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RESUMO 

Plantas de arroz possuem grande importância para a alimentação humana, para a economia 

mundial e para a ciência. O Brasil é o maior produtor de arroz fora da Ásia, e mais de 60% 

do arroz brasileiro é produzido no Rio Grande do Sul, onde as plantas estão sujeitas a 

estresse por baixas temperaturas nas fases iniciais do desenvolvimento. Genótipos de arroz 

que apresentam tolerância ao frio são principalmente da subespécie japonica, enquanto que 

quase todo arroz produzido no Brasil é da subespécie indica, sensível ao frio. Neste 

trabalho, avaliou-se um grande número de genótipos de arroz indica quanto à tolerância ao 

frio durante a fase de germinação e em plantas jovens com três a quatro folhas. Foi 

constatada grande variação entre os genótipos, e duas linhagens oriundas do mesmo 

cruzamento, porém contrastantes quanto à tolerância ao frio, IRGA 959-1-2-2F-4-1-4-A 

(tolerante) e IRGA 959-1-2-2F-4-1-4-D-1-CA-1 (sensível), foram identificadas e 

escolhidas para caracterização. Análises fisiológicas mostraram que a performance 

fotossintética foi fortemente influenciada pelo frio nos dois genótipos. No entanto, o 

genótipo tolerante foi capaz de recuperá-la mais rapidamente após a exposição ao frio. A 

melhor performance parece estar relacionada com uma menor fração de redução de QA
-
 e 

com o maior tamanho do pool de aceptores finais de elétrons do PSI. Adicionalmente, 

maiores níveis de ácido linoleico e maior deposição de celulose nas paredes celulares, 

assim como maior eficiência do sistema antioxidante foram observados no genótipo 

tolerante. O sequenciamento de bibliotecas de cDNA permitiu identificar genes 

diferencialmente expressos entre os dois genótipos, nas duas fases de desenvolvimento. Na 

fase de germinação, foram detectados 1.361 transcritos diferencialmente expressos. Destes, 

758 mostraram-se mais expressos no genótipo tolerante ao frio, e 603 mostraram-se mais 

expressos no genótipo sensível. Este estudo revelou que vários processos são mais ativos 

no genótipo tolerante, incluindo taxas de divisão celular e de crescimento do coleóptilo. Na 

fase vegetativa, 1.305 genes exibiram padrões de expressão diferencial. Os produtos destes 

genes são importantes em várias rotas metabólicas, incluindo fotossíntese, metabolismo de 

carboidratos, síntese de parede celular, degradação proteica, detoxificação de espécies 

reativas de oxigênio e sinalização mediada por hormônios e Ca
2+

. A identificação de genes 

diferencialmente expressos nos dois genótipos nas fases de germinação e vegetativa, sob 

estresse por frio, será útil no planejamento de futuras abordagens biotecnológicas visando a 

tolerância ao frio em genótipos de arroz da subespécie indica. 

Palavras-chave: divisão celular, enzimas antioxidantes, estresse abiótico, expressão 

gênica, fotossíntese, parede celular, teste JIP. 
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ABSTRACT 

Rice plants are of great importance for human nutrition, for the world economy and for 

science. Brazil is the largest rice producer outside Asia, and more than 60% of Brazil's rice 

is produced in Rio Grande do Sul State, where the plants are subject to stress by low 

temperatures in the early stages of development. Rice genotypes with cold tolerance 

belong mainly to the japonica subspecies, while almost all rice produced in Brazil is from 

the indica subspecies. In this work, we screened a large number of indica rice genotypes 

for cold tolerance during germination and initial vegetative growth. Large variation 

between genotypes was observed. Two sister lines with contrasting cold tolerance levels, 

IRGA 959-1-2-2F-4-1-4-A (tolerant) e IRGA 959-1-2-2F-4-1-4-D-1-CA-1 (sensitive), 

were identified and chosen for further characterization. Physiological analyses showed that 

the photosynthetic performance was heavily affected by cold in both genotypes. Recovery 

of performance indexes after cold exposure was faster in the tolerant genotype. The better 

performance seems to be related to a lower fraction of the reduced QA
-
 and with a larger 

pool of the end electron acceptors at the PSI. Additionally, higher linoleic acid levels, 

higher deposition of cellulose in cell walls, and more efficient antioxidant system were 

observed in the tolerant genotype. Sequencing of cDNA libraries from plants of both 

genotypes allowed the identification of genes differentially expressed in the two 

developmental phases. At the germination stage, 1,361 differentially expressed transcripts 

were detected: 758 showed higher expression and 603 showed lower expression in 

seedlings from the cold-tolerant genotype than in the cold-sensitive one. This study 

revealed that several processes are more active in the cold-tolerant than in the cold-

sensitive seedlings, including cell division and expansion of the coleoptiles. At the 

vegetative stage, 1,305 genes exhibited differential expression patterns. Their gene 

products are important in several metabolic pathways, including photosynthesis, 

carbohydrate metabolism, cell wall synthesis, fatty acid desaturation, protein degradation, 

detoxification of reactive oxygen species and Ca
2+ 

and hormone-signaling. The 

identification of differentially expressed genes in both genotypes during germination and 

initial vegetative growth, under cold stress, will be useful for planing future 

biotechnological approaches aiming to cold tolerance in indica rice genotypes. 

Keywords: abiotic stress, antioxidant enzymes, cell division, cell wall, gene expression, 

JIP-Test. 
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INTRODUÇÃO 

 

 O arroz (Oryza sativa L.) é um dos cereais mais produzidos e consumidos no 

mundo, sendo a principal fonte de carboidratos da dieta para a m                   

               2                                                                        

                         68,3% da                   (IBGE, 2014). Além de sua 

                                                                  -                       

                                                                                         

                    2                                                                   

cereais cultivados (Moore et al 1995), havendo também uma grande quantidade de 

ferramentas disponíveis, como bancos de mutantes e de cDNAs de arroz (Rice Full-Length 

cDNA Consortium et al. 2003; An et al. 2005).  

 Estresses abióticos afetam direta e indiretamente as plantas de arroz e alteram 

negativamente o seu metabolismo, gerando perdas na produção de grãos. Dentre estes, a 

baixa temperatura é particulamente prejudicial devido a origem tropical das espécies de 

arroz. Geralmente, o grau de dano depende do tempo de 

ocorrência (fase de crescimento), da intensidade e da duração do estresse (Li et al. 1981).  

O frio tem potencial para afetar o crescimento e o desenvolvimento das plantas durante 

qualquer estádio de desenvolvimento, ou seja, desde a germinação até a fase reprodutiva 

(Ye et al. 2009). 

 As variedades de arroz cultivadas no Brasil, apesar de apresentarem alto potencial 

de rendimento e qualidade d                                                   2        

                                                                                    

                                                                                       

de garantir altas pr                                                                       

                                                                2                         

                                             17 °C nos meses de setembro a novembro 

(pe                                                                              

                                                      . Além disso, o desenvolvimento 

das ervas daninhas é mais acelerado do que o do arroz sob baixas temperaturas, e torna-se 

necessária a utilização de herbicidas em maiores quantidades e em repetidas aplicações. O 

crescimento inicial lento também resulta em ciclo vegetativo mais longo e, 

consequentemene, há maior consumo da água de irrigação (Toro, 2006; Cruz et al., 2013). 

C           -                                                                            
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de temperaturas extremas (muito baixas ou elevadas) (IPCC, 2007; Marengo et al. 2008), 

os danos por frio na cultura do arroz podem ser ainda mais significativos. 

 Neste contexto, a tolerância ao frio nas fases de germinação e vegetativa em arroz 

irrigado é uma característica de fundamental importância para garantir o estabelecimento 

rápido e uniforme da lavoura no sistema de plantio antecipado.  

                                                                                   

           japonica (Mackill e Lei, 1997). No entanto, grande parte da produção de grãos 

de arroz no Brasil é da subespécie indica, preferida no mercado pelo consumidor 

brasileiro. Por este                                                             

                                                       indica, assim como identificar genes 

capazes de contribuir para o melhor desempenho destas plantas em condições de baixas 

temperaturas (Cruz et al. 2013). 

 Uma solução aparente para o problema seria a utilização de cruzamentos entre as 

subespécies indica e japonica. No entanto, além de diferirem em muitos aspectos, as duas 

subespécies possuem barreiras reprodutivas que dificultam o processo de melhoramento. 

Problemas como esterilidade das progênies, tipo de planta resultante e ligação gênica 

limitam a transferência de genes úteis das cultivares japonica para as indica por métodos 

convencionais (Toro, 2006). Além disso, os caracteres relacionados com rendimento e 

caracteres agronômicos são herdados quantitativamente, estão relacionados entre si, e 

influenciados pelo ambiente (Kobayashi et al., 2003).  

 Estudos moleculares e de expressão gênica têm contribuído muito para aumentar o 

conhecimento a respeito das bases fisiológicas relacionadas aos estresses ambientais em 

plantas, entre eles a tolerância a baixas temperaturas (Gao et al., 2008). Vários genes de 

arroz já foram isolados e caracterizados como responsivos ao estresse por frio. Muitos 

deles codificam enzimas necessárias para a biossíntese de osmoprotetores (MaNeil et al. 

1999), componentes de sinalização (Saijo et al. 2000; Wen et al. 2002; Xiong e Yang 2003; 

Chen et al. 2011; Xie et al. 2012), chaperonas (Lee et al. 2005; Mittal et al. 2009) e fatores 

de transcrição (Huang et al. 2005; Ohnishi et al. 2005; Nakashima et al. 2007; Chaikam 

and Karlson 2008; Huang et al. 2008; Kim et al. 2009; Ye et al. 2009; Hossain et al. 2010; 

Tao et al. 2011), especialmente da família DREB1/CBF (C-repeat binding 

factor/dehydrationresponsive element binding; Chen et al. 2003; Dubouzet et al. 2003; Lee 

et al. 2004a,b; Ito et al. 2006; Wang et al. 2008; Zhang et al. 2009).  Muitos trabalhos 

também têm mostrado que a superexpressão destes genes resulta em tolerância ao frio: 

OsCOIN (Oryza sativa cold-inducible) (Liu et al. 2007); OsDREB1F (Wang et al. 2008); 
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OsPRP3 (proline-rich protein) (Gothandam et al. 2010); zinc finger protein ZFP245 

(Huang et al. 2009); OsAsr1 (Kim et al. 2009) e OsMYB3R-2 (Ma et al. 2009).  Embora já 

tenham sido identificados genes responsivos ao frio em plantas de arroz, a grande maioria 

dos estudos utilizou cultivares da subespécie japonica. 

 As análises das respostas das plantas em função da super-expressão destes genes 

também têm mostrado que muitas alterações moleculares e fisiológicas ocorrem durante o 

processo de aclimatação e que várias vias metabólicas são afetadas durante o estresse por 

baixa temperatura. Isto indica que a tolerância a este tipo de estresse é bastante complexa, 

e um melhor entendimento dos mecanismos envolvidos ainda é necessário. 

 Atualmente, uma ferramenta bastante utilizada para traçar um determinado perfil 

transcricional é o sequenciamento em grande escala (deep sequencing ou RNAseq). A 

técnica de RNAseq permite a avaliação bastante exata dos níveis de transcritos e suas 

isoformas. A população de RNAs mensageiros de uma amostra é utilizada como molde 

para a síntese de uma biblioteca de fragmentos de cDNA. Em seguida, cada molécula é 

seqüenciada em uma ou ambas extremidades, com a obtenção de sequências curtas. Após o 

sequenciamento, os resultados das leituras são alinhados com o genoma de referência para 

a espécie em estudo, produzindo um mapa da transcrição genômica com informações sobre 

o nível de expressão de cada gene. O uso desta tecnologia necessita de análises de 

bioinformática para dar sentido à imensa quantidade de dados que são gerados (Wang et al. 

2009). Vários estudos envolvendo análise das respostas aos diferentes estresses ambientais 

em plantas já utilizaram esta ferramenta (Cruz-Jaramillo et al., 2014; Vitulo et al., 2014; 

Xia et al., 2014). 

 Considerando a importância das variedades de arroz da subespécie indica para a 

agricultura brasileira e o impacto negativo das baixas temperaturas sobre estas plantas, é 

necessário entender os seus mecanismos de resposta e de tolerância ao frio, assim como 

identificar genes relacionados à tolerância. O conhecimento adquirido poderá ser utilizado 

em futuras abordagens biotecnológicas visando a tolerância ao frio em genótipos de arroz 

da subespécie indica. 

 Nas cultivares de arroz sensíveis, o frio desencadeia diversas alterações fisiológicas 

que afetam a produtividade. A exposição a baixa temperatura causa inibição do transporte 

de elétrons através do FSII, comprometendo a produção de NADPH e ATP. Tal situação 

favorece a produção excessiva de espécies reativas de oxigênio provocando danos ao 

aparato fotossintético e aumento da fotoinibição (Bonnecarrere et al., 2011). 
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 Avaliações da eficiência fotossintética permitem avaliar as respostas das plantas a 

estresses ambientais (Guo e Tan, 2013; Millan-Almaraz et al., 2009). Dentre os métodos 

disponíveis, os sinais da fluorescência da clorofila a são amplamente utilizados para a 

avaliação de estresse por frio sobre o metabolismo fotossintético em arroz (Guo-li e Zhen-

fei, 2005; Bonnecarrere et al., 2011) e, assim, determinar a resposta (grau de tolerância) 

das plantas. A ampla utilização da fluorescência da clorofila a é decorrente do fato de ser 

um método não destrutivo, relativamente simples e por permitir fazer inferências sobre 

processos fundamentais da fase luminosa da fotossíntese (Yusuf et al., 2010). Esta técnica 

tem permitido aumento do conhecimento dos processos fotoquímicos e não fotoquímicos 

que ocorrem na membrana dos tilacóides dos cloroplastos (Rohácek, 2002), além de 

possibilitar o estudo de características relacionadas à capacidade de absorção e 

transferência de energia luminosa na cadeia de transporte de elétrons (Krause e Weis, 

1991).  

 A energia da luz absorvida por moléculas de clorofila associadas ao FSII pode ser 

utilizada na cadeia de transporte de elétrons da fotossíntese, onde um elétron é transferido 

do centro de reação para o aceptor primário de elétrons do FSII (QA). Alternativamente, a 

luz absorvida pode ser perdida como fluorescência da clorofila ou calor (Baker, 2008). 

Quando uma amostra fotossintética previamente mantida no escuro (F0) é iluminada com 

um pulso de luz saturante, observa-se um aumento rápido da fluorescência da clorofila até 

um ponto máximo (FM). Neste ponto, todos os centros de reação estão "fechados", ou seja, 

o conteúdo de QA está completamente reduzido (QA
+

  QA
-
). Quando o aumento da 

intensidade de fluorescência é plotado em uma escala logaritmica de tempo, é observada 

uma curva polifásica, onde é possível identificar os pontos O, J, I e P (Lazár, 2006). Esses 

pontos são obt                          μ   2     3       3                             

a incidência de luz na amostra. Sua amplitude pode estar diretamente ligada à intensidade e 

duração do estresse (Strasser, 1997; Jiang et al., 2006). Adicionalmente, é possível analisar 

os dados através do Teste JIP, que traduz os valores da curva polifásica em parâmetros 

biofísicos, fluxos específicos, rendimentos e eficiências das etapas da cadeia transportadora 

de elétrons, além dos índices de performance (PIABS e PITOTAL) (Strasser et al., 2004; 

Tsimilli-Michael e Strasser, 2008).  

 Análises de parâmetros da fluorescência têm demonstrado alterações funcionais e 

estruturais do aparato fotossintético de diferentes genótipos ou plantas transgênicas de 

arroz submetidos a tratamentos com baixa temperatura (Saijo et al. 2000; Ji et al. 2003; 
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Hirotsu et al. 2004; Lee et al. 2004a,b; Wang and Guo 2005; Kim et al. 2009; Lee et al. 

2009a,b; Bonnecarrere et al. 2011; Saad et al. 2012). 

 Outro método de avaliação da atividade fotossintética em plantas é baseado nas 

trocas gasosas, sendo também utilizado para analisar a fotossíntese em plantas de arroz de 

diferentes genótipos ou linhagens transgênicas submetidas ao estresse por frio (Wang and 

Guo 2005; Saad et al. 2012).  Para tanto, utiliza-se de um analisador de gás por absorção de 

luz na região do infravermelho (IRGA). 

 A exposição das plantas ao estresse por frio pode perturbar a homeostase celular e 

aumentar a produção de diversas espécies reativas de oxigênio (EROs), como o superóxido 

(O2
•-
), os radicais hidroxila (

•
OH), o oxigênio singleto (

1
O2) e o peróxido de hidrogênio 

(H2O2) (Song et al. 2011; Theocharis et al. 2012; Yang et al. 2012). As EROs podem 

causar severos danos aos componentes celulares, incluindo lipídios de membrana, 

proteínas estruturais e enzimas (Cruz et al. 2013). No entanto, as plantas possuem um 

sistema de defesa antioxidante enzimático que permite a detoxificação das EROS e a 

proteção das células vegetais de danos oxidativos (Gratão et al., 2005). A destruição 

eficiente das EROS requer a ação de diversas enzimas antioxidantes atuando em sincronia, 

como a superóxido dismutase (SOD), catalase (CAT) e ascorbato peroxidase (APX) 

(Deuner, et al., 2008). A SOD vem sendo considerada como a primeira enzima de defesa 

antioxidante em plantas, dismutando dois radicais superóxido (O2
•-
) até oxigênio molecular 

(O2) e peróxido de hidrogênio (H2O2) (Sinha, 2006). CAT e APX são enzimas que 

catalisam a conversão do H2O2 e O2 em água. O sistema antioxidante vem sendo usado 

como ferramenta de análise da tolerância ao frio em várias cultivares de arroz (Takesawa et 

al. 2002; Kuk et al. 2003; Morsy et al. 2007; Yang et al. 2012) e em plantas transformadas 

(Song et al. 2011; Lee et al., 2009a,b). Por outro lado, as EROs, quando em concentrações 

baixas, podem atuar como moléculas sinalizadoras, modulando a expressão de vários 

genes, incluindo aqueles que codificam enzimas antioxidantes, aclimatando a planta ao 

estresse (Neill et al. 2002; Quan et al. 2008; Theocharis et al. 2012).  

 As membranas celulares são os locais primeiramente afetados pelo frio, o que 

desencadeia uma cascata de processos celulares com efeitos adversos para a planta. O 

aumento da permeabilidade das membranas e o conseqüente vazamento de eletrólitos são 

considerados injúrias graves para as células e tecidos. Quando a exposição a baixa 

temperatura é breve, o efeito pode ser transitório e a planta sobrevive. No entanto, haverá 

necrose e morte celular se a exposição for mantida (Theocharis et al. 2012). Os ácidos 

graxos insaturados, presentes na membrana plasmática das células, estão relacionados com 
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a estabilidade da membrana durante estresse por baixa temperatura, impedindo o 

vazamento de eletrólitos e, assim, o dano celular (Cruz et al., 2013). Analisando diferentes 

genótipos de arroz seníveis e tolerantes ao frio, Cruz et al. (2010) observaram diferenças 

no conteúdo de ácidos graxos saturados e insaturados somente após exposição das plantas 

ao frio. No trabalho, também foi observado que os níveis de ácido linoleico aumentaram, 

enquanto que os níveis de ácido palmítico diminuíram nos genótipos tolerantes, 

confirmando a importância dos ácidos graxos insaturados na manutenção da integridade da 

membrana plasmática durante estresse por frio.  

 Os objetivos deste trabalho foram selecionar dois genótipos de arroz da subespécie 

indica com níveis contrastantes de tolerância ao frio, caracterizá-los fisiológica e 

bioquimicamente, e identificar novos genes responsivos ao frio para possível uso futuro em 

abordagens biotecnológicas ou em programas de melhoramento genético. 
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CONTEÚDOS ABORDADOS 

 

 

 Capítulo I: manuscrito submetido ao períodico Canadian Journal of Plant Science. 

Este capítulo descreve o screening inicial dos genótipos de arroz indica em relação à 

tolerância ao frio durante a germinação e em plantas jovens com três a quatro folhas. Duas 

linhagens irmãs, provenientes do mesmo cruzamento mas com níveis contrastantes de 

tolerância ao frio, foram escolhidas para caracterização fisiológica e bioquímica. 

 

 

 Capítulo II: manuscrito publicado no periódico Plant Science. Este capítulo 

descreve a identificação (através da técnica de RNAseq) e caracterização de novos genes 

envolvidos na resposta ao frio durante o estádio de germinação nos dois genótipos de arroz 

indica, previamente identificados como tolerante e sensível ao frio. 

 

 

 Capítulo III: manuscrito a ser submetido ao periódico Plant Science. Este capítulo 

descreve a identificação (através da técnica de RNAseq) e caracterização de novos genes 

envolvidos na resposta ao frio durante o estádio vegetativo nos dois genótipos de arroz 

indica, previamente identificados como tolerante e sensível ao frio. 

 

 

 Capítulo IV: manuscrito a ser submetido ao períodico Photosynthetica. Este 

capítulo descreve análises do funcionamento do aparelho fotossíntético em plantas dos dois 

genótipos de arroz indica durante exposição ao frio e em período de recuperação sob 

temperatura controle. 
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Adamski, J.M., Cargnelutti, D., Sperotto, R.A., Terra, T.F., Rosa, L.M.G., Cruz, R.P., Fett,
 

J.P. 2015. Identification and physiological characterization of two sister lines of indica 

rice (Oryza sativa L.) with contrasting levels of cold tolerance. Exposure to low 

temperature during germination and vegetative growth is a limiting factor to the 

establishment and development of rice seedlings.  Higher cold tolerance of japonica than 

indica subspecies is well documented.  However, reports of cold tolerance in indica 

genotypes are rare.  We screened a large number of indica rice genotypes for cold 

tolerance during germination and initial vegetative growth.  The indica genotypes IRGA 

959-1-2-2F-4-1-4-A and IRGA 959-1-2-2F-4-1-4-D-1-CA-1, derived from the same cross, 

were characterized, respectively, as tolerant and sensitive to low temperature.  Indexes of 

photosynthetic performance during light absorption were heavily affected by cold in both 

genotypes, but recovered after cold exposure only in the tolerant genotype. Activities of 

the antioxidant enzymes SOD and CAT (at the vegetative stage) and CAT and APX (at the 

germination stage) were higher in the tolerant than in the sensitive genotype.  Expression 
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of twenty genes previously related to cold response in rice was evaluated.  Expression of 

OsLIP9 and OsWCOR413 were higher in the tolerant genotype upon or prior to cold 

exposure, respectively. The two sister lines show different molecular and physiological 

responses to low temperature stress.  Further in-depth studies with these lines may help to 

identify new cold tolerance mechanisms in rice. 

 Key words: Abiotic stress, antioxidant enzymes, cold, gene expression, indica rice, 

JIP-test. 

 

Adamski, J.M., Cargnelutti, D., Sperotto, R.A., Terra, T.F., Rosa, L.M.G., Cruz, R.P., Fett,
 

J.P. 2015. Identification et caractérisation de deux lignes sœurs de riz indica (Oryza 

sativa L.) avec des niveaux contrastés de tolérance au froid.  ’                   

température pendant la germination et la croissance végétative est un facteur limitant à 

 ’                                                                                         

observée en japonica par rapport à sous-espèces indica  ’                     C          

les rapports de la tolérance adéquate au froid dans les génotypes de indica sont encore 

rares. Cette étude a examiné plusieurs génotypes de indica en relation à leurs tolérances au 

froid pendant la germination et la croissance végétative initiale. Les génotypes indica 

IRGA 959-1-2-2F-4-1-4-A et IRGA 959-1-2-2F-4-1-4-D-1-CA-1                     ’   

meme croisement, ont été caractérises comme tolérant et sensible à basse température. Les 

indices de performance photosynthétiques pendant l'absorption de lumière ont été 

fortement affectés par le froid dans les deux génotypes. Cependant, seulement le génotype 

                                          è   ’                      ’                y    

antioxydantes SOD et CAT (au stade végétatif) et CAT et APX (au stade germinatif) ont 

                             y                             y              ’              

vingt gènes précédemment liés à réponse au froid dans le riz a été évaluée. Les profils 

 ’              OsLIP9 et OsWCOR413 ont été plus élevés dans le génotype tolérant 

            è   ’                     C                 œ                              

mécanismes moléculaires et physiologiques pour répondre au stress engendré par la basse 

température. De nouvelles études approfondies avec ces lignées peuvent aider 

 ’                                                                           

 Mots clés: Stress abiotique, enzymes antioxydantes, froid, l'expression du gène, le 

riz indica, test JIP 
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Short Title: ADAMSKI ET AL. - CONTRASTING LEVELS OF COLD 

TOLERANCE IN indica RICE  

 

Abbreviations: ABS/RC, energy flux absorption per reaction center;  APX, ascorbate 

peroxidase;  CAT, catalase;  DI0/RC, energy dissipation per reaction center;  ET0/ABS, 

quantum yield of electron transport from QA
-
 to the intersystem electron acceptors;  

ET0/CS, flow of electron transport per CS in t = 0;  ET0/RC, electron transport flux per 

reaction center;  ET0/TR0, probability, at t = 0, that a trapped exciton moves an electron 

into the electron transport chain beyond QA
-
;  H2O2, hydrogen peroxide;  PIABS, 

performance index (potential) for energy conservation from photons absorbed by PSII to 

the reduction of intersystem electron acceptors;  PIABS,total, performance index (potential) 

for energy conservation from photons absorbed by PSII to the reduction of PSI end 

acceptors;  ROS, reactive oxygen species;  SOD, superoxide dismutase;  TBARS, 

thiobarbituric acid reactant substances;  TR0/CS, flow of energy captured by CS in t = 0;  

TR0/RC, energy captured flow per reaction center;  φD0, quantum yield, at t = 0, of energy 

dissipation. 

 

Rice is a staple food for half of the world population.  Abiotic stresses have 

negative impacts on rice plants, often leading to decreased grain yield.  Among these, low 

temperatures can be particularly harmful due to the tropical origin of the rice species (Cruz 

et al. 2013).  

Plants of tropical or subtropical origin can be injured or killed by non-freezing low 

temperatures. Chlorosis, necrosis, and growth retardation are symptoms of chilling injury 

(Iba 2002).  In contrast, plants from chilling tolerant species are able to grow at 

temperatures ranging from 0 to 15 
o
C (Sanghera et al. 2011).  Cold air and cold irrigation 

water can damage rice plants during any developmental stage such as germination, 

seedling, vegetative, reproductive and grain maturity (Xu et al. 2008), although cold 

exposure at different developmental stages may result in different symptoms and degrees 

of injury (Li et al. 1981).  The rice subspecies indica and japonica differ widely in cold 

tolerance.  Several studies have demonstrated that cold tolerance is higher among japonica 

than in indica genotypes (Li et al. 1981; Lee 2001; Cruz and Milach 2004). Therefore, 

Japonica cultivars are the main source of cold tolerance for the rice species.   

Cold stress is a serious problem for rice growing in twenty-five countries, including 

Korea and Japan, and even in tropical countries such as the Philippines and Thailand 
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(Kaneda and Beachell 1974).  In Australia, losses due to low temperature during the 

reproductive stage range from 0.5 to 2.5 t/ha in 75% of the years (Singh 2005).  

Considering the total area cultivated with rice in Australia, cold damage results on average 

losses of $ 23.2 million per year to the rice industry, with the available genotypes.  In 

Korea, low temperatures in the mountain areas can damage rice plants at any stage 

between germination and maturity.  In years when low temperatures are extreme, rice 

growing in all regions of Korea is affected at the reproductive stage, with up to 26% losses 

in grain yield (Lee 2001).   

In Brazil, the largest rice producer outside Asia, cold occurrence is common in the 

southernmost state of Rio Grande do Sul (RS), where over 68% of the Brazilian rice grain 

is produced annually in about one million hectares of irrigated land (IBGE 2015).  The 

negative impact of low temperature on final yield can be as high as 25% (Cruz et al. 2013).  

The incidence of low temperatures during early stages of rice development (germination 

and vegetative stages) delays the establishment of the crop and lowers plant stand (Cruz et 

al. 2013).  To ensure the best light incidence during the reproductive phase, rice sowing in 

RS is performed when low temperatures still occur in the cooler periods of the day (Cruz 

and Milach 2004).  Losses due to cold stress during germination and vegetative growth are 

increased because the varieties cultivated in this region belong to the indica subspecies, 

sensitive to cold (Cruz et al. 2000; Saito et al. 2004).  Indica rice accounts for almost the 

totality of cultivated rice in RS, as well as in Uruguay and Argentina (Bierlen et al. 1997).  

The effects of low temperatures on metabolism, physiology and gene expression of 

rice cultivars from the japonica subspecies have been shown (Xie et al. 2009; Saad et al. 

2012).  Although cold stress has an important impact on indica rice production in sub-

tropical areas, reports about cold responses in different indica genotypes are rare (Zhang et 

al. 2012a).  Therefore, comparative studies between indica genotypes sensitive and tolerant 

to low temperature may help to understand possible tolerance mechanisms and to provide 

useful information to breeding programs aiming at indica genotypes adapted to 

temperature oscillations.  

During the early stages of development (germination and vegetative), rice plants are 

damaged by chilling (temperatures lower than 10 to 13 °C) (Yoshida 1981).  In the 

germination stage, the most common symptoms of cold temperature damage are delayed 

and lower percentage of germination (Cruz and Milach 2000).  In the vegetative stage, one 

of the major effects is the inhibition of photosynthetic activity through reduced electron 

transport in the photosystem II (PSII) (Jeong et al. 2002).  Due to reduced activity of 
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electron transport proteins, the PSII (P680) is overloaded with energy excess, damaging 

PSII proteins and compromising ATP and NADPH production (Hüner et al. 2012). 

Moreover, as a consequence of excess excitation energy, there is formation of triplet 

chlorophyll, which reacts with molecular oxygen generating singlet oxygen.  Oxygen 

reduction also leads to the formation of superoxide anion, hydroxyl radical and hydrogen 

peroxide (Foyer and Noctor 2005).  Additionally, the photo-oxidative stress is considerably 

enhanced when lower temperatures are combined with higher illumination (Lukatkin 

2005), inducing photoinhibition of PSII in chilling-sensitive plants (Jeong et al. 2002).  To 

decrease free radical toxicity, plant cells may increase the activities of antioxidant enzymes 

such as superoxide dismutase, ascorbate peroxidase and catalase, which participate in 

scavenging of reactive oxygen species (ROS) and hence protect cells from injury (Mittler 

2002).   

Several rice genes have been identified as responsive to low temperature stress.  

Most of these genes are transcription factors involved in cold tolerance through the control 

of other cold-responsive genes.  One class of cold related transcription factors present in 

several species is the DREB1/CBF (Dubouzet et al. 2003).  Manipulation of DREB1/CBF 

rice genes (OsDREBL, OsDREB1A, OsDREB1B, OsDREB1F) contributed to increased 

cold tolerance (Dubouzet et al. 2003; Ito et al. 2006; Wang et al. 2008).  Other 

transcription factors isolated and characterized as cold-responsive in japonica rice cultivars 

include OsLIP19, OsCOIN and OsABF2 (bZIP-like transcription factors) (Wen et al. 2002; 

Liu et al. 2007; Hossain et al. 2010); OsZFP245 (C2H2-type zinc finger protein) (Huang et 

al. 2009) and OsMYB3R-2 (Ma et al. 2009).  

A MYBS3-dependent and mediated signaling pathway has been identified in rice 

(Su et al. 2010).  Rice plants overexpressing this gene are able to tolerate 4 °C for at least 

one week without compromising yield. Interestingly, MYBS3 represses the expression of 

the DREB1/CBF pathway.  According to the authors, MYBS3 signaling is sufficient for 

cold tolerance in rice (Su et al. 2010).  It was suggested that DREB1 proteins take part in a 

rapid response to cold, while MYBS3 acts in a slow response.  Therefore, different 

pathways probably act sequentially in the adaptation of rice plants to low temperature 

stress. 

Several other gene families are involved in responses to cold stress in rice, and 

overexpression of some of the genes resulted in cold tolerance:  OsLIP5 and OsLIP9 (low-

temperature-induced dehydrin proteins) (Aguan et al. 1991); OsCDPK7 (Ca
2+

-dependent 

protein kinase) (Saijo et al. 2000); OsMEK1 and OsMAP1 (mitogen-activated protein 
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signaling components) (Wen et al. 2002); OsWCOR413 (unknown function membrane 

protein) (de Los Reyes et al. 2003); and OsAsr1 (hydrophilin) (Kim et al. 2009).  

Despite the large number of cold-responsive genes identified in rice, the vast 

majority of studies was performed with japonica genotypes.  Here, we screened indica rice 

genotypes for cold tolerance during germination and initial vegetative growth.  We 

identified two sister lines with contrasting cold tolerance levels, and we provided initial 

physiological characterization of these two genotypes in response to cold exposure, in an 

attempt to identify possible features related to cold tolerance mechanisms in indica rice.  

   

 

MATERIAL AND METHODS 

Plant Materials and Growth Conditions  

The experiments were conducted under growth chamber and greenhouse conditions at 

Instituto Rio-Grandense do Arroz (IRGA), Cachoeirinha, Rio Grande do Sul, Brazil.  All 

indica rice genotypes were obtained from the IRGA germplasm bank.   

 

Screening of Rice Genotypes According to Low Temperature Tolerance 

To identify low temperature sensitive and tolerant indica rice genotypes at the germination 

stage, 45 genotypes were evaluated according to the percentage of germinating seeds with 

                  ≥               26   y     13 °C         w                     k  

following the protocol established by Cruz and Milach (2004).  Seeds were germinated in 

Petri dishes containing filter paper moistened with distilled water.  Each genotype was 

evaluated in three replicates consisting of Petri dishes containing 30 seeds each.   

 At the vegetative stage, cold tolerance was accessed as percentage of plant survival 

(recovery capacity) after cold treatment. For this purpose, 90 genotypes were evaluated 

according to the percentage of three leaf-stage plant survival after ten days at 10 °C under 

white light with a photoperiod of 16/8 h light/dark (irradiance of approximately 40 µMol 

m
-2

 s
-1

)
 
and seven days of recovery in greenhouse conditions (temperature range from 20 to 

30 °C, irradiance of approximately 1,000 µMol m
-2

 s
-1

, average day length of 11:30 h).  

Three replicates of 10 plants were evaluated per genotype. One cold tolerant japonica rice 

genotype (Diamante) was used as positive control.  Indica genotypes with no statistical 

difference in relation to Diamante using both criteria described above were considered cold 

tolerant.  
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Cold Treatment 

To characterize the response of selected genotypes to cold, seeds were germinated 

for five days, planted into soil and grown in a greenhouse under ambient temperature (20 

to 30 °C), under full day light, as described above.  Plants were grown in plastic trays of 

16.5 X 16.5 cm, divided in 25 conic cells (5 cm deep, open bottom) filled with soil. Each 

cell contained one individual plant.  Trays with soil were kept inside regular plastic trays 

filled with enough water to maintain the soil permanently covered by a water layer of 

about 1 cm.  After 20 days of growth in the greenhouse, plants at the three leaf stage were 

transferred to the climatic chamber with low light intensity (40 µMol m
-2

 s
-1

), and 

maintained at 10 °C (cold treatment) for ten days, followed by seven days of recovery in 

the greenhouse. These plants were evaluated to assess oxidative stress, chlorophyll a 

fluorescence and gene expression.  To assess oxidative stress (concentrations of MDA and 

H2O2; activities of CAT, SOD and APX) during seed germination, two genotypes selected 

as sensitive and tolerant to low temperature stress were subjected to germination in the 

dark at 28 ºC for two days (control) and at 13 ºC for 14 days (cold treatment).  At the end 

of these periods, seedlings from both treatments were at the S3 stage (Counce et al. 2000). 

Chlorophyll a Fluorescence Transients 

The chlorophyll fluorescence transients were evaluated on the youngest fully expanded 

leaves (using one leaf per plant) of ten plants from each genotype (sensitive and tolerant), 

using a portable pulse modulated fluorometer (OS30p, Optisciences, UK). Before the 

measurements, leaves were dark adapted for 20 minutes.  Fluorescence intensity was 

quantified by applying a saturating pulse of 3,000 µmol m
-2

 s
-1

 and the resulting 

fluorescence of the chlorophyll a measured from 0 to 1 s.  The data was used to calculate 

the parameters of the JIP test (Strasser et al. 2000), in which J corresponds to fluorescence 

intensity at 2 ms, I corresponds to fluorescence intensity at 30 ms and P corresponds to 

maximal fluorescence intensity, FM.  The JIP test translates the changes observed in the 

fluorescence transients to quantitative changes in formulated parameters derived from the 

energy flux theory.  This quantitative analysis of the fluorescence transients can be used to 

explain the stepwise flow of energy through PSII at the reaction center (RC) level 

(ABS/RC, TR0/RC, ET0/RC and DI0/RC) as well as the level of a PSII cross-section (CS) 

(ABS/CS0, TR0/CS0, ET0/CS0 and DI0/CS0) (Strasser et al. 2000) and to evaluate the 

performance indexes (PI) of photosystem in plants. Most of the sensitive plants showed 

leaf rolling and wilting after ten days under low temperature.  Therefore, fluorescence 
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analysis of the sensitive genotype was performed only in three periods: before plant 

exposure to low temperature (control), after three days and after eight days of cold 

treatment (10 °C, light intensity of 40 µMol m
-2

 s
-1 

and photoperiod of 16/8 h light/dark). 

In plants from the tolerant genotype, fluorescence was also evaluated after ten days of low 

temperature stress, and after three and seven days of recovery under room temperature 

(temperature range from 20 to 30 °C, irradiance of approximately 1,000 µMol m
-2

 s
-1

, 

average day length of 11:30 h). 

 

Indicators of Oxidative Stress 

Seedlings were grown and subjected to cold stress as described above. Leaf samples were 

collected after 0, 24, 48 and 72 h of cold treatment for quantification of MDA and H2O2. 

 Malondialdehyde (MDA) concentration was quantified as a final product of lipid 

peroxidation through reaction with thiobarbituric acid (TBA) (El-Moshaty et al. 1993).  

Leaves of the rice genotypes (100 mg fresh weight, previously ground in liquid nitrogen) 

were homogenized with 0.2 M citrate-phosphate buffer (pH 6.5) containing 0.5% Triton X-

100.  The homogenate was centrifuged at 20,000 g for 15 min.  One hundred µL of 

supernatant was added to equal volume of 20% TCA (w/v) and 0.5% TBA (w/v).  The 

mixture was heated at 95 °C for 40 min and cooled in ice bath for 15 min.  After 

centrifugation at 10,000 g for 15 min, the supernatant absorbance was registered at 532 

nm.  Correction of non-specific turbidity was made by subtracting the absorbance value 

taken at 600 nm. The lipid peroxides were expressed as nmol MDA (mg protein)
-1

, using 

the extinction molar coefficient of 155 L
-1

 mol
-1

 cm
-1

.   

 Hydrogen peroxide concentration was determined following the method described 

by Loreto and Velikova (2001) with modifications.  Approximately 100 mg of germinating 

seedlings (or leaves - volumes within brackets) previously ground in liquid nitrogen were 

homogenized with 2 mL of 0.1% trichloroacetic acid (TCA) (w/v).  The homogenate was 

centrifuged at 12,000 g for 15 min at 4 °C. Then, 0.5 mL (or 250 µL) of supernatant was 

added to 0.5 mL (or 250 µL) of 10 mM potassium phosphate buffer (pH 7.0) and 1 mL (or 

500 µL) of 1M KI.  Hydrogen peroxide concentration was assessed by comparing this 

absorbance with a calibration curve at 390 nm.  The H2O2 concentration was expressed as 

µmol g
-1 

fresh weight. 
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Activity of Antioxidant Enzymes 

Approximately 1 g of germinating seeds previously ground in liquid nitrogen were 

homogenized with 50 mM sodium phosphate buffer (pH 7.0), containing 10 g L
-1 

polyvinylpyrrolidone, 0.2 mM ethylenediaminetetraacetic acid, and 10 mL L
-1 

Triton X-

100.  The homogenate was centrifuged at 12,000 g for 20 min at 4 °C.  The resultant 

supernatant (extract) was used in assays to determine the activity of antioxidant enzymes.  

Catalase (CAT, EC 1.11.1.6) activity was determined in germinating seeds (or leaves - 

volumes within brackets) following the method of Aebi (1984) with modifications.  The 

reaction mixture consisted of 50 mM sodium phosphate buffer (pH 7.0), 15 mM (or 25 

mM) H2O2 and 30 µL (or 10 µL) of extract, in a final volume of 2 mL (or 200 µL).  CAT 

activity was determined by monitoring the consumption of H2O2 at 240 nm.  Superoxide 

dismutase (SOD, E.C 1.15.1.1) activity was assayed as described by Beyer and Fridovich 

(1987), using 15 min of illumination and recording the absorbance at 560 nm.  Ascorbate 

peroxidase (APX, EC 1.11.1.11) activity in germinating seeds (or leaves - volumes within 

brackets) was assayed in a reaction mixture with final volume of 2 mL (or 200 µL), which 

contained 25 mM sodium phosphate buffer (pH 7.0), 0.1 mM EDTA, 0.25 mM ascorbate, 

1.0 mM H2O2 and 100 µL (or 10 µL) of extract (Zhu et al. 2004).  H2O2-dependent 

ascorbate oxidation was recorded by decreasing in absorbance at 290 nm using the molar 

extinction coefficient of 2.8 mM cm
-1

.  Protein concentration was determined by the 

Comassie Brilliant Blue method (Bradford 1976) using bovine serum albumin (BSA) as 

standard in all enzymatic preparations. 

 

Gene Expression Analysis by Real-Time Quantitative PCR 

Fully expanded leaves of control plants (before cold exposure) and from plants subjected 

to 6 h of chilling treatment (10 °C) were harvested and total RNA was extracted using 

Concert Plant RNA Reagent (Invitrogen) and treated with DNase I (Invitrogen).  First-

strand cDNA synthesis was performed with reverse transcriptase (M-MLV, Invitrogen) 

      1 μ      N     T-qPCRs were carried out in a StepOne Real-Time Cycler (Applied 

Biosystems).  Expression of seventeen previously described cold-related genes and three 

additional genes which have their expression modified in response to low temperature 

stress in rice leaves according to the expression databank Genevestigator 

(http://www.genevestigator.com/) were evaluated in the tolerant and sensitive rice 

genotypes.  All primers (listed in Table 2) were designed to amplify 100-1             3’-
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UTR of the transcripts and to have similar Tm values (60 °C ± 2).  Reaction settings were 

composed of an initial denaturation step of 5 min at 94 °C, followed by 40 cycles of 10 s at 

94 °C, 15 s at 60 °C, 15 s at 72 °C and 35 s at 60 °C (fluorescence data collection); 

samples were held for 2 min at 40 °C for annealing of the amplified products and then 

heated from 55 to 99 °C with a ramp of 0.1 °C/s to produce the denaturing curve of the 

amplified products.  RT-qPCRs were carried out in 20 μ                           1  μ  

                                             1          2 μ     1 X  C          1 2 μ     

50 mM MgCl2    1 μ           NT      4 μ     1  μ                4 2  μ     w      2   

μ      Y          1:1                                  μ              T   DN  

   y          U/μ               C         C   U                      w             

using a modified 2
-ΔCT

 method (Schmittgen and Livak 2008), which takes into account the 

PCR efficiencies of each primer pair (Relative Expression Tested Gene / Control Gene = (PCReff 

CG)
Ct CG

 / (PCReff TG)
Ct TG

)  (Schmittgen and Livak 2008).  Each data point corresponds to 

three true biological replicate samples.   

 

Statistical Analysis 

The data were subjected to analyses of variance (ANOVA) and mean values were 

compared by     T k y         ≤                 ’  t         ≤       0.01 and 0.001) using 

              1        W    w              U      T         ’                      y 

of variance) was used prior to ANOVA. 

 

RESULTS 

Rice Genotypes Sensitive and Tolerant to Low Temperature 

Cold tolerance at the germination stage was evaluated in 45 genotypes and tolerance at the 

vegetative stage was evaluated in 90 genotypes (Figure 1 and Table 1).  There was large 

variation among genotypes (Figure 1).  Only three indica genotypes were considered cold 

tolerant on both developmental stages evaluated (Table 1), with no significant differences 

in relation to the japonica positive control (Diamante). Genotypes IRGA 959-1-2-2F-4-1-

4-A and IRGA 959-1-2-2F-4-1-4-D-1-CA-1 were characterized, respectively, as tolerant 

and sensitive to low temperature stress.  These two genotypes were chosen for further 

characterization because they were originated from the same cross (LEMONT / IRGA 117-

72-1P-3-2A // P1790-5-1M-4-5M-1B-3M-1B).  Differences in gene expression not related 
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to cold responses should be less abundant when comparing these two sister lines than in 

comparisons within a pair of genetically distant lines. 

The final percentage of germination 26 days after imbibition at 13 °C was not 

significantly different between the two genotypes (ranging from 80 to 87%).  However, 

progression of coleoptile growth was slower in the cold-sensitive genotype (Dametto et al. 

2 1                   %     1   %              w                      ≥          

respectively in the tolerant and sensitive genotypes (26 days at 13 °C - Table 1).  Both 

genotypes reached above 93% germination after one week of imbibition at 28 °C, with 

1  %          w                      ≥           

At the vegetative stage, percentage of plant survival after ten days of cold treatment 

and seven days of recovery was about 90% and 15%, respectively, for the tolerant and 

sensitive genotypes (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Screening of indica rice genotypes for cold tolerance at the germination stage.  

                                w                      ≥               26   y     13 °C 

was evaluated for 45 genotypes (values are averages + SE of tree replicates with at least 30 

seeds each).  One japonica genotype (Diamante) was used as positive control for cold 

tolerance.  Two genotypes resulting from the same cross and with contrasting levels of 

cold tolerance are indicated by asterisks.  These genotypes were used in further 

experiments.  The value for the first genotype (IR63372-02) is zero in all replicates. 
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Table 1. Cold tolerance evaluation of indica rice genotypes from the germplasm collection at IRGA.  
The japonica genotype “Diamante” was used as positive control for cold tolerance.  Plant survival 

after ten days at 10 °C and seven days of recovery was evaluated for 90 genotypes (values are 

averages from three replicates with at least 10 plants each). Percentage of germinating seeds with 

coleoptile length ≥ to 5 mm after 26 days at 13 °C was evaluated for 45 genotypes (values are 

averages from three replicates with at least 30 seeds each)   
Genotype Survival at vegetative stage 

(%) 

Germinating seeds with 

                  ≥       %  

AGULHÃO ARGENTINO 50.00 ND 

BR-IRGA 412 66.60 ND 

BRS TAIM 76.60 ND 

CICA 4 63.30 ND 

COLOMBIANO 60.00 ND 

CT 10491-12-4-2T-3P-2P-1 66.66 ND 

CT 10693-C10-1-1F-10-1 76.66 ND 

CT 10992-3-4-1T-3P-2P-3 96.66 ND 

CT 11626-14-4-1-2-M-M 76.66 ND 

CT 12245-26-2-4P-1P 90.00 ND 

CT 12376-22-1P-M-3 0*** ND 

CT 8008-16-31-8P-1 0*** ND 

CT 8240-1-1-3P-2 6.66** ND 

CT 9145-4-21-5P-1-MI-F8-3P 0*** ND 

CT 9736-9-7-2-2-1P-F 66.66** ND 

CT 9892-6-2-1E-2-F7 86.66 ND 

CT13733-1-1C-1-B-B 0*** ND 

CT9882-16-4-2-3-2P-M 0*** ND 

Diamante (japonica) 93.33 90.83 

EL PASO L 144 46.66 ND 

FL00162-1P-5-3P 36.66* ND 

FL00440-47P-6-1P-M 30.00* ND 

FL00443-33P-4-3P-M-M-M 0*** ND 

FL00593-4P-1-1P-M-M-M 0*** ND 

FL00658-22P-2-1P-M 0*** ND 

FL00797-9P-14-1P-M-M-M 76.66 ND 

FL00867-10P-15-3P-M-M-M 76.66 ND 

FL00898-6P-12-3P-M-M-M 0*** ND 

FL01870-5P-3-1P-M-M-M 0*** ND 

FL01928-5P-4-2P-M-M-M 10.00** ND 

FL02007-1P-1-3 63.33 ND 

FL02095-4P-1-4P-2-M-1P-F12-1 73.33 ND 

FL02095-4P-1-4P-2-M-1P-F12-3 50.00 ND 

FL02759-16P-4-1P-3-M-1P-F12 0*** ND 

FL02759-16P-4-1P-3-M-1P-F12-4 20.00* ND 

FL02955-5P-16-3P-1P-F11 10.00** ND 

FL04512-19M-20P-M-1 83.33 16.66*** 

FL04518-7M-6P-4M-3 20.00* ND 

FL04540-2M-10P-5M-1-1-M 10** ND 

FL04616-1P-11-M-2 3.33*** ND 

FL04870-1P-17-1P-3P-M-F7 0*** ND 

FL05310-1P-11-M-1-1 43.33* ND 

FL05372-7P-1-2P-1P-M 16.66* ND 

FL05372-7P-1-2P-1P-M-F7 6.66** ND 

G368094 0*** ND 

IR 1552 (purple leaves) 76.66 ND 

IR 36 0*** 6.66*** 

IR 58614-2B-13-1-1 93.33 0.83*** 

IR 63372-02 90.00 94.17 

IR 65907-173-1-B 86.66 82.5 

IR 71663-4-1-1-1 86.66 35.0*** 

IR50 0*** ND 
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IR59552-21-3-2-2 (PSB RC64) 83.33 10.83*** 

IR72158-11-5-2-3 0*** ND 

IR72903-121-2-1-2 0*** ND 

IR77700-84-2-2-2 23.33* ND 

IRGA 1085-3-3-2F-1-A-1 30.00* ND 

IRGA 1555-23-1F-1-5-1 16.66* ND 

IRGA 1580-33-1-3-2 3.33*** ND 

IRGA 1588-1-5-2-2-6 6.66** ND 

IRGA 1598-7-2F-1-3-1 0*** 5.00*** 

IRGA 1697-1-8-1F-1-3-4-A 10.00** 27.50* 

IRGA 1782-5-8T-4 3.33*** 50.00 

IRGA 1832-7-8T-MF-3-5 16.66** 37.50** 

IRGA 1832-7-2C-2-MF-3-6 ND 55.00* 

IRGA 1832-5-5C-MF-2-2 ND 43.33 

IRGA 1832-7-4T-1-MF-1 ND 37.50** 

IRGA 1832-7-4T-MF-2-1 ND 22.50*** 

IRGA 1832-1-7C-4 ND 18.33*** 

IRGA 1832-7-2C-1-MF-2-1 ND 10.00*** 

IRGA 2402-4-1T-9-MF 3.33*** 15.00*** 

IRGA 2423-2-10V-2V-2 50.00 ND 

IRGA 2554-23-8C-2-C-B 5.00** 36.66** 

IRGA 2554-5-3C-4 20.00* 52.50*** 

IRGA 2694-25-3 6.66** ND 

IRGA 2807-1-16-4-2V 0*** ND 

IRGA 2852-20-4-3-3V 76.66 ND 

IRGA 2855-20-3-3-6-I-TM-PM-2 0*** ND 

IRGA 2912-19-7-I-3 0*** ND 

IRGA 3043-4-7-1-I-B 83.33 9.16*** 

IRGA 3125-9-9-2-I 50.00 ND 

IRGA 3165-6-1-1 (short Amy) 65.00 ND 

IRGA 3217-10-1Pg-4Pg-3 (hairy) 20.00* ND 

IRGA 369-28-2-2-1F-4A 0*** 15.83** 

IRGA 370-38-1-1F-3 16.66* 36.66*** 

IRGA 411-1-12-1-1F 3.33*** 56.66** 

IRGA 416 0*** ND 

IRGA 417 83.33 68.33* 

IRGA 419-16-1-17-1 0*** ND 

IRGA 440-22-3-4-1F-1 93.33 60.00* 

IRGA 575-12-3-3-6-3A 6.66*** ND 

IRGA 653-1-13-1-2B 23.33* ND 

IRGA 959-1-2-2F-2-1-1-3 90.00 36.66** 

IRGA 959-1-2-2F-4-1-4-A 90.00 80.00 

IRGA 959-1-2-2F-4-1-4-D-1-CA-1 15.00* 15.83*** 

IRGA 959-1-2-2F-5-2-1-B-2 ND 0.00*** 

IRGA 959-1-2-2F-5-2-5-A-2 ND 44.17*** 

IRGA 959-1-2-2F-5-1-2-A-3-4-MF ND 41.67*** 

IRGA 959-1-2-2F-5-2-5-C-3-CA-4 ND 40.00** 

IRGA 959-1-2-2F-5-2-5-B-8-1-MF ND 38.33** 

IRGA 959-1-2-2F-5-1-1-6-CA-3 ND 36.67** 

IRGA 959-1-2-2F-5-1-1-8-6-MF ND 35.00*** 

IRGA 959-1-2-2F-5-2-4-B-1 ND 34.17* 

IRGA 959-1-2-2F-5-2-4-A-2-CA-3 ND 32.50** 

IRGA 959-1-2-2F-5-2-1-A-7 ND 26.67*** 

IRGA 959-1-2-2F-5-1-3-D-2-CA-1 ND 16.67*** 

IRGA 959-1-2-2F-5-2-4-D-5 ND 11.67*** 

IRGA 959-1-2-2F-5-2-6-A-1-1-MF ND 11.67*** 

IRGA 959-1-2-2F-5-2-4-B-6-CA-1 ND 10.83*** 

IRGA 959-1-2-2F-5-1-2-B-4-CA-1 ND 10.00*** 

IRGA 975-2-2-3F-1-2-2-A 23.33* ND 

ORIZYCA 1 3.33*** ND 
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ORYZICA LLANOS 5 23.33** ND 

ND: not determined.   

            w          w                  k                 y            ’  T         ≤          1     

0.001, respectively) compared to Diamante (japonica cultivar used as a positive control for cold 

tolerance). Percentage values of individual replicates (n = 3) were transformed as square root of (x+1) 

prior to statistical comparisons. Genotypes considered tolerant (not different from Diamante) by both 

screening criteria are marked in bold.  Tolerant and sensitive genotypes used in further experiments are 

shaded in gray. 

 

 

Chlorophyll a Fluorescence Transients  

Some parameters obtained from the JIP Test are shown in radar graphs (Figure 2).  After 

eight days of cold stress, the energy flux absorption (ABS/RC) and the energy dissipation 

per reaction center (DI0/ C                                            ≤    1           

genotypes (Figure 2A and B).  These two specific fluxes per reaction center (ABS/RC and 

DI0/RC) increased further in the tolerant genotype after ten days of cold exposure (data not 

shown), while the sensitive plants showed leaf rolling and wilting, impeding the 

measurements.  After eight days of cold stress, the electron transport flux per reaction 

center (ET0/RC) was smaller than in the co                             y       ≤           

the energy captured flow per reaction center (TR0/RC) had similar values to the control, 

also in both genotypes (Figure 2A and B).   

The cold tolerant plants were selected based on their ability to recover after cold 

treatment. To investigate the mechanisms involved in stress recovery, we evaluated JIP test 

parameters in tolerant plants after three and seven days of recovery (Figure 2C and D).  

The data was normalized in relation to the values obtained before the cold treatment 

(Figure 2C) and to the values obtained after ten days of stress (Figure 2D).  After seven 

days of recovery, parameters of specific flow per reaction center (DI0/RC and ET0/RC) 

were equivalent to the values from before cold treatment (Fi     2C             / C    ≤ 

0.01) and TR0/ C    ≤      6  w                                                     

genotype (Figure 2C).  The parameter which describes the energy flux efficiency 

(ET0/TR0, at t = 0, probability that a trapped exciton moves an electron into the electron 

transport chain beyond QA
-
                         y       ≤    1                y          

stress (Figure 2A and B).  In the recovery period, this parameter was still below the control 

                          ≤      1         tolerant genotype (Figure 2C). 

The yield or fl          φD0= F0/FM (quantum yield of energy dissipation at t = 0), 

increased in both genotypes    ≤      1                       F      2                 
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seven days of recovery, this parameter was smaller tha                           ≤      1  

in the tolerant genotype (Figure 2C).  

ET0/ABS, the parameter which describes the quantum yield of electron transport 

from QA
-
              y                                                y       ≤      1  

after eight days of cold stress (Figure 2A and B).  In the tolerant genotype, ET0/ABS 

increased about 65% after seven days of recovery in greenhouse conditions, when 

                                   y                    F      2D     ≤      2    

However, the recovery was not complete in relation to the conditions before cold 

treatment, reaching 83% of the original value (Figure 2C). 

The parameters of phenomenological energy flow based on the excited sample area 

 C                          y       ≤      1            t days of cold.  These parameters 

are TR0/CS (flow of energy captured by CS in t = 0) and ET0/CS (flow of electron 

transport per CS in t = 0) (Figure 2A and B).  At the recovery period, these parameters 

increased and reached over 86% of control levels (ET0/CS) or even levels 14% higher than 

control ones (TR0/CS) in the tolerant genotype (Figure 2C). 

The parameter PIABS, which includes partial potential of energy conservation, and 

the PIABS,total, which adds to their components the parameter that indicates the reduction of 

the final acceptor PSI, were extremely affected by low temperature in both genotypes, 

                                   ≤      2   F      2           H w                    y 

period, PIABS and PIABS,total for the tolerant genotype were, respectively, about 4-fold and 

3.4-fold higher than under 10 °C (Figure 2D), although these values were still below the 

ones determined before the onset of the cold treatment (Figures 2C and 3).  The tolerant 

plants were able to recover 63% (PIABS) and 58% (PIABS,total) of the original values (before 

cold treatment), which was not possible for the sensitive plants (Figure 3).  Plants from the 

tolerant genotype remained green after cold exposure, whereas plants from the sensitive 

genotype showed severe leaf rolling and wilting, and died. 
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Figure 2. JIP-test parameters calculated from the chlorophyll a fluorescence transient in 

rice seedlings of indica genotypes. (A) Tolerant genotype IRGA 959-1-2-2F-4-1-4-A and 

(B) sensitive genotype IRGA 959-1-2-2F-4-1-4-D-1-CA-1 subjected to cold stress at 10 °C 

for different periods (three or eight days). For each parameter in (A) and (B), values were 

normalized relative to values measured before the onset of the chilling treatment.  (C) and 

(D): Tolerant Genotype IRGA 959-1-2-2F-4-1-4-A subjected to cold stress for ten days 

followed by recovery at 28 °C for seven days. For each parameter, data were normalized 

using values measured before the onset of the chilling treatment (C) or using the values 

measured after ten days of cold stress (D).  ABS/RC, energy flux absorption per reaction 

center; DI0/RC, energy dissipation per reaction center; ET0/RC, electron transport flux per 

reaction center; TR0/RC, energy captured flow per reaction center; ET0/TR0, probability, 

at t = 0, that a trapped exciton moves an electron into the electron transport chain beyond 

QA
-
; φD0, quantum yield, at t = 0, of energy dissipation; ET0/ABS, quantum yield of 
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electron transport from QA
-
 to the intersystem electron acceptors; TR0/CS, flow of energy 

captured by CS in t = 0; ET0/CS, flow of electron transport per CS in t = 0; PIABS, 

performance index (potential) for energy conservation from photons absorbed by PSII to 

the reduction of intersystem electron acceptors; PIABS,total, performance index (potential) 

for energy conservation from photons absorbed by PSII to the reduction of PSI end 

acceptors. 

 

 

 

 

Figure 3.  Effects of cold treatment (exposed to 10 °C) followed by recovery period (Rec) 

on PIABS and PIABS, total of rice leaves of indica genotypes. Actual values were normalized 

relative to values measured before the onset of the chilling treatment. Bars indicate SE (n = 

8). NA = not analyzed, due to the lack of live plants.  PIABS = performance index 

(potential) for energy conservation from photons absorbed by PSII to the reduction of 

intersystem electron acceptors. PIABS,total = performance index (potential) for energy 

conservation from photons absorbed by PSII to the reduction of PSI end acceptors. 
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Lipid Peroxidation and Hydrogen Peroxide Concentration 

At the germination stage, H2O2 and TBARS (thiobarbituric acid reactant substances, 

expressed as nmol MDA per mg of protein) levels were not altered in plants from both 

     y      T     w                 fi                     DA levels between the two 

indica genotypes in the periods of cold stress evaluated during the vegetative stage (data 

not shown). 

Both tolerant and sensitive genotypes presented similar H2O2 levels and maintained 

these levels until 48 h after the beginning of chilling treatment at the vegetative stage.  

However, after 72 h at 10 °C, the H2O2 levels were higher than at 48 h of treatment in the 

tolerant genotype, while no significant changes were seen in the sensitive genotype (Figure 

5). 

Activities of Antioxidant Enzymes  

The genotypes selected as tolerant and sensitive to cold were germinated under control 

conditions (28 ºC) or under cold treatment (13 ºC) for 14 days prior to evaluation of 

antioxidant enzyme activities.  SOD activity did not change between the two indica 

genotypes (data not shown).  However, CAT and APX activities were higher in the tolerant 

than in the sensitive genotype regardless of cold treatment (Figure 4).   

SOD, CAT and APX activities of the two indica genotypes under low temperature 

stress at the vegetative stage were also evaluated (Figure 5).  Leaves of the tolerant 

genotype showed a slight decrease in SOD activity over the first 24 h of cold exposure.  

However, a significant increase in SOD activity (53%) was detected from 24 to 48 h at 10 

°C.  After 72 h of chilling exposure, SOD activity decreased, reaching values equivalent to 

the ones seen at the onset of the cold treatment.  In the sensitive genotype, on the other 

hand, SOD activity was similar throughout the period evaluated.  CAT activity of the cold-

tolerant genotype increased gradually up to 46% after 72h at 10 ºC.  However, no 

significant change in CAT activity was observed in the sensitive genotype during cold 

exposure.  No differences were found in APX activity between the two indica genotypes at 

the evaluated cold stress periods at the vegetative stage.   
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Figure 4. Enzyme activities (CAT and APX) in seeds of the two indica rice genotypes 

subjected to germination at 28 °C for three days and 13 °C for 14 days. All seedlings were 

at the S3 stage of development after treatments. The results are expressed as means ± SE 

   ≤       n = 3). Asterisks indicate a statistical difference between genotypes at the same 

period. AsA: Ascorbic Acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Enzyme activities (SOD, CAT and APX) and H2O2 concentration in rice 

seedlings of indica genotypes subjected to cold stress (10 °C under white light with a 

photoperiod of 16/8 h light/dark and irradiance of approximately 40 µMol m
-2

 s
-1

). Results 

are expresse           ±       ≤       n = 3).  Different letters indicate statistical 

difference among hours of treatment in the same genotype. Asterisks indicate a statistical 

difference between genotypes at the same period. AsA: Ascorbic Acid. 
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Low-Temperature Gene Expression 

In order to investigate the molecular regulation underlying cold tolerance in the described 

genotypes, we evaluated the expression of twenty genes already described as cold-

responsive in rice (Table 2). 

At the vegetative stage, expression of OsLIP9, OsDREB1B, OsGNV1, OsGNV2, 

OsGNV3 and OsMEK1 increased under cold treatment in both genotypes, while expression 

of OsWCOR413, OsCDPK7, OsMYBS3, OsABF2, OsMAP1, OsASR1 and OsCOIN 

decreased in both genotypes after six hours of exposure to cold.  Interestingly, only one 

gene (OsLIP9) reached significantly higher expression in the tolerant genotype than in the 

sensitive one under cold exposure at the vegetative stage (Figure 6).  Considering that 

OsLIP9 expression seems to be regulated by the CBF1/DREB1B transcription factor (Lee 

et al. 2004), it would be expected to see higher OsDREB1B expression in the tolerant 

genotype than in the sensitive one after cold exposure.  However, the difference between 

genotypes was not significant by the statistical test used in this work (Figure 6).  Higher 

expression of OsWCOR413 was seen before the onset of low temperature stress in the 

tolerant genotype (Figure 6), which indicates that this gene may maintain a higher basal 

expression level in this genotype than in the sensitive one.  Surprisingly, neither of the 

tested genotypes presented increased levels of OsWCOR413 expression after 6 h of cold 

treatment, as would be expected based on the literature (de Los Reyes et al. 2003). A 

plausible explanation for such difference in OsWCOR413 expression could be the different 

subspecies used (japonica versus indica in our work) and also the different developmental 

stages analyzed (5, 8 and 12 days post-imbibition versus three leaf stage in our work, with 

plants being under cold treatment from 20 to 30 days post-imbibition).  Therefore, OsLIP9 

and OsWCOR413 were the only two genes with significantly higher expression in the 

tolerant genotype, respectively after and before cold exposure.   

At the germination stage, expression of OsDREB1A, OsMYB3R2, OsMYBS3 and 

OsGNV1 was induced by cold treatment (seven days at 13 °C) in both genotypes, although 

not detected in seedlings germinating for two days at 28 °C. On the other hand, qLTG3 

expression was repressed by over 200-fold on both genotypes after cold treatment. 

However, no significant differences in gene expression were observed between genotypes 

(Supplementary Figure 1). 
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Figure 6. Relative expression levels (RT-qPCR, relative to OsUBQ5 expression) of 

previously described cold-related genes in leaves of IRGA 959-1-2-2F-4-1-4-A (cold-

tolerant) and IRGA 959-1-2-2F-4-1-4-D-1-CA-1 (cold-sensitive) genotypes before (white 

bars) and after (gray bars) six hours of cold treatment (10 °C under white light with a 

photoperiod of 16/8 h light/dark and irradiance of approximately 40 µMol m
-2

 s
-1

). Values 

are the averages of three biological replicates ± SE. Different letters indicate that the mean 

values are different by the Tukey test (P ≤        
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Supplementary Figure 1. Relative expression levels (RT-qPCR, relative to OsUBQ5 

expression) of previously described cold-related genes in germinating seeds of IRGA 959-

1-2-2F-4-1-4-A (cold-tolerant) and IRGA 959-1-2-2F-4-1-4-D-1-CA-1 (cold-sensitive) 

genotypes after seven days of imbibition at 13 °C (white bars) or two days of imbibition at 

28 °C (gray bars). All seedlings were at the S1 stage of development after treatments. 

Values are the averages of three biological replicates ± SE. No significant differences were 

                      ’  t test    ≤        

 

 

 



Table 2. Gene-specific PCR primers used for qRT-PCR evaluation of gene expression in rice genotypes tolerant and sensitive to 

cold stress.  Gene expression analyses were performed during vegetative and germination stages as indicated 

Gene (locus) Sequence 
Vegetative  

stage 

Germination  

stage 
Reference 

1) OsMEK1 (LOC_Os01g32660) 
OsMEK1-F: TTGGGAGGAATGAGGTTTTG 

OsMEK1-R: TACTGCAACTCCTCCCGAAT 

X  
Wen et al. (2002) 

2) OsMAP1 (LOC_Os03g17700) 
OsMAP1-F: AGAGCCGGGTAGACTGAACA 

OsMAP1-R: TCCAAAGTTCCAAACCCTTT 

X  
Wen et al. (2002) 

3) OsLIP19 (LOC_Os05g03860) 
OsLIP19-F: GATGTGTTCATCTCCAGTGCTC 
OsLIP19-R: TCACATCACAAACCAGCACA 

X (ND)  
Wen et al. (2002) 

4) OsDREB1A (LOC_Os09g35030) 
OsDREB1A-F: GCATGGGTTGTAGGTTCGAT 

OsDREB1A-R: TGAGCTCCTGGTGACCCTTA 

X (ND) X 
Ito et al. (2006) 

5) OsDREB1B (LOC_Os09g35010) 
OsDREB1B-F: TCTCGCACTGAAAAGTGTGG 

OsDREB1B-R: GAGAAATCTGGCACATTCCAA 

X X (ND) 
Ito et al. (2006) 

6) OsCOIN (LOC_Os01g01420) 
OsCOIN-F: TGCTCCAGATCGAATGAATG 
OsCOIN-R: GTGCCTCAGGGACTCAAAGA 

X  
Liu et al. (2007) 

7) OsDREB1F (LOC_Os01g73770) 
OsDREB1F-F: CGACGATGACCATTACCACA 

OsDREB1F-R: CATTCTTCGGGATGTAGAAGC 

X (ND)  
Wang et al. (2008) 

8) OsZFP245 (LOC_Os07g0588700) 
OsZFP245-F: GGAGGCTCTGTCAAGGAGAA 

OsZFP245-R: GTGAGCTCTCAGCCTCGTCT 

X (ND)  
Huang et al. (2009) 

9) OsAsr1 (LOC_Os11g0672) 
OsASR1-F: CGTGTCGTCGATTTGTGTGT 
OsASR1-R: GGCTGCAGAGAAAATCAAGC 

X  
Kim et al. (2009) 

10) OsMYB3R-2 (LOC_Os01g62410) 
OsMYB3R2-F: CGGTGGAGAAGAATTCCAGA 

OsMYB3R2-R: AAAGTGCAGCGAGCAATGTA 

X (ND) X 
Ma et al. (2009) 

11) qLTG3-1 (LOC_Os03g01320) 
qLTG3_1-F: CACCAGGCCACGTACAACTA 

qLTG3_1-R: TTACGGGATGAAGGAGGAAA 

 X 
Fujino et al. (2008) 

12) MYBS3 (LOC_Os10g41200) 
OsMYBS3-F: CCCAGGCAAAATAAGCTTTG 
OsMYBS3-R: TGTGTGCCAGACAAACAACA 

X X 
Su et al. (2010) 

13) OsCDPK7 (LOC_Os04g49510) 
OsCDPK7-F: CAACGAACTCCTGCGATTTT 

OsCDPK7-R: ACAACCCAGCTTCGTTTGAG 

X  
Saijo et al.  (2000) 

14) OsWCOR413 (LOC_Os03g55850) 
OsWCOR413-F: TTCAGCGCTTCTCTACACCA 

OsWCOR413-R: AGGCAGGAGGTCCAAACATA 

X  de Los Reyes et al. 

(2003); Lee et al. (2004) 

15) OsLIP5 (LOC_Os03g45280) 
OsLIP5-F: TGCAATACGTGATGCAGTGA 
OsLIP5-R: TATTACAAGGCACCGTGCAG 

X (ND)  
Aguan et al. (1991) 

16) OsLIP9 (LOC_Os02g44870) 
OsLIP9-F: TTGGTGCTTTTTCTGCACTG 

OsLIP9-R: TACCCCACACGAAACACAAA 

X  
Aguan et al. (1991) 

17) OsABF2 (LOC_Os06g10880) 
OsABF2-F: TCCTTGTTGGTGAATGGTGA 

OsABF2-R: CCATGCCAGATTTCCCTAAA 

X  
Hossain et al. (2010) 

18) Os.11719.1.S2_at ( LOC_Os07g46670) 
GNV1-F: CGCCCTTGTTAATGTTGGAT 

GNV1-R: CACAGACAACAAAAGAGCAGGT 

X X 
Tyagi et al (2007) 

19) Os.27759.1.S2_at (LOC_Os01g46720) 
GNV2-F: CATCCTTCCGAATCAGGAGA 
GNV2-R: TTTATGCTTCCACCCTGGAC 

X X (ND) 
Tyagi et al (2007) 

20) Os.52150.1.S1_at (LOC_Os04g45970) 
GNV3-F: GTCCGAAAATGTTGGACGAC 

GNV3-R: TATTATTTTTCGCCGGAACG 

X X (ND) 
Tyagi et al (2007) 

                               ND = gene expression not detected.



DISCUSSION 

The indica genotypes IRGA 959-1-2-2F-4-1-4-A and IRGA 959-1-2-2F-4-1-4-D-1-CA-1 

were identified, respectively, as tolerant and sensitive to low temperature stress at two 

stages (germination and vegetative).  These two genotypes originated from the same cross, 

and therefore are sister lines.  The identification of genetically similar genotypes with 

contrasting levels of cold tolerance may be very useful for the characterization of cold 

stress responses related to tolerance in indica rice, which may rely on distinct mechanisms 

compared to japonica rice.  Here we report the characterization of two genotypes that can 

be useful in understanding such mechanisms.   

 Exposure to low temperature initiates numerous physiological alterations and 

photosynthesis is largely affected by cold, although some responses to low temperature 

may be different in herbaceous and woody plants (Ensminger et al. 2006).  Results from 

chlorophyll fluorescence studies suggest that the reaction center of photosystem II (PSII) is 

one of the main targets of low temperature stress (Strauss et al. 2007).  When rice seedlings 

are chilled, the superstructure of chloroplasts is altered and the electron transfer activity is 

decreased (Guo-Li and Zhen-Fei 2005).  Additionally, the combination of low temperature 

and high light results in an imbalance between the light energy absorbed through 

photochemistry versus the energy utilized through metabolism (Hüner et al. 1998), 

inducing photodamage (Chytyk et al. 2011; Jeong et al. 2002).  The experiments described 

here were conducted under conditions of low temperature (10 °C) and low light (40 µMol 

m
-2

 s
-1

, avoiding excessive photo-oxidative stress). The cold stress in the two evaluated rice 

genotypes, characterized as tolerant and sensitive to cold, resulted in increases in the 

parameters ABS/RC and DI0/RC (Figure 2A and B). ABS/RC values express the total 

absorption of PSII antenna chlorophylls divided by the number of active (in the sense of 

QA reducing) reaction centers (RCs) (Strasser et al. 2000).  The increase in ABS/RC could 

mean that a fraction of the RCs is inactive or that there was a size increase of the antenna 

that provides excitation energy for active RCs (Yusuf et al. 2010).  In both genotypes, the 

increase in ABS/RC may be a consequence of inactivation of some RCs promoted by cold 

stress.  DI0/RC values indicate loss of the energy absorbed by PSII through heat, 

fluorescence emission, or even energy transfer to other systems (Strasser et al. 2000).  In 

this work, the increase in DI0/RC indicates that part of the excessive excitation energy 

under cold treatment was lost (Figure 2A and B).  Additionally, plants from both genotypes 

   w                     y             y              φD0) (Figure 2A and B).  Guo-li 

and Zhen-fei (2005) analyzed two rice cultivars differing in cold tolerance, and concluded 
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that increased cold tolerance of Xiangnuo 1 relative to IR50 was related to higher qP (ratio 

of opened reaction centers to total reaction centers in PSII) and qNP (dissipation and the 

heat emission).  On the other hand, Jeong et al. (2002) showed that differential 

susceptibility of rice cultivars to chilling is not dependent on the non-radiative dissipation 

of light. In the present study, increased DI0/RC and φD0 was seen in both genotypes, 

suggesting that dissipation of excess light is not a determining factor for cold tolerance.  

Nevertheless, other mechanisms of energy dissipation may be important in the cold 

tolerant genotype. A previous study has suggested that cold tolerance in one japonica rice 

genotype may be a consequence of active non-harmful energy dissipation processes 

through the xanthophyll cycle (Bonnecarrère et al. 2011). 

 Comparison between chilling-sensitive (indica) and chilling-resistant (japonica) 

cultivar about the extents of PSII photoinhibition led to the conclusion that the differences 

depended on the relative capacity of photochemical utilization of absorbed light (Jeong et 

al. 2002).  On the other hand, our data indicate that cold tolerance and sensitivity in the 

indica genotypes evaluated are not related to differential capacities of photochemical 

utilization of absorbed light at PSII, because plants from both genotypes showed similar 

values of capture, dissipation, absorption and utilization of light energy, per reaction 

centers, under the light conditions used in this experiment. 

The photosynthetic performance indexes on the basis of light absorption (PI) were 

shown to be very sensitive to different stresses and therefore very useful for physiological, 

environmental and biotechnological screenings (Stirbet and Govindjee 2011).  Among 

other parameters, photosynthetic performance index was used to evaluate the cold 

tolerance of transgenic rice expressing the AlSAP gene (Saad et al. 2012).  In the present 

study, the photosynthetic performance index in relation to absorption (PIABS) (Strasser et 

al. 2000) and total photosynthetic performance index (PIABS,total), that measures the 

electrons flux till the final electron acceptors of PSI (Stirbet and Govindjee 2011), 

decreased greatly, indicating that the photosynthetic activity was affected by cold stress in 

both genotypes (Figure 2A and B).  However, during the recovery period, the tolerant 

genotype showed considerable increase in these parameters, demonstrating the ability to 

recover the photosystems performance (Figures 2D and 3).  PIs were not evaluated in the 

sensitive genotype after ten days of cold stress and during the recovery period due to 

complete leaf senescence.  Cold stress reduces hydraulic conductivity of roots and causes 

dehydration in rice plants even when the soil is abundant in water.  It has been suggested 

that low root temperature has a negative influence in the activity of aquaporins, leading to 
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decreased hydraulic conductivity in rice plants (Murai-Hatano et al. 2008).  Dehydrated 

plants close their stomata, rapidly reducing CO2 levels within the leaf, which in turn inhibit 

light-dependent reactions, decreasing photosynthesis (Saibo et al. 2009). High hydraulic 

conductance was shown to positively influence the rate of leaf photosynthesis in rice plants 

(Taylaran et al. 2011). In the present work, ten days of cold treatment resulted in leaf 

rolling and wilting only in plants from the sensitive genotype. It is possible that recovery of 

photosynthetic performance in the tolerant genotype is related to a lower impact of cold 

exposure on root water uptake in this genotype than in the sensitive one. This hypothesis is 

reinforced by a reduction in root length and dry weight (decreasing root surface area) only 

in the cold-sensitive genotype after six days of cold treatment (data not shown).  

At the germination stage, APX and CAT activities were higher in the cold tolerant 

genotype than in the sensitive one, both at 28 °C and 13 °C (Figure 4).  High APX 

activities are related to high scavenging of the hydrogen peroxide produced in response to 

low temperature (Okuda et al. 1991).  Our results suggest that the tolerant seedlings 

exhibited an effective protection mechanism and mitigated oxidative stress by reaching 

higher APX activity than the sensitive ones during germination. 

Oxidative damage during cold exposure is caused by increased ROS production 

(Suzuki and Mittler 2006).  H2O2, a non-radical form of ROS, although being rather inert to 

                                               š   2 14                                H2O2 can 

be involved in the specific cleavage of the PSII reaction center protein D1 (Jeong et al. 

2002).  In addition to oxidative stress, biochemical and genetic studies confirm that 

hydrogen peroxide is a signaling molecule in plants and could also play a key role in 

mediating important signal transduction events (Suzuki and Mittler 2006). We detected a 

significant increase in H2O2 concentration from 48 to 72 hours of cold treatment only in 

the tolerant genotype (Figure 5). The relevance of this variation as a signal needs further 

investigation. 

High SOD activity has been associated with stress tolerance in plants, catalyzing 

the conversion of O2
-
 to H2O2 (Bowler et al. 1992).  Chilling-tolerant or drought-tolerant 

rice cultivars have higher SOD activity than sensitive cultivars under chilling or drought 

stress, suggesting that higher SOD activity in tolerant cultivars is an indicator of higher O2
-
 

scavenging capacity under stresses (Guo et al 2006).  In the present work, a significant 

increase in leaf SOD activity was observed in the tolerant genotype, from 24 to 48 hours of 

cold exposure, suggesting higher potential for O2
-
 scavenging activity of the tolerant 

genotype during the vegetative stage (Figure 5).  Increased activity of this enzyme after 48 
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hours of cold may be related to the increased levels of H2O2 in plants from the tolerant 

genotype after 72 hours of cold. 

The antioxidant enzymes APX and CAT are involved in H2O2 scavenging (Møller 

et al. 2007).  CAT is mainly present in peroxisomes, and is indispensable for detoxification 

of high levels of ROS produced during stress.  Due to its low affinity for peroxide, CAT 

activity is increased when substrate concentrations are high, in the mM range (Mittler 

2002). The results observed at the vegetative stage, when 72 hours of low temperature led 

to increased CAT activity in the tolerant genotype, may be related to the increased H2O2 

levels (Figure 5).  The balance between SOD and the different H2O2-scavenging enzymes 

in cells is considered to be crucial in determining the steady state level of O2
-
 and H2O2 

(Mittler 2002).  During temperature stresses, almost all H2O2 is derived from the O
2−

 and it 

has been suggested that SOD and CAT play important roles in disposing of these ROS 

species (Suzuki and Mittler 2006).  Therefore, the synchronised actions of SOD and CAT 

may have contributed to the better performance of the tolerant genotype after 48 and 72 

hours of stress.  Other mechanisms of detoxification of H2O2 could be acting in the cold-

tolerant plants, such as the ascorbate/glutathione cycle, the peroxiredoxin system and 

higher activities of glutathione peroxidases (Møller et al. 2007).  Bonnecarrère et al. (2011) 

analyzed two cold-tolerant japonica rice cultivars and concluded that increased cold 

tolerance of L2825CA relative to INIA Tacuarí was related to higher activity of the 

enzymes superoxide dismutase, ascorbate peroxidase and catalase.  As expected, no 

changes were observed in CAT and SOD activities in the sensitive genotype upon 

exposure to cold (Figure 5). 

No differences were observed in APX activity in both genotypes at the vegetative 

stage (Figure 5).  APX requires an ascorbate and/or a glutathione (GSH) regenerating 

cycle.  This cycle uses electrons directly from the photosynthetic apparatus or NAD(P)H as 

reducing power (Mittler 2002).  Thus, because this enzyme requires a supply of reducing 

equivalents for its function, increases in APX activity may have been hindered under cold 

treatment, when photosynthetic activity was impaired. 

Based on the different physiological traits evaluated in this study, IRGA 959-1-2-

2F-4-1-4-A (cold-tolerant) and IRGA 959-1-2-2F-4-1-4-D-1-CA-1 (cold-sensitive), 

derived from the same cross, clearly differ in their response to chilling stress.  It has been 

established that low temperature responses in plants are mainly controlled at the 

transcriptional level through extensive reprogramming of gene expression (Chinnusamy et 

al. 2010).  By evaluating the expression of genes previously described as cold-responsive, 
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we identified two genes with leaf expression levels that could be directly related to the cold 

tolerance/sensitivity characteristics of the tested genotypes: OsLIP9 and OsWCOR413 

(Figure 6).   

Dehydrins are thought to act as chaperons, and thus to stabilize vesicles, proteins, 

and membrane structures in stressed plants (Koag et al. 2003). Cold-induced dehydrins 

have been reported in several plants, including cereals as barley and wheat (Bravo et al, 

2003). Among rice dehydrins, the LIP9 protein was identified as responsive to cold stress 

and the OsLIP9 gene was shown to be induced after 6 h of temperature down-shift, being 

triggered at 13 
o
C (Aguan et al. 1991).  In the tolerant genotype, cold treatment resulted in 

higher OsLIP9 expression in relation to the control treatment and to the sensitive genotype 

(Figure 6).  It is possible that the tolerance mechanism expressed by this genotype includes 

higher LIP9 protein levels. 

It has been suggested that OsLIP9 is a target of DREB1 signaling (Lee et al. 2004).  

Over-expression of OsDREB1B in japonica rice plants significantly improves tolerance to 

cold stress and enhances OsLIP9 expression (Ito et al. 2006).  We found higher 

OsDREB1B expression in relation to the control treatment in leaves from both genotypes 

(Figure 6).  However, no difference in expression level was found between the two 

genotypes (Figure 6).  It may be possible that enhancement of OsLIP9 expression by 

OsDREB1 is more efficient in plants from the cold-tolerant genotype (or OsLIP9 

expression is more responsive to OsDREB1 in the tolerant plants).  However, the 

mechanisms of cold stress responses and tolerance are complex, and other factors besides 

OsDREB1B do likely impact on OsLIP9 expression.  Before cold stress, OsLIP9 

expression was detected in both genotypes, despite no detectable levels of OsDREB1 

expression. 

High gene expression prior to abiotic stress treatment might represent a constitutive 

tolerance mechanism (Zhang et al. 2012b). In this work, OsWCOR413 gene expression 

was higher in the cold-tolerant than in the cold-sensitive genotype before cold treatment.  

After six hours of cold, OsWCOR413 expression was down-regulated in both genotypes 

(Figure 6).  WCOR413 is a transmembrane protein that provides membrane stability and 

also acts as a receptor of extracellular signals, being possibly involved in cold acclimation 

(Mishra et al. 2009).  The higher expression of OsWCOR413 in the cold-tolerant than in 

the cold-sensitive genotype before cold treatment at 10 
°
C may be important for intrinsic 

tolerance to chilling stress.  Additional studies with Arabidopsis over-expressing the 
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OsWCOR413 gene are being conducted by our group, and will help to understand its 

function. 

Our screening of rice indica genotypes for cold tolerance in two stages during early 

development (germination and young seedlings) revealed a wide range of cold tolerance in 

this subspecies, and allowed us to identify two genotypes with contrasting levels of cold 

tolerance that share a very close genetic relation.  The performance indexes (PI) were 

affected in both genotypes.  However, the tolerant genotype was able to recover 

photosynthetic performance on the basis of light absorption after a period of intensive cold 

stress.  Plants from the tolerant genotype reached higher SOD and CAT activities during 

the vegetative stage and higher APX and CAT activities during germination, allowing 

better coping with cold stress.  The results suggest that the antioxidant system was more 

efficient in the tolerant than in the sensitive genotype at both stages of development, under 

cold exposure. We evaluated the expression of twenty genes previously described as 

related to cold responses in rice, two of which showed differential regulation in leaves 

from the tolerant genotype: cold induction of OsLIP9 expression and constitutive high 

OsWCOR413 expression.  Our group is also using next generation sequencing to compare 

the transcriptome of both genotypes under cold stress during germination (Dametto et al. 

2015) and vegetative stages.  In future studies, the indica genotypes identified as tolerant 

and sensitive to cold in this work may help to identify new cold tolerance mechanisms in 

rice plants, possibly including pathways not known from the previous studies in japonica 

rice.   
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Abstract 

Incidence of low temperature during early vegetative stage is one of the major limiting 

factors to the development of rice plants. Genes related to cold tolerance have been 

previously identified, mostly in genotypes from the japonica subspecies, which naturally 

have higher cold tolerance than indica genotypes. In a previous work, our group evaluated 

90 genotypes according to the percentage of plant survival after 10 days at 10 
o
C, allowing 
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the identification of cold tolerant and sensitive genotypes from the indica subspecies. To 

help further clarify the physiological and molecular mechanisms that regulate cold 

tolerance of indica rice plants during early vegetative stage, comparative transcriptome 

analysis of 6 h cold-treated leaves was performed using RNAseq. Differential expression 

was observed for 1,305 genes, coding for proteins related to various metabolic pathways. 

Quantitative RT-PCR was used to confirm the high-quality of RNAseq. This study 

revealed that several processes are more active in the cold-tolerant than in the cold-

sensitive plants, including photosynthetic efficiency, fatty acids unsaturation, antioxidant 

capacity, reinforcement of cell wall composition and Ca
2+ 

and hormone-signaling. For the 

first time, cold tolerance in indica plants was related to high expression of the genes 

OsERD15 (NAC domain-containing transcription factor), OsTIL-2 (Temperature-induced 

lipocalin-2) and Cellulose Synthase. Physiological analyses of cold-treated plants indicate 

higher contents of cellulose and of the unsaturated fatty acid linoleic acid in leaves of the 

tolerant genotype. Our data uncovered numerous molecular and physiological changes that 

occur during low temperature stress, which could be important for cold tolerance in indica 

rice.  

 

Keywords 

cellulose; cold tolerance; deep sequencing; fatty acid; rice  

 

Abbreviations 

OsRBC, ribulose bisphosphate carboxylase small chain; OsGAPDH, glyceraldehyde-3-

phosphate dehydrogenase; OsFAD, omega-3 fatty acid desaturase; OsCAT, catalase 

domain-containing protein; OsCES, CESA1 - cellulose synthase; OsEXP, expansin 

precursor; OsWIP, wound-induced protein Wi12; OsCBP, calmodulin-binding protein; 

OsAXN, annexin. 

 

Introduction 

                    w    ’                         oods; however, several abiotic 

stresses affect the physiological status of rice plants, leading to the reduction on grain 

yield. Low temperature is one of the major environmental factors limiting rice production, 

mostly in temperate and high altitude areas, due to the tropical origin of the rice species 

[1]. Cold temperature has the potential to affect growth and development of rice plants 

during any developmental stage, from germination to grain filling [2]. During early growth 
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stages, it can severely affect seedling establishment, leading to yellowing of the leaves, 

growth retardation, and decreased tillering [1]. Improved cold tolerance is, therefore, an 

effective way to increase rice production. 

 The degree of injury in rice plants depends of several factors, such as growth stage, 

duration of stress condition and severity. Some rice cultivars can tolerate stressful 

conditions and are able to grow under low temperature [3]. According to several studies 

with large number of cultivars belonging to japonica and indica subspecies, cold tolerant 

cultivars normally belong to the japonica subspecies [4, 5, 6], which are more adapted to 

temperate climates such as the ones in Japan, Korea, and Java [7]. The indica subspecies 

includes cultivars better adapted to tropical and subtropical environments such as India, 

China, Indonesia, and Brazil. In these locations, low temperatures can be a problem and 

almost the entire rice production is based on varieties from the indica subspecies, 

evidencing the need for studies which ultimately lead to cold tolerance in indica genotypes. 

Fortunately, although less common, indica cold tolerant genotypes were already described, 

and appropriate genotypes are available for breeding. 

 Low temperature affects chlorophyll content and fluorescence, interfering with 

photosynthesis in rice leaves [8]. Also, cold stress increases reactive oxygen species (ROS) 

and malondialdehyde (MDA) levels, which accumulate and impair metabolism via cellular 

oxidative damage [9]. Nevertheless, rice plants have several strategies to respond to cold 

stress, which is not always effective, depending on the intensity. To cope with or adapt to 

cold stress, rice plants accumulate compatible osmolytes such as free proline, an amino 

acid that maintains the function of rice cells under low temperature through the 

stabilization of protein synthesis [10]. Yet, antioxidant protection is also increased to 

scavenge ROS and protect rice plants against oxidative damage [11, 12].  

Genetic analysis indicates that cold tolerance in rice is a quantitative trait, since 

several QTLs for cold tolerance have been mapped in the rice genome [1, 13]. Therefore, it 

seems that several genes are involved in biochemical and physiological modifications 

which ultimately lead to rice cold acclimation and tolerance. A large number of genes has 

been isolated and characterized as responsive to cold stress. Some of them lead to cold 

tolerance when over-expressed in rice plants (for a comprehensive review see [1]). These 

cold-responsive genes encode proteins involved with biosynthesis of osmoprotectants  

[10], signaling components [14-18], chaperones [19], and transcription factors [8, 2, 20], 

especially from the CBF/DREB1 family (C-repeat binding factor/dehydration responsive 

element binding; [21-24]). Another family of proteins, which play central roles in rice 
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responses to cold stress, is MYB transcription factors. Overexpression of OsMYBS3 in rice 

plants repressed the CBF/DREB-dependent cold signaling pathway. Also, it was shown 

that OsMYBS3 responds slowly to cold stress, which suggests that this gene acts in long-

term cold adaptation in rice [25]. 

It is important to note that most of the mentioned studies have used japonica 

genotypes. Therefore, the challenge still remains to develop cold tolerant indica genotypes 

suitable for high-latitude regions. In order to identify and characterize novel genes and 

metabolic pathways involved in rice cold tolerance, we used two indica rice genotypes 

(previously identified as cold-tolerant and cold-sensitive) in parallel transcriptomic 

analysis under cold treatment (10 
o
C for 6 h). Our findings should contribute to a better 

understanding of the molecular and physiological mechanisms involved in cold 

acclimation and tolerance in indica rice plants, and could be useful for future 

biotechnological and molecular breeding efforts.  

  

Material and methods 

Plant materials and cold treatment 

 Previously, we identified low temperature tolerant and sensitive genotypes from the 

indica subspecies. At the vegetative stage, 90 genotypes were evaluated according to the 

percentage of three leaf-stage plant survival after ten days at 10 
o
C (climatic chamber) and 

seven days of recovery under normal temperature (in greenhouse conditions). In this 

screening, the sister lines (derived from the same cross) IRGA 959-1-2-2F-4-1-4-A and 

IRGA 959-1-2-2F-4-1-4-D-1-CA-1 were characterized, respectively, as tolerant and 

sensitive to low temperature stress. Percentage of plant survival after ten days of cold 

treatment was about 90% and 15%, respectively, for the cold-tolerant and cold-sensitive 

genotypes [26]. In addition, photosynthetic performance was heavily affected by cold in 

both genotypes. However, the cold-tolerant genotype was able to recover photosynthetic 

performance after cold exposure [26] .  

 These two genotypes were developed by the IRGA (Rio Grande do Sul Rice 

Institute) breeding program. They present the same genealogy, which is a triple cross 

“       /     11 -72-1P-3-2  //  1 9 ”  T               “       /     11 -72-1P-3-

2 ” w   performed in 1988. One year later, the F1 of this cross was crossed to P1790. In 

the following years, the segregating generations were field cultivated and individual plants 

were selected according to agronomic traits of interest (including cold-response) using the 
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pedigree method. After six generations of selection, many F7 lines were obtained, all 

designated IRGA 959. The two lines evaluated in this study were chosen among them. 

Both selected genotypes were germinated for five days in distilled water and then 

planted into soil and grown in a greenhouse (temperature range from 20 to 30 °C, full 

daylight). At the three-leaf stage (approximately 20 days), plants were transferred to a 

climatic chamber and maintained at 10 °C for 6 h (light intensity of 40 Mol m
-2

 s
-1

). 

Three biological replicates (each one containing leaves of at least three plants) were 

collected and immediately frozen in liquid nitrogen. Samples were then maintained at - 80 

o
C until RNA extraction. 

 

RNA extraction and comparative transcriptomic profiling by RNAseq 

 Total RNA was extracted from rice leaves using Plant RNA Purification Reagent 

(Invitrogen) and treated with DNase I (Invitrogen). Approximately 20 g of total RNA was 

used in high-throughput cDNA sequencing by Illumina HiSeq 2000 technology (Fasteris 

SA, Plan-les-Ouates, Switzerland - http://www.fasteris.com/). We constructed one 

individual single-end cDNA library for each rice genotype. The cDNA libraries were 

                              ’                   y   N     w                       

following successive steps: poly-A purification; cDNA synthesis using a poly-T primer, 

shotgun method to generate inserts of approximately 500 bp; 3p and 5p adapter ligations; 

pre-amplification; colony generation; and Illumina single-end 100 bp sequencing.  

 All low quality reads (FASTq value <13) were removed, and 3p and 5p adapter 

sequences were trimmed using Genome Analyzer Pipeline (Fasteris). The remaining low 

      y       w    ‘ ’ w                   y                                        w 

quality reads, adapter sequences), the mRNAseq data from the two libraries were aligned 

to the rice genome using the software Bowtie version 0.12.7. Only sequences with up to 

two mismatches to the rice reference genome 

(ftp://ftp.plantbiology.msu.edu/pub/data/Eukaryotic_Projects/o_sativa/annotation_dbs/peu

domolecules/version_6.1/all.dir/all.seq) were used. The SAM files from Bowtie were then 

processed using Python scripts to assign the frequencies of each read and map them onto 

references. For data normalization, we used the scaling normalization method proposed by 

Robinson and Oshlack [27]. To assess whether the sequences were differentially 

expressed, we used the R package EdgeR [28]. We considered that the sequences were 

differentially expressed if they had an adjusted p-value < 0.000001, according to EdgeR. 
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Gene Ontology (GO) terms enrichment analysis 

The loci from differentially expressed genes with increased expression in plants 

from the cold-tolerant or cold-sensitive genotypes (Supplementary Table 2) were used to 

search for enriched Gene Ontology (GO) terms comparing both datasets. The rice 

proteome was downloaded from the Rice Genome Annotation Project 

(http://rice.plantbiology.msu.edu/) and GO categories of all sequences in the rice genome 

were annotated using Blast2GO (http://www.blast2go.com; [29]). Then, we compared 

category enrichment between the two datasets. Enrichment analysis was performed using 

Blast2GO built-   F     ’        T           Tw  T                 D       D          

   ≤        F               93       -tolerant) and 367 (cold-sensitive) differentially 

expressed genes, 595 and 226 genes could be assigned a GO term, respectively, and thus 

considered in the enrichment analysis. 

 

Gene expression analysis by quantitative RT-PCR 

 To confirm the high-quality of deep sequencing results, RT-qPCR was used to 

check the gene expression of putative cold tolerance-related genes. Total RNA was 

extracted from rice leaves of plants exposed to 10 °C for 6h using Concert Plant RNA 

Reagent (Invitrogen) and treated with DNase I (Invitrogen). First-strand cDNA synthesis 

was performed with reverse transcriptase (M-MLV, Invitrogen) using 1 g of RNA. RT-

qPCRs were carried out in a StepOne Real-Time Cycler (Applied Biosystems). All primers 

(listed in Supplementary Table 1) were designed to amplify 100-1             3’-UTR of 

the genes and to have similar Tm values (60 ± 2 °C). Reaction settings were composed of 

an initial denaturation step of 5 min at 94 
o
C, followed by 40 cycles of 10 s at 94 

o
C, 15 s at 

60 
o
C (fluorescence data collection) and 15 s at 72

 o
C; samples were held for 2 min at 40

 o
C 

for annealing of the amplified products and then heated from 55 to 99
 o

C with a ramp of 

0.1
 o

C /s to produce the denaturing curve of the amplified products. RT-qPCRs were 

               2  μ                           1  μ                                       

        1          2 μ     1 X  C          1 2 μ             C 2    1 μ          

 NT      4 μ     1  μ                4 2  μ     w      2   μ      Y       n (1:10,000, 

                           μ              T   DN     y          U/μ               

Carlsbad, CA, USA). Gene expression was evaluated using a modified 2
-ΔCT

 method [30], 

which takes into account the PCR efficiencies of each primer pair (Relative expression 

TESTED GENE / CONTROL GENE = (PCReff CG)
Ct CG

 / (PCReff TG)
Ct TG

). Experiments were 
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performed with three biological and four technical replicates, collected in a second 

experiment (i.e. distinct from the one for RNAseq).  

 

Cellulose staining in rice leaves 

Rice plants of cold-tolerant and cold-sensitive genotypes were grown for 20 days 

(three-leaf stage) and submitted to cold treatment (10 
o
C) for 10 days in climatic chamber. 

Leaves were collected before exposure to cold (control) and after 10 days of cold and 

subjected to cellulose staining with 0.01% Calcofluor White (Fluorescent Brightener 28; 

Sigma-Aldrich, St. Louis, MO, USA). All sections (5 m) were observed using optical 

microscopy DMRB (Leica Microsystems, Wetzlar, Germany), with UV filter A, excitation 

filter BP 340-380 nm, suppression filter LP 425, and an exposure time of 270 ms.  

 

Lipid extraction and fatty acid determination 

Rice plants of both genotypes were grown for 20 days (three-leaf stage) and 

subjected to cold treatment (10 
o
C) for 10 days in a climatic chamber (light intensity of 40 

Mol m
-2

 s
-1

, 16/8 hs light/dark) or maintained at greenhouse conditions (control 

treatment). After grinding the leaves (approximately 2 g of dry matter), lipids were 

extracted as described by Bligh and Dyer [31]. Fatty acid composition was determined by 

Gas Cromatography, with lipids being saponified and metanolized with KOH solution and 

then sterefied and metanolized with H2SO4 solution [32]. Methyl-esters fatty acids were 

analyzed with a Gas Cromatographer (Agilent Technologies - HP 6890) adjusted with a 

capillary column HP-INNOWax (60m x 0.25mm x 0.25μ   w                               

Injection and detection temperature was around 250°C and conduction was made by 

Nitrogen gas. Standardization of methyl-esters fatty acids and the subsequent retention 

times were used for fatty acid identification. Linoleic acid levels were expressed as the 

percentage of total fatty acids contained in the pattern. 

 

Statistical analysis 

 Mean values of linoleic acid and gene expression (RT-qPCR) were compared by 

           ’  t         ≤                           21       Windows (SPSS Inc., USA). 
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Results and discussion 

Overview of cold-tolerant and cold-sensitive cDNA library sequencing 

 The rice genotypes IRGA 959-1-2-2F-4-1-4-A and IRGA 959-1-2-2F-4-1-4-D-1-

CA-1 were previously characterized, respectively, as tolerant and sensitive to low 

temperature stress [26] (Supplementary Figure 1). Plants from both genotypes under cold 

treatment (10 
o
C for 6 h) were used to identify differentially expressed mRNAs using the 

Illumina Platform. We chose to use 6 h of cold treatment in order to detect cold-specific 

and not general stress-related transcripts. Deep sequencing generated approximately 20 

million reads in each library (tolerant and sensitive genotypes). From these, 23.28% 

(4,910,832 reads) and 24.49% (4,964,985 reads) were mapped, respectively, in genomic 

regions.  

 Most of the sequences showed similar normalized number of reads. This may be 

partially explained by the fact that the rice genotypes used in this study are sister lines. 

Overall, there were clear linear relationships in the gene expression levels among the two 

rice genotypes (R
2 

= 0.9629; Fig. 1A). For this reason, we preferred to use an extremely 

rigorous adjusted p-value (< 0.000001, according to EdgeR) as criteria for assigning a gene 

as differentially expressed, instead of the use of fold-change as criteria for differential gene 

expression. It is already known that even small changes on the gene expression can have 

biological meaning, and according to McCarthy and Smyth [33], a gene is differentially 

expressed if its expression level changes systematically between two treatment conditions, 

regardless of how small the difference might be. Using these parameters, we found 1,305 

differentially expressed sequences, which were included in our analysis (Supplementary 

Table 2). From these, 938 sequences (71.8%) were more expressed in the tolerant 

genotype, while 367 sequences (28.2%) were more expressed in the cold-sensitive one 

(Fig. 1B).  
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Figure 1. Analysis of differentially expressed genes between leaves from cold-tolerant and 

cold-sensitive indica rice genotypes. (A) Scatter plot comparing the gene expression levels 

between cold-tolerant and cold-sensitive genotypes. (B) Genes identified as differentially 

expressed by EdgeR (red dots). 

 

Enrichment of GO terms comparing cold-tolerant and cold-sensitive datasets 

 We performed GO term enrichment analysis comparing differentially expressed 

genes of each dataset. Loci from genes with increased expression in leaves from the cold-

tolerant or the cold-sensitive genotype were collected, listed and compared using Blast2GO 

(http://www.blast2go.com) [29] to search for enriched terms in each group. Functional 

analysis indicated that the differentially expressed genes were involved in various protein 

categories. Twenty-eight terms were significantly different, with 25 enriched in the cold-

sensitive and only three in the cold-tolerant dataset (Fig. 2). Among the GO terms enriched 

in the cold-                  w        “      y                       ”  The carbohydrates 

serve as energy sources and as structural elements in living cells. Interestingly, we 

observed that cold-tolerant plants have higher cellulose content (see below), corroborating 

                     W             “  y  k   ”                                         

cold-sensitive dataset, which is in line with our previous observations that photosynthesis 

is severely affected in the cold-sensitive genotype, but not in the cold-tolerant one, upon 

cold treatment [26]. 
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Figure 2. Gene Ontology (GO) analysis of differentially expressed genes from leaf 

transcriptomes of cold-tolerant and cold-sensitive indica rice genotypes. Terms enriched in 

either tolerant or sensitive datasets are shown as percentage of annotated genes in the 

dataset. All GO terms shown                  y                                 F     ’  

      T       ≤        

 

Genes with differential expression  

 Using the RNAseq method, we detected, after 6 h of cold treatment, 1,305 

differentially expressed sequences in leaves of rice plants from the cold-tolerant genotype 

in relation to the cold-sensitive one (Supplementary Table 2). All the 1,305 differentially 

expressed sequences were carefully analyzed. Based on the predicted molecular function 

and differences in gene expression, we selected 61 sequences which might be related to the 

cold-tolerance mechanism in plants from the IRGA 959-1-2-2F-4-1-4-A genotype (Table 

1). 

 

 



Table 1. List of differentially expressed sequences identified by RNAseq in rice leaves of cold-tolerant and cold-

sensitive genotypes, after 6 hs at 10 
o
C 

   
Normalized number of 

reads 
 

Functional 

category 
Description Location Tolerant Sensitive p-value 

Photosynthesis 

Chlorophyll A-B binding protein LOC_Os11g13890 13,548 7,074 0 

Ribulose bisphosphate carboxylase small chain (OsRBC) LOC_Os12g17600 50,959 23,043 0 

Carbonic anhydrase LOC_Os01g45274 32,772 16,643 0 

Photosystem I reaction center subunit II LOC_Os08g44680 13,312 7,077 0 

Plastocyanin LOC_Os06g01210 19,701 12,013 0 

Ribulose bisphosphate carboxylase large chain precursor LOC_Os10g21268 51,470 39,623 0 

Low photochemical bleaching 1 protein LOC_Os05g39230 981 529 3.6 e-35 

Protochlorophyllide reductase A LOC_Os04g58200 461 248 1.8 e-16 

Carbohydrate 

metabolism and 

energy 

production 

Glyceraldehyde-3-phosphate dehydrogenase (OsGAPDH) LOC_Os04g38600 41,746 25,914 0 

ATP synthase gamma chain LOC_Os07g32880 9,812 6,666 3.6 e-171 

ATP synthase B chain LOC_Os03g17070 3,685 2,798 7.5 e-38 

Lipid 

metabolism 

Omega-3 fatty acid desaturase (OsFAD) LOC_Os03g18070 9,646 6,175 1.8 e-210 

Lipoxygenase LOC_Os02g10120 1,713 639 5.2 e-123 

Fatty acid desaturase LOC_Os02g48560 2,346 1,760 1.1 e-25 

Omega-3 fatty acid desaturase LOC_Os07g49310 582 337 3.6 e-17 

Transcription 

factor 

Dehydration-responsive element-binding protein (OsDREB1A) LOC_Os09g35030 3,986 1,928 7.4 e-184 

Dehydration-responsive element-binding protein (OsDREB1B) LOC_Os09g35010 1,885 991 5.7 e-72 

NAC domain-containing protein 67 LOC_Os03g60080 3,766 2,532 2.5 e-68 

OsWRKY71 LOC_Os02g08440 2,317 1,770 5.9 e-23 

Early responsive to dehydration 15 (ERD15) LOC_Os07g46670 1,148 770 6.6 e-21 
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OsWRKY45 LOC_Os05g25770 488 319 9.6 e-10 

OsWRKY53 LOC_Os05g27730 3,571 3,221 3.1 e-9 

OsMYBS3 LOC_Os10g41200 2,325 2,025 9.3 e-9 

Detoxification 

Catalase domain-containing protein (OsCAT) LOC_Os03g03910 26,655 21,682 1.2 e-178 

Peroxidase precursor LOC_Os01g19020 862 284 1.1 e-72 

Glutathione peroxidase domain containing protein LOC_Os04g46960 5,387 3,933 5.0 e-68 

OsAPx8 - Thylakoid-bound Ascorbate Peroxidase LOC_Os02g34810 4,617 3,405 1.8 e-55 

Copper/Zinc superoxide dismutase LOC_Os08g44770 1,303 707 4.3 e-46 

OsAPx2 - Cytosolic Ascorbate Peroxidase LOC_Os07g49400 12,978 11,573 3.4 e-38 

Glutathione peroxidase LOC_Os06g08670 6,491 5,745 9.3 e-21 

Cell wall-related 

CESA1 - Cellulose synthase (OsCES) LOC_Os05g08370 2,290 1,275 7.9 e-76 

Expansin precursor (OsEXP) LOC_Os10g40720 543 139 1.1 e-59 

CSLE6 - Cellulose synthase-like family E LOC_Os09g30130 413 15 4.9 e-58 

CESA8 - Cellulose synthase LOC_Os07g10770 1,788 1,008 3.2 e-57 

CSLE1 - Cellulose synthase-like family E LOC_Os09g30120 216 20 2.6 e-43 

COBRA (cell expansion protein) LOC_Os05g32110 1,258 738 6.2 e-36 

CESA6 - Cellulose synthase LOC_Os07g14850 611 288 2.0 e-29 

CSLF6 - Cellulose synthase-like family F LOC_Os08g06380 253 75 7.2 e-24 

CESA5 - Cellulose synthase LOC_Os03g62090 512 269 2.1 e-19 

Wound-induced protein WI12 (OsWIP) LOC_Os07g49114 159 59 2.8 e-11 

CSLD2 - cellulose synthase-like family D LOC_Os06g02180 503 361 6.6 e-7 

Hormone-

signaling 

Gibberellin receptor GID1L2 LOC_Os09g28620 182 24 2.3 e-31 

Ethylene-insensitive 3 LOC_Os07g48630 4,314 3,633 4.9 e-22 

Auxin efflux carrier component LOC_Os09g38130 568 336 8.5 e-16 

Cytokinin-N-glucosyltransferase 1 LOC_Os07g13634 123 30 8.5 e-14 

1-aminocyclopropane-1-carboxylate oxidase protein LOC_Os09g27820 377 204 2.6 e-13 

Gibberellin response modulator protein LOC_Os07g39470 4,884 4,435 1.3 e-11 

Cytokinin dehydrogenase precursor LOC_Os01g71310 205 97 1.2 e-9 
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Ca2+-signaling 

OsCDPK7 LOC_Os04g49510 4,081 3,152 4.8 e-38 

OsCML16 - Calmodulin-related calcium sensor protein LOC_Os01g04330 821 422 7.5 e-33 

Calmodulin-binding protein (OsCBP) LOC_Os01g38980 2,155 1,533 1.2 e-30 

IQ calmodulin-binding motif domain containing protein LOC_Os05g46350 198 34 3.2 e-29 

Annexin (OsAXN) LOC_Os09g23160 1,512 1,188 1.1 e-12 

OsCML27 - Calmodulin-related calcium sensor protein LOC_Os03g21380 489 328 7.6 e-9 

Calcium-transporting ATPase, plasma membrane-type LOC_Os04g51610 666 501 3.4 e-7 

Others 

Phenylalanine ammonia-lyase LOC_Os02g41630 4,339 2,658 2.7 e-109 

Dehydrin (OsLIP9) LOC_Os02g44870 1,019 514 8.6 e-43 

Potassium transporter LOC_Os07g47350 3,957 3,104 1.4 e-33 

Cold acclimation protein WCOR413 LOC_Os03g55850 731 444 1.0 e-18 

Dehydrin (OsLIP5) LOC_Os03g45280 3,943 3,383 3.8 e-17 

OsTIL-2 - Temperature-induced lipocalin-2 LOC_Os08g34150 340 170 2.0 e-14 

A list of 1,305 most differentially expressed genes obtained from the RNAseq experiments is shown in Supplementary Table 2. Bold 

sequences were confirmed by qRT-PCR. 



 

 We found several genes related to photosynthesis with higher expression in the 

leaves of cold-tolerant genotype after only six hours of cold treatment (Table 1), showing 

that higher expression levels of photosynthesis-related genes probably account for the 

previously reported better photosynthetic efficiency of these tolerant plants after five days 

of recovery previously submitted to five days of cold treatment (results to be submitted to 

publication). It is known that photosynthesis is highly affected by low temperatures. 

Studies using chlorophyll fluorescence suggest that the reaction center of photosystem II 

(PSII) is one of the main targets of cold stress [34]. Our group analyzed several chlorophyll 

fluorescence parameters on these two contrasting genotypes, and found that the 

photosynthetic performance indexes on the basis of light absorption were heavily affected 

by cold in both genotypes, however, the tolerant genotype was able to recover these 

performances after cold exposure [26]. It is known that when the rice seedlings are chilled, 

the superstructure of chloroplasts is altered and the efficiency of electron transfer function 

decreases [35]. In fact, rice transgenic plants over-expressing the zinc finger protein AlSAP 

(Stress-Associated Protein) have enhanced cold tolerance, probably through the 

maintenance of the photosynthetic apparatus integrity [36].   

 In our study, we found several fatty acid desaturases with higher expression levels 

in leaves from the cold-tolerant genotype (Table 1) and an increase in the linoleic acid 

(C18:2n6) level on the cold-tolerant genotype under low temperature stress (10 
o
C for 10 

days - Figure 3). These data suggest that the tolerance mechanism developed by this 

genotype includes higher level of unsaturated fatty acid production. As far as we know, 

this is the first time that fatty acid unsaturation level is related to cold tolerance in an 

indica rice genotype. In the cold-sensitive one, no increase in linoleic acid level was 

detected under low temperature stress, when compared to control conditions. The 

adaptability of plants to low temperature stress depends directly on their capacity for 

developing mechanisms of temperature adaptation, and membranes are major targets for 

temperature acclimation strategies. Membrane lipids provide a dynamic and fluid 

environment essential for living organisms [37], and there is strong association between 

temperature and fatty acid content of plant membranes [38]. For example, increasing levels 

of saturated fatty acids were correlated to higher sensitivity to cold temperatures in 

Arabidopsis plants [39], while lower temperatures are associated with an increase in the 

production of unsaturated fatty acids in cotton plants  [40]. Such maintenance of membrane 

fluidity by unsaturated fatty acids is probably due to their lower melting temperatures [38]. 
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Also, most studies indicate that mainly linolenic acid (C18:3n3) is responsible for cold-

tolerant phenotypes [40- 41]. However, in our study, the levels of linolenic acid did not 

change in both tested genotypes, under cold or control conditions (data not shown), unlike 

the levels of linoleic acid.   

 

 

 

 

 

 

 

 

 

 

Figure 3. Linoleic acid percentage in leaves of cold-tolerant and cold-sensitive genotypes 

under control conditions (greenhouse, with temperature range from 20 to 30 °C) or cold-

treatment (10 °C) for 10 days. Values are the averages of four samples ± SE. Mean values 

w               k                y        ’  t         ≤        

 

 Several transcription factors were detected in our experiments with higher 

expression in leaves from the cold-tolerant genotype, including the cold-related 

OsDREB1A, OsDREB1B and OsMYBS3 genes, along with a NAC domain-containing 

protein and OsERD15 (Table 1). DREB1 genes represent one of the most important 

discoveries in the field of cold adaptation [3]. Manipulation of DREB1 rice genes 

expression contributes to increased cold tolerance in rice plants (for a comprehensive 

review see Cruz et al. [1]). Another cold-response signaling pathway was described 

recently, which is regulated by the OsMYBS3 gene [25]. The OsMYBS3-mediated cold 

adaptation response occurs after the DREB1-mediated one, as it has a slow response, 

implying that there is an additional pathway controlling cold adaptation in rice. Actually, 

MYBS3 can repress the expression of DREB1 genes [25]. Interestingly, we found high 

expression of OsMYBS3 after only 6 h of cold treatment in this study. It is important to 

note that we used 10 
o
C instead of chilling stress (4 

o
C). More studies are needed to 

investigate whether DREB1 and MYBS3 act together under 10 
o
C and sequentially under 4 

o
C. Zhang et al. [42] also found higher expression of OsMYBS3 in a cold-tolerant rice 
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cultivar, and suggested that OsMYBS3 plays key roles in the regulatory pathway of chilling 

stress tolerance. One NAC domain-containing protein (OsNAC5) has been previously 

over-expressed in rice, generating cold-tolerant plants [43].  The authors suggest that 

OsNAC5 is important for cold tolerance in rice, acting associated with an ABA-related 

transcriptional regulation network.  ERD15 was identified as a central component in 

several stress responses in Arabidopsis thaliana. The biological role of all ERD15 family 

members studied so far appears to be associated with stress responses and stress 

adaptation, including drought and freezing, functioning as a negative regulator of ABA 

signaling  [44]. To the best of our knowledge, this is the first work which shows a relation 

between OsERD15 expression and cold-tolerance. In this way, one more transcription 

factor should be added to the list of cold tolerance-related genes which could be used in 

future biotechnological applications.  

 Antioxidant capacity has been extensively related to different stress responses in 

plants. We found several related sequences with higher expression in the cold-tolerant 

genotype, including catalase, peroxidase, glutathione peroxidase, ascorbate peroxidase and 

superoxide dismutase (Table 1). Bonnecarrère et al. [45] analyzed two cold-tolerant 

japonica rice cultivars, and concluded that the strategy for cold tolerance differed between 

the two genotypes, and that increased cold tolerance of L2825CA relative to INIA Tacuarí 

was related to higher constitutive superoxide dismutase, ascorbate peroxidase and catalase 

activities. Zhang et al. [42] also found differences in antioxidant activities when two 

contrasting genotypes were tested, and concluded that certain antioxidants were involved 

in chilling stress response and tolerance. Transgenic rice overexpressing OsAPXa 

(ascorbate peroxidase) exhibits elevated cold tolerance, which is negatively correlated to 

the levels of H2O2 and lipid peroxidation. It is assumed that H2O2 is scavenged by 

increased ascorbate peroxidase activity during cold treatment, which results in lower lipid 

damage [11].  However, Yun et al. [46] showed that H2O2 levels are particularly high 

during the initial 12 hours of cold treatment in japonica rice plants, being the primary 

signal that integrates the cold-response regulatory network, particularly in relation to the 

             ‘    y         ’                               y                            

cultivars, we showed that plants from the cold-tolerant genotype have higher SOD activity 

after 48 h and higher catalase activity after 72 h of cold treatment, when compared to the 

cold-sensitive one [26]. In this way, a higher antioxidant capacity may be part of the 

tolerance mechanisms in this indica rice genotype.  
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 Maintenance of cell wall integrity under low temperature is an efficient approach to 

generate transgenic cold-tolerant rice plants, as previously seen by Gothandam et al. [47], 

which over-expressed a cell wall protein (OsPRP3). A number of cell wall-related 

sequences (including several cellulose synthase genes) were found as differentially 

expressed in the tolerant genotype (Table 1), suggesting that one of the tolerance 

mechanisms involves the reinforcement of cell wall composition after cold exposure. In 

fact, we detected higher cellulose staining on the mesophyll cell walls of the cold-tolerant 

genotype (Figure 4c), when compared to the cold-sensitive one (Figure 4d), after ten days 

at 10 
o
C. Under control temperature, no difference was detected on the cellulose staining 

(Figures 4a and 4b). This is the first time that cold tolerance in rice is related to higher 

expression of cellulose synthase genes, although a relationship between high expression of 

cellulose synthase genes with tolerance to biotic [48] and other abiotic [49] stresses in rice 

plants have been reported.  

 

 

Figure 4. Cellulose staining using Calcofluor White and UV visualization. Rice leaves of 

cold-tolerant (A and C) and cold-sensitive (B and D) genotypes, after 10 days of control 

condition (room temperature in the greenhouse - A and B) or cold treatment (10 
o
C - C and 

D). Bars in figures indicate 50 m. All experiments were performed at least twice with 

similar results. 
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We also detected higher expression of the genes encoding expansin and the wound-

induced protein WI12 in the cold-tolerant genotype (Table 1). Expansins loosen cell walls 

via a nonenzymatic mechanism that induces slippage of cellulose microfibrils in the plant 

cell wall [50], facilitating cell expansion and other developmental events during which cell 

wall modification occurs. According to Zheng et al. [51], low levels of expansin proteins 

may potentially lead to the low temperature sensitivity of cotton Sumian 15 cultivar. Yet, 

the expansin-like A2 gene appears to be important in the tolerance to abiotic stress 

conditions in Arabidopsis thaliana  [52]. Using immunogold labeling, Yen et al. [53] 

showed that wound-induced protein WI12 preferentially accumulates in the cell wall, 

suggesting its role in the reinforcement of cell wall composition after wounding, and, as 

suggested by our results, also after low temperature exposure. The higher expression levels 

of expansin proteins identified in this study shows the capacity of the tolerant rice 

genotype to continue growing under low temperature, what is extremely important to 

guarantee a good crop establishment under adverse field conditions. 

We detected several Ca
2+

-signaling related genes differentially expressed in the 

tolerant genotype, including Calmodulin-related calcium sensor proteins (OsCML16 and 

OsCML27), Calmodulin-binding proteins, Calcium-transporting ATPase (plasma 

membrane type), OsCDPK7 (a Calcium-dependent protein kinase) and Annexin gene 

(Table 1). The important roles of calcium in cold sensing and signaling during rice 

vegetative stage have already been revealed (for a comprehensive review see Zhang et al. 

[54]). Briefly, membrane rigidification-activated mechano-sensitive or ligand-activated 

Ca
2+

 channels promote Ca
2+

 influx into the cystol, an important and early event caused by 

cold stress [54, 55]. Subsequently, Ca
2+

 signatures are interpreted and amplified by calcium 

sensors, such as Calmodulin (CaM), Calmodulin-like proteins (CMLs) and Calcium-

dependent Protein Kinases (CDPKs) [54]. According to Saijo et al. [14], over-expression 

of OsCDPK7 confers cold tolerance to transgenic rice plants, and the extent of cold 

tolerance correlates well with the level of OsCDPK7 expression. Yet, over-expression of 

the AtbZIP60 gene in rice plants leads to cold tolerance through the increased expression of 

Ca
2+

-dependent protein kinase genes [56]. Annexins are proteins able to interact with 

membrane phospholipids in a Ca
2+

-dependent manner and probably may function in the 

process of membrane resealing [57]. Some reports have linked annexin signaling to stress 

response and also with abiotic stress tolerance [58, 59], including low temperatures in 

wheat and rice [59, 60]. 
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 Based on our findings (Table 1), the complex cross talk between various hormones 

in response to cold stress seems to be more active in the cold-tolerant genotype, as we 

found several hormone signaling-related genes  (Gibberellin receptor GID1L2, Ethylene-

insensitive 3, Auxin efflux carrier protein, Cytokinin-N-glucosyltransferase 1, ACC 

oxidase, Gibberellin response modulator, Cytokinin dehydrogenase precursor) with higher 

expression in this genotype. Plant hormones regulate plant growth and development, as 

well as responses to changing environmental conditions. By modifying the production, 

distribution or signal transduction of these hormones, plants are able to coordinate both 

growth and stress tolerance [61]. Auxin plays an important role in plant responses to cold 

stress, since intracellular auxin gradients are tightly linked to plant growth and 

development under stress conditions [62]. A number of auxin-related genes were regulated 

by late phase chilling stress in both indica and japonica rice, indicating an interaction 

between auxin signaling and low temperature stress response [42]. Reduction of gibberellin 

levels and signaling has been shown to contribute to Arabidopsis plant growth restriction 

on exposure to several stresses, including cold [61]. Over-expression of ethylene response 

factor LeTERF2 confers cold tolerance in japonica rice seedlings [63]. According to 

Werner and Schmülling  [64], cytokinin mediates the responses to variable extrinsic 

                                                                             y   ’          

Benková [65] established that cytokinin plays an important role in stress responses and 

adaptation, but does not act alone, being part of a complex network of multiple synergistic 

and antagonistic interactions between various hormones, such as abscisic acid, jasmonate, 

salicylic acid, ethylene, and auxin. 

Four other genes that could be part of the cold-tolerant mechanism are two 

Dehydrins (OsLIP9 and OsLIP5), Cold acclimation protein (OsWCOR413) and 

Temperature-induced Lipocalin-2 (OsTIL-2) (Table 1). The OsLIP9 gene, firstly described 

by Aguan et al. [66], is up-regulated in japonica rice plants over-expressing OsDREB1B 

(Dehydration-responsive element-binding protein), and these transgenic plants also show 

improved cold-tolerance [23]. OsLIP9 expression was analyzed by our group in a previous 

work and we suggested that a cold-tolerance mechanism involving OsLIP9 and 

OsDREB1B could be present in two out of the three cold-tolerant genotypes tested 

(unpublished results).  

The cold acclimation OsWCOR413 gene expression was also previously analyzed 

by our group. Higher expression of OsWCOR413 was seen before the onset of low 

temperature stress in the tolerant genotype, which indicates that this gene may maintain a 
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higher basal expression level in this genotype than in the sensitive one [26]. The higher 

expression of OsWCOR413 in the cold-tolerant genotype in relation to the cold-sensitive 

one before cold treatment at 10 
o
C may be involved with the intrinsic tolerance to chilling 

stress, but additional studies (such as analyses of Arabidopsis over-expressing lines, which 

are currently being grown in our lab) are necessary to understand its function.  

Very little is known about plant Lipocalins, except that they function during plant 

development under environmental stresses, including low temperature exposure in wheat 

[67]. Lipocalins generally bind small hydrophobic ligands such as retinoids, fatty acids, 

steroids, odorants, and pheromones, and interact with cell surface receptors [68]. Low 

expression levels are found in oat and barley, two plant species which are less cold 

tolerant. This difference in accumulation indicates that Lipocalin expression is correlated 

with the plant's capacity to develop freezing tolerance [68]. In rice, this is the first time that 

such gene is related to cold stress response and tolerance. 

 

Confirmation of RNAseq expression patterns using RT-qPCR 

To validate the RNAseq results and to confirm the differential expression of the 

isolated genes, OsRBC (ribulose bisphosphate carboxylase small chain); OsGAPDH 

(glyceraldehyde-3-phosphate dehydrogenase); OsFAD (omega-3 fatty acid desaturase); 

OsCAT (catalase domain-containing protein); OsCES (CESA1 - cellulose synthase); 

OsEXP (expansin precursor); OsWIP (wound-induced protein Wi12); OsCBP (calmodulin-

binding protein) and OsAXN (annexin), all listed in Supplementary Table 1, were further 

evaluated in leaves of both genotypes by RT-qPCR, using an Ubiquitin gene (OsUBQ5) as 

control. The differences in expression found by the RNAseq methodology were confirmed 

for the nine tested genes (Figure 5). Expression of most of the genes (OsGAPDH, OsFAD, 

OsCAT, OsWIP, OsCBP) was up-regulated after 6 h of cold treatment, with higher 

expression in the cold-tolerant genotype. There was higher expression of three out of the 

nine tested genes (OsCES, OsEXP, OsAXN) in the cold-tolerant genotype after 6 h of cold 

and also under normal growth conditions (T0, before cold treatment). Previous studies 

have suggested that the highly constitutive gene expression prior to abiotic stress treatment 

might represent a constitutive tolerance mechanism in indica and japonica rice tolerant 

genotypes [69, 42]. Of the nine tested genes, only two (OsRBC and OsAXN) were down-

regulated in plants from the cold-tolerant genotype after 6 h of cold. Even though, their 

expression was higher in the cold-tolerant plants than in the cold-sensitive ones. 
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Figure 5. Relative expression levels (qRT-PCR, relative to OsUBQ5 expression) of 

selected genes identified by deep sequencing in leaves of indica rice plants before (T0) and 

after 6 h of cold (10 
o
C). OsRBC, ribulose bisphosphate carboxylase small chain; 

OsGAPDH, glyceraldehyde-3-phosphate dehydrogenase; OsFAD, omega-3 fatty acid 

desaturase; OsCAT, catalase domain-containing protein; OsCES, CESA1 - cellulose 

synthase; OsEXP, expansin precursor; OsWIP, wound-induced protein Wi12; OsCBP, 

calmodulin-binding protein; OsAXN, annexin. Values are the averages of three samples ± 

                w               k                y        ’  t         ≤        ND = not 

detected.  

 

Conclusion 

 In summary, this study revealed different molecular and physiological mechanisms 

in response to low temperature stress in two indica rice genotypes with contrasting levels 

of cold-tolerance. Comprehensive gene expression using high throughput RNAseq 

revealed several differentially expressed genes, and some of them are probably involved in 

cold stress tolerance. Through the analysis of these sequences, in relation to the cold-

sensitive genotype, the cold-tolerant one seems to have better photosynthetic efficiency, 

higher level of unsaturated fatty acids, higher antioxidant capacity, higher reinforcement of 

cell wall composition, more active Ca
2+ 

and hormone-signaling, which ultimately lead to 
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more active cold response signaling and cold-tolerance. Also, it was the first time that 

cold-tolerance in rice was related with high expression of cellulose synthase genes, 

transcription factor OsERD15 and OsTIL-2 (Temperature-induced lipocalin-2). Even 

considering that mRNAs can be subject of post-transcriptional regulation, the differentially 

expressed sequences defined in this study do provide useful starting points for more in-

depth analyses of the molecular and physiological mechanisms behind cold tolerance in 

rice plants, and therefore, could be used in future biotechnological applications.   
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Supplementary Material 

 

 

Supplementary Figure 1. Visual symptoms of rice plants from the cold-tolerant (CT) and 

cold-sensitive (CS) genotypes after 10 days under control (28 
o
C) or cold (10 

o
C) 

treatment, followed by 7 days of recovery at 28 
o
C. Bar in figure (A) indicates 7 cm. All 

experiments were performed at least twice with similar results. 
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Supplementary Table 1. Gene-specific PCR primers used for qRT-PCR. 

Gene Forward primer 5’ → 3’ Reverse primer 5’ → 3’ 

OsRBC TTTCGTGTGTTCCCAGTTTG CACATATGCCTCACCCAACA 

OsGAPDH GCTGCTGCCTTTGTAACTCC TGGGGAAGAAAAGCAAAGAA 

OsFAD GAGCCTGGGCTTAACATCTG GGTGATCTCCGTCTTCAATCA 

OsCAT GCCTCAGCCTCACTCTATCG ACACGAATTGTGCGGTGATA 

OsCES CGCTAGCTGCTGATACGATG TGTGTAACAACGACCCCTCA 

OsEXP ATGGATTTGCATGGATGGTT GCCTCCTCCTTATCCCACTC 

OsWIP CCATCAATCAGCTTCAACCA CGCAGACGCAGTAAAAGTGA 

OsCBP GTTCATGCAGCGGTCTCAT TGGCAGCACACTTATGAACA 

OsAXN CGCCATCATTGTGCTCTCTA TTGTCAGATGGAACCACCAA 

OsUBQ5 AACCAGCTGAGGCCCAAGA ACGATTGATTTAACCAGTCCATGA 

 

 

Supplementary Table 2. Differentially expressed genes revealed by RNAseq in leaves of 

cold-tolerant (IRGA 959-1-2-2F-4-1-4-A) and cold-sensitive (IRGA 959-1-2-2F-4-1-4-D-

1-CA-1) genotypes, after 6 h at 10 
o
C.  Enviado aos membros da banca. 
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Photosynthetic activity of two sister lines of indica rice (Oryza sativa L.) with 

contrasting levels of cold tolerance 
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Abstract  

Incidence of low temperature during early vegetative stage is one of the major limiting 

factors to the development of rice plants. Cold stress has strong negative effects on 

photosynthetic activity. Previously, our group evaluated plant survival after cold treatment 

in 90 indica rice genotypes. The genotypes IRGA 959-1-2-2F-4-1-4-A and IRGA 959-1-2-

2F-4-1-4-D-1-CA-1, derived from the same cross, were characterized, respectively, as 

tolerant and sensitive to low temperature. This work investigated the involvement of 

photosynthetic activity in cold tolerance of indica rice plants during early vegetative 

growth. Chlorophyll a fluorescence and gas exchange analyses were performed during low 

temperature stress and after cold exposure, during a recovery period.  The photosynthetic 

performance was more efficient in the tolerant genotype than in the sensitive one, during 

the cold treatment and during the recovery period. The higher efficiency of the 

photosynthetic performance during the cold treatment appears to be related to a lower 

fraction of the reduced QA
-
, as well as to lower stomatal conductance and transpiration 

rates. After the recovery period, the higher efficiency in the cold tolerant genotype seems 

to relate to a lower fraction of the reduced QA
-
 and with a larger pool of end electron 

acceptors at the PSI.  This work uncovered changes in photosynthetic performance that 

occur during low temperature stress, which may be important components of cold 

tolerance mechanisms in indica rice.  

Additional keywords: chlorophyll a fluorescence, cold stress, photosynthesis. 
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Introduction 

Rice (Oryza sativa L.) is a staple food for half of the world population; however, the 

physiological status of rice plants is affected by a variety of abiotic stresses, leading to 

reduction on grain yield.  Cold temperature is one major environmental factor limiting rice 

production, especially in high altitude areas or temperate regions, due to the tropical origin 

of the species (Cruz et al. 2013).  

 The rice subspecies indica and japonica differ widely in their responses to cold 

temperatures.  Several studies have demonstrated that cold tolerance is higher among the 

japonica genotypes, which are better adapted to temperate climates such as the ones in 

Japan, Korea, and Java (Cruz et al. 2013).  In Brazil, the largest rice producer outside Asia, 

cold occurrence is common in the southernmost state, Rio Grande do Sul (RS), where over 

68.5% of the Brazilian rice grain is produced in about one million hectares of irrigated rice 

cultivated annually (IBGE 2015).  Losses due to cold temperatures during the vegetative 

growth stage are increased because the varieties cultivated in this region belong to the 

indica variety, mostly sensitive to cold stress (Cruz et al. 2006). 

 Although the indica subspecies of O. sativa is classified as sensitive to cold 

temperatures, there is large variability within this group in response to cold.  In a previous 

study, we identified low temperature tolerant and sensitive indica genotypes. Ninety 

genotypes were evaluated according to the percentage of survival of three leaf-stage plants 

after ten days at 10°C (climatic chamber) and seven days of recovery in greenhouse 

conditions (20–30°C).  The genotypes IRGA 959-1-2-2F-4-1-4-A and IRGA 959-1-2-2F-4-

1-4-D-1-CA-1 were characterized, respectively, as tolerant and sensitive to low 
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temperature both during early vegetative development and during germination (Adamski et 

al. 2015, Dametto et al. 2015).  

 Rice plants are damaged by chilling (low temperatures between 10 and 13°C) 

during early stages of development (Yoshida 1981). One of the major effects is the 

inhibition of photosynthetic activity through decrease in electron transport rate in 

photosystem II (PS II) (Jeong et al. 2002).  Due to the decreased activity of electron 

transport proteins, the photosystem II (P680) is overloaded with excess energy, leading to 

damage in PSII proteins and compromising ATP and NADPH production. 

 Cold stress can induce profound changes in plant metabolism and its effect can be 

assessed by analyzing different parameters.  Chlorophyll a fluorescence is an important 

parameter used to evaluate plant photosynthetic efficiency, especially the of PS II behavior 

(Yusuf et al. 2010).  The kinetics of fluorescence emission corresponds to an increase in 

the polyphasic or transient fluorescence from the initial to the maximum, which include the 

steps O-J-I-P.  This analysis also allows in vitro and in vivo evaluations of plant vitality in 

terms of biophysical parameters and the quantification of photosynthetic energy 

conservation (Tsimilli-Michael and Strasser 2008).  

 This study aimed to evaluate the effect of cold temperature (10°C) on the 

photosynthetic activity in plants of two sister lines of indica rice (Tolerant × Sensitive) to 

identify parameters that may serve as markers of cold tolerance for this stress. 

 

Material and methods 

Plant material and growth conditions: Seeds were germinated for five days in distilled 

water, planted in commercial soil and grown in a greenhouse under ambient temperature 

(30 ± 5 °C), under full daylight. After 20 days of growth in the greenhouse, plants at the 

three leaf stage were transferred to climatic chambers with light intensity of 150 [µmol 

(photon) m–2 s–
1
] and maintained at 10 °C (cold treatment) or at 28 °C (control treatment) 

for five days.  After this period, all plants were transferred to the greenhouse for a recovery 

period of five days. 

 

Chlorophyll a fluorescence transient: The chlorophyll fluorescence transients were 

evaluated on the youngest fully expanded leaves of ten plants from each genotype 

(sensitive and tolerant) and treatment (cold or control), using a portable pulse modulated 

fluorometer (OS30p, Optisciences, UK).  Before the measurements, leaves were dark 

adapted for 20 minutes.  The fluorescence intensity was measured by applying a saturating 
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pulse of 3,000 [µmol (photon) m–2 s–
1
] and the resulting fluorescence of the chlorophyll a 

measured from 160μ     1    T                      time points 16 μ           

               3  μ   FK), 2ms (FJ), 30ms (FI) and maximal fluorescence 300ms (Fm) were 

collected and used to calculate PItotal according to the JIP-Test (Strasser and Strasser 1995). 

 

Gas exchange: Measurements were performed using a portable infrared gas analyzer 

(Licor 6400; LiCor Inc., Lincoln, NE, USA). The youngest fully expanded leaves were 

used for these measurements.  Photosynthetically active radiation (PAR) inside the leaf 

chamber was fixed in 300 [µmol (photon) m–2 s–
1
].  The CO2 concentration inside the 

chamber was controlled using 12g CO2 bottles and fixed on 400ppm.  Temperature and 

relative humidity fluctuated naturally, according to the environmental conditions.  The 

readings were taken on ten plants per genotype and per treatment. 

 

Statistical analysis:             w              y            ’  t test (p ≤ 0.05) using 

the GraphPad Software (http://graphpad.com/quickcalcs/ttest2/). 

 

Results 

Normalizations and subtraction of Chlorophyll a fluorescence transients: The 

transient fluorescence intensity of chlorophyll a from O to P in leaves from the cold 

tolerant (IRGA 959-1-2-2F-4-1-4-A) and sensitive (IRGA 959-1-2-2F-4-1-4-D-1-CA-1) 

indica rice genotypes showed a typical polyphasic rise (Fig. 1).  The fluorescence intensity 

(Ft) was lower in leaves from plants maintained at 10°C for five days than under the 

control treatment, in both genotypes, in the entire curve. This effect was more pronounced 

in the sensitive genotype (Fig. 1A). After a recovery period of five days, fluorescence 

levels were similar to control levels in both genotypes, although with Ft values a little 

lower than the control in the I–P phases. This recovery was more efficient in the tolerant 

genotype (Fig. 1B). 

 The fluorescence data was normalized between the O and P phases as VOP (VOP = 

Ft-Fo/Fm-Fo). The main differences between the tolerant and sensitive genotypes in the 

normalized curves are visible at 2ms (J phase) (Fig. 1C).  The normalized fluorescence VOP 

values are lower for the tolerant genotype than for the sensitive, both after five days of cold 

treatment and after the recovery period (Fig. 1C–D).  

 The fluorescence data was also normalized as VOI (VOI = Ft-Fo/FI-Fo).  Higher 

values are observed for both genotypes compared to the control after five days of cold 
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treatment between the steps I (30ms) and P (300ms) (Fig. 2A). However, no difference 

between the two genotypes was observed (Fig. 2A). The differences of the VOI values 

between the tolerant and the sensitive genotypes in the I-        [ΔVOI = VOI(tolerant) –

VOI(sensitive)] remained near to zero, emphasizing the similar responses to cold in both 

genotypes (Fig. 2C). However, after five days of recovery at control temperatures, the VOI 

values obtained for the tolerant genotype were similar to the ones from plants not subjected 

to cold stress (control), while vales from the sensitive genotype were lower (Fig. 2B). The 

                     w         w       y                          ΔVOI plots, where 

positive values are observed in the I–P phase (Fig. 2D).  

 

 

Fig. 1. Fluorescence intensity (A and B) and relative variable fluorescence [VOP (VOP = Ft-

Fo/Fm-Fo)] (C and D) at transient fluorescence of chlorophyll a from O to P of indica rice 

genotypes tolerant (IRGA 959-1-2-2F-4-1-4-A) and sensitive (IRGA 959-1-2-2F-4-1-4-D-

1-CA-1) after 5 days of cold and after restoring at room temperature for 5 days. 
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Fig. 2. Relative variable fluorescence [VOI=(Ft-Fo)/ (FI-Fo)] (A and B) and kinetic 

difference of VOI [ΔVOI= VOI(tolerant)- VOI(sensitive)] (C and D) at transient fluorescence of 

chlorophyll a from I to P of indica rice genotypes tolerant (IRGA 959-1-2-2F-4-1-4-A) and 

sensitive (IRGA 959-1-2-2F-4-1-4-D-1-CA-1) after 5 days of cold and after recovery at 

room temperature for 5 days. 

 

Total performance index (PItotal) parameter derived by the JIP-Test equations:  The 

biophysical parameter PItotal was calculated from the transient fluorescence curves 

according to JIP–Test (Strasser and Strasser 1995) (Fig. 3).  PItotal values were higher in the 

tolerant genotype than in the sensitive one, both in the cold treated and in the untreated 

(control) samples (Figure 3A).  

 After five days of recovery, the PItotal value was significantly higher in the tolerant 

genotype than in cold sensitive plants.  No difference in PItotal values was observed 

between plants from the two genotypes not subjected to cold treatment (Figure 3B). 
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Fig. 3. Performance index total (PITotal) of plants of indica rice genotypes tolerant (IRGA 

959-1-2-2F-4-1-4-A) and sensitive (IRGA 959-1-2-2F-4-1-4-D-1-CA-1) after 5 days of 

cold (A) and after restoring at room temperature for 5 days (B). Mean values with one or 

 w         k                 y        ’  t test (p≤0.05 and p≤0.01, respectively; n = 10). 

 

Gas exchange: The effects of cold stress (10°C), followed by recovery at room 

temperature on net photosynthesis, stomatal conductance, transpiration rate and internal 

CO2 concentration are shown in Table 1. There were no significant differences in these 

parameters between the two genotypes when plants were maintained in the control 

treatment, during the whole period of the experiment.  After cold treatment, there was a 

large increase in net photosynthesis, stomatal conductance and transpiration rate in plants 

from both genotypes. However, the values of these parameters in the tolerant genotype 

were significantly smaller than in the sensitive one.  The values of net photosynthesis, 

stomatal conductance and transpiration rate of both genotypes increased after five days of 

recovery at room temperature, but the tolerant genotype showed significantly higher values 

than the sensitive one.  The internal CO2 concentration was not affected by cold stress in 

both genotypes.  
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Table 1. Net assimilation rate (μ    C 2 m
−2

 s
−1

), stomatal conductance (mol H2O m
−2

 s
−1

), internal 

CO2                μ    C 2 mol
-1

) and transpiration rate (mmol H2O m
−2

 s
−1

) of indica rice 

genotypes tolerant (T) and sensitive (S) after five days of cold and after recovery at room temperature 

for five days 

Treatments 
Net assimilation 

rate 

Stomatal 

conductance 

Transpiration  

rate  

Internal CO2 

concentration  

Stress 

Control 
T 9.54 ± 0.42 0.260 ± 0.018 3.60 ± 0.21 321.70 ± 3.74 

S 10.37 ± 0.65 0.304 ± 0.027 3.96 ± 0.26 323.82 ± 4.90 

Cold  
T 1.36 ± 0.12 0.010 ± 0.003 0.17 ± 0.06 238.91 ± 7.92 

S 1.87 ± 0.17
*
 0.025 ± 0.003

**
 0.45 ± 0.06

**
 252.66 ± 21.18 

Recovery 

Control 
T 7.20 ± 0.62 0.125 ± 0.028 2.03 ± 0.38 255.59 ± 14.30 

S 8.27 ± 0.89 0.172 ± 0.031 2.61 ± 0.37 283.30 ± 9.70 

Cold 
T 7.36 ± 0.58

*
 0.116 ± 0.017

*
 1.84 ± 0.24

*
 271.20 ± 5.85 

S 4.85 ± 0.73 0.060 ± 0.011 1.05 ± 0.18 253.79 ± 9.03 

(n = 10, means ± standard error); mean values of the two genotypes in each treatment with one or two 

       k                 y        ’  t test (p ≤ 0.05 and p ≤ 0.01, respectively).   

 

Discussion 

Previously, the indica genotypes IRGA 959-1-2-2F-4-1-4-A and IRGA 959-1-2-2F-4-1-4-

D-1-CA-1 were characterized, respectively, as tolerant and sensitive to low temperature 

stress by our research group (Adamski et al. 2015, Dametto et al., 2015).   After ten days 

of cold treatment (10°C), the sensitive genotype was unable to recover from the stress 

(Adamski et al. 2015).  These two genotypes originated from the same cross, and therefore 

are sister lines, closely related.  The identification of genetically similar genotypes with 

contrasting levels of cold tolerance may be useful for the characterization of cold stress 

responses related to tolerance in indica rice, which may rely on distinct mechanisms 

compared to japonica rice.   Here we report the effect of cold (10°C) on the photosynthetic 

activity in plants of two sister lines of indica rice (Tolerant × Sensitive). 

 The decrease in the photosynthetic performance of rice plants under cold treatment 

and the recovery to a certain degree after removal from the cold chamber was expected 

(Guo-Li and Hen-Fei, 2005, Saad et al. 2012). Both expected results were obtained, being 

well demonstrated by the fluorescence intensity curves (Fig. 1) and the net assimilation 

rate (Table 1) of the treated plants.  However, the subject of this investigation is the 
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comparison between the two genotypes, focusing on the differences between their 

responses to the cold treatment, which will be mostly discussed.  

 Illumination of a dark-adapted leaf induces characteristic changes in the intensity of 

chlorophyll a fluorescence, known as the Kautsky effect.  When the Kautsky transient is 

plotted on a logarithmic time scale, the kinetics reveals an increase of fluorescence, 

consisting of a sequence of phases (O–J and I–P phases) (Strasser et al. 2000).  In the 

present work, the fluorescence intensity curves indicate that the tolerant genotype had a 

higher photosynthetic activity during the cold treatment (Fig. 1A), as well as a higher 

photosynthetic activity at the recovery period, compared to the sensitive one (Fig 1B). 

The data obtained by the calculation of the PItotal values (Fig. 3) is in agreement 

with that of the fluorescence intensity curves.  Values of PItotal are higher in the tolerant 

genotype than in the sensitive genotype, both after the cold treatment (Fig. 3A) and after 

the recovery period (Fig. 3B). The PItotal is an indication of the photosynthetic 

performance, on the basis of light absorption, characterizing the efficiency of the electron 

transport flux until the PSI acceptors.  It is a combination of four partial components that 

affect photosynthetic performance: the abundance of photosynthetic reaction centers 

(RCs); the maximum energy flux that reaches the RC of PSII; the electron transport at the 

beginning of illumination; and the oxy-reduction reactions occurring on the side of the 

electron acceptor of PSI (Strasser et al. 2004).  Among other parameters, photosynthetic 

performance index (PI) was used to evaluate the cold tolerance of transgenic rice 

expressing the AlSAP gene (Saad et al. 2012).  Therefore, in the present study, the analysis 

of the PItotal values indicate a better photosynthetic performance, considering all this steps 

of the photosynthetic process, of the tolerant genotype, both in the cold treatment and in 

the recovery period.  

The net assimilation rate values (Table 1) are in agreement with the results obtained 

from the fluorescence curves and PItotal analyses, considering the decrease in 

photosynthetic activity under the cold treatment and recovery after five days at room 

temperature.  Interestingly, there was an inversion in the effect of the cold treatment 

between the two genotypes.  The net assimilation rate after cold exposure was lower in 

plants from the tolerant genotype than in the sensitive ones, indicating a higher influence 

of the treatment in the former.  However, after five days of recovery, the net assimilation 

values were higher in the tolerant than in the sensitive genotype (Table 1). This result is in 

agreement with the fluorescence analyses (Fig 1A and 1B), indicating better photosynthetic 

activity in plants from the cold tolerant genotype.  
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 The use of OJIP curves with normalized parameters is a potential tool for in depth 

analyses of the influence of stress treatments on different stages of the photosynthetic 

process (Yusuf et al. 2010).  In this study, it was possible to discriminate the cold effects 

on the two rice genotypes by comparing the fluorescence data normalized as VOP and the 

VOI (on logarithmic time scale).  

Considering normalized VOP data, an increase in fluorescence intensity at 2ms (J 

phase) is usually interpreted as evidence of accumulation of the fraction of reduced QA
−
 

pool, possibly due to a decrease in electron transport beyond QA
−
 (Strasser et al. 1995; 

Haldimann and Strasser 1999).  In the present study, lower VOP values were obtained for 

the tolerant genotype (Fig. 1C–D), indicating lower fraction of the reduced QA
-
, compared 

to the sensitive, at the end of both periods (cold treatment and recovery).  Although this 

behavior was also observed in the untreated plants (control), it may be a factor that 

contributes to the better total performance of the photosynthesis in the tolerant genotype. 

The differences observed between the two genotypes in the I–P phase of the VOI 

curves (Fig. 2) can be used to explain their different photosynthetic performances.  An 

increase of the normalized values of VOI in this phase indicates that the size of the pool of 

end electron acceptors at the PSI has increased (Yusuf et al. 2010).  In the present study, 

five days of cold exposure resulted in similar values for the two genotypes, indicating 

similar responses in these steps of the photosynthetic process (Fig. 2A).  This was 

confirmed by the ΔVOI around zero, obtained at this period for the two genotypes (Fig. 

2C). However, after five days of recovery, higher values of VOI were obtained for the 

tolerant than for the sensitive genotype (Fig. 2B    T                    y     ΔVOI curves, 

where p                  ΔVOI are observed for the cold treatment at the end of the 

recovery period (Fig. 2D). This result is an indication that the pool size of the end electron 

acceptors at the PSI was probably larger in the cold tolerant than in the sensitive plants 

after five days of recovery.  

The higher size of the pool of the end electron acceptors at the PSI in the tolerant 

genotype may also be related with the smaller accumulation of the fraction of reduced QA
−
 

pool, indicated by the normalized fluorescence data as VOP at J phase (Fig. 1C–D), as 

discussed before.  These two differences between the genotypes may explain the better 

total photosynthetic performance of the tolerant genotype (Fig. 3 and Table 1). 

 The lower values of net assimilation rates in plants from the tolerant genotype after 

cold treatment, compared with the sensitive genotype, seem to disagree with its general 

trend of higher photosynthetic performance.  This apparent contradiction may be explained 
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by another endogenous adaptive mechanism to the cold treatment in the tolerant plants, 

which was not effectively accomplished in the sensitive genotype.  One of these 

mechanisms may be stomatal closure, which is related to the stomatal conductance (Table 

1). Stomatal conductance and transpiration rate values were lower in plants from the 

tolerant genotype than in the sensitive ones. According to Murai-Hatano et al. (2008), cold 

stress reduces hydraulic conductivity of roots and causes dehydration in rice plants even 

when the soil is abundant in water. Stomatal closure, with consequent decrease in 

transpiration rate, may be another protection mechanism against cold exposure present in 

the tolerant genotype. 

 

Conclusion 

The photosynthetic performance in the tolerant genotype is more efficient than in the 

sensitive one, after five days of cold treatment and after the recovery period.  This better 

performance is probably related to a lower fraction of the reduced QA
-
 during the cold 

treatment and to lower transpiration rates.  At the recovery period, the better performance 

seems to be related to a lower fraction of the reduced QA
-
 and to a larger pool size of the 

final electron acceptors at the PSI. 
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CONSIDERAÇÕES FINAIS 

 
 Os resultados compilados nesta Tese corroboram e expandem significativamente as 

informações ou conhecimentos da literatura relacionados com a tolerância ao frio em 

plantas de arroz. 

 Neste trabalho, o screening inicial de genótipos de arroz indica em relação à 

tolerância ao frio nas fases iniciais de desenvolvimento (germinação e vegetativa) revelou 

que existe uma grande variação entre os genótipos. Duas linhagens oriundas do mesmo 

cruzamento, porém contrastantes quanto à tolerância ao frio, foram identificadas. 

 A comparação dos transcriptomas dos genótipos tolerante e sensível ao frio, nas 

duas fases de desenvolvimento (germinação e vegetativa), possibilitou identificar genes 

diferencialmente expressos em cada um dos genótipos. Na fase de germinação, o genótipo 

tolerante parece apresentar diversos processos mais ativos do que o genótipo sensível, tais 

como: taxas de divisão celular e crescimento (confirmados em medições do comprimento 

de células epidérmicas e da quantificação de células mitóticas do coleóptilo), integridade e 

extensibilidade da parede celular, absorção de água e capacidade de transporte de 

membrana, síntese de sacarose, geração de açúcares simples, insaturação de ácidos graxos, 

biossíntese de cera, atividade antioxidante (confirmada pela maior atividade das enzimas 

CAT e APX em plântulas do genótipo tolerante) e sinalização mediada por hormônios e 

Ca
+2

, levando à aclimatação e tolerância ao frio. Por outro lado, o genótipo sensível ao frio 

responde à baixa temperatura aumentando a síntese de proteínas de choque térmico (HSPs) 

e deidrinas, juntamente com uma maior taxa de degradação proteica via 

ubiquitinação/proteassomo e biossíntese de poliaminas.  

 Na fase vegetativa, vários processos são mais ativos no genótipo tolerante do que 

no genótipo sensível, tais como: eficiência fotossintética (confirmada através de análises de 

fluorescência da clorofila a e de trocas gasosas, descritas nos capítulos I e IV), capacidade 

antioxidante (confirmada pela maior atividade das enzimas SOD e CAT nas folhas das 

plantas do genótipo tolerante durante exposição ao frio), insaturação de ácidos graxos 

(confirmada pela maior concentração de ácido linoleico nas folhas das plantas do genótipo 

tolerante após exposição a baixa temperatura), deposição de celulose nas paredes celulares 

(demonstrada por meio de coloração do tecido foliar com calcoflúor) e sinalização mediada 

por hormônios e Ca
+2

. Além disto, pela primeira vez a tolerância ao frio foi relacionada 

com a elevada expressão dos genes: OsERD15 (NAC domain-containing transcription 

factor), OsTIL-2 (Temperature-induced lipocalin-2) e Cellulose Synthase. 
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 As análises do transcriptoma das duas linhagens durante duas fases de 

desenvolvimento (germinação e vegetativa) permitiram a identificação de genes (ou grupos 

de genes) candidatos, possivelmente envolvidos na tolerância a baixas temperaturas, que 

poderão ser úteis em futuras abordagens biotecnológicas visando a tolerância ao frio em 

arroz da subespécie indica.  

 Como perspectivas adicionais de trabalho nesta linha de pesquisa, destacam-se 

estudos relacionados aos genes OsCESA1 e OsCESA8. Considerando o papel central que o 

complexo multiproteico da celulose sintase desempenha na planta, e a inexistência de 

dados de caracterização dos genes de celulose sintase em arroz, tanto a caracterização 

funcional destes genes quanto a avaliação do seu possível envolvimento com a tolerância 

ao frio são de extrema relevância. Os resultados obtidos neste trabalho sugerem que as 

proteínas celulose sintase desempenham papel central na tolerância ao frio. É possível que 

a modulação da expressão de genes capazes de alterar a composição da parece celular 

(como genes que codificam proteínas CESA) em plantas de arroz de genótipos sensíveis ao 

frio resulte em melhor desempenho destas plantas sob baixas temperaturas, possibilitando a 

geração de cultivares tolerantes ao frio. 

 Observações adicionais, realizadas durante experimentos de exposição das plantas 

de arroz ao frio, indicaram maior crescimento das raízes nas plantas do genótipo tolerante. 

Análises do transcriptoma de raízes das duas linhagens estão sendo realizadas, e poderão 

fornecer informações sobre outros genes candidatos possivelmente envolvidos na 

tolerância a baixas temperaturas em plantas de arroz. 

 Considerando-se que variações nos níveis de expressão dos mRNAs não são 

necessariamente correspondentes às variações nos níveis das proteínas que eles codificam, 

também estão sendo realizadas análises para detecção e caracterização de proteínas com 

abundância aumentada ou diminuída em resposta a baixas temperaturas nos dois genótipos 

avaliados. As comparações quantitativas entre os genótipos de arroz estão sendo realizadas 

com o uso da técnica MudPIT (Multidimensional Protein Identification Technology). 

 Portanto, esta Tese contribuiu para o avanço do conhecimento na área de respostas 

das plantas a estresses abióticos, produziu conhecimento com potencial aplicação na 

agricultura, e indicou novos caminhos a serem seguidos em investigações científicas 

relacionadas ao tema. 
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Anexo 1: artigo publicado, durante o doutorado, no periódico Food and 

Energy Security. 
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Anexo 2: artigo não relacionado ao tema da Tese, submetido para publicação no periódico 

Journal of Plant Nutrition and Soil Science. 

 

Suppression of iron toxicity in rice plants by alternative irrigation management 
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Abstract 

Iron toxicity is a major nutritional disorder in rice plants, especially in flooded areas.  The 

use of alternative crop management practices, such as interruptions in irrigation, may 

mitigate negative impacts of iron toxicity in rice.  This study aimed to evaluate the impact 

of alternative water management on agronomical and physiological parameters in rice 

plants from two cultivars, resistant and sensitive to iron toxicity, grown in a field location 

with iron toxicity history.  Rice (Oryza sativa L. ssp. indica) cultivars BR-IRGA 409 

(sensitive) and IRGA 425 (resistant to iron toxicity) were tested.  Irrigation management 

comprised three treatments: continuous irrigation (CI), one cycle of water suppression 

between stages V6 and V8 (1S) and two cycles of water suppression, between stages V6 and 

V8 and between V8 and V10 (2S).  Evaluations included the ionic composition of soil 
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solution and leaf tissues, grain yield, antioxidant responses and gene expression.  Grain 

yield was higher in IRGA 425 plants than in BR-IRGA 409 under CI and 1S treatments.  

However, the 2S treatment resulted in increased grain yield in BR-IRGA 409. With two 

cycles of irrigation suppression, the MDA concentration in the sensitive cultivar decreased 

to levels equivalent to the ones found in the resistant cultivar.  Resistance to iron toxicity in 

IRGA 425 plants seem be related to limited Fe translocation to shoots, increased tolerance 

to oxidative stress in leaves and higher expression of Ferritin genes.  Plants from the BR-

IRGA 409 cultivar (sensitive to Fe toxicity) improved growth, development and yield 

under suppression of irrigation, probably due to lower levels of oxidative stress. 
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Anexo 3: artigo não relacionado ao tema da Tese, submetido para publicação no periódico 

Journal of Experimental Botany. 

 

 

Physiological and molecular alterations promoted by Schizotetranychus oryzae mite 

infestation in rice leaves 
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Abstract 

Infestation of phytophagous mite Schizotetranychus oryzae in rice leaves causes critical 

rice yield losses. To better understand the rice-S. oryzae interaction, we employed a 

proteomic approach to identify differentially expressed proteins in healthy and infested rice 

leaves. Multidimensional Protein Identification Technology (MudPIT) analysis led to the 

identification of 19 unique proteins in control and 872 in infested-leaves, respectively. We 

detected 1,574 proteins that were expressed in both conditions. Of these, 32 were 

statistically more abundant in control leaves. S. oryzae infestation caused decreased 

abundance of proteins related to photosynthesis (mostly photosystem II-related, confirmed 

by chlorophyll a fluorescence experiments), carbon assimilation and energy production, 

chloroplast reactive oxygen species detoxification, defense mechanism (protease 

inhibitors), fatty acid biosynthesis and gibberellin levels (reduced growth). On the other 

hand, infestation caused increased abundance of proteins involved in jasmonate 

biosynthesis, protein modification and degradation, amino acid synthesis, gene expression 

at the translation level, protein partitioning to different organelles, lipid metabolism (-

oxidation of fatty acids), actin cytoskeleton remodeling and molecular chaperones 
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synthesis. Our results also suggest that S. oryzae infestation promotes cell wall remodeling 

and interferes with ethylene biosynthesis in rice leaves. Proteomic data were positively 

correlated with enzymatic assays and RT-qPCR results of selected proteins/genes. Our 

findings describe the protein expression patterns of rice leaves infested by S. oryzae, and 

suggest that the acceptor side of PSII is probably the major damaged target in the 

photosynthetic apparatus of rice plants infested by phytophagous mites. These data will be 

useful in future biotechnological approaches aiming to induce phytophagous mite 

resistance in rice. 

 

Keywords 

MudPIT; photosynthesis; phytophagous mite; rice infestation; Schizotetranychus oryzae; 

shotgun proteomics. 
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