of development have been 
used like in germination stage (germination 
percent, germination rate, coleoptile length) 
vegetative stage (survival rate 10 days after the 
end of the cold treatment, growth and 
discoloration, visual scale (1–9), survival rate 
after 14 days of recovery, survival percentage) 
and reproductive stage (percent of fertility, 
panicle exertion). However, the available space 
to grow large plant populations under controlled 
temperature environments is the main limiting 
factor. 
 

Growth under controlled conditions leads to gain 
in timing and precision of the stress, but loss in 
the amount of populations that will be possible to 
test. To deal with these limitations, some rice 
breeding programs have implemented selection 
with cold water under field conditions, allowing 
evaluation of many different populations and 
thousands of plants per population Several 
experimental stations in Japan [33] and Korea 
have successfully used cold water to screen rice 
breeding material for cold tolerance. 
 
Studies with large number of cultivars belonging 
to these two subspecies showed that japonica 
genotypes have higher degree of cold tolerance 
at the germination stage as well as at the 
vegetative and reproductive stages. da Cruz and 
Milach [2013] also concluded that japonica 
genotypes presented higher cold tolerance at the 
germination stage than indica genotypes, 
although they found variability for this trait within 
both subspecies. This agrees with previous 
reports of some indica genotypes from high-
latitude regions that may present moderate level 
of chilling tolerance. Some javanica cultivars are 
also reported to be tolerant to cold. Javanica rice 
is considered a tropical subpopulation or an 
ecotype of japonica [34] and cold-tolerance 
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genes from the javanica cultivars Silewah, 
Lambayque 1, and Padi Labou Alumbis were 
introduced into several temperate japonica 
breeding lines in Japan [35].  
 
5. TOOLS AND CRITERION TO 

EVALUATE COLD TOLERANCE IN 
RICE 

 
In mean course of time there several criterion 
which includes morphological, physiological and 
biochemical have been described for evaluation 
of cold stress tolerance in rice. Similarly various 
tools have been developed to assess the cold 
tolerance/resistance in rice and these tools are 
conventional as well as molecular in nature. 
 
In present time the evaluation for cold stress in 
rice is done at three stages viz. germination, 
seedling and reproductive stages which include 
various parameters to be take in account. 
 

5.1 Evaluation at the Germination Stage 
 
The most common parameters to evaluate cold 
tolerance at germination stage are germination 
percent and rate of germination. The primary 
criteria in this stage are germination percent and 
seedling survival rate of seedlings are the two 
main criteria used for the evaluation of cold 
tolerance in rice at the germination stage. For 
assessing the germination percent, observations 
are recorded at 7 d, 11 d, 14 d, and 17 d 
following germination at 14°C in the dark. 
 

Germination vigor (%) = (Number of 
germinated grain /Number of total grain) × 
100. 

 
The standard assessment of whether a rice grain 
has germinated is determined as the point at 
which the bud length equals half the length of the 
seed, and the root length equals the seed length 
[36]. Gautam and co. (2016) have shown the 
assessment for cold tolerance in germination 
stage may be done by adjusting the temperature 
10-12 °C in day time and 7-8 °C in night time. 
 
5.2 Evaluation at the Seedling Stage 
 
At seedling stage seedling colour (dark green to 
brown) and seedling length are the two important 
features that can be used reliably. Gautam and 
co. (2016) shown in their study that a resistant 
genotype shows dark green colour after cold 
shock treatment, while brown colour in result in 

cold susceptible genotypes. Similar results were 
found for seedling length where 11 cm was mean 
length for cold stress resistant genotypes and 8-9 
cm was for cold stress susceptible genotypes. 
 
The seedling survival rate for cold tolerance is 
evaluated as follows. When shoots are about 5 
mm long, the germinated seedlings are planted 
in soil and are subjected to cold treatment at 2°C 
for 3 d, and are then moved to a sunny indoor 
environment where the temperature is above 
20°C to ensure normal growth. The other method 
applied by some researcher is to treat presoaked 
seeds in a growth chamber at a constant 
temperature of 32°C for 36 h. Germinated seeds 
with 5 mm coleoptiles were stressed at 5°C for 
10 days, and then moved to a greenhouse at 
20°C for 10 days to allow seedlings to recover 
and resume normal growth [37]. Seedling 
survival rates are assessed after 7 d recovery 
growth and cold tolerance evaluation indices are 
calculated as [38]: 
 

Seedling survival rate (%) = surviving 
seedlings/budding seeds × 100  

 
Both visual and physiological indicators are used 
to evaluate cold tolerance at the seedling stage 
in rice. Five criteria are typically used for visual 
assessment of cold tolerance, including fresh 
weight, survival rate, new leaf emergence, 
seedling growth, and leaf growth. While studying 
the cold stress at seedling stage Wang and co 
(2016) found that both temperate and tropical 
japonica rice cultivars are more tolerant to cold 
stress than indica and AUS cultivars [39]. 
 

5.3 Evaluation at the Reproductive Stage 
 
Spikelet fertility is considered as the most reliable 
and major parameter while evaluating the stress 
tolerance at reproductive stage [40]. Exposure to 
low temperatures during the reproductive stage 
in rice can cause male sterility and thereby 
severe yield loss. Cold tolerance at reproductive 
stage has been evaluated by estimation of 
spikelet fertility using cold greenhouse cultivation 
(CGC) or cold deep-water irrigation (CDWI). 
Spikelet fertility is estimated in the rational form 
of filled grains to the total number of florets, 
under cold greenhouse cultivation (CGC) (12°C/6 
d) and cold treatment under cold deep-water 
irrigation (CDWI) (18-19°C/~60 d).  
 

Researchers have found that cold deep-water 
irrigation (CDWI) is more efficient among these 
two above said approaches since it exposes 
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plants to a more moderate treatment temperature 
and a longer treatment period, and is conducted 
directly in field. So, CDWI is also helpful in 
evaluating cold tolerance in QTL mapping 
population. 
 
6. QTLs Identified for Cold Tolerance in 

Rice 
 
There have been number of QTLs identified in 
almost all chromosomes of rice which are 
contributing to the cold tolerance at different 
stages. It is found QTLs which are contributing 
20% or more to genetic diversity are more 
reliable and useful assessing the cold stress 
tolerance in rice. Gautam et al. (2016) confirmed 
four QTLs namely qCSH2, qGR-1, qPSST-3, 
qCTS4-1 and qPSST-7 which are contributing for 
low temperature stress tolerance in rice. Cold 
tolerance in rice is a quantitative trait controlled 
by multiple genes. Because it is often difficult to 
directly associate plant phenotypes with the 
genes responsible for cold tolerance, marker-
assisted selection is an effective means of 
developing cold-tolerant cultivars [41]. 
 
The development of molecular markers and 
linkage maps has made it possible to identify 
QTL that control cold tolerance in rice. QTL 
analyses have been carried out using rice 
populations with large levels of genetic variation 
for cold tolerance [42], Futsuhara and Toriyama 
in their study screened 84 SSR (simple 
sequence repeat) markers and validated 24 
markers which are closely related to low 
temperature stress tolerance in rice. A single 
QTL for booting stage cold tolerance was 
reported on the long arm of chromosome 3. This 
QTL was named qLTB3 and explained 24.4% of 
the phenotypic variance [43]. Seven SNP 
markers were identified in five genes within the 
qLTB3 region, all of them causing amino acid 
substitutions. One of those SNPs (in the 
Os03g0790700 gene) caused a mutation in a 
conserved amino acid and was considered the 
strongest candidate for conferring cold tolerance. 
Shakiba and co. (2017) using Genome Wide 
Association (GWA) mapping have identified a 
total of 18 QTL in the RDP1 as a whole (ALL) 
associated with cold tolerance (measured by 
germination index), including nine in INDICA (of 
which four were co-located with those identified 
in ALL), 13 in JAPONICA, (of which three were 
co-located with ALL and one was co-located with 
INDICA), seven in temperate japonica, and six in 
tropical japonica [44] [45] [46] [47]. Ranawake 
and co. (2014) have showed after the first three-

day period of cold stress, four QTLs were 
detected on three chromosomes 5, 6 and 11. 
qCTS11(1)-1 located on the short arm of 
chromosome 11 and qCTS11(1)-2 on the long 
arm of chromosome 11 showed 22.2% and 
35.6% PVE, respectively, while the other two 
QTLs, qCTS5(1) on the long arm of chromosome 
5 and qCTS6(1) on the short arm of chromosome 
6, respectively, showed 5.8% and 8.5% PVE. 
qCTS6(1) was overlapped with qCTG6 within the 
chromosomal region covered by markers Wx and 
RM190. Positive additive effects were conferred 
by HGKN alleles at all QTLs except for qCTS5(1) 
[48]. Under same study they were able to find 
five more QTLs located on chromosomes 2, 7, 8 
and 11. Among them, qCTS2(2), qCTS7(2) and 
qCTS8(2) showed PVE ranging from 22.9% to 
35.3%, while two other QTLs, qCTS11(2)-1 and 
qCTS11(2)-2, showed 6.5% and 12.5% PVE, 
respectively. A number of studies have used 
similar mapping populations as used by 
Ranawake and co (2014) and found the results in 
same tune [49,50]. 
 

7. CONCLUSION AND FUTURE 
PROSPECTS 

 
The development of cold stress tolerance in rice 
is a complex phenomena which include various 
physical, chemical, biochemical and genetic 
mechanisms. Applications of genomic 
approaches and gene knockout strategies are 
beginning to accelerate efforts to assess 
systematically and understand complex 
quantitative traits such as acquired tolerance to 
temperature extremes. It is clear that much 
progress has been achieved in the 
understanding of cold tolerance in rice plants. 
However, decreased productivity caused by low 
temperatures remains as a problem, especially in 
places where indica rice is cultivated. Systematic 
studies have been carried out to improve our 
understanding of the physiological and genetic 
basis of cold tolerance in rice, which will promote 
the development of rice cultivars with improved 
cold tolerance. Cold stress interferes with 
metabolism and initiates changes in various 
physiological properties of plants. 
 
The development of molecular markers and 
linkage maps has allowed detection of many QTL 
related to cold tolerance at various growth 
stages. The fact that a large number of genes 
identified by these studies are currently 
annotated with ‘‘unknown function’’ and involve 
new genes and new pathways indicates that our 
knowledge of the transcriptional control of the 



 
 
 
 

Gautam et al.; AIR, 13(6): 1-9, 2018; Article no.AIR.35629 
 
 

 
7 
 

low temperature response is limited, and the 
regulation of these transcriptional responses is 
far more complex than previously believed.  
 

This study provides a comprehensive overview of 
the recent achievement in the field of plant cold 
tolerance. 
 

In the future, the integration physiological 
mechanistic studies of cold tolerance and QTL 
identification will accelerate the improvement of 
rice for the traits related to cold tolerance. 

 

COMPETING INTERESTS 
 

Authors have declared that no competing 
interests exist. 

 

REFERENCES 
 

1. Available:http://ricepedia.org/rice-as-
food/the-global-staple-rice-consumers 

2. Ghosh B, Ali NM, Gantai S. Response of 
rice under salinity stress: A review update. 
Jr. Res Rice. 2016;4(2). 

3. Global Miller’s Symposium. Humberg, 
Germany April. 2017;20-21. 

4. Saseendran SA, Singh KK, Rathore LS, 
Singh SV, Sinha SK. Effects of climate 
change on rice production in the tropical 
humid climate of Kerala, India. Climatic 
Change. 2000;44:495–514,  

5. Zhiqing J, Ge D, Chen H, Fang J. Effects 
of climate change on rice production and 
strategies for adaptation in Southern 
China, implications of climate change for 
international agriculture: Crop modelling 
study, U.S. Climate Change Division 
Report, EPA, 230-B-94-003, 1–24. 

6. Kaneda C, Beachell HM. Response of 
Indica × Japonica rice hybrids to low 
temperature. SABRAO Journal. 1974; 
6:14-32. 

7. da Cruz RP, Sperotto RA, Cargnelutti D, 
Adamski JM, de Freitas Terra T, Fett JP. 
Avoiding damage and achieving cold 
tolerance in rice plants. Food and Energy 
Security. 2013;2(2):96-119. 

8. Gautam A, Suresh J, Madahav MS, and 
Subbarao LV. Profiling of quantitative trait 
loci (QTL) for low temperature stress 
tolerance in early stage of rice (Oryza 
sativa L.). Progressive Research – An 
International Journal. 2016;11(Special-
II):1251-1255. 

9. Saito K, Miura K, Nagano K, Hayano-Saito 
Y, Saito A, Araki H, Kato A. Chromosomal 
location of quantitative trait loci for cool 

tolerance at the booting stage in rice 
variety Norin-PL8. Breeding Science. 
2001;45:337-340. 

10. Levitt J. Responses of plants to 
environmental stress. In: Chilling, freezing, 
and high temperature stress. New York, 
Academic Press. 1980;1:497. 

11. http://www.fao.org/docrep/008/y7223e/y72
23e0a.htm 

12. Yoshida S. Fundamentals of rice crop 
science. International Rice Research 
Institute, Los Banos Laguna, Philippines. 
1981;267. 

13. Satake T. Determination of the most 
sensitive stage to sterile-type cool injury in 
rice plants. Research Bulletin, Hokkaido 
National Agricultural Experimental station. 
1976;113:1–33. 

14. Mackill DJ, Lei XM. Genetic variation for 
traits related to temperate adaptation of 
rice cultivars. Crop Science. 1996;37: 
1340–1346.  

15. Li HB, Wang J, Liu AM, Liu KD, Zhang Q. 
and Zou JS. Genetic basis of low-
temperature-sensitive sterility in indica–
japonica hybrids of rice as determined by 
RFLP analysis. Theoretical and Applied 
Genetics. 1997;95:1092–1097. 

16. Yamada N. Photosynthesis and dry matter 
production in rice plant. In: Symposium on 
Rice Problems, Pacific Science Congress; 
1961. 

17. Sthapit BR, Witcombe JR. Inheritance of 
tolerance to chilling stress in rice during 
germination and plumule greening. Crop 
Science. 1998;38:660-665. 

18. Lee MH. Low temperature tolerance in 
rice: The Korean experience, increased 
lowland rice production in the Mekong 
region edited by Shu Fukai and Jaya 
Basnayake, ACIAR Proceedings. 2001; 
101.  

19. Gautam A, Suresh J, Madhav MS. 
Morphological assessment of development 
of early stage cold stress tolerance in the 
genotypes of rice (Oryza sativa L.). 
Research Journal of Agricultural Sciences. 
2016;7(1):214-217. DI: 3223-0511-2015-
057.  

20. IRRI. Standard Evaluation System of rice, 
INGER genetic resource centre, 4th 
edition; 1996. 

21. Zhang Q, Chen Q, Wang S, Hong Y, Wang 
Z. Rice and cold stress: Methods for its 
evaluation and summary of cold tolerance-
related quantitative trait loci. Rice (N Y). 
2014;7(1):24.  



 
 
 
 

Gautam et al.; AIR, 13(6): 1-9, 2018; Article no.AIR.35629 
 
 

 
8 
 

22. Liu W, Yu K, He T, Li F,  Zhang D, Liu J. 
The low temperature induced physiological 
responses of Avena nuda L, a Cold-
tolerant plant species. The Scientific World 
Journal; 2013. Article ID 658793. 

Available:http://dx.doi.org/10.1155/2013/65
8793 

23. Székely G, Ábrahám E, Cséplo A. 
Duplicated P5CS genes of arabidopsis 
play distinct roles in stress regulation and 
developmental control of proline 
biosynthesis. Plant Journal. 2008;53(1): 
11–28. 

24. Armengaud P, Thiery L, Buhot N, March 
GD, Savouré A. Transcriptional regulation 
of proline biosynthesis in Medicago 
truncatula reveals developmental and 
environmental specific features. 
Physiologia Plantarum. 2004;120(3):442–
450. 

25. Xin Z, Browse J. Eskimo1 mutants of 
Arabidopsis are constitutively freezing-
tolerant. Proceedings of the National 
Academy of Sciences of the United States 
of America. 1998;95(13):7799–7804.  

26. Liu WY, Wang MM, Huang J, Tang HJ, 
Lan HX, Zhang HS. The OsDHODH1 gene 
is involved in salt and drought tolerance in 
rice. Journal of Integrative Plant Biology. 
2009;51(9):825–833.  

27. Cook D, Fowler S,  Fiehn O, Thomashow 
MF. A prominent role for the CBF cold 
response pathway in configuring the low-
temperature metabolomics of Arabidopsis. 
Proc Natl Acad Sci U S A. 2004;101(42): 
15243–15248.  
Published online 2004 Sep 21.  
DOI: 10.1073/pnas.0406069101 

28. Seki M, Narusaka M, Abe H, Kasuga M, 
Yamaguchi Shinozaki K, Carninci P, 
Hayashizaki Y, Shinozaki K. Monitoring the 
expression pattern of 1300 Arabidopsis 
genes under drought and cold stresses by 
using a full-length cDNA microarray. Plant 
Cell. 2001;13:61-72. 

29. Fowler S and Thomashow MF. Arabidopsis 
transcriptome profiling indicates that 
multiple regulatory pathways are activated 
during cold acclimation in addition to the 
CBF cold response pathway. Plant Cell. 
2002;14:1675-1690. 

30. Maruyama K, Sakuma Y, Kasuga M, Ito Y, 
Seki M, Goda H, Shimada Y, Yoshida S, 
Shinozaki K, Yamaguchi-Shinozaki K. 
Functional analysis of an arabidopsis 
transcription factor, DREB2A, involved in 

drought-responsive gene expression. Plant 
J. 2006;38:982-993. 

31. Kreps JA, Wu Y, Chang HS, Zhu T, Wang 
X, Harper JF. Transcriptome changes for 
arabidopsis in response to salt, osmotic, 
and cold stress. Plant Physiol. 2002; 
130:2129-2141. 

32. Seki M, Narusaka M, Ishida J, Nanjo T, 
Fujita M, Oono Y. Kamiya A, Nakajima M, 
Enju A, Sakurai T, Monitoring the 
expression profiles of 7000 Arabidopsis 
genes under drought, cold and high-
salinity stresses using a full-length cDNA 
microarray. Plant J. 2002(31):279-292. 

33. Pan Y, Zhang H, Zhang D, Li J, Xiong H, 
Yu J, Li J, Rashid M, Li G, Ma X, Cao G, 
Han L, Li Z. Genetic analysis of cold 
tolerance at the germination and booting 
stages in rice by association mapping. 
PLOS ONE. 2015;10(3):e0120590.  

34. Nishimura M. Inheritance of the cool 
tolerance at the booting stage of rice 
cultivars in Hokkaido. Japanese Journal of 
Breeding. 1995;45:479-485. 

35. Li HB, Wang J, Liu AM, Liu KD, Zhang Q, 
Zou JS. Genetic basis of low-temperature-
sensitive sterility in indica–japonica hybrids 
of rice as determined by RFLP analysis. 
Theoretical and Applied Genetics. 
2012;95:1092–1097. 

36. Saito K, Miura K, Nagano K, Hayano-Saito 
Y, Araki H, Kato A. Identification of two 
closely linked quantitative trait loci for cold 
tolerance on chromosome 4 of rice and 
their association with anther length. 
Theoretical and Applied Genetics. 2001; 
103(6):862–868.  

37. Han LZ, Zhang YY, Qiao YL, Cao GL, 
Zhang SY, Kim JH, Koh HJ. Genetic and 
QTL analysis for low- temperature vigor of 
germination in rice. Acta Genet Sin. 2006; 
33(11):998–1006.  

38. Zhou L, Zeng Y, Hu G, Pan Y, Yang S, Yu 
A, Zhang H, Li J, Li Z. Characterization 
and identification of cold tolerant near-
isogenic lines in rice. Breeding Science. 
2012;62(2):196.  

39. Wang D, Liu J, Chengang Li C, Kang H, 
Wang Y, Tan X, Liu M, Deng Y, Wang Z, 
Liu Y, Zhang D, Xiao Y, Wang GL. 
Genome-wide association mapping of cold 
tolerance genes at the seedling stage in 
rice. Rice (N Y). 2016;9:61.  

Published online 2016 Nov 15.  

DOI: 10.1186/s12284-016-0133-2 



 
 
 
 

Gautam et al.; AIR, 13(6): 1-9, 2018; Article no.AIR.35629 
 
 

 
9 
 

40. Shirasawa S, Endo T, Nakagomi K, 
Yamaguchi M, Nishio T. Delimitation of a 
QTL region controlling cold tolerance at 
booting stage of a cultivar, 
Lijiangxintuanheigu, in rice, Oryza sativa L. 
Theoretical and Applied Genetics. 2012; 
124:937–946. 

41. Foolad M, Lin G. Genetic analysis of cold 
tolerance during vegetative growth in 
tomato, Lycopersicon esculentum Mill. 
Euphytica. 2001;122(1):105-111. 

42. Futsuhara Y, Toriyama K. Genetic studies 
on cool tolerance in rice. IV. Direct and 
indirect effects of selection and cold 
tolerance. Jpn J Breed. 1969;19:286–292. 

43. Ye C, Fukai S, Godwin ID, Koh H, Reinke 
R, Zhou Y, Lambrides C, Jiang W, Snell P, 
Redona E. A QTL controlling low 
temperature induced spikelet sterility at 
booting stage in rice. Euphytica. 2010; 
176:291–301. 

44. Shakiba E, Edwards JD, Jodari F, Duke 
SE, Baldo AM, Korniliev P, McCouch SR, 
Georgia CE. Genetic architecture of cold 
tolerance in rice (Oryza sativa) determined 
through high resolution genome-wide 
analysis. PLOS ONE; 2017.  

Available:https://doi.org/10.1371/journal.po
ne.0172133 

45. Pan Y, Zhang H, Zhang D, Li J, Xiong H, 
Yu J. Genetic analysis of cold tolerance at 
the germination and booting stages in rice 

by association mapping. PLoS ONE. 
2015;10(3):e0120590. 
pmid:25790128. 

46. Lv Y, Guo Z, Li X, Ye H, Xiong L. New 
insights into the genetic basis of natural 
chilling and cold shock tolerance in rice by 
genome-wide association analysis. Plant 
Cell Environ. 2016;39:556–570. 

pmid:26381647 

47. Lou Q, Chen L, Sun Z, Xing Y, Li J, Xu X. 
A major QTL associated with cold 
tolerance at seedling stage in rice (Oryza 
sativa L.). Euphytica. 2007;158(1–2):87–
94. 

48. Ranawake AL, Manangkil OE, Yoshida S,  
Ishii T,  Mori N, Nakamura C. Mapping 
QTLs for cold tolerance at germination and 
the early seedling stage in rice (Oryza 
sativa L.). Biotechnol Biotechnol Equip. 
2014;28(6):989–998.  

Published online 2014 Nov 20.  

DOI: 10.1080/13102818.2014.978539 

49. Jiang L, Liu S, Hou M, Tang J, Chen L, 
Zhai H, Wan J. Analysis of QTLs for seed 
low temperature germinability and anoxia 
germinability in rice (Oryza sativa L.) Filed 
Crops Res. 2006;98:68–79. 

50. Wang Z, Wang J, Wang F, Bao Y, Wu Y, 
Zhang H. Genetic control of germination 
ability under cold stress in rice. Rice Sci. 
2009;16(3):173–180. 

_________________________________________________________________________________ 
© 2018 Gautam et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
 
 

Peer-review history: 
The peer review history for this paper can be accessed here: 

http://www.sciencedomain.org/review-history/23387 


