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Abstract
Rice, Oryza sativa L., is one of the most important food crops to feed nearly half of the
world’s population, and is produced and consumed in various countries especially in the
Asian continent. The population of the world is continuously increasing and has led to the
growing demand for rice, thus it is important to maintain a sustainable rice production for
ensuring the food security. The sustainable rice production has been restrained by diverse
limiting factors (such as climate change, environmental stresses, and limited natural
resources), therefore, continuous efforts are needed to develop rice varieties that maintain
high yield and good grain quality under adverse conditions with efficient use of natural
resources. Among the various factors that constrain the sustainable rice production, abiotic
stress is one of the major limiting factors. Different types of abiotic stresses (such as drought,
submergence, high salinity, high heat, and nutrient-deficiency) commonly lead to huge
negative effects on the rice cultivation in a different manner. Often, several abiotic stresses
can occur at the same time (e.g., drought stress in phosphorus-deficient soil) or at different
time points during the same rice cultivation season. Further, the combination of two different
abiotic stresses leads to a novel state of abiotic stress in rice plants and the yield losses caused
by the combination of abiotic stresses are much more severe than that of a single abiotic
stress. Therefore, it is important to understand how rice plants response to multifactorial as
well as single abiotic stresses.
Global rice production heavily relies on modern cultivars, which are generally cultivated in
intensively irrigated ecosystem requiring high inputs such as water, fertilizer, and labor.
During domestication, the modern cultivars have been optimized for high yield and good
grain quality under favorable environment such an irrigated rice ecosystem. In order to
address the above-mentioned major constraints for the sustainable rice production, our
modern cultivars were recognized to have several limitations such as inadequate genetic
diversity, which assumed to be decreased during domestication process. On the other hand,
traditional rice varieties and wild rice species have been suggested as tolerant donor varieties
for diverse types of stress tolerance traits with adequate genetic diversity. Despite the
presence of such valuable genes or traits in these traditional varieties and wild species, their
agronomic traits are often relatively poor as compared to the modern cultivars. Therefore,
identification of such high value genes or traits from these tolerant donors will allow for
transferring them into our modern cultivars for developing new varieties that maintain high
yield and good grain quality under adverse conditions.
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In this study, we aimed to identify unrevealed tolerance mechanisms together with the
involved genes in traditional rice varieties against dual abiotic stresses (gradational drought
stress in P-deficient soil) by comparing to an intolerant modern cultivar as control. Pdeficiency in soil is an example for limited natural resources and it is widely distributed in the
unfavorable environments such a rainfed lowland rice ecosystem, especially in Asia. Major
abiotic stresses (such as drought, high salinity, or high heat) occasionally occur in
combination with problem soils (such as nutrient deficiency or heavy metal toxicity) in the
unfavorable environments, resulting in huge negative effects on the rice cultivation. In this
study, responses of two tolerant rice varieties (Dular and Kasalath; aus-type traditional rice
varieties) and the intolerant variety (IR64; indica-type modern cultivar) were compared
between two different conditions, control and stress; the control condition represents the
irrigated rice ecosystem and sufficient water and P were applied, while the stress condition
represents the rainfed lowland rice ecosystem and mimicked by deficient water and P. The
different responses of these varieties under dual abiotic stresses were observed and analyzed
by two different perspectives, phenotypic and transcriptomic, especially in rice roots.
From the phenotypic perspective, the traditional rice varieties have shown stronger
performance under dual abiotic stresses in comparison to the modern cultivar (IR64); the
tolerant varieties efficiently regulate water consumption and plant growth during stress
treatment, thus sustained viability even under severe stress level i.e. 20% of soil saturation.
From the transcriptomic perspective, a large number of genes were commonly expressed
between the tolerant varieties and modern cultivar (IR64), while sets of genes exhibited
variety-specific gene regulation in the tolerant varieties (Dular and/or Kasalath) under dual
abiotic stresses. In addition, we identified a set of putative novel candidate genes
differentially expressed under dual abiotic stresses and are present only in the tolerant
varieties (Dular and/or Kasalath). Those genes differentially expressed only in the tolerant
varieties are likely to be regulated by putative novel candidate genes that specifically present
in the tolerant varieties. Taken together, we assume that these tolerant variety-specific genes
possibly involved in tolerance mechanism against dual abiotic stresses. Our findings provide
a new perspective for understanding how rice plants respond to a combination of abiotic
stresses (drought stress in P-deficient soil). Furthermore, the tolerant variety-specific novel
genes proposed in this study are expected to contribute to the development of rice varieties
that maintain high yield and good grain quality under adverse conditions through molecular
breeding.
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Zusammenfassung
Reis zählt zu den wichtigsten Kulturpflanzen der Welt und gewährleistet die Ernährung von
nahezu der Hälfte der Weltbevölkerung. Produziert und konsumiert wird Reis in vielen
Ländern, insbesondere aber auf dem asiatischen Kontinent. Durch die kontinuierlich
wachsende Weltbevölkerung steigt auch die Nachfrage an dieser Nutzpflanze stetig an. Daher
ist eine nachhaltige Reisproduktion ein unverzichtbarer Eckpfeiler zur Gewährleistung der
globalen Ernährungssicherheit. Jedoch schränken verschiedene Faktoren wie Klimawandel,
biotische und abiotische Stressfaktoren sowie limitierte natürliche Ressourcen die nachhaltige
Reisproduktion stark ein. Deswegen sind kontinuierliche Bemühungen nötig, um
Reisvarietäten zu entwickeln, die hohe Erträge bei gleichzeitig guter Kornqualität allein durch
effiziente Nutzung der vorliegenden natürlichen aber begrenzten Ressourcen bieten.
Abiotische Stressfaktoren zählen zu den Hauptfaktoren, die eine nachhaltige Reisproduktion
einschränken können. Verschiedene Arten von abiotischem Stress (bspw. Trockenheit,
Überflutungen, hoher Salzgehalt, Hitzeperioden oder Nährstoffmangel) können zu starken
Einbußen bei der Reisproduktion führen. Häufig treten mehrere abiotische Stresse
gleichzeitig (bspw. Trockenstress und Phosphor-arme Böden) oder zu verschiedenen
Zeitpunkten in der gleichen Anbausaison auf. Die Kombination von Stressoren führt zu einer
neuen Form von abiotischer Belastung für die Reispflanzen, die eine größere Ernteeinbuße
verursachen kann als die Addition der einzelnen Stressoren. Daher ist es von großer
Wichtigkeit zu untersuchen wie Reispflanzen auf multifaktorielle und singuläre abiotische
Stresse reagieren.
Die globale Reisproduktion beruht hauptsächlich auf modernen Reiskultivaren in stark
bewässerten Ökosystemen, die hohe Mengen an Wasser, Dünger und Arbeitskraft benötigen.
Modernen Kultivare wurden während der Domestizierung primär auf hohe Erträge und
Kornqualität unter optimalen Bedingungen wie bewässerten Reis-Ökosystemen gezüchtet.
Diese Varietäten weisen in Bezug auf die zuvor geschilderten Herausforderungen einer
nachhaltigen Reisproduktion verschiedenste Probleme auf, beispielsweise eine verringerte
genetische Diversität, die vermutlich im Laufe des Domestikationsprozesses verursacht
wurde. Andererseits konnte gezeigt werden, dass traditionelle und wilde Reisvarietäten eine
ausreichend große genetische Variabilität für die Stresstoleranz besitzen. Trotz dieser
vorteilhaften genetischen Eigenschaften zeigen diese Reisvarietäten verglichen mit
konventionellen, modernen Kultivaren jedoch eine schlechtere agronomische Leistung auf.
Durch Identifizierung der Gene, die für die
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verantwortlich sind, könnte es mithilfe biotechnologischer Methoden möglich werden,
moderne Kultivare mit einer erhöhten Stressresistenz zu entwickeln. So könnten diese neuen
Kultivare auch unter ungünstigen Umweltbedingungen hohe Erträge und eine bessere
Kornqualität liefern.
Die vorliegende Studie zielt darauf ab, die genetische Grundlage von bisher unbekannten
Toleranzmechanismen für abiotische Stressfaktoren in traditionellen Reisvarietäten genauer
zu untersuchen. Die Pflanzen wurden unter doppelt-abiotischem Stress (gradueller
Trockenstress in Phosphor (P-)armen Böden) angezogen und mit modernen, konventionellen
Kultivaren als Kontrolle verglichen.
P-Defizienz ist beispielhaft für Ökosysteme mit begrenzten natürlichen Ressourcen, wie die
in Asien weit verbreiteten regenbewässerten Tiefland Ökosysteme (rainfed lowland
ecosystem). Massive abiotische Stressoren (wie Trocken-, Salz-, oder Hitzestress) treten
häufig in Kombination mit problematischen Böden (bspw. mit Nährstoffarmut oder
Schwermetall-Kontamination) auf. Diese ungünstigen Umweltbedingungen führen zu
enormen negativen Auswirkungen auf den Reisanbau.
In dieser Studie, wurden zwei tolerante, traditionelle Reisvarietäten (Dular und Kasalath; aus
Typus) mit einer konventionellen, intoleranten Varietät (IR64; indica Typus) unter Stressund Kontrollbedingungen verglichen. Für die Stressbedingungen wurde das regenbewässerte
Tiefland Ökosystem mit begrenztem Wasser und P-Gehalt imitiert, während die
Kontrollbedingungen ein Reis Ökosystem mit ausreichender Wasser- und P-Versorgung
darstellten. Die Reaktionen der Varietäten unter doppelt abiotischem Stress wurden
insbesondere in den Wurzeln auf zwei Gesichtspunkten hin untersucht: Phänotypische und
transkriptionelle Stressantworten.
Phänotypisch betrachtet zeigten die traditionellen Reisvarietäten eine stärkere Leistung unter
doppelt abiotischem Stress verglichen mit dem modernen Kultivar IR64. Die toleranten
Varietäten regulierten die Wasseraufnahme und das Pflanzenwachstum effizient unter den
Stressbedingungen. Daher wahrten sie ihre Vitalität auch unter stärkstem Stresslevel von bis
zu 20% Bodenfeuchtigkeit. Die Transkriptomanalyse zeigte, dass die Großzahl der Gene in
den traditionellen und modernen Kultivaren gleichermaßen exprimiert waren. Eine Vielzahl
von Genen zeigten jedoch eine spezifische Regulation in den toleranten Varianten (in Dular
und / oder Kasalath). Zusätzlich identifizierten wir eine Reihe von potenziellen
Kandidatengenen, die in den toleranten Varietäten (Dular und / oder Kasalath) differenziell
exprimiert wurden. Es ist sehr wahrscheinlich, dass die ausschließlich in den toleranten
Varietäten differenziell exprimierten Gene durch diese neuen Kandidatengene reguliert
werden.
Zusammenfassend schlussfolgern wir, dass diese Gene, die spezifisch für die toleranten
Varietäten sind, möglicherweise eine wichtige Rolle im Toleranzmechanismus gegen doppelt-
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abiotischen Stress übernehmen. Unsere Ergebnisse bieten eine neue Perspektive auf die
genetische

Grundlage

der

Toleranzmechanismen

von

Reispflanzen

gegenüber

kombinatorischen, abiotischen Stress (Trockenstress in P-armen Böden). Darüber hinaus
könnten die im Rahmen dieser Arbeit identifizierten, spezifisch in toleranten Varietäten
exprimierten Kandidatengene dazu beitragen mittels molekularbiologischer Züchtung
Reisvarietäten zu erzeugen, die hohe Erträge und gute Kornqualität auch unter widrigen
Umweltbedingungen liefern können.
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1. Introduction

1.1 Rice diversity and importance
Rice is one of the most important food crops in the world along with wheat and maize.
Between 2000 and 2009, the average of total milled rice production and consumption was
418,124 and 415,161 tons, respectively (the World Rice Statistics Online Query Facility tool,
http://ricestat.irri.org:8080/wrs2 and FAOSTAT, http://faostat.fao.org/) (Figure 1). The top
five countries for rice production and consumption are China, India, Indonesia, Bangladesh,
and Vietnam. According to a survey conducted in 2009, the population of these five countries
represented 44% of the total world population (http://data.worldbank.org/). It is also
important to consider that rice is appreciated in other countries outside Asia as well and is
interesting to note that the amount of rice production and consumption of these additional
countries nearly equals that of China alone. Altogether, these values clearly indicate the
importance of rice as staple food crop in the world especially in Asia.
The Asian rice, Oryza sativa, can be divided into five groups; temperate japonica, tropical
japonica, and aromatic that comprise the japonica varieties, while indica and aus comprise
the indica varieties (Garris et al., 2005). Recently, it has been suggested that the two main
subspecies of Oryza sativa, indica and japonica, were domesticated from the wild rice O.
rufipogon at ~8,200 to 13,500 years ago and first cultivated in the Yangtze Valley of China
(Molina et al., 2011). Various modern cultivars are grown today to meet our demand for rice,
and these modern cultivars have been optimized and selected during the domestication
process for valuable traits such as high yielding capacity as well as length and shape of the
grain based on human preferences. For instance, rice consumers in Thailand, Lao PDR,
Cambodia, Malaysia and the Philippines prefer long and slender grains, while Japanese,
Taiwanese and South Koreans prefer short and bold rice grains (Calingacion et al., 2014).
Rice breeders have spent much effort to develop better rice varieties, also considering such
preferences of the local populations.
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Figure 1 The total rice production and consumption in the world. The trends of total rice
production (A) and consumption (B) during 2000 - 2009 are indicated (the World Rice Statistics
Online Query Facility tool; http://ricestat.irri.org:8080/wrs2 and FAOSTAT; http://faostat.fao.org/). On
the right side of each panel, the top five countries are indicated with the total rice production and
consumption.

The growing demand for rice by the increasing world population highlights the problems and
vulnerability of our modern cultivars: requirement for high input (water, labor, fertilizer and
other resources), sensitivity to diverse biotic and abiotic stresses, and limited genetic diversity.
It is believed that the genetic diversity of our modern cultivars has been reduced during the
domestication process, for example, valuable genes and traits involved in adaptation to
environmental stresses are usually absent in the modern cultivars. On the other hand,
relatively high genetic diversity has been maintained in the traditional rice varieties and wild
rice species, thus these varieties and species are candidate donors for diverse stress tolerance
genes and alleles (Heuer et al., 2009; Atwell et al., 2014). For instance, Oryza longistaminata,
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one of the wild rice species, has been selected as source of the Xa-21 gene, which confers
resistance to bacterial blight (Ikeda et al., 1990). The Xa-21 gene was successfully
introgressed into the susceptible modern cultivar IR24, and the introgression lines showed
resistance to bacterial blight in the Philippines without alteration in major phonotypical traits.
Similarly, Flood Resistance 13A (FR13A), one of the aus-type rice varieties, has been
selected as source of the SUB1A gene, which confers tolerance to submergence stress (Xu et
al., 2006). The SUB1A gene was successfully introgressed into the modern cultivar Swarna
that is widely cultivated in India, and the introgression lines were maintained for the high
yield and other agronomic traits of the recurrent parent with acquired submergence tolerance.
In 2010, the new “Sub1” mega-varieties with submergence tolerance were released in India,
the Philippines, Indonesia, and Bangladesh without apparent side effects on development,
productivity, or grain quality (Bailey-Serres et al., 2010). Another example of valuable genes
that originate from traditional rice varieties is PSTOL1, which confers tolerance to
phosphorus (P) deficiency (Gamuyao et al., 2012). The phosphorus uptake 1 (Pup1) locus has
been identified in Kasalath, one of aus-type rice varieties, as a major quantitative trait locus
(QTL) for tolerance of P-deficiency in rice. The comparative sequence analysis revealed that
the Pup1 locus might not be present in the Nipponbare genome, one of japonica-type rice
varieties. Out of 68 candidate genes present in the Kasalath-specific Pup1 locus (Heuer et al.,
2009; Chin et al., 2011), PSTOL1 has been functionally characterized as novel protein kinase
that confers tolerance to P-deficiency in rice (Gamuyao et al., 2012). Possibly, a large number
of such genes have not been selected during the domestication process, thus limiting the
genetic diversity in our modern cultivars in comparison to the traditional rice varieties and
wild rice species. Despite the presence of such valuable genes or traits in these candidate
donors, their agronomic performance is often relatively poor compared to the modern
cultivars. Therefore, while introgressing valuable genes or traits into the modern cultivars,
rice breeders frequently deploy backcrossing strategies to remove poor agronomic traits
derived from tolerant donors and for fixation of targeted value-specific traits.
As evident from the examples mentioned above, the genetic potential of rice diversity is
important to develop better rice varieties that are tolerant to biotic or abiotic stress in order to
sustain worldwide rice production. For these reasons, diverse rice germplasm has been
collected from all over the world and is currently being maintained in several gene banks such
as the Africa Rice Center (http://www.warda.cgiar.org/) and International Rice Research
Institute (http://irri.org/) (McCouch et al., 2012). For instance, the International Rice Gene
Bank holds more than 117,000 rice accessions, including modern and traditional varieties, as
well as wild relatives of rice. These varieties can be screened for identification of valuable
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genes and traits, and selected germplam could be used as donor parents in various rice
breeding programs.

1.2 Rice production ecosystems and constraints to rice production
In general, rice production ecosystems can be largely divided into four systems: irrigated rice
ecosystem, rain-fed lowland rice ecosystem, upland rice ecosystem, and flood-prone rice
ecosystem. Rice production in these ecosystems shows differences in terms of yields, ranging
from single-crop rain-fed lowland and upland ecosystems with low yields (1 to 3 t ha-1), to
triple-crop irrigated ecosystem with an annual grain production of up to 15 to 18 t ha-1
(Dobermann and Fairhurst, 2000). Rice is mainly produced in the irrigated and rain-fed
lowland ecosystems that cover 80% of the total rice production area and 92% of total rice
production (Dobermann and Fairhurst, 2000). The irrigated rice ecosystem is an intensive
system requiring high inputs (such as water, fertilizer, and labor), thus modern cultivars
optimized for high yield are generally cultivated in this system. On the other hand, the rainfed lowland rice ecosystem is less intensive with low input, and generally the traditional rice
varieties are cultivated in this system. The rice production area in the rain-fed lowland
ecosystem covers nearly half of the irrigated ecosystem, however, rice yield is only about
one-fifth of the total yield in the irrigated ecosystem (Dobermann and Fairhurst, 2000). The
big yield gap between the irrigated and rain-fed lowland ecosystem is mainly due to the
different cultivation systems and environments. For instance, the rain-fed lowland rice
ecosystem is not generally irrigated but depends on rain and seasonal floodwaters. In addition
to the low input, diverse types of environmental stresses constitute another limitation in the
rain-fed lowland ecosystem. Often, several abiotic stresses can occur at the same time (e.g.,
drought stress in P-deficient soil) or at different time points during the same rice cultivation
season.
The growing demand for rice due to the growing population challenges breeders to increase
yield without expanding agricultural land, agrochemical inputs, and water consumption.
Developing new rice varieties that maintain a high yield under adverse conditions has
therefore become a high priority for rice breeders worldwide (Ismail et al., 2007). For
intensive irrigated rice ecosystems, efforts are ongoing to develop high-yielding rice with
improved water and nutrient use efficiency in anticipation of water scarcity and increase in
fertilizer costs. For less intensive or extensive systems such as rain-fed lowland rice

	
  

4	
  

	
  
ecosystems, the challenges to increase yield are even greater since the problems that need to
be addressed are complex and diverse (Bernier et al., 2007; Ismail et al., 2007).

1.2.1 Major threats for sustainable rice production
Different types of limiting factors including climate change, biotic and abiotic stresses result
in huge negative effects on rice yields and production annually. As far as climate change is
concerned, the International Rice Research Institute (IRRI) has recognized two universal
trends based on various climate change models: (1) temperatures will increase, resulting in
more heat stress and rising sea levels and (2) there will be more frequent and severe climate
extremes, both expected to affect rice production (http://irri.org/). In addition, the
International Food Policy Research Institute (IFPRI) report forecasts that yield losses in rice
could be between 10 and 15% due to climate change by 2050 (Nelson et al., 2009). In 2001 –
03, the potential yield losses in rice due to different types of biotic stresses, pathogens
(Magnaporthe grisea, Thanatephorus cucumeris, Cochliobolus miyabeanus, etc) and viruses,
were averaged 13.5% and 1.7%, respectively (OERKE, 2006). Similarly, abiotic stresses such
as drought, submergence, salinity, high heat, and nutrient-deficiency lead to heavy yield
losses (Wang et al., 2003a). For sustainable rice production, these limiting factors need to be
addressed.
In addition to addressing these challenges individually, the importance of studying plant
responses to multifactorial stresses has been emphasized (Atkinson and Urwin, 2012). A
combination of abiotic stresses can occur together in the natural ecosystems and can lead to
more severe agricultural losses compared to single abiotic stress. The total agricultural losses
in the United States of America between 1980 and 2004 have been a clear example of
synergistic negative effect of combined abiotic stresses (Mittler, 2006). During this period,
the total agricultural losses caused by drought stress were approximately 20 billion United
States dollar (USD), while the total losses due to combined abiotic stresses (combination of
drought and high heat stress) totaled approximately 120 billion USD. Therefore, it is
important to develop new rice varieties with enhanced tolerance against the combined abiotic
stresses.
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1.3 Progress in rice molecular biology
Studies on different types of single abiotic stress (for example, drought or phosphorus
deficiency stress) have already produced interesting results and are still continuing
worldwide. Rice breeders have been trying to develop new rice varieties tolerant against
diverse environmental stresses using conventional and molecular breeding. With the advent of
molecular biology, molecular breeding has moved into the spotlight as compared to
conventional breeding. For instance, it has been proposed that the application of markerassisted selection (MAS) in molecular breeding for rice blast disease resistance provided
potential solutions to some of the problems that conventional breeding cannot solve (Miah et
al., 2013).
Further, the availability of the rice genome sequence made a large contribution to progress in
molecular breeding. Based on the sequence information of two modern varieties (93-11;
indica-type rice variety, and Nipponbare; japonica-type rice variety), a large number of
molecular markers have been developed and are being used for MAS breeding. With these
molecular markers, it is possible to screen rice varieties showing tolerance to various stresses
and/or traits of interest. Furthermore, the application of molecular markers for quantitative
trait loci (QTL) mapping is a powerful tool to determine the chromosome regions in tolerant
varieties that contain potential underlying high value genes. For instance, several major QTLs
have been identified in aus-type rice varieties that confer tolerance of different types of
abiotic stresses such as submergence 1 (Sub1), high salinity (SalTol), and phosphorus (P)
deficiency (Pup1) (Xu et al., 2006; Ismail et al., 2007; Heuer et al., 2009; Septiningsih et al.,
2009; Chin et al., 2010).

1.3.1 Major genes for submergence tolerance
It has been demonstrated that the submergence tolerance is conferred by a single major gene
named Sub1A, which was identified in the FR13A but absent in the Nipponbare genome and
some other intolerant varieties (Xu et al., 2006). To reveal the biological role of the Sub1A
protein, various molecular approaches have been used such as semi-quantitative polymerase
chain reaction (PCR), chlorophyll and carbohydrate assays under submerged condition along
with phenotypic observation (Fukao et al., 2006). The introgression lines carrying Sub1A can
endure under the submerged condition for up to two weeks, and the type of tolerance has been
defined as quiescence (Fukao and Xiong, 2013). Sub1A encodes an Ethylene-Response Factor
(ERF)-type transcription factor and influences the expression of downstream genes involved
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in carbohydrate consumption, elongation growth, and chlorophyll degradation under
submergence stress (Fukao et al., 2006).
Additionally, two other major genes for submergence escape have been identified in deep
water rice C9285 (indica-type rice variety), named SNORKEL1(SK1) and SNORKEL2(SK2),
which were absent in Taichung 65 (japonica-type rice variety) (Hattori et al., 2009). These
genes also encode ERF-type transcription factor and were identified by positional cloning and
through gain-of-function analysis using a transgenic approach. Under deep-water conditions,
the expression of these genes was induced by accumulating ethylene in rice plants and could
trigger significant internode elongation via gibberellins (GAs). In addition, the subcellular
localization assay using green fluorescent protein (GFP) revealed that the SNORKEL proteins
are located in nuclei. The near isogenic lines that possess the C9285 genomic region
including SK1 and SK2 display a submergence escape under deep water condition (Hattori et
al., 2009; Fukao and Xiong, 2013).

1.3.2 Quantitative Trait Loci associated with drought stress tolerance
With respect to drought stress, progress has been comparatively slow despite the considerable
efforts made by rice breeders and scientists worldwide. This is partly due to several
limitations such as lack of a standardized scoring system for symptoms of drought stress, the
lack of understanding the traits conferring drought stress tolerance, and complex regulatory
networks controlling drought stress tolerance. For instance, drought stress tolerance is known
to be controlled by a large number of factors that are mostly influenced by different genetic
backgrounds and environments (Shinozaki and Yamaguchi-Shinozaki, 2007). Several QTL
mapping studies have been conducted to date, and systematic assessment of the data in the
Tropgene

database

(http://tropgenedb.cirad.fr/tropgene/JSP/interface.jsp?module=RICE)

between 1995 and 2007 revealed a total of 675 QTLs associated with drought tolerance,
which mainly account for root length and root thickness (Courtois et al., 2009). These root
QTLs have been identified in a total of 12 mapping populations, of which some were used in
independent studies, reflecting the fact that only few varieties have been identified as tolerant
to drought stress. A careful assessment of the complex QTL data sets, however, revealed that
many QTLs co-localize to particular chromosomal regions, especially on chromosomes 1 and
9 (Courtois et al., 2009). The molecular marker development is going on in these regions, but
expected to require some time due to the fact that the regions are still large. In addition, a
large number of small-effect QTLs were identified in different studies, providing evidence for
the complexity of the gene network conferring drought tolerance. However, it may also
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reflect the need to improve standardized scoring systems for symptoms of drought stress and
mapping approaches.

1.3.3 Diverse regulators for drought stress tolerance
In a recent review by Fukao and Xiong in 2013, a total of 23 genes encoding a variety of
important regulators (e.g., protein kinases, transcription factors, E3 ligases, etc) for drought
stress tolerance have been highlighted. These genes have been identified in different genetic
backgrounds (mostly japonica-type rice varieties) and functionally characterized in different
environmental conditions (different types of stress treatments and growth conditions). The
involvement of these regulators in drought stress tolerance has generally been verified by
using a transgenic approach to overexpress the target gene. It has been demonstrated that
various protein kinases such as MITOGEN-ACTIVATED PROTEIN KINASE 5
(OsMAPK5), Raf-like MAPK kinase kinase (DSM1), CALCINEURIN B-LIKE PROTEININTERACTING PROTEIN KINASE 12 (OsCIPK12), CALCIUM-DEPENDENT PROTEIN
KINASE 7 (OsCDPK7), and receptor-like kinase (OsSIK1) are involved in the drought stress
tolerance in rice (Saijo et al., 2000; Xiong and Yang, 2003; Xiang et al., 2007; Ning et al.,
2010; Ouyang et al., 2010). The overexpression of these genes in transgenic rice plants
displayed strong performance under drought stress. Moreover, several genes (such as
OsMAPK5 and OsCDPK7) showed similar performance under high salinity stress as well.
These results suggest that some of the drought tolerance regulators are possibly involved in
the mechanisms of high salinity tolerance as well. In addition, reduced expression of these
genes in transgenic lines using RNA interference (RNAi) approach and T-DNA insertion
mutants displayed contrasting phenotypes to that of overexpression lines (Saijo et al., 2000;
Xiong and Yang, 2003; Xiang et al., 2007; Ning et al., 2010; Ouyang et al., 2010). In addition
to these genes for various protein kinases, other regulatory genes such as those encoding
transcription factors including AP37, AP59, SUB1A, bZIP23, bZIP46, SNAC1, NAC6, NAC10,
and DST and genes encoding transporters (e.g., OsABCG31), enzymes (DIS1, SDIR1, SQS1,
and DSM2), and late embryogenesis abundant protein (OsLEA3-1) have been identified and
functionally characterized as positive regulators for drought stress tolerance (Xiao et al., 2007;
Du et al., 2010a; Chen et al., 2011; Gao et al., 2011; Ning et al., 2011; Manavalan et al.,
2012). Despite the fact that numerous drought resistant QTLs and drought stress-responsive
genes conferring tolerance have been identified, the development of drought stress tolerant
rice varieties is still in progress. Since different genetic backgrounds and environments
largely influence the identified regulators of drought stress tolerance, a case study for a
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particular modern variety widely cultivated in target country would be more efficient to
develop a drought stress tolerant rice variety.

1.3.4 Quantitative Trait Loci associated with phosphorus deficiency tolerance
The major QTL for P-deficiency tolerance is Pup1, which was originally screened for in a Pdeficient field in Japan under rain-fed condition (Wissuwa and Ae, 2001b). The Pup1 region
has been identified in Kasalath and various molecular markers were developed for this
complex genomic region (Heuer et al., 2009). It was demonstrated that the Pup1 QTL is
associated with tolerance of P-deficiency in rice, and has also been proposed as one of the
most promising QTLs for the development of abiotic stress-tolerant rice varieties (Wissuwa,
2005). The near isogenic lines carrying the Pup1 QTL displayed significant yield advantage
in comparison to the intolerant recurrent parent Nipponbare. To facilitate the targeted
introgression of Pup1 QTL into diverse modern cultivars through marker assisted
backcrossing and to validate the efficiency of introgression lines under field conditions,
diverse molecular markers have been developed (Chin et al., 2011). In the applied marker
assisted backcrossing approach, Pup1 QTL was successfully introgressed into two modern
cultivars - IR64 and IR74 as well as three Indonesian upland rice varieties - Situ Bagendit,
Batur, and Dodokan. The phenotypic evaluation of these introgression lines revealed that the
Pup1 QTL is effective in different genetic backgrounds and environments, and that it has the
potential to significantly enhance grain yield under field condition (Chin et al., 2011). More
recently, allele-specific markers have been developed for molecular breeding to introgress
Pup1 QTL into African mega-varieties, NERICAs (New Rice for Africa) (Pariasca-Tanaka et
al., 2014).

1.3.5 Major player for Phosphorus-deficiency tolerance
A total of 68 Kasalath putative gene models have been predicted by the Rice Genome
Automated Annotation System (RiceGAAS) in the Pup1 QTL, and some of these genes are
absent in the P-starvation-intolerant rice varieties including Nipponbare (Heuer et al., 2009).
Recently, one of these Kasalath putative genes has been functionally characterized and named
PHOSPHORUS-STARVATION TOLERANCE 1 (PSTOL1) (Gamuyao et al., 2012). Under Pdeficiency stress, the induced expression of PSTOL1 in both shoots and roots was verified by
semi-quantitative PCR, and the overexpression of PSTOL1 in rice transgenic plants displayed
P-deficiency tolerance. Furthermore, the protein kinase activity of PSTOL1 was confirmed by
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in vitro phosphorylation assay, and the tissue-specific expression of PSTOL1 in stem nodes
was detected using a beta-glucuronidase (GUS) reporter system. In addition, a set of putative
downstream genes of PSTOL1 was identified by using Affymetrix gene-array analysis.
Among these putative downstream genes, 21 genes were co-localized with those QTLs
associated with drought tolerance and root growth (Gamuyao et al., 2012).

1.4 aus-type rice varieties as source of abiotic stress tolerance
The above-mentioned major QTLs associated with diverse types of abiotic stresses tolerance
mostly originate from the aus-type rice varieties. For instance, the Sub1 QTL has been
identified in FR13A and the Pup1 QTL has been identified in Kasalath (Wissuwa and Ae,
2001a; Xu et al., 2006). The SalTol locus, a major QTL for seedling-stage salinity tolerance,
has been identified in recombinant inbred lines (RILs) of Pokkali/IR29 cross (Bonilla et al.,
2002). Nagina22 (N22), one of aus-type rice varieties, is being used to develop a rice variety
that can tolerate drought in combination with extreme high temperature at the flowing stage
(Jagadish et al., 2010). Despite the presence of valuable traits associated with tolerance to
diverse types of abiotic stresses, these aus-type rice varieties have not been widely used in
breeding programs that generally aim at good agronomic performance, such as high yield and
good grain quality, because they have shown relatively poor agronomic performance
compared to other rice varieties. Marker-assisted breeding now facilitates access to these unadapted rice varieties since valuable traits can be targeted and transferred into high-yielding
modern cultivars (Collard and Mackill, 2008).
With the rapid development of sequencing technologies, the cost of whole genome
sequencing has dropped exponentially within a few years. At the same time, the accuracy and
size of data has increased. The availability of a reference genome sequence is crucial for
many aspects (such as identification of novel candidate genes) and until recently, only two
reference genomes (93-11 and Nipponbare) have been made publicly available in rice. For
this reason, the identification of novel candidate genes from other rice varieties was usually
limited, and mostly relied on de novo assembly or a case-by-case approach.
The presence of valuable genes and traits in the traditional varieties (such as aus-type rice
varieties) and wild rice species has now been widely recognized and whole genome
sequencing projects are ongoing at several institutes (e.g., Cornell University in USA and
Beijing Genomics Institute in China). More recently, two additional reference genomes
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(Kasalath and IR64) have been released in rice (Sakai et al., 2014; Schatz et al., 2014). The
Kasalath aus-type rice variety originates from a region of India with poor soil and as
explained above has shown good performance under P-deficiency as well as drought stress in
field conditions (Londo et al., 2006; Gamuyao et al., 2012). The IR64, a high-yielding
modern cultivar developed by IRRI, has been widely grown in South and Southeast Asia.
More recently, the ‘3000 rice genomes project’ accomplished genome sequencing of the
3,000 accessions representing various varietal types of diverse origins (Li et al., 2014). These
recently released genomes of diverse rice varieties will be useful not only for identification of
novel candidate genes but also for the understanding of genome dynamics between traditional
varieties and modern cultivars.

1.5 Rice roots under stress
In rice, the roots form a complex and dynamic system that is especially important for
sufficient supply of water and nutrients to aboveground tissues. The performance of rice
therefore directly depends on the ability of roots to respond to environmental stimuli such as
drought stress and nutrient deficiency. Sampling an intact root system from the soil poses
considerable problems especially under drought conditions, and studies on roots are therefore
often conducted in hydroponic or artificial growing medium (Nakashima et al., 2007; Bae et
al., 2011). It is now widely recognized that findings from those studies are not always
applicable to soil-grown roots. For instance, arbuscular mycorrhizal (AM) symbiosis was not
observed in these artificial systems but phosphorus uptake via AM symbiosis is important in
rice, and it has been demonstrated that 70% of overall Pi acquired by rice is delivered via the
symbiotic route (Yang et al., 2012b). In addition, the lignification of rice roots was not
observed in these artificial systems but is a predominant drought response in soil with major
implications for root growth and mechanical stability of roots (Cabane et al., 2012). Likewise,
the Pup1 QTL does not show any effect in P-deficient hydroponic growth medium but can
considerably enhance yield in soil-grown plants under drought and P-deficient stresses
(Wissuwa and Ae, 2001a; Chin et al., 2010). Another limitation of many studies is that they
focus on comparisons between non-stressed and stressed intolerant varieties using gene
expression analyses such as microarray and RNA-Seq, instead of comparing the same
between tolerant and intolerant varieties. For instance, the gene conferring abiotic stress
tolerance identified by the over expression approach in the background of an intolerant
variety cannot be utilized directly in rice breeding. Additional information would be required
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to check if any potential regulator is essential to trigger the expression of this gene, which
could be additionally present in a tolerant donor variety.
Nevertheless, the studies reported to date provide important biological facts and analytical
tools, and reveal the complexity of the biological processes affected by various abiotic
stresses. For many years, studies on drought stress tolerance have been guided by specific
hypotheses and assumptions that are based on our current understanding of stress-related
processes. For instance, long deep roots are considered an important drought stress tolerance
trait since deep roots provide access to water at greater depth (Steele et al., 2006; Courtois et
al., 2009). Although this is still valid, a recent finding from highly tolerant breeding lines
showed that root length is not necessarily associated with tolerance (Bernier et al., 2007).
Likewise, an increase in the number and length of root hairs and exudation of organic acids to
solubilize P is commonly considered an important response to P-deficiency (Hammond et al.,
2004). However, extensive analysis so far failed to observe those mechanisms in Pup1 NILs.
Two recent studies from soybean and maize further illustrate the complexity of droughtresponsive mechanisms in root (Spollen et al., 2008; Yamaguchi and Sharp, 2010). These
studies revealed that maintenance of root growth under stress conditions is required by a
complex interaction and competition of processes related to cell wall properties and
scavenging of reactive oxygen species (ROS). These processes are controlled by at least three
plant hormones with contrasting effects on root growth. ROS seem to be central to the stress
responses since they cause cell death, and several pathways are induced to scavenge ROS and
protect the cells from damage. At the same time, ROS act as second messengers to induce
root hair growth and directly cross-link cell wall components, thereby enhancing the
mechanical stability of the root (Foreman et al., 2003; Passardi et al., 2004; Spollen et al.,
2008). Based on these studies, it appears that plants have a whole range of possibilities to
enhance tolerance and maintain a healthy root system. Given the complexity, it is difficult to
predict which one or which combination of processes is needed to enhance tolerance. An
efficient ROS-scavenging system might be as important for tolerance as a strong cell wall that
can withstand the physical stress that act on roots in a drying soil. It is therefore important to
follow an un-biased and open approach when assessing abiotic stress-responsive mechanisms
in roots and to use tolerant varieties.
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1.6 Aim of this study
In recognition of the limitations affecting the rice production (as summarized above), this
study aimed at understanding the molecular mechanisms through which un-adapted rice
varieties show tolerance to dual abiotic stress, i.e., combined drought and P deficiency, in
comparison to the intolerant modern cultivars. In order to understand the realistic pattern of
abiotic stress in the rice field, and to gain applicable results for molecular breeding, many
factors were considered in the design of study. We focused on drought stress and phosphorus
deficiency, which can be frequently observed in rain-fed lowland rice ecosystems. To date,
numerous studies have been performed on single abiotic stresses (for example, drought or
phosphorus deficiency stress) at various levels, but the effect of combined abiotic stresses
(drought stress in P-deficient soil) has not yet been studied. Together, phosphorus-deficient
problem soil, aus-type tolerant varieties Kasalath and Dular, intolerant modern variety IR64
and soil grown root samples under dual abiotic stress were considered with an aim to identify
dual stress responsive molecular mechanisms/genes in the tolerant varieties.
Based on the transcriptome sequencing results obtained from the roots of tolerant varieties
(Dular and Kasalath) and modern cultivar (IR64), a large number of genes have been
identified that are potentially involved in variety-specific mechanisms in either tolerant
varieties (1,485 annotated genes) or IR64 (947 annotated genes) in response to dual abiotic
stresses. Moreover, we provide a list of 81 putative novel genes specifically present in the
tolerant varieties (Dular and/or Kasalath) and absent in the IR64. These putative novel genes
exhibited differential gene expression under dual abiotic stresses, and 18 out of 81 genes are
thought to be the novel protein kinases. These identified genes were compared to previously
demonstrated biological roles and stress-responsive mechanisms, and diverse data sources
were used to infer their potential biological role against dual abiotic stresses.
The findings reported in my thesis provide a new perspective for abiotic stress tolerance
mechanisms and for the development of new rice varieties that have enhanced yield under
adverse conditions.
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2. Materials and Methods

Plant materials
Three rice varieties, the aus-type varieties (Dular and Kasalath) and the high yielding indicatype variety (IR64), were used as tolerant varieties and intolerant control, respectively. The
purified seeds of Dular (IRGC #117266) and IR64 (IRGC #117268) as used in the OryzaSNP
project as well as of Kasalath were obtained from the International Rice Research Institute
(IRRI) (McNally et al., 2009; Gamuyao et al., 2012). Prior to germination, rice seeds were
incubated at 42 °C for two days in order to break dormancy. Subsequently, rice seeds were
germinated on the petri dish at 37 °C for 2 days under synchronized condition. Three pregerminated rice seeds were moved to each pot, and grown together until the root system
becomes established. After confirmation of root establishment, two out of three seedlings
were removed from the each pot. The growth of rice plants was carried from April to June
2011 in the greenhouse at IRRI, with an average temperature 30°C and relative humidity of
71.6%.

Plant growth conditions and sample collection
Two different types of soils
Two different types of soils were used for control and stress conditions, respectively. For the
control condition, normal soil (generally used in irrigated paddy fields) was collected from
the experimental station farm at IRRI. For the stress condition, intact problem soil (especially
for phosphorus-deficiency) was collected from Pangil province in the Philippines within the
top 20 cm of the surface. This particular region was identified by the Pstol1 research team in
IRRI as a source of phosphorus-deficient soil for their research (Gamuyao et al., 2012). This
soil is characterized as poor agricultural soil and it is highly likely that it is deficient in other
nutrients as well in addition to the P-deficiency. The presence of contaminants that affect soil
fertility required for optimal plant growth cannot also be excluded. In our preliminary test, the
individual rice plants of all the three varieties (Dular, Kasalath, and IR64) sown on this poor
soil expressed symptoms of inhibited plant growth with chlorosis and necrosis on leaves, even
under well watered conditions. Since in this study the control is designed to provide a
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favorable condition for plant growth as available in case of irrigated rice ecosystems, we used
normal soil from irrigated paddy field in the Philippines for the control condition. In this
manner, the experimental set up allows us to best understand the specific responses of
Kasalath and Dular while grown on poor soil and being exposed to drought stress, as
compared to the IR64. Triplicate samples for each type of soil were used for soil profiling at
Analytical Service Laboratory (ASL) in IRRI and nutrient content, texture, and soil acidity
were analyzed (Table 1). The normal soils contain 0.18 ± 0.023% available nitrogen
(Kjeldahl method), 0.73 ± 0.035meq 100g-1 available potassium, and 19.3 ± 1.15mg kg-1
available phosphorus (Bray P-2 method) with a pH of 6.0. The phosphorus-deficient soils
contain 0.18 ± 0.003% available nitrogen (Kjeldahl method), 0.23 ± 0.009meq 100g-1
available potassium, and 3.0 ± 0.17mg kg-1 available phosphorus (Bray P-2 method) with a
pH of 4.8. As per the soil analysis report, phosphorus-deficient soils contain 31% of available
potassium (K) and 16% of available phosphorus (P) in comparison to that of normal soils. In
addition, P-deficient soils contain similar amount of available nitrogen (N), 2.7 times more
active iron, and 5.1 times more available zinc (Zn) than that of normal soils. The soil texture
was

additionally

analyzed

by

using

soil

texture

calculator

tool

(http://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/survey/?cid=nrcs142p2_054167). The
texture of normal and P-deficient soil was defined as silty clay loam and clay, respectively. In
addition, the acidity of normal soil was defined as moderately acid, whereas the P-deficient
soil was defined as very strongly acid (Figure 2).

(A)

(B)

Figure 2 Soil texture and P-deficient soil. (A) The soil report found that the texture of normal soil for
control condition was clay (marked in red) and P-deficient soil for stress condition was silty clay loam
(marked in blue). Three samples for each type of soil were used for the soil analyses. (B) The Pdeficient soil in the particular area that Sigrid Heuer’s group had identified in Pangil province,
Philippines
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Table 1 Overview of soil profiling.
Nutrient content
Soil name

Texture

Available Available
Available Available
Active Iron
Nitrogen Phosphorus Potassium
Zinc
(mg/kg)
(%)
(mg/kg)
(meq/100g) (mg/kg)

Acidity

Clay
(%)

Sand
(%)

Silt
(%)

pH

Normal soil for control condition
Normal soil 1

0.16

20.00

0.71

1.20

23890.50

40

20

40

6.1

Normal soil 2

0.20

20.00

0.77

1.20

23340.50

38

17

45

5.9

Normal soil 3

0.17

18.00

0.72

1.20

23710.50

39

19

41

6.0

Phosphorus-deficient soil for stress condition
Pangil soil 1

0.18

3.10

0.22

6.70

62022.50

71

4

24

4.8

Pangil soil 2

0.18

3.10

0.23

4.60

63370.00

71

5

25

4.7

Pangil soil 3

0.18

2.80

0.23

7.20

62705.00

72

4

24

4.8

Dual abiotic stresses condition
P-deficiency stress was imposed from the beginning of plant development since pregerminated rice seeds were transferred into P-deficient soil for growth, in addition, drought
stress was gradually imposed to individual rice plants grown in P-deficient soil. The
individual rice plants were grown in each pot with 6kg of P-deficient soil, and the equivalent
of 90kg N ha-1, 10kg P ha-1, 40kg K ha-1, and 20kg Zn ha-1 were additionally applied to
compensate the imbalanced nutrients content, especially for N, K, and Zn. To generate the
clear contrast between control and stress conditions in terms of available P, the fertilizer
containing P was applied for stress condition at about one sixth of the control condition. For
drought stress treatment, two holes were generated at the bottom of each pot and blocked by
rubber stoppers until drought stress was initiated. Seventeen days after sowing (DAS),
drought stress was initiated by releasing the stoppers. The level of gradual drought stress in
each pot was monitored daily by measuring the pot weight at the scheduled time (10 to 11am)
and recorded as the fraction of transpirable soil water (FTSW) value (Ray and Sinclair, 1997).
The FTSW value 1 represents saturated condition in the pot, and the value 0 represents fully
dried condition in the pot. The FTSW value was calculated by the following formula.

Daily pot weight - Final pot weight (Fully dried)
FTSW =
Initial pot weight - Final pot weight (Fully dried)

The treatment of dual abiotic stresses (gradual drought stress in P-deficient soil) was
continued for 31 days (from 17 to 47 DAS).
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Control condition
The individual rice plants for control condition were grown in each pot with 6kg of normal
soil, and the equivalent of 90kg N ha-1, 60kg P ha-1, 40kg K ha-1, and 20kg Zn ha-1 were
additionally applied to provide favorable condition for plant growth. In addition, each pot was
kept well-watered until scheduled sampling points: C2 and C3.
Plant growth in the greenhouse
The plant materials were grown in soil under control and stress conditions in the greenhouse
at IRRI. The temperature and humidity were monitored every 15 minutes during the abovementioned period (Figure 3). The average of maximum and minimum temperature was
recorded as 36.6 and 25.6 degree, respectively. In addition, the average relative humidity was
71.9%.

Temperature (°C)

50.0
40.0
30.0
20.0

Average
Maximum
Minimum

10.0
0.0

17 20 23 26 29 32 35 38 41 44 47

Day after sowing
Figure 3 Overview of temperature change during stress treatment. Graph shows daily temperature
change in the greenhouse during stress treatment. Each line indicates the average, maximum, and
minimum temperatures and marked in green, red, and blue, respectively.

Sample collection
For single abiotic stress (P-deficiency), one sampling point (S1) was designed, and samples
were harvested before drought stress was initiated. For dual abiotic stresses condition
(gradual drought stress in P-deficient soil), four sampling points (S2 to S5) were decided
based on remaining water level in the pot. To investigate the plant responses to dual abiotic
stresses at different water level, four FTSW values were considered (S2, 0.7; S3, 0.6; S4, 0.5;
and S5, 0.4). The whole root tissues of two individual rice plants were harvested at each
sampling point for each variety. For control condition (sufficient water and P), two sampling
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points (C2 and C3) were designed, and samples were harvested at the similar developmental
stage of S2 (0.7 FTSW level) and S5 (0.4 FTSW level), respectively. The two sampling
points for control condition were designed to identify the genes involved in general plant
development regardless of stress treatment. In summary, the whole root tissues of two
individual rice plants were harvested at seven sampling points (two for control and five for
stress conditions) in each variety (Figure 4). The harvested samples were stored at -80°C for

Fraction of Transpirable Soil Water (FTSW)

the isolation of total RNA.

1.0
0.9

1

Kasalath
Dular

0.8

IR64

2

0.7

3

0.6

4

0.5

5

0.4
0.3
0.2
0.1
0.0
17

20

23

26

29

32

35

38

41

44

47

Day After Sowing (DAS)

P-deficient soil

S1

S2

Normal soil

C2

S3

S4

S5

C3

Figure 4 Different sampling points depend on remaining soil water. The Fraction of Transpirable
Soil Water (FTSW) was used as a parameter for monitoring daily water loss. The FTSW value 1
represents the saturated water condition in the pot, and the value 0 represents the fully dried condition
in the pot. Under stress condition, the root samples were collected before the drought stress was
initiated (S1) or at multiple sampling points (S2 to S5) depend on remaining soil water. Under control
condition, the root samples were collected at similar developmental stage of S2 (C2 was collected) or
S5 (C3 was collected) at different DAS. Each line represents the daily FTSW in each variety and
marked in blue (Kasalath), red (Dular), and black (IR64), respectively. Error bars represent standard
deviations.
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Preparation of cDNA libraries for RNA-Seq
Total RNA extraction
The Isol-RNA Lysis Reagent (5 PRIME) kit was used for total RNA extraction. The total
RNA was extracted following the manufacturer’s instructions, and the quality and quantity of
extracted total RNAs were checked on 1.2% agarose gel followed by Nanodrop assay (Figure
5). Only those samples having 260nm/280nm ratio above 1.8 were further considered. To
purify the extracted total RNAs, DNase I was applied, and cleaned by cleanup procedure
using RNeasy Plant Mini kit (Qiagen). The quality and quantity of the purified total RNA was
finally checked by Qubit® (1.0) Fluorometer (Life Technologies, California, USA) and a
Bioanalyzer 2100 (Agilent, Waldbronn, Germany). Only those samples with a 260nm/280nm
ratio between 1.8 to 2.1, 28S/18S ratio between 1.5 to 2, and the RNA integrity number (RIN)
score between 8 to 10 were further processed.

(A)

L 1 2 3 4 5 6 7 8 9 10 11 12

L 13 14 15 16 17 18 19 20 21

RNA Integrity number

(B)
10
9.5
9
8.5
8
7.5
7
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Sample name
Figure 5 High quality total RNAs isolated from whole root tissues. The quality of isolated root total
RNAs was analyzed using the Bioanalyzer. (A) The gel images indicate distinct bands of two rRNAs
(28s and 18s) for 21 samples. The DNA ladder was loaded in the first lane and marked as L. (B) The
scatter plot indicates distribution of RNA integrity number (RIN) for 21 samples.
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cDNA libarary preparation
The TruSeq RNA Sample Prep Kit v2 (Illumina, Inc, California, USA) was used in the
succeeding steps. Briefly, total RNA samples (100-1000ng) were poly A enriched and then
reverse-transcribed into double-stranded cDNA. The cDNA samples were fragmented, endrepaired, and polyadenylated before ligation of TruSeq adapters, which containing the index
for multiplexing Fragments. After ligation of TruSeq adapters, these multiplexing fragments
containing TruSeq adapters on both ends were selectively enriched by PCR amplification.
The quality and quantity of the enriched libraries were validated using Qubit® (1.0)
Fluorometer and the LabChip® GX (Caliper Life Sciences, Inc., USA). The product is a
smear with an average fragment size of approximately 260 bp. The libraries were normalized
to 10nM in Tris-Cl 10 mM, pH8.5 with 0.1% Tween 20. The TruSeq PE Cluster Kit v3-cBotHS (Illumina, Inc, California, USA) was used for cluster generation using 10 pM of pooled
normalized libraries on the cBOT. RNA-Seq was performed on the Illumina HiSeq 2000
paired end at 2 X101 bp using the TruSeq SBS Kit v3-HS (Illumina, Inc, California, USA) at
the Functional Genomics Centre Zurich.

RNA-Seq data analysis
Reads alignment
Generated Illumina paired-end sequence reads were aligned against the Nipponbare reference
genome (Os-Nipponbare-Reference-IRGSP-1.0) by using TopHat version 1.3.3 (Trapnell et
al., 2009). Subsequently to alignment, Cufflinks version 1.3.0 was used to find additional
genes and isoforms in the alignments (Trapnell et al., 2012). Based on the merged gene
definitions provided by Cufflinks, we used RSEM version 1.1.17 to estimate isoform- and
gene-level abundance (Li and Dewey, 2011).
De novo assembly of transcripts
The Illumina paired-end reads that unaligned against the Nipponbare reference genome were
further de novo assembled into contigs using Trinity (version 2011-11-26) (Grabherr et al.,
2011). These reads were first trimmed on both ends by removing the first and last five bases.
The trimmed reads were then filtered using TagDust (false discovery rate = 0.0001) and reads
contaminated with sequencing adaptors or artifacts were removed (Lassmann et al., 2009).
Trinity assembly of these pre-processed unaligned sequence reads was performed with default
parameters and minimum kmer coverage of 2 (min_kmer_cov = 2).
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Annotation of the de novo assembled transcripts
The processed contigs were compared to the NCBI non-redundant protein (nr) and nonredundant nucleotide (nt) databases using blastx and blastn from NCBI-BLAST-2.2.29+ (e
value cutoff = 0.00001), respectively (Camacho et al., 2009). The expression of these contigs
was estimated with RSEM using the perl script run_RSEM_align_n_estimate.pl that is
provided in the trinity package. In order to assess differential expression, we computed the
significance and log-ratio of the expression values using the R (edgeR) package version 2.4.6
(Robinson et al., 2010). For each genotype we compared the stress condition (gradual drought
stress in P-deficient soil) relative to the control condition (sufficient water and P). We focused
on the strongly and significantly changed genes/isoforms by further filtering on a fold-change
threshold of 2 and a significance threshold of 0.05.
Gene expression data analysis
The gene expression level for each transcript was estimated by using RSEM (Li and Dewey,
2011). Those transcripts aligned against the Nipponbare reference genome were analyzed as
corresponding annotated gene models or unidentified gene models, while those de novo
assembled contigs unaligned against the Nipponbare reference genome were analyzed as
putative novel transcripts due to absence of corresponding reference genome. The expression
of each gene (annotated or unidentified gene model) and de novo assembled contig was
compared between the control and stress conditions using average of gene expression. The
average of gene expression was calculated from a combination of samples for control (C2 and
C3) and stress (S2 to S5) conditions, respectively. The differential gene expression was
judged by using two thresholds: p value < 0.05 and absolute fold change ≥ 2. The
differentially expressed genes and contigs were first identified in each variety, and then the
pattern of regulation was further compared across varieties. The expression of identified
genes (annotated or unidentified gene model) and de novo assembled contigs could be
detected in all three varieties - Dular, Kasalath, and IR64, while the expression of several
contigs was detected only in particular variety. Based on the pattern of gene regulation and
expression evidence, these identified genes and contigs could be categorized into 7 and 13
categories, respectively.
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Gene Ontology enrichment analysis
The gene ontology (GO) enrichment analysis was performed by using the Singular
Enrichment

Analysis

(SEA)

provided

by

agriGO

(http://bioinfo.cau.edu.cn/agriGO/analysis.php). The identified differentially expressed genes
(annotated gene models) and de novo assembled contigs were submitted to the SEA and
significantly enriched GO terms were obtained. Fisher’s test (with p value < 0.05 and FDR <
0.05) was used to find significantly enriched GO terms. For reference database, the Rice
Gramene locus was used for the annotated gene models, and customized reference database
was generated based on the results of blastn analysis for de novo assembled contigs.

BLAT analysis
The BLAST-like alignment tool (BLAT; https://genome.ucsc.edu/cgi-bin/hgBlat) was used to
verify the actual presence of the identified de novo assembled contigs at genome level. Those
contigs potentially involved in the tolerant variety-specific mechanism were aligned against
the recently released genome of Kasalath (http://rapdb.dna.affrc.go.jp/download/irgsp1.html)
and IR64 (http://schatzlab.cshl.edu/data/rice/) (Kent, 2002; Sakai et al., 2014; Schatz et al.,
2014). The BLAT analysis was performed with default parameters, and the utility script
pslCDnaFilter (within the blat package) was used to filter out the best alignments and the fulllength identical alignments. Those contigs specifically aligned against the Kasalath genome
with alignment coverage 100% were considered to be the tolerant variety-specific putative
novel genes that absent in the modern cultivars – Nipponbare and IR64.
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3. Results

3.1 Phenotypic variation between tolerant and intolerant varieties under dual
abiotic stresses
Two aus-type rice varieties (Dular and Kasalath), which originate from a region in India with
poor and problem soils, were used as tolerant varieties in our study (Londo et al., 2006;
Gamuyao et al., 2012). As a sensitive control, the high yielding indica-type rice variety IR64
was included. The two tolerant varieties have been scored as highly tolerant in independent
studies on drought stress, and Dular was found to be the most tolerant variety in a screening
under phosphorus (P)-deficiency and drought stress conditions (Wissuwa and Ae, 2001b;
Jagadish et al., 2010). From a phenotypic perspective, three parameters were used for
monitoring the plant responses to dual abiotic stresses (gradual drought stress in P-deficient
soil). First, leaf rolling was used as a visual parameter for monitoring the progression of
drought stress symptoms (Loresto et al., 1976). Second, green leaf number (GLN) was used
for monitoring the patterns of plant growth during stress treatment across three different
varieties. If more than half of a leaf area showed necrosis, then it was considered dead and not
counted. Third, the fraction of transpirable soil water (FTSW) was used for monitoring the
daily water loss in each pot during stress treatment (Ray and Sinclair, 1997).
The drought stress was initiated at 17 days after sowing (DAS) in each pot (containing Pdeficient soil). As soil moisture declined, leaf rolling progressed differently between varieties,
while it showed a similar progression within same variety (data is now shown). From 80% of
soil saturation (0.8 FTSW level), relatively rapid water loss was observed in IR64 in
comparison to both tolerant varieties Dular and Kasalath. Within the tolerant varieties, soil
moisture declined more slowly in Kasalath than in Dular (Figure 6). These results indicate
that the tolerant varieties transpired less water than IR64 during the stress treatment.
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1.0
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IR64

0.8
0.6
0.4
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0.0

17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
Day after sowing
Figure 6 The gradual water loss in each variety during stress treatment. Drought stress was
imposed for 31 days, from 17 to 47 days after sowing (DAS) in each pot. Each colored dot represents
an individual Kasalath (marked in blue), Dular (marked in red) and IR64 (marked in black) plant,
respectively. The gradual water loss in each pot was monitored daily by using the fraction of
transpirable soil water (FTSW).

In addition, the effects of dual abiotic stresses (such as slow growth and reduced tillering)
were broadly observed in both tolerant varieties and IR64 during stress treatment. Among the
dual abiotic stresses-induced effects, we observed different patterns of slow plant growth
between tolerant varieties and IR64 during stress treatment. The plant growth during stress
treatment was monitored daily by counting the green leaf number (GLN) from day 17 to 47
DAS. The average of GLN was compared at two different stages of stress, early (C2 versus
S2) and late (C3 versus S5), in each variety; C2 and C3 represent the plants grown under
control condition with sufficient water and P, and S2 and S5 represent the plants grown under
stress condition. As described in materials and methods, the plants at two different sampling
points either C2 and S2, or C3 and S5 were similar in their development (such as plant height,
tiller number, and green leaf number). At the early stage of stress in Dular, the average GLN
of C2 plants was 8 at 18 DAS, while the average GLN of corresponding plants (S2; grown
under stress condition) was 8.1 at 31 DAS (Figure 7). These results indicate that plant growth
of Dular was delayed about 13 days in response to dual abiotic stresses. The level of delayed
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plant growth in Dular was increased up to 21 days at the late stress stage; the average GLN of
C3 plants was 12 at 19 DAS, while the average GLN of corresponding plants (S5; grown
under stress condition) was 11.7 at 39 DAS. We termed the delayed plant growth in response
to dual abiotic stresses the ‘development gap’. Likewise, the development gap between
control and stress conditions was also analyzed in other varieties (Kasalath and IR64). In
Kasalath, the development gap was similarly increased from 15 to 25 days during stress
treatment. On the other hand, the development gap in IR64 showed a difference with that in
the tolerant varieties (Dular and Kasalaht). In IR64, the development gap was decreased from
11 to 7 days during stress treatment. In summary, the development gap was increased in the
tolerant varieties in response to increasing level of dual abiotic stresses, while it was
decreased in IR64. These results indicate that the tolerant varsities and IR64 responded
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Green leaf number (GLN)
Figure 7 Delayed plant growth under dual abiotic stresses. The green leaf number (GLN) was used
as a visual parameter to monitor the plant responses to dual abiotic stresses in terms of leaf senescence.
The development of plant (GLN) and the age of plant (DAS) are indicated on x- and y-axis,
respectively. The development gap between control and stress condition is indicated in two lines, solid
line (early stress stage) and dashed line (late stress stage). Error bars represent standard deviations.

	
  

25	
  

	
  
In addition, we observed different patterns of viability between tolerant varieties and IR64
during stress treatment. The tolerant varieties sustained viability even under severe stress
level i.e. 20% of soil saturation (0.2 FTSW level), while IR64 stopped visible growth at 37
DAS (0.26 ± 0.10 FTSW level) at which point it started to die (Figure 8). Within the tolerant
varieties, Dular stopped visible plant growth at 40 DAS (0.23 ± 0.10 FTSW level) and the
GLN began to decrease, while the GLN of Kasalath slowly but continuously increased until
47 DAS (end of stress treatment). These results also indicate that the tolerant varsities and
IR64 responded differently to the dual abiotic stress.
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Figure 8 Daily water loss and plant growth during stress treatment. Plant responses to dual abiotic
stresses were analyzed by two parameters: the green leaf number (GLN) and the fraction of
transpirable soil water (FTSW). The pattern of plant growth and increased level of drought stress are
indicated by GLN and FTSW values, respectively. Each colored line indicates daily water loss in Dular
(marked in red), Kasalath (marked in blue), and IR64 (marked in black), respectively. The histogram
indicates plant growth during stress treatment. Error bars represent standard deviations.
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Figure 9 Plant growth under control condition. Two individual plants of three varieties (Dular,
Kasalath, and IR64) were grown under control condition (sufficient water and phosphorus were
applied) in the greenhouse at IRRI.

	
  
	
  
Under control condition (with sufficient water and P), the tolerant varieties and IR64 showed
a similar plant growth (Figure 9). On the other hand, we observed different responses
between tolerant varieties and IR64 in response to dual abiotic stresses: different patterns of
water consumption (Figure 6), plant growth (Figure 7), and viability (Figure 8). To
understand these different responses between tolerant varieties and IR64 to dual abiotic
stresses, we calculated the correlation between water consumption and plant growth by using
the Pearson correlation. The Pearson (product-moment) correlation coefficient between GLN
and FTSW for three varieties was -0.946190415 (in Dular), -0.976417126 (in Kasalath), and 0.9866947 (in IR64), respectively. These significant negative correlations show that
decreasing FTSW values (transpiration) are significantly related to the increasing green leaf
numbers (plant growth) in each variety. Based on these results, we expect that the relatively
rapid water loss in IR64 is caused by continuous plant growth, while the tolerant varieties
transpired less water due to significantly delayed plant growth in response to dual abiotic
stresses. Since there was no visible growth difference between tolerant varieties and IR64
under control condition, we propose that the tolerant varieties may have different mechanisms
(such as control of plant growth and control of water consumption) with that of IR64 to cope
with dual abiotic stresses. To investigate the putative tolerant variety-specific mechanisms at
the transcriptomic level, RNA sequencing was conducted by using Illumina HiSeq 2000
platform.
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3.2 Root transcriptome analysis using RNA-Seq
With the rapid development of sequencing technologies, RNA sequencing (RNA-Seq) has
been suggested as a powerful method for transcriptome profiling (Wang et al., 2009b). The
different responses between tolerant varieties (Dular and Kasalath) and modern cultivar
(IR64) under dual abiotic stresses (gradational drought stress in P-deficient soil) were
observed at phenotypic perspective in the previous chapter 3.1. To investigate the phenotypic
differences at the transcriptome level, cDNA libraries were prepared from rice root RNA of
the tolerant varieties and IR64 and subjected to RNA-Seq analysis on the Illumina HiSeq
2000 platform. In summary, 735 million high quality paired-end reads were generated from
the two control condition samples (C2 and C3) and four stress condition samples (S2, S3, S4,
and S5) for each variety.

3.2.1 Mapping Reads to O. sativa ssp. japonica cv. Nipponbare reference genome
Until recently, only two reference genomes (93-11; indica-type rice variety, and Nipponbare;
japonica-type rice variety) have been made publicly available for rice. Among these, the
Nipponbare reference genome has been widely used in various studies in rice and relevant
information can be found in two major public databases, the rice annotation project database
(http://rapdb.dna.affrc.go.jp/) and the rice gene genome annotation project database
(http://rice.plantbiology.msu.edu/).
We pooled the generated short sequence reads and aligned them against the Nipponbare
reference genome (Os-Nipponbare-Reference-IRGSP-1.0). An average of 84.6% of the total
preprocessed reads aligned to the Nipponbare reference genome, while 59.2% aligned to
unique genomic locations (Table 2). In addition, an average of 15.4% of the total
preprocessed reads were not aligned to the Nipponbare reference genome and used for de
novo assembly. During de novo assembly, the generated reads (not aligned to the Nipponbare
reference genome) from each variety were pooled and assembled into contigs using Trinity
(Grabherr et al., 2011). Approximately 23.9 million reads (uniquely aligned) and 6.4 million
reads (not aligned) were used for further analysis.
The rice annotation project database (RAP-DB), one of the major public databases, has been
providing gene annotations for Nipponbare, and contains a total of 37,869 gene models with
expression evidence (Sakai et al., 2013). In current study, the uniquely aligned reads
correspond to the 33,523 annotated gene models in RAP-DB, and covered 85.5% of the
current gene annotation in Nipponbare. Additionally, we identified a total of 8,283 putative
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unidentified gene models that aligned to the Nipponbare reference genome and did not match
to the annotated gene models in RAP-DB (Table 3). In summary, a total of 41,806 genes
(33,523 annotated gene models and 8,283 unidentified gene models) and 40,431 contigs (de
novo assembled) were used for further analyses.

Table 2 Mapping results of RNA-Seq reads. The number of preprocessed reads, aligned reads (all
aligned and uniquely aligned), and unaligned reads are indicated for individual sample. Three varieties
(Dular, Kasalat, and IR64) were used for RNA-Seq, and six cDNA libraries were generated from each
variety: two libraries for the control condition (Control_C2 and _C3) and four libraries for the stress
condition (Stress_S2 to _S5).

RNA-Seq
library

Preprocessed
reads

Kasalath (Tolerant variety)
Control_C2
40'654'417
Control_C3

56'711'251

Aligned reads
All aligned
reads

Uniquely
aligned reads

(%)

Unaligned reads
%

Unaligned

%

34'791'800

85.6%

25'044'483

61.6%

5'862'617

14.4%

49'734'957

87.7%

34'927'920

61.6%

6'976'294

12.3%

19'635'591

67.0%

4'045'288

13.8%

Stress_S2

29'285'916

25'240'628

86.2%

Stress_S3

39'658'188

34'101'799

86.0%

23'873'672

60.2%

5'556'389

14.0%

Stress_S4

46'989'792

40'812'939

86.9%

21'212'335

45.1%

6'176'853

13.1%

37'306'706

32'189'637

86.3%

22'276'820

59.7%

5'117'069

13.7%

Dular (Tolerant variety)
Control_C2
34'062'094

30'315'937

89.0%

22'075'708

64.8%

3'746'157

11.0%

31'916'998

87.5%

24'970'241

68.5%

4'543'236

12.5%

12'190'316

65.8%

2'557'827

13.8%

Stress_S5

Control_C3

36'460'234

Stress_S2

18'516'931

15'959'104

86.2%

Stress_S3

48'933'225

42'750'916

87.4%

29'629'747

60.6%

6'182'309

12.6%

Stress_S4

48'335'968

23'429'974

48.5%

13'743'498

28.4%

24'905'994

51.5%

Stress_S5

42'331'349

36'038'548

85.1%

23'547'249

55.6%

6'292'801

14.9%

IR64 (Modern cultivar)
Control_C2
35'695'972

30'183'848

84.6%

22'757'687

63.8%

5'512'124

15.4%

Control_C3

39'841'381

35'428'084

88.9%

26'649'105

66.9%

4'413'297

11.1%

Stress_S2

72'179'232

62'323'798

86.3%

44'014'177

61.0%

9'855'434

13.7%

31'271'237

64.9%

6'367'106

13.2%

Stress_S3

48'185'624

41'818'518

86.8%

Stress_S4

31'582'877

27'765'356

87.9%

15'498'032

49.1%

3'817'521

12.1%

Stress_S5

28'537'555

24'659'170

86.4%

17'420'851

61.0%

3'878'385

13.6%

59.2%

6'433'706

15.4%

Average

	
  

40'848'262

34'414'556

84.6%
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Table 3 Chromosomal distribution of identified gene based on the current rice gene annotations.
At the top of the table, the number of genes annotated in the RAP-DB (http://rapdb.dna.affrc.go.jp/) is
distributed in the corresponding rice chromosomes. The loci with expression evidence are composed of
protein-coding loci, non-protein coding loci, and ab initio predicted genes with evidence of expression.
At the bottom of the table, the numbers of identified genes in our study is distributed in the
corresponding rice chromosomes. The RAP IDs (unique match) and Cufflinks identifiers (unique or
multiple match) indicate the identified genes that correspond to rice gene models annotated in the
RAP-DB. The Cufflinks identifiers at the bottom of the table indicate unidentified gene models that
were not match to annotated gene models in the RAP-DB. Each RAP ID represents individual rice
gene annotated in the RAP-DB, and the Cufflinks identifier represents assembled transcripts that can
be combined into either individual corresponding annotated gene model or individual unidentified gene
model.
RAP-DB1

RNA-Seq

Chr 1

Chr 2

Chr 3

Chr 4

Chr 5

Chr 6

Chr 7

Chr 8

Chr 9

Chr 10

Chr 11

Chr 12

Total

Loci with expression evidence

5'273

4'216

4'550

3'359

3'027

3'159

2'870

2'588

2'111

2'115

2'424

2'177

37'869

Protein-coding loci

4'668

3'731

4'081

2'940

2'687

2'755

2'526

2'268

1'846

1'839

2'039

1'899

33'279

Non-protein coding loci

304

233

279

200

168

186

141

148

118

133

150

130

2'190

Ab initio predicted genes with evidence of
expression

301

252

190

219

172

218

203

172

147

143

235

148

2'400

Alternative variants

985

821

972

609

547

512

465

449

355

321

294

337

6'667

Ab initio predicted genes without any
transcripts

943

754

773

752

649

655

664

633

541

494

687

576

8'121

4'952

3'980

4'312

3'154

2'874

2'972

2'725

2'443

1'980

1'997

2'284

2'062

35'735

2'207

1'801

1'873

1'483

1'324

1'371

1'259

1'182

931

987

1'140

975

16'533

2'424

1'941

2'168

1'448

1'392

1'410

1'301

1'119

928

887

996

976

16'990

321

238

271

223

158

191

165

142

121

123

148

111

2'212

1'024

777

796

742

590

645

647

631

521

575

710

625

8'283

Match to annotated gene model

(In current study) RAP ID (unique match) A
Cufflinks identifier (unique match)

B

Cufflinks identifier (multiple match) C
Unidentified gene model
Cufflinks identifierD
1

: The Rice Annotation Project Database
A total of mapped gene models: A + B + C + D = 44,018
Uniquely match to the annotated gene models in Nipponbare : (A + B) - C = 33,523 (88.5%)
Uniquely mapped gene models to the Nipponbare genome but not match to the annotated gene models: D = 8,283

3.3 Identification of dual abiotic stresses-responsive genes and contigs
First, global expression profiling was conducted in each variety to investigate the alteration in
gene expression between control condition (sufficient water and phosphorus) and stress
condition (gradual drought stress in P-deficient soil) in rice roots. The expression level of
each gene (annotated or unidentified gene model) and contig was compared between two
groups, control (C2 and C3) and stress (S2, S3, S4, and S5) conditions, using average gene
expression values that represent the mean of samples in each group. The significance of
differential gene expression was judged by using two thresholds: p-value < 0.05 and absolute
fold change ≥ 2. Consequently, we identified genes differentially expressed between the two
conditions, control and stress, in Dular (4,226 up-regulated and 4,130 down-regulated),
Kasalath (4,739 up-regulated and 3,858 down-regulated), and IR64 (4,437 up-regulated and
4,235 down-regulated). De novo assembled contigs differentially expressed between the two
conditions in Dular (9,590 up-regulated and 6,445 down-regulated), Kasalath (11,588 upregulated and 9,221 down-regulated), and IR64 (11,846 up-regulated and 8,308 down-
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regulated) were also identified (Figure 10). In the following sub-chapters, the RNA-Seq data
analyses have been processed separately based on the two datasets, one with differentially
expressed genes that aligned to the Nipponbare reference genome (sub-chapter 3.3.1) and the
second with differentially expressed contigs (de novo assembled) not aligned to the

Number of genes

(A)

15,000

Up-regulated
Down-regulated

12,000
9,000
6,000
3,000

4,226

4,739

4,437

4,130

3,858

4,235

Dular

Kasalath

IR64

(B)

30,000

Number of contigs

Nipponbare reference genome (sub-chapter 3.3.2).

25,000

0

Up-regulated
Down-regulated

20,000
15,000
10,000
5,000

11,588

11,846

9,221

8,308

Kasalath

IR64

9,590

6,445

0
Dular

Figure 10 Differentially expressed genes and contigs in response to dual abiotic stresses. The
histogram indicates the number of differentially expressed genes and de novo assembled contigs in
each variety in response to dual abiotic stresses (drought stress in P-deficient soil). (A) The identified
genes are composed of annotated and unidentified gene models in the RAP-DB. (B) The identified
contigs were de novo assembled and not aligned to the Nipponbare reference genome. The number of
identified genes and contigs in each variety is marked in red (up-regulated) or in blue (downregulated), respectively. The significance of differential gene expression was judged by using two
thresholds: p-value < 0.05 and absolute fold change ≥ 2.

3.3.1 Identification of dual abiotic stresses-responsive genes
In this sub-chapter, those differentially expressed genes aligned to the Nipponbare reference
genome were further analyzed. Previously, the global expression profiling results showed that
sets of genes were differentially expressed in Dular (8,356), Kasalath (8,597), and IR64
(8,672) under dual abiotic stresses (gradual drought stress in P-deficient soil) in comparison
to control condition. The differential expression of identified genes in each variety was
further compared across varieties. Consequently, we identified a total of 7,687 genes
differentially expressed in at least one of the three varieties, and composed of annotated gene
models (5,248) and unidentified gene models (2,439). We found several Cufflinks identifiers
corresponding to the same annotated gene models with RAP ID, therefore, the redundant
Cufflinks identifiers were removed from the gene list.
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3.3.1.1 Categorization by pattern of regulation
The identified differentially expressed genes could be grouped into 7 categories based on the
pattern of regulation across Dular, Kasalath, and IR64 (Table 4). The sets of genes
differentially expressed only in Dular (236 up-regulated and 365 down-regulated), Kasalath
(324 up-regulated and 238 down-regulated), and IR64 (522 up-regulated and 696 downregulated) were grouped into category 1, 2, and 3, respectively. The expression levels of these
genes have significant p-values (less than 0.05) and the fold change was more than 2-fold in
the particular variety, while they had non-significant p-values (more than 0.05) or changes
less than 2-fold in the other varieties. The other sets of genes differentially expressed only in
Dular and Kasalath (325 up-regulated, 383 down-regulated, and 17 antagonistically
regulated), Dular and IR64 (172 up-regulated, 138 down-regulated, and 26 antagonistically
regulated), and Kasalath and IR64 (174 up-regulated, 133 down-regulated, and 30
antagonistically regulated) were grouped into category 4, 5, and 6, respectively. These genes
were identified to have significantly differential expression only in two varieties. The rest of
identified genes have significant differential expression in all three varieties (2,215 upregulated, 1,641 down-regulated, and 52 antagonistically regulated), and they were grouped
into category 7. Among the genes belonging to categories 4 to 7, several sets of genes have
either different fold change levels in a particular variety or antagonistic regulation between
varieties.
Table 4 Dual abiotic stresses-responsive genes in seven different categories. The table indicates the
number of identified genes that grouped into seven categories depending on the pattern of gene
regulations. The significance of differential gene expression in each variety was judged by using two
thresholds: p-value < 0.05 and absolute fold change ≥ 2, and marked in dark grey at the left side of the
table. Constitutive gene expression or non-significant change in gene expression is marked in light
grey. The number of identified genes grouped in each category is indicated on the right side of the
table.. The up- and down-regulated genes are indicated in red (UP) and blue (DOWN) shaded boxes,
respectively. The antagonistically regulated genes between varieties are indicated in green shaded box
(REVERSE).

Number of genes
Category

	
  

Pattern of regulation

UP

DOWN REVERSE

Total

1

Dular ≥ 2

Kasalath < 2

IR64 < 2

236

365

-

601

2

Dular < 2

Kasalath ≥ 2

IR64 < 2

324

238

-

562

3

Dular < 2

Kasalath < 2

IR64 ≥ 2

522

696

-

1'218

4

Dular ≥ 2

Kasalath ≥ 2

IR64 < 2

325

383

17

725

5

Dular ≥ 2

Kasalath < 2

IR64 ≥ 2

172

138

26

336

6

Dular < 2

Kasalath ≥ 2

IR64 ≥ 2

174

133

30

337

7

Dular ≥ 2

Kasalath ≥ 2

IR64 ≥ 2

2'215

1'641

52

3'908
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In section 3.1, different responses were demonstrated between the tolerant varieties (Dular
and Kasalath) and intolerant control variety (IR64) against dual abiotic stresses. In summary,
the tolerant varieties have shown stronger performance under dual abiotic stresses in
comparison to IR64, thus the possibility for variety-specific mechanisms was proposed. In
order to dissect the different molecular mechanisms between the varieties, the dual abiotic
stresses-responsive genes were divided into two groups. The first group is composed of genes
differentially expressed and regulated in a tolerant variety-specific manner, and named TOLspecific group. Those genes for TOL-specific group meet at least one of the following three
selection criteria: (1) differentially expressed only in tolerant varieties, (2) relatively higher
fold change in tolerant varieties in comparison to IR64, and (3) antagonistically regulated
between the tolerant varieties and the IR64. The second group is composed of genes
differentially expressed and regulated in an intolerant control variety (IR64)-specific manner,
and named INTOL-specific group. Those genes for INTOL-specific group meet at least one
of the following two selection criteria: (1) differentially expressed only in IR64 and (2)
relatively higher fold change in IR64 in comparison to tolerant varieties. In summary, we
identified 1,485 genes for TOL-specific group and 947 genes for INTOL-specific groups
(Table 5).

Table 5 Overview of differentially expressed genes in TOL- or INTOL-specific group. The
identified genes displayed in the table were further divided into two groups (TOL- or INTOL-specific
group) based on the variety-specific gene regulation.
Number of genes
Category

Pattern of regulation

UP

DOWN

OPPOSITE

Tolerant variety-specific regulation (TOL-specific group)
Category 1

Differentially expressed only in Dular

128

197

-

Category 2

Differentially expressed only in Kasalath

176

133

-

Category 4

Differentially expressed only in tolerant varieties (Dular and/or Kasalath)

204

241

-

Category 5

Higher fold change in Dular than IR64

3

10

-

Category 6

Higher fold change in Kasalath than IR64

2

5

-

Higher fold change in Dular than others (Kasalath and IR64)

72

81

-

Higher fold change in Kasalath than others (Dular and IR64)

60

28

-

Higher fold change in tolerant varieties than IR64

60

61

-

Up-regulated in tolerant varieties, and Down-regulated in modern cultivar

-

-

19

Down-regulated in tolerant varieties, and Up-regulated in modern cultivar

-

-

5

Category 7

IR64-specific regulation (INTOL-specific group)

	
  

Category 3

Differentially expressed only in IR64

324

396

-

Category 5

Higher fold change in IR64 than Dular

10

4

-

Category 6

Higher fold change in IR64 than Kasalath

9

9

-

Category 7

Higher fold change in IR64 than tolerant varieties

139

56

-
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3.3.1.2 Gene Ontology Enrichment Analysis
Gene ontology (GO) enrichment analysis was conducted to identify GO terms that assigned to
the identified genes in the TOL- and INTOL-specific groups, and the singular enrichment
analysis (SEA) was additionally conducted for significantly enriched GO terms
(http://bioinfo.cau.edu.cn/agriGO/analysis.php).
The corresponding GO terms for identified genes in the TOL-specific group were assigned
and enriched by using SEA with one of the publicly available reference databases, Rice
Gramene locus. The 831 out of 1,485 genes were included in the analysis and corresponding
223 GO terms were significantly obtained. Among those GO terms for biological process, the
enriched secondary GO terms were “metabolic process (287)”, “cellular process (233)”,
“biological regulation (72)”, “regulation of biological process (70)”, “response to stimulus
(67)”, “localization (47)”, “establishment of localization (46)”, “multicellular organismal
process (19) “, “death (16)”, “developmental process (13)”, “cellular component organization
(13)”, “reproduction (12)”, “reproductive process (12)”, and “multi-organism process (11)”
(Figure 11A). The enriched secondary GO terms for molecular function were “binding
(340)”, “catalytic activity (302)”, “transporter activity (34)”, “transcription regulator activity
(31)”, “antioxidant activity (16)”, “molecular transducer activity (15)”, and “enzyme
regulator activity (5)”. The enriched secondary GO terms for cellular component were “cell
(671)”, “cell part (671)”, “organelle (560)”, “organelle part (26)”, and “macromolecular
complex (14)”.
For the identified genes in INTOL-specific group, 526 out of 947 genes were included in the
analysis and corresponding 184 GO terms were significantly obtained. Among those GO
terms for biological process, the enriched secondary GO terms were “metabolic process
(192)”, “cellular process (141)”, “biological regulation (52)”, “localization (28)”, “response to
stimulus (24)”, “multicellular organismal process (14)”, “reproduction (11)”, “death (10)”,
“developmental process (10)”, and “cellular component organization (5)” (Figure 11B). The
enriched secondary GO terms for molecular function were “binding (231)”, “catalytic activity
(206)”, “electron carrier activity (28)”, “transcription regulator activity (22)”, “transporter
activity (20)”, “molecular transducer activity (12)”, “enzyme regulator activity (6)”, and
“antioxidant activity (5)”. The enriched secondary GO terms for cellular component were
“extracellular region (12)” and “macromolecular complex (9)”.
Among these significantly enriched GO terms, two GO terms for biological process
(metabolic process and cellular process) and additional two GO terms for molecular function
(binding and catalytic activity) are the most overrepresented GO terms in both TOL- and
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INTOL-specific groups. These results indicate that those genes annotated with similar GO
terms for biological process or molecular function represent the largest functional classes of
identified genes in both TOL- and INTOL-specific groups. In the following subchapters, we
demonstrated the differences between the identified genes in TOL- and INTOL-specific
groups.
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Figure 11 Significantly enriched GO terms to the identified genes in TOL- or INTOL-specific
group. The histogram indicates the percentage of identified genes with corresponding significantly
enriched secondary GO terms for (A) TOL-specific group or (B) INTOL-specific group. The Singular
Enrichment Analysis (SEA; http://bioinfo.cau.edu.cn/agriGO/analysis.php) was used for GO
enrichment analysis. The GO annotation on the x-axis indicates significantly enriched secondary GO
terms derived from biological process, molecular function, and cellular component categories. The
input list (marked in blue) represents the corresponding GO terms assigned to the identified genes in
(A) TOL-specific or (B) INTOL-specific group. The reference (marked in green) represents the current
GO annotations in the Rice Gramene Locus database. The significance of enriched GO terms was
judged by using two thresholds: p value < 0.05 and FDR < 0.05.
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3.3.1.3 Putative regulatory and functional genes
Abiotic stresses influence diverse cellular processes and are regulated by complex responsive
mechanisms. A large number of genes are involved in abiotic stress-responsive mechanisms
and can be roughly classified as regulatory and functional genes. Regulatory genes are
transcriptional and signaling modulators, including protein kinases, phosphatases, and
transcription factors. Functional genes include transporters, enzymes, stabilizing proteins such
as heat shock and late embryogenesis abundant proteins (Mizoi and Yamaguchi-Shinozaki,
2013). Based on the significantly enriched GO terms for biological process such as
“phosphorylation (GO:0016310)”, “regulation of gene expression (GO:0010468), “transport
(GO:0006810)”, and “response to stimulus (GO:0050896)”, those corresponding genes that
belong to the TOL- and INTOL-specific groups were considered as putative regulatory or
functional genes. The current rice gene annotations in the publicly available databases (RAPDB; http://rapdb.dna.affrc.go.jp/, MSU-DB; http://rice.plantbiology.msu.edu/, Oryzabase;
http://www.shigen.nig.ac.jp/rice/oryzabase/, etc) were additionally considered for those genes
not annotated with GO term.
Regulatory genes: Putative protein kinases
A number of genes were selected based on the significantly enriched GO terms and the
current gene annotations in the above-mentioned databases. The significantly enriched GO
term, “phosphorylation (GO:0016310)”, was assigned to 51 genes in the TOL-specific group
and 35 genes in the INTOL-specific group, respectively. Additionally, 32 genes in the TOLspecific group and 15 genes in the INTOL-specific group were selected based on the gene
annotation, putative protein kinase. In summary, 83 and 50 genes were selected as putative
protein kinases from the TOL- and INTOL-specific groups, respectively. Amongst these
selected genes, we found that several genes belonging to the large gene families such as
SUCROSE NON-FERMENTING-RELATED KINASE (SnRK), CBL-INTERACTING
PROTEIN KINASE (CIPK), CALCIUM-DEPENDENT PROTEIN KINASE (CDPK), and
CELL WALL-ASSOCIATED KINASE (WAK).
In plants, SUCROSE NON-FERMENTING-RELATED KINASE (SnRK) family genes have
been mainly studied for their role in response to salinity stress and can be divided into three
subfamilies: SnRK1, SnRK2, and SnRK3 (Coello et al., 2010). The dehydration effect can be
caused not only by salinity stress but also drought stress, therefore, it has been proposed that
common upstream factors may be involved in the signal transduction pathway for salinity and
drought stress (Shinozaki and Yamaguchi-Shinozaki, 2007). Moreover, it has been proposed
that the genes belonging to the SnRK2 and SnRK3 subfamilies are involved in the signal
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transduction pathway in response to various abiotic stresses including nutrient deficiency
(Coello et al., 2010).
Among the identified genes for putative protein kinases, we found three genes that were
differentially expressed and regulated in a TOL-specific manner; STRESS-ACTIVATED
PROTEIN KINASE 1 (OsSAPK1), OsCIPK19/PROTEIN KINASE 4 (OsPK4), and putative
SnRK gene (Os07g0194100). We found that OsSAPK1 belonging to the SnRK2 subfamily
and another two genes (OsPK4 and Os07g0194100) belonging to the SnRK3 subfamily by
using iTAK program (http://bioinfo.bti.cornell.edu/cgi-bin/itak/index.cgi). The expression of
OsSAPK1 was more highly up-regulated in the tolerant varieties than in IR64, while the
expression of two SnRK3 subfamily genes was specifically up-regulated in the tolerant
varieties (Table 6).

Table 6 Differential expression of genes encoding protein kinases. Gene expression profiles of the
identified genes that encode protein kinase are indicated in the table. The differential gene expression is
marked in red (up-regulated) or blue (down-regulated), while the stable gene expression is marked in
grey. The higher fold change level in particular variety is marked in corresponding dark color.
Log2 Fold Change
RAP Locus
Identifier
Tolerant variety-specific regulation
Gene name

Dular

Kasalath

IR64

Log2 Fold Change
Gene Family

Gene name

RAP Locus
Identifier

Dular

Kasalath

IR64

IR64-specific regulation

OsWAK46

Os04g0370100

0.0

1.5

-0.1

OsWAK93

Os10g0103140

0.7

0.2

1.8

OsWAK29

Os04g0127500

2.5

2.4

0.1

OsWAK111

Os10g0178800

-0.9

0.9

2.0

OsWAK89b

Os09g0561450

-3.1

-0.6

-0.5

OsWAK112

Os10g0180800

0.3

0.4

3.6

OsWAK37

Os04g0365100

-2.2

-1.3

-0.2

OsWAK33

Os04g0286300

2.4

3.9

4.9

OsWAK76

Os08g0501700

-2.5

-2.7

-0.9

OsWAK53

Os04g0599000

0.1

0.2

-1.3

OsWAK24

Os02g0811200

-2.8

-1.3

-1.3

OsWAK117

Os11g0555600

-0.5

0.1

-1.6

OsWAK26

Os03g0643250

-4.6

-4.2

-2.7

OsWAK11

Os02g0111600

-0.3

0.4

-2.7

OsCIPK19, OsPK4

Os05g0514200

1.1

1.1

0.0

Putative SnRK

Os07g0194100

2.0

2.3

0.9

OsSAPK1

Os03g0390200

3.1

2.6

1.2
OsCIPK09

Os03g0126800

2.1

2.0

3.2

OsCIPK22

Os05g0334750

-1.8

-1.4

-3.0

OsCDPK21, OsCPK21

Os08g0540400

2.2

2.0

3.6

WAK
family

SnRK
family

CIPK
family
CDPK
family
The locus identifier for each gene is indicated as RAP Locus Identifier.

In rice, a total of ten SAPK genes encoding SnRK2 family protein kinases have been
identified and all SAPK genes are activated by hyper-osmotic stress through phosphorylation
(Kobayashi et al., 2004). Of these, it has been demonstrated that OsSAPK2 (Os07g0622000;
SnRK2 subfamily) is involved in the abscisic acid (ABA) signal transduction pathway and
leads to induction of the ABA-dependent genes mediated by an abscisic acid-responsive
element (ABRE)-binding factor, OREB1 (Os01g0859300) (Kim et al., 2011). Other SAPK
genes (OsSAPK8, OsSAPK9, and OsSAPK10) were additionally demonstrated to be involved
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in the regulation pathway of ABA signaling (Kobayashi et al., 2004; Kobayashi et al., 2005).
For the SnRK3 subfamily genes, it has been demonstrated that the expression of
OsCIPK19/OsPK4 was induced by illumination, nutrient deficiency, and cytokinins,
moreover, OsCIPK19/OsPK4 can be auto-phosphorylated (Ohba et al., 2000; Kolukisaoglu et
al., 2004). Although the functional roles of these putative protein kinases (OsSAPK1,
OsCIPK19/OsPK4, and putative SnRK; Os07g0194100) under abiotic stress has not yet been
elucidated, the potential involvement in either signal transduction or gene regulation pathway
under dual abiotic stresses can be conjectured from their expression profiles, especially in the
tolerant varieties.
We additionally identified several genes belonging to the CBL-INTERACTING PROTEIN
KINASE (CIPK) family and the CALCIUM-DEPENDENT PROTEIN KINASE (CDPK)
family. These genes were differentially expressed under dual abiotic stresses and regulated in
an IR64-specific manner; two genes (OsCIPK09 and OsCDPK21/OsCPK21) were more
highly induced in IR64 than in the tolerant verities, while OsCIPK22 was more highly downregulated in IR64 than in the tolerant varieties. Together with SnRK family genes, CIPK and
CDPK family genes encode Ca2+-sensing protein kinases that are involved in various stressresponsive mechanisms as regulatory proteins (Asano et al., 2005; Li et al., 2009b). In rice, a
total of 30 putative CIPK family proteins have been identified that share the same domain
composition with the corresponding proteins in Arabidopsis thaliana (Arabidopsis) (Xiang et
al., 2007). In addition, the expression profile of the genes for these putative CIPK family
proteins has been examined under various abiotic stress conditions. Interestingly, 20 CIPK
genes have shown differential gene expression under at least one of various abiotic stresses
including drought, salinity, and cold. Moreover, the overexpression of individual CIPK genes
(OsCIPK03, OsCIPK12, and OsCIPK15) in rice transgenic plants displayed improved
tolerance against cold, drought, and high salinity stress, respectively (Xiang et al., 2007).
Among the identified putative protein kinases, we identified two CIPK family genes
(OsCIPK09 and OsCIPK22) differentially expressed and regulated in an IR64-specific
manner. The expression of OsCIPK09 was more highly up-regulated, while OsCIPK22 was
more highly down-regulated in IR64 than in the tolerant varieties (Table 6). As demonstrated
in a previous study (Xiang et al., 2007), the expression of these two CIPK family genes was
up-regulated by drought or high salinity stress, moreover, the expression of OsCIPK22 was
induced by ABA treatment as well. These results suggest that these two CIPK family genes
are likely to be involved in common mechanism in both tolerant varieties and IR64 in
response to dual abiotic stresses, especially more strongly responded in IR64. In addition, the
opposite pattern of gene regulation for OsCIPK22 between drought and dual abiotic stresses

	
  

38	
  

	
  
suggesting that OsCIPK22 can be differently regulated by a combination of abiotic stresses
(additional P-deficiency stress).
In rice, a total of 29 CDPK family genes have been identified (Asano et al., 2005). Of these,
OsCDPK21/OsCPK21 (Os08g0540400) showed a similar regulation as OsCIPK09 in
response to dual abiotic stresses. The expression of OsCDPK21/OsCPK21 was more highly
up-regulated in IR64 than in the tolerant varieties (Table 6). Recently, the functional role of
OsCDPK21/OsCPK21 has been demonstrated under high salinity stress (Asano et al., 2011).
The expression of OsCDPK21/OsCPK21 was induced by high salinity stress and ABA
treatment. In addition, the overexpression of OsCDPK21/OsCPK21 in rice transgenic plants
displayed enhanced tolerance to high salinity stress and increased sensitivity to exogenous
ABA. Therefore, it has been suggested that OsCDPK21/OsCPK21 is involved in ABA and
salinity stress-responsive signaling pathway (Asano et al., 2011). Based on the expression
profiles of OsCIPK09 and OsCDPK21/OsCPK21, we expect that these genes are involved in
a common mechanism of both tolerant varieties and IR64 in response to dual abiotic stresses,
especially more strongly responded in IR64.
It has been demonstrated that the expression of several genes belonging to the CIPK and
CDPK families was induced by various abiotic stresses and the overexpression of these genes
confer tolerance against different types of abiotic stresses (Xiang et al., 2007; Asano et al.,
2011). The similar pattern of regulation of identified CIPK and CDPK family genes in our
study therefore suggests that they are potentially involved in a common mechanism in both
tolerant varieties and IR64 in response to dual abiotic stresses, especially more strongly
responded in the IR64.
Apart from the above-mentioned Ca2+-sensing protein kinases, we identified 14 WAK family
genes to be differentially expressed and regulated in a TOL-specific or in an IR64-specific
manner. In Arabidopsis, it has been demonstrated that the WAK family proteins span the
plasma membrane and contain an active cytoplasmic protein kinase domain and an Nterminal domain for cell wall binding (Wagner and Kohorn, 2001). In addition, WAK family
proteins play an important role in control of cell expansion as a receptor-like protein kinase.
In rice, a total of 125 CELL WALL-ASSOCIATED KINASE (WAK) family genes have been
identified (Zhang et al., 2005). Of these, seven genes (OsWAK24, OsWAK26, OsWAK29,
OsWAK37, OsWAK46, OsWAK76, and OsWAK89b) were regulated in a TOL-specific
manner, while seven other genes (OsWAK11, OsWAK33, OsWAK53, OsWAK93, OsWAK111,
OsWAK112, and OsWAK117) were regulated in an IR64-specific manner (Table 6). The
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TOL-specific expression includes Dular-specific regulation (OsWAK89b; down-regulated
only in Dular), Kasalath-specific regulation (OsWAK46; up-regulated only in Kasalath),
tolerant variety-specific regulation (OsWAK37 and OsWAK76; down-regulated and
OsWAK29; up-regulated only in tolerant varieties), and higher fold change in the tolerant
varieties (OsWAK24; highly down-regulated in Dular and OsWAK26; highly down-regulated
in tolerant varieties). The INTOL-specific expression includes IR64-specific regulation
(OsWAK93, OsWAK111, and OsWAK112; up-regulated and OsWAK11, OsWAK53, and
OsWAK117; down-regulated only in IR64) and higher fold change in the IR64 (OsWAK33;
highly up-regulated in IR64).
Among these identified OsWAKs, several genes have been proposed as receptor-like kinases
based on the similar domain composition with the corresponding proteins in Arabidopsis
(Zhang et al., 2005). For instance, three genes (OsWAK11, OsWAK29, and OsWAK46) and
two genes (OsWAK76 and OsWAK117) have been categorized as putative receptor-like kinase
and receptor-like cytoplasmic kinase, respectively. The functional role of OsWAK1 has been
characterized as a receptor-like kinase (Li et al., 2009a). The expression of OsWAK1 was
induced not only by mechanical wounding but also treatment of salicylic acid and methyl
jasmonate. In addition, the overexpression of OsWAK1 in rice transgenic plants conferred
resistance to the blast fungus Magnaporthe oryzae. Among the identified OsWAKs in our
study, OsWAK76 and OsWAK117 encode receptor-like cytoplasmic kinases along with
OsWAK1 (Zhang et al., 2005). The expression of OsWAK76 was down-regulated only in
tolerant varieties, while OsWAK117 was down-regulated only in IR64. Although the
functional roles of these two OsWAKs abiotic stress remain unclear, their potential
involvement in variety-specific mechanisms in response to dual abiotic stresses can be
inferred from our results, especially as putative receptor-like protein kinase. Likewise, the
proposed receptor-like kinase encoded by OsWAK11, OsWAK29, and OsWAK46 are possibly
involved in variety-specific mechanisms in response to dual abiotic stresses: Kasalath-specific
(OsWAK46),

tolerant

variety-specific

(OsWAK29),

and

IR64-specific

(OsWAK11).

Furthermore, gene expression profiling results for the rest of the identified putative protein
kinases in our study are listed in the Table 7.
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Table 7 Differential expression of genes encoding protein kinase or phosphatase. Gene expression
profiles of the identified genes that encode putative protein kinase or phosphatase are indicated in the
table. The average of the gene expression levels in the control (Avg_Control) and stress conditions
(Avg_Stress) is indicated in the expression profiling column for each variety, respectively. The
differential gene expression is indicated in the fold-change column and marked in red (up-regulated) or
blue (down-regulated), while the stable gene expression is marked in grey. The higher fold change
level in particular variety is marked in corresponding dark color.
Expression profiling (log2 transformed)
RAP Locus
Identifier

Dular

Kasalath

IR64

Avg_Control Avg_Stress

Avg_Control Avg_Stress

Avg_Control Avg_Stress

Fold change
Dular

Kasalath

IR64

Putative protein kinases with unknown function
Os08g0249100
Os01g0670600
Os09g0408900
Os05g0483801
Os07g0550900
Os10g0155800
Os10g0184871
Os05g0550800
Os01g0694100
Os05g0486100
Os01g0892800
Os09g0442100
Os02g0194400
Os01g0117100
Os11g0553500
Os05g0550700
Os01g0699100
Os06g0225800
Os11g0102200
Os02g0466400
Os01g0783200
Os12g0101800
Os03g0233300
Os01g0885700
Os05g0253200
Os05g0200500
Os03g0179400
Os03g0588400
Os03g0221700
Os02g0277700
Os06g0726600
Os06g0191500
Os01g0871000
Os11g0173432
Os11g0514400
Os08g0247700
Os08g0124100
Os10g0104800
Os06g0585982
Os09g0351700
Os07g0133000
Os01g0152000
Os09g0356800
Os06g0164900
Os07g0130100

7.8
7.7
9.2
5.9
8.2
5.7
1.6
7.4
4.7
11.1
6.4
9.4
0.3
4.3
1.5
7.1
8.7
8.2
6.8
6.2
9.3
8.7
3.1
4.0
4.1
8.9
9.2
0.2
7.5
0.3
8.4
6.4
-0.5
1.0
1.4
6.7
0.2
1.0
6.1
0.2
-0.8
3.5
-0.2
4.0
5.5

7.9
7.3
9.2
5.5
8.3
5.7
2.3
7.9
4.6
12.0
6.7
9.9
0.9
4.0
1.8
8.3
10.2
9.4
8.2
8.1
11.2
9.7
5.0
7.5
7.9
9.3
9.5
0.5
7.6
0.1
9.0
6.7
0.0
0.6
1.8
6.3
0.0
0.7
5.9
-0.1
-0.5
2.9
-0.6
3.0
4.3

8.3
7.5
9.0
6.9
8.6
5.7
1.3
8.5
4.3
11.2
7.1
9.4
0.3
3.7
3.8
6.2
9.0
8.3
5.7
7.1
9.3
6.8
3.3
4.1
5.4
8.5
9.2
0.0
7.2
3.0
8.3
6.1
-0.9
1.0
1.2
8.6
2.0
0.7
3.2
0.2
-1.1
3.8
-0.9
4.4
5.4

8.5
7.7
9.3
7.0
9.0
5.7
2.0
9.1
4.7
11.9
6.4
10.4
0.0
4.5
5.1
7.5
10.5
9.8
7.4
8.6
11.1
8.8
5.2
7.5
9.0
9.3
9.3
0.4
7.3
2.9
8.6
6.0
-0.1
1.0
1.3
9.1
1.8
0.3
3.0
-0.1
-0.6
3.6
-1.0
2.4
3.8

7.0
6.5
9.3
5.0
8.9
5.0
1.6
7.9
5.5
11.0
6.7
9.8
0.3
2.5
3.7
5.8
8.7
8.4
5.6
7.1
8.8
5.9
1.3
3.7
1.7
10.0
9.7
1.9
7.6
4.8
9.7
5.1
1.5
2.6
2.9
7.3
1.9
2.3
5.4
2.0
2.2
4.0
2.3
6.2
5.5

8.1
7.7
10.7
6.5
10.4
6.6
3.3
9.8
7.5
13.1
9.0
12.2
3.0
5.5
6.3
8.2
11.4
11.1
8.8
10.4
12.1
9.7
5.6
8.5
7.5
9.0
8.7
0.7
6.4
3.6
8.4
3.8
0.1
1.2
1.4
5.7
0.1
0.4
3.4
0.0
-0.2
1.5
-1.0
2.6
1.9

0.1
-0.4
0.0
-0.5
0.2
-0.1
0.7
0.5
-0.1
0.8
0.3
0.6
0.6
-0.3
0.3
1.2
1.5
1.3
1.5
1.9
1.8
1.0
2.0
3.5
3.8
0.4
0.3
0.3
0.1
-0.1
0.6
0.3
0.5
-0.4
0.4
-0.4
-0.2
-0.3
-0.2
-0.2
0.3
-0.6
-0.5
-1.0
-1.2

0.2
0.2
0.3
0.1
0.4
0.0
0.7
0.6
0.4
0.7
-0.7
1.0
-0.4
0.8
1.3
1.2
1.5
1.5
1.7
1.5
1.8
2.0
1.9
3.4
3.6
0.8
0.1
0.4
0.1
-0.1
0.3
0.0
0.7
0.0
0.2
0.5
-0.2
-0.4
-0.2
-0.4
0.4
-0.2
-0.1
-2.0
-1.6

1.1
1.2
1.4
1.5
1.5
1.6
1.7
1.9
2.0
2.0
2.3
2.4
2.7
3.0
2.6
2.4
2.6
2.7
3.2
3.2
3.3
3.9
4.3
4.8
5.8
-1.0
-1.0
-1.2
-1.2
-1.2
-1.3
-1.4
-1.4
-1.5
-1.5
-1.5
-1.8
-1.9
-1.9
-2.0
-2.4
-2.4
-3.3
-3.6
-3.7

12.6
0.4
8.4
5.2
8.1
6.9
8.5

12.5
1.3
9.2
6.5
9.6
6.9
7.4

11.0
0.7
8.4
5.1
7.7
7.5
8.2

12.7
2.8
10.6
7.8
11.0
6.3
5.9

0.7
0.3
0.9
1.2
2.1
-0.1
-1.1

-0.1
0.9
0.8
1.3
1.5
-0.1
-1.1

1.7
2.1
2.2
2.7
3.4
-1.1
-2.3

Putative phosphatases with unknown function
Os11g0484000
Os07g0516100
Os01g0183300
Os12g0198200
Os02g0226200
Os05g0535600
Os07g0681200

	
  

11.6
1.1
7.9
4.6
7.6
7.4
7.1

12.3
1.4
8.8
5.9
9.6
7.3
6.1
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Regulatory genes: Putative phosphatases
The significantly enriched GO terms, “pyrophosphatase activity (GO:0016462)” and
“phosphatase activity (GO:0016791)”, were assigned to 23 genes in the TOL-specific group
and seven genes in the INTOL-specific group, respectively. Another seven genes in the TOLspecific group were additionally selected as putative phosphatases based on the gene
annotation. Among the identified putative phosphatases, we found one gene for an ACID
PHOSPHATASE 1 (OsACP1; Os01g0720400) that is highly up-regulated in Dular under dual
abiotic stresses. OsACP1 exhibited a 69-fold increase in expression in Dular, while the fold
change in Kasalath and IR64 was 32.6-fold and 35.5-fold, respectively. It has been
demonstrated that the induced expression of acid phosphatase, OsACP1, enhances Pi
availability in the rice shoot as well as in the root (Hur et al., 2007). The expression of
OsACP1 in rice roost was specifically induced by inorganic phosphate (Pi)-starvation, while
not affected by other nutrient deficiency such as nitrogen, potassium, and iron. In addition,
the expression of OsACP1 was induced proportionally by Pi starvation, whereas, inversely
regulated with increasing Pi concentration (Hur et al., 2007). In our study, the expression of
OsACP1 was up-regulated in both tolerant varieties and IR64 under dual abiotic stress, and
especially highly up-regulated in Dular. Taken together, these results suggest that OsACP1 is
possibly involved in the common mechanism between tolerant varieties and modern cultivar
(IR64) in response to single P-deficiency stress and/or dual abiotic stresses. Furthermore, the
enhanced Pi availability by induced expression of OsACP1 may be greater in Dular than other
varieties. The genes expression profiling results for the rest of the identified putative
phosphatases in our study are listed in the Table 7.
Regulatory genes: Putative transcription factors
A number of genes were selected based on the significantly enriched GO terms and the
current rice gene annotations in the publicly available databases, such as RAP-DB, MSU-DB.
The significantly enriched GO term, “regulation of gene expression (GO:0010468)”, was
assigned to 55 genes in the TOL-specific group and 38 genes in the INTOL-specific group,
respectively. We additionally identified 16 genes in the TOL-specific group and five genes in
the INTOL-specific group based on the gene annotation, putative transcription factor. Among
the identified putative transcription factors, we found several genes belonging to large gene
families such as APETALA2/ETHYLENE-RESPONSIVE ELEMENT-BINDING PROTEIN
(AP2/EREBP), BASIC LEUCINE ZIPPER TRANSCRIPTION FACTOR (bZIP), BASIC
HELIX-LOOP-HELIX TRANSCRIPTION FACTOR (bHLH), GRAS TRANSCRIPTION
FACTOR (GRAS), HEAT SHOCK TRANSCRIPTION FACTOR (HSF), MADS-BOX
TRANSCRIPTION FACTOR (MADS-box), MYB TRANSCRIPTION FACTOR (MYB),
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TIFY TRANSCRIPTION FACTOR (TIFY), WRKY TRANSCRIPTION FACTOR
(WRKY).
Among the identified putative transcription factors, we found two transcription factors,
MADS-BOX TRANSCRIPTION FACTOR 57 (OsMADS57) and TRANSCRIPTION
ELONGATION FACTOR 1 (OsTEF1). It has been demonstrated that OsMADS57 and
OsTEF1 are involved in control of tillering in rice (Paul et al., 2012; Guo et al., 2013). In
section 3.1, we demonstrated the differences in development gap between tolerant varieties
and IR64 in response to dual abiotic stresses (Figure 7). An increasing development gap was
observed in the tolerant varieties, while it decreased in IR64. The development gap was
calculated by changes in green leaf number during stress treatment. It has been reported that
leaf number is positively correlated with tiller number (Farooq et al., 2010). The
demonstrated development gap in both tolerant varieties and IR64 indicates delayed plant
growth including reduced leaf number. Based on these results, we expect that reduced
tillering is more severe in the tolerant varieties than in IR64 in response to dual abiotic
stresses. Interestingly, these two transcription factors showed a differential gene expression
only in the tolerant varieties in our study (Table 8).

Table 8 Differential expression of genes involved in control of tillering. Gene expression profiles of
two transcription factors (in bold) involved in control of tillering and co-expressed genes are indicated
in the table. The average of the gene expression levels in the control (Avg_Control) and stress
conditions (Avg_Stress) is indicated in the expression profiling column for each variety, respectively.
The differential gene expression is indicated in the fold-change column and marked in red (upregulated) or blue (down-regulated), while the stable gene expression is marked in grey. The higher
fold change level in particular variety is marked in corresponding dark color.
Expression profiling (log2 transformed)
Kasalath
IR64

Dular
Gene name
OsMADS57
- OsD14
- OsTB1
OsTEF1
- CIGR1
- OsWRKY71
- SNAC1
- OsDREB1A
- OsMYB4
- OsDREB1E
- OsERF3
- OsWRKY42
- OsDREB1F
- OsbHLH006
- OsDREB1C
- OsNAC5

RAP Locus
Identifier

Avg_Control Avg_Stress

Avg_Control Avg_Stress

Avg_Control Avg_Stress

Fold change
Dular

Kasalath

IR64

Os02g0731200
Os03g0203200
Os03g0203451
Os03g0706500

7.1
12.0
3.6
1.8

5.9
12.1
3.5
0.2

9.1
12.5
2.8
4.0

7.2
12.4
3.2
1.5

8.8
11.9
3.6
4.0

8.1
11.7
2.2
1.3

-1.3
0.2
-0.1
-1.6

-1.8
-0.2
0.4
-2.5

-0.7
-0.2
-1.4
-2.7

Os02g0134300
Os07g0545800
Os02g0181300
Os03g0815100
Os09g0522200
Os04g0517100
Os04g0572400
Os01g0797600
Os02g0462800
Os01g0968800
Os04g0301500
Os06g0127100
Os11g0184900

9.4
10.3
12.0
12.4
12.1
11.3
9.2
12.0
3.5
3.3
10.1
9.6
11.5

11.0
11.8
14.1
14.0
14.3
12.7
10.3
13.1
6.2
6.0
12.5
11.1
10.2

7.6
9.9
11.9
12.2
11.6
11.3
8.2
12.0
2.6
5.1
10.3
8.6
11.0

10.4
11.9
14.4
14.3
14.7
13.1
10.4
13.3
6.4
7.8
13.0
11.3
9.9

10.7
10.2
11.9
12.6
12.0
11.4
8.9
12.2
3.8
2.5
9.7
9.2
10.7

10.4
13.1
14.9
14.9
14.7
13.3
11.0
13.2
6.7
9.4
14.4
12.9
8.6

1.6
1.5
2.0
1.6
2.2
1.4
1.2
1.1
2.7
2.7
2.5
1.5
-1.3

2.8
2.0
2.5
2.2
3.2
1.8
2.1
1.4
3.9
2.7
2.7
2.7
-1.1

-0.3
2.9
3.0
2.3
2.7
1.9
2.1
1.0
2.9
6.9
4.6
3.7
-2.2

The locus identifier for each gene is indicated as RAP Locus Identifier.
The gene expression level was estimated by using RSEM and transformed into log2.
The average of genes expression for control (Avg_Control) and stress (Avg_Stress) conditions were calculated by average of samples
in control condition (C2 and C3) and stress condition (S2, S3, S4, and S5).
The fold change represent log ratio between control and stress conditions for each variety
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The functional role of OsMADS57 in control of tillering has been characterized as a positive
regulator (Guo et al., 2013). The overexpression of OsMADS57 in transgenic rice plants
results in an increase tiller number, while anti-sense knockdown lines showed fewer tiller
number in comparison to that in control wild type plants. The OsMADS57 protein binds to
the CArG motif [C(A/T)TTAAAAAG] in the promoter region of DWARF14 (D14;
Os03g0203200) and directly repressed the expression of D14, which encodes a protein that
functions in strigolactone (SL) signaling to inhibit rice tillering (Arite et al., 2009; Guo et al.,
2013). Moreover, the negative regulation of OsMADS57 in D14 expression can be controlled
by another regulator, TEOSINTE BRANCHED 1 (OsTB1; Os03g0706500), which functions as
negative regulator that controlling tiller outgrowth (Figure 12). The inhibition of D14
transcription can be reduced by interaction of OsMADS57 with OsTB1 (Guo et al., 2013).

Log2 fold changes

3

OsTB1

2
1
0
-1
-2

Dular
Kasalath

-3

2
1
0
-1
-2

3

OsMADS57

IR64
Dular
Kasalath

Log2 fold changes

Log2 fold changes

3

IR64

-3

D14

2
1
0

Kasalath
Dular

-1
-2

IR64

-3

Figure 12 Control of tillering and expression profiles of the involved genes. This figure is adapted
from Figure 6 (e) of Guo et al., 2013. The control of tillering mediated by three regulators
(OsMADS57, D14, and OsTB1) is indicated in the center. The histogram shows variety-specific genes
regulation in our study. The significance of differential gene expression was judged by using two
thresholds: p-value < 0.05 and absolute fold change ≥ 2, and indicated by blue shaded boxes (downregulated). Light grey shaded boxes indicate constitutive gene expression or non-significant change in
gene expression.
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The expression of OsMADS57 was specifically down-regulated in the tolerant varieties (Dular
and Kasalath), while D14 was specifically down-regulated in IR64 (Figure 12). These
variety-specific gene regulations therefore reflect different responses between the tolerant
varieties and IR64 in response to dual abiotic stresses. In summary, the expression of
OsMADS57 was specifically down-regulated in the tolerant varieties and relatively severe
reduction in tillering was expected, while the expression of D14 was specifically downregulated in IR64 and relatively moderate reduction in tillering was expected. Therefore, we
propose that OsMADS57 and D14 are involved in a variety-specific mechanism in response to
dual abiotic stresses: tolerant variety-specific mechanism; OsMADS57, and IR64-specific
mechanism; D14. In the control condition when sufficient water and P were applied, there
were no visible differences in plant growth between tolerant varieties and IR64, whereas, only
tolerant varieties sustained viability under severe dual abiotic stresses (20% FTSW with Pdeficiency). Based on these results, we expect that control of tillering is differently regulated
by OsMADS57 in the tolerant varieties or by D14 in IR64 in response to dual abiotic stresses.
Therefore, we hypothesize that delayed plant growth including reduced tiller number is one of
the putative tolerant variety-specific mechanism to cope with dual abiotic stresses. Since the
expression of OsTB1 was down-regulated in both tolerant varieties and IR64, this suggests
that putative additional factor is involved in the interaction of OsMADS57 with D14.
It has also been demonstrated that another transcription factor OsTEF1 is involved in control
of tillering in rice (Paul et al., 2012). A T-DNA insertion mutation of OsTEF1 in Oryza sativa
cv. Basmati 370 leads to a reduction in tillering about 60–70% and retarded growth of
seminal roots in comparison to that in control wild type plants (Paul et al., 2012). The
expression of OsTEF1 was down-regulated in the T-DNA insertion mutant, and influenced
expression of various abiotic stress-responsive genes including 32 transcription factors.
Although relatively severe reduced tillering was expected in the tolerant varieties as the
Ostef1 mutant, we observed an opposite pattern of gene regulation for OsTEF1 between our
results and published results in 2012 by Paul et al. The expression of OsTEF1 was downregulated in Ostef1 mutant (Paul et al., 2012), while specifically down-regulated in the
tolerant varieties in our study. To investigate the influence of tolerant variety-specific
induction in OsTEF1 expression to the above-mentioned 32 transcription factors, the
expression profiles were compared. Interestingly, 12 out of 32 transcription factors have
shown opposite regulation between Ostef1 mutant and tolerant varieties under dual abiotic
stresses. In the Ostef1 mutant, the expression of genes for 11 transcription factors (CHITIN
INDUSIBLE GIBBERELLIN RESPONSIVE 1; CIGR1, OsWRKY71, STRESS-RESPONSIVE
NAC 1; SNAC1, DEHYDRATION-RESPONSIVE ELEMENT-BINDING PROTEIN 1A;
OsDREB1A,

	
  

OsMYB4,

OsDREB1E,

ETHYLENE-RESPONSIVE ELEMENT-BINDING

45	
  

	
  
FACTOR 3; OsERF3, OsWRKY42, OsDREB1F, OsbHLH006, and OsDREB1C) was downregulated, while the expression of NAC DOMAIN-CONTAINING PROTEIN 5 (OsNAC5) was
up-regulated. In the tolerant varieties under dual abiotic stresses, these 12 transcription factors
show an opposite gene regulation (Table 8). Furthermore, the opposite regulation for these 12
transcription factors can be similarly observed in the IR64 as well, although OsTEF1 was
constitutively expressed in IR64. These results suggest that reduced tillering under dual
abiotic stresses is not explained by OsTEF1 expression alone and may be controlled by
complex regulation including several other related factors.
Among the identified putative transcription factors, we found one GRAS family transcription
factor DWARF AND LOW-TILLERING (DLT)/OsGRAS32 that has an important role in
brassinosteroid (BR) signaling and gibberellin (GA) metabolism in rice (Tong and Chu, 2009;
Li et al., 2010). A loss-of-function mutation in DLT/OsGRAS32 leads to abnormal plant
growth such as dwarfism, short root and reduced tillering. In this mutant, the expression of six
genes encoding gibberellin (GA) biosynthetic enzymes was significantly up-regulated.
Therefore, it has been suggested that DLT/OsGRAS32 not only participated in the regulation
of BR signaling but also influenced GA metabolism in rice (Li et al., 2010). Interestingly, the
expression of DLT/OsGRAS32 was specifically down-regulated in the tolerant varieties in our
study. To investigate whether variety-specific down regulation of DLT/OsGRAS32 influenced
GA metabolism only in the tolerant varieties, expression profiles of the above-mentioned six
GA

biosynthetic

genes

(Ent-COPALYL DIPHOSPHATE SYNTHASE 1;

OsCPS1,

GIBBERELLIN 20-OXIDASE 1; OsGA20ox/SD1, Ent-KAURENE SYNTHASE 1; OsKS1, EntKAURENE OXIDASE 1; OsKO1, Ent-KAURENE OXIDASE; OsKAO, and GIBBERELLIN 2OXIDASE 3; OsGA2ox3) reported in 2010 by Li et al were compared to our results. The
expression of six GA biosynthetic genes was up-regulated in both tolerant varieties and IR64
in response to dual abiotic stresses, moreover, most genes more highly induced in particular
variety; OsCPS1 was more highly induced in Kasalath and IR64 than in Dular,
OsGA20ox/SD1 was more highly induced in Dular and IR64 than in Kasalath, and three genes
(OsKS1, OsKO1, and OsKAO) were more highly induced in IR64 than in the tolerant varieties
(Table 9). In summary, five of the six GA biosynthetic genes were more highly induced in
IR64 than in the tolerant varieties (Dular and/or Kasalath) in response to dual abiotic stresses.
These results indicate that dual abiotic stresses influenced GA metabolism in both tolerant
varieties and IR64, but the involvement of DLT/OsGRAS32 in GA metabolism can be
explained in the tolerant varieties. The expression of five GA biosynthetic genes was more
highly induced in IR64 than in the tolerant varieties regardless of stable expression of
DLT/OsGRAS32, suggesting that the regulation of GA metabolism in IR64 is controlled by
putative additional factor or factors in response to dual abiotic stresses.
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Table 9 Differential expression of the DLT/OsGRAS32 and six GA biosynthetic genes. Gene
expression profiles of the DLT/OsGRAS32 (in bold) and six genes involved in GA biosynthesis are
indicated in the table. The average of the gene expression levels in the control (Avg_Control) and
stress conditions (Avg_Stress) is indicated in the expression columns for each variety, respectively.
The differential gene expression is indicated in the fold-change column and marked in red (upregulated) or blue (down-regulated), while the stable gene expression is marked in grey. The higher
fold change level in particular variety is marked in corresponding dark color.
Expression profiling (log2 transformed)

Gene name
DLT/OsGRAS32
- OsCPS1
- OsGA20ox2/SD1
- OsKS1
- OsKO1
- OsKAO
- OsGA2ox3

RAP Locus
Identifier
Os06g0127800
Os02g0278700
Os01g0883800
Os04g0611800
Os06g0569900
Os06g0110000
Os01g0757200

Dular

Kasalath

IR64

Avg_Control Avg_Stress

Avg_Control Avg_Stress

Avg_Control Avg_Stress

7.9
6.8
4.3
5.2
9.2
7.9
7.2

6.4
8.8
6.7
6.7
10.4
9.5
9.0

8.0
6.5
6.0
5.2
9.5
8.4
7.4

6.6
10.2
7.3
6.8
11.1
10.1
9.2

6.6
7.8
4.1
6.6
9.5
7.5
8.3

Fold change

6.9
10.6
7.1
9.1
12.4
10.5
11.0

Dular

Kasalath

IR64

-1.5
1.9
2.4
1.5
1.2
1.6
1.9

-1.4
3.6
1.3
1.6
1.6
1.7
1.8

0.3
2.9
3.0
2.5
2.9
3.0
2.7

The locus identifier for each gene is indicated as RAP Locus Identifier.
The gene expression level was estimated by using RSEM and transformed into log2.
The average of genes expression for control (Avg_Control) and stress (Avg_Stress) conditions were calculated by average of samples
in control condition (C2 and C3) and stress condition (S2, S3, S4, and S5).
The fold change represent log ratio between control and stress conditions for each variety

Gibberellins (GAs) are diterpenoids derived from four isoprenoid units and play an important
role in plant growth and development (Grennan, 2006). To verify whether dual abiotic
stresses influenced diterpenoid biosynthesis, expression profiles of the 11 genes (OsCPS1,
OsCPS2, OsCPS4, OsKS1, OsKS4, OsKS5, OsKS6, OsKS7, OsKS8, OsKS10, and OsKS11)
involved in diterpenoid biosynthetic pathway were additionally analyzed. Of these, the
expression of OsCPS2 and OsKS7 was specifically up-regulated in the tolerant varieties. In
addition, the expression of OsKS10 was more highly induced in the tolerant varieties than in
IR64, especially in Kasalath (Table 10). It has been proposed that some CPS-, KS-, and KOlike genes are likely to be involved in phytoalexin biosynthesis rather than GA biosynthesis
based on the expression profiles of several genes that induced by UV irradiation and/or
elicitor treatment (Sakamoto et al., 2004). Among the three genes (OsCPS2, OsKS7, and
OsKS10) regulated in a TOL-specific manner, OsCPS2 encoding ent-copalyl diphosphate
synthase that play an important role in defensive phytochemical biosynthesis (such as
phytoalexin) (Prisic et al., 2004). In addition, another two genes (OsKS7 and OsKS10) can be
found in the proposed diterpenoid biosynthetic pathway, especially for oryzalexins or
phytocassanes biosynthesis (Figure 13). On the other hand, the expression of two GA
biosynthetic genes was more highly up-regulated in Kasalath and IR64 (OsCPS1) or in IR64
(OsKS1) than in other variety/ies. These results indicate that three phytoalexin biosynthetic
genes were specifically or more strongly induced in the tolerant varieties in response to dual
abiotic stresses, while two GA biosynthetic genes were more strongly induced in IR64.
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Table 10 Differential expression of genes involved in diterpenoid biosynthesis. Gene expression
profiles of the five genes encoding enzymes involved in diterpenoid biosynthesis are indicated in the
table. The average of the gene expression levels in the control (Avg_Control) and stress conditions
(Avg_Stress) is indicated in the expression columns for each variety, respectively. The differential
gene expression is indicated in the fold-change column and marked in red (up-regulated), while the
stable gene expression is marked in grey. The higher fold change level in particular variety is marked
in dark red.

	
  
Expression profiling (log2 transformed)
Dular

Kasalath

IR64

Avg_Control Avg_Stress

Avg_Control Avg_Stress

Avg_Control Avg_Stress

Gene name

RAP Locus
Identifier

OsCPS1

Os02g0278700

6.8

8.8

6.5

10.2

7.8

OsKS1

Os04g0611800

5.2

6.7

5.2

6.8

6.6

OsCPS2

Os02g0571100

7.8

9.3

7.2

9.9

OsKS7

Os02g0570400

6.9

8.1

6.7

OsKS10

Os12g0491800

2.6

5.8

3.9

Fold change
Dular

Kasalath

IR64

10.6

1.9

3.6

2.9

9.1

1.5

1.6

2.5

8.6

8.7

1.4

2.7

0.1

8.7

7.2

7.5

1.2

2.1

0.3

9.2

4.6

6.5

3.2

5.3

1.9

The locus identifier for each gene is indicated as RAP Locus Identifier.
The gene expression level was estimated by using RSEM and transformed into log2.
The average of genes expression for control (Avg_Control) and stress (Avg_Stress) conditions were calculated by average of samples
in control condition (C2 and C3) and stress condition (S2, S3, S4, and S5).
The fold change represent log ratio between control and stress conditions for each variety

Dular
Kasalath
IR64
Figure 13 Differently regulated diterpenoid biosynthesis between tolerant varieties and IR64.
This pathway is adapted from Figure 1 of Kanno et al., 2006. In the proposed diterpenoid biosynthetic
pathway, each colored arrow represents the differential expression of corresponding genes in Dular
(marked in blue), Kasalath (marked in red), and IR64 (marked in green), respectively. The direction of
arrow indicates reaction flow of each enzyme, and the thickness of each arrow represents the different
fold-change levels in each variety.
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As demonstrated in section 3.1, only a relatively moderate delayed plant growth was observed
in IR64 in comparison to that in the tolerant varieties during stress treatment. These results
suggest that the modern cultivar (IR64) continues plant growth in response to dual abiotic
stresses, which can be explained by five of the six GA biosynthetic genes that are more
strongly induced in IR64 than in the tolerant varieties. On the other hand, the tolerant
varieties may have different mechanism against dual abiotic stresses, which can be expected
from the tolerant variety-specific regulation for three phytoalexin biosynthetic genes.
Phytoalexin often accumulates in response to pathogen attack and is considered important for
plant resistance against pathogens, but has not yet been characterized in most species (Ahuja
et al., 2012). In addition, diverse types of phytoalexins have been found in crop plants that
accumulate in response to pathogens and elicitors. For instance, kauralexins and zealexins in
Zea mays (maize) (Huffaker et al., 2011; Schmelz et al., 2011), avenanthramides in Avena
sativa (oat) (Yang et al., 2004), luteolin, apigenin, and 3-deoxyanthocyanidins in Sorghum
bicolor (sorghum) (Basavaraju et al., 2009; Du et al., 2010b; Liu et al., 2010b), and
momilactones, phytocassanes, sakuranetin, and oryzalexin E in Oryza sativa (rice) (Dillon et
al., 1997; Mori et al., 2007; Hasegawa et al., 2010). Based on these results, we propose that
the specifically or more strongly responding phytoalexin biosynthesis in the tolerant varieties
is one of the possible tolerant variety-specific mechanism to cope with dual abiotic stresses.
Apart from the above-mentioned identified transcription factors, sets of genes belonging to
large gene families (AP2/ERF, MYB, MADS-box, bZIP, WRKY, and bHLH) also showed a
differential gene expression in response to dual abiotic stresses and were regulated in a TOLspecific or in an IR64-specific manner (Table 11). These sets of genes are composed of 19
AP2/ERF family genes (TOL; 13 and INTOL; 6), three GRAS family genes (TOL; 3), 16
MYB family genes (TOL; 9 and INTOL; 7), six MADS-box family genes (TOL; 4 and
INTOL; 2), five bZIP family genes (TOL; 3 and INTOL; 2), five WRKY family genes (TOL;
3 and INTOL; 2), eight bHLH family genes (TOL; 3 and INTOL; 5), and four TIFY family
genes (INTOL; 4). Interestingly, differentially expressed GRAS family genes can be found
only in the tolerant varieties, while differentially expressed TIFY family genes can be found
only in the IR64 among these identified putative transcription factors. In plant, these large
transcription factor families are known to be involved in various biological processes
including responses to abiotic stress or biotic stress, and plant development.
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Differentially expressed genes in the GRAS family of transcription factors
In rice, a total of 57 GRAS TRANSCRIPTION FACTOR (GRAS) family genes have been
identified (Tian et al., 2004). The relevant locus identifiers for these identified GRAS family
genes, however, could not be accessed from this published study. In addition, the annotated
locus identifiers in the rice transcription factor databases such as GrassTFDB
(http://grassius.org/) were not consistent with the reported findings (Tian et al., 2004).
Therefore, the major rice databases were searched for relevant locus identifiers of GRAS
family genes. Consequently, we found 23 and 39 locus identifiers for rice GRAS family genes
from the rice annotation project database (http://rapdb.dna.affrc.go.jp/) and the rice gene
genome annotation project database (http://rice.plantbiology.msu.edu/), respectively. To date,
only one member of GRAS family gene, DLT/OsGRAS32, has been functionally
characterized for a precise annotation (Li et al., 2010). We previously suggested a potential
involvement of DLT/OsGRAS32 in the regulation of GA biosynthetic genes as part of the
tolerant variety-specific mechanism in response to dual abiotic stresses. Additionally, we
identified three GRAS family genes (Os05g0485400, Os11g0160550, and Os12g0138200)
that exhibited differential gene expression under dual abiotic stresses (Table 11). The
expression of these genes was more highly up-regulated in Dular (Os11g0160550), in
Kasalath (Os05g0485400), and in the tolerant varieties (Os12g0138200) than in other variety
or varieties. Since the tolerant varieties sustained viability under severe dual abiotic stresses
(i.e. 20% of soil saturation or 0.2 FTSW level) in comparison to IR64, we propose that the
relatively high induction levels of these identified GRAS family genes are related to the
performance of the tolerant varieties.
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Table 11 Differential expression of genes encoding transcription factors. Gene expression profiles
of the identified transcription factors indicated in the table. The differential gene expression is marked
in red (up-regulated) or blue (down-regulated), while the stable gene expression is marked in grey. The
higher fold change level in particular variety is marked in corresponding dark color.
Log2 Fold Change
RAP Locus
Identifier
Tolerant variety-specific regulation
Gene name

Dular

Kasalath

IR64

Log2 Fold Change
Gene Family

Gene name

RAP Locus
Identifier

Dular

Kasalath

IR64

IR64-specific regulation

AP2/EREBP163, OsERF83

Os03g0860100

2.2

0.1

0.9

AP2/EREBP21, OsERF32

Os02g0656600

0.0

-0.8

1.1

AP2/EREBP117, OsERF118

Os11g0168500

2.4

2.0

0.6

AP2/EREBP130, OsERF103

Os02g0764700

1.3

1.6

3.2

AP2/EREBP74, OsERF86

Os07g0410700

2.7

1.9

0.8

OsDREB1J, OsDREB1I

Os08g0545500

-0.9

-0.7

2.8

AP2/EREBP159, OsERF4

Os12g0582900

4.2

4.4

3.2

OsDREB1C

Os06g0127100

1.5

2.7

3.7

AP2/EREBP52

Os05g0536250

7.7

7.1

6.1

OsDREB1F

Os01g0968800

2.7

2.7

6.9

AP2/EREBP75, OsERF6

Os07g0575000

4.1

3.4

2.4

OsDREB1G

Os02g0677300

1.7

3.0

4.2

AP2/EREBP120, OsERF98

Os02g0546600

1.8

2.6

-1.3

AP2/EREBP3, OsERF68

Os01g0313300

-2.0

-0.9

-0.3

AP2/EREBP129

Os01g0141000

-1.8

-3.0

-0.5

AP2/EREBP76, OsERF67

Os07g0674800

-2.8

-1.3

-0.4

AP2/EREBP119, OsERF45

Os04g0529100

-3.4

-1.9

-1.7

AP2/EREBP30, OsERF66

Os03g0341000

-6.0

-4.3

-4.3

AP2/EREBP24, OsERF88

Os03g0150200

-3.3

-3.3

-1.3

Os03g0129800

1.7

0.3

0.3

Os11g0207600

0.0

0.4

-1.3

Os08g0433400

0.5

2.1

0.4

Os01g0187900

-0.7

0.0

1.1

Os02g0325600

3.9

2.2

2.9

Os01g0192300

-0.9

-1.0

-2.1

Os03g0252900

1.3

2.7

1.4

Os08g0435700

-0.2

0.8

-1.2

Os01g0855400

4.8

4.7

2.4

Os03g0720800

-0.6

-0.7

-1.7

Os03g0142600

3.5

3.9

1.6

Os02g0695200

0.2

-0.7

-1.7

Os04g0508500

4.5

4.4

3.1

Os09g0431300

-2.3

-2.2

-3.6

Os01g0635200

-3.3

-2.1

-1.5

OsMADS58

Os05g0203800

-0.6

0.2

1.8

OsMADS68

Os11g0658700

0.6

0.3

-1.1

OsbZIP22

Os02g0728001

0.7

0.0

-1.2

OsbZIP24

Os02g0833600

0.5

0.5

-1.2

OsWRKY64

Os12g0116700

-0.6

0.6

-1.6

OsWRKY26

Os01g0714800

0.4

1.5

2.7

2.0

MYB family transcription
factor, putative, expressed

AP2/ERF
family

OsMyb12

MYB family

MYB family transcription
factor, putative, expressed

Os05g0579700

-5.3

-3.0

-4.2

OsMADS20

Os12g0501700

0.3

1.3

0.1

OsMADS1

Os03g0215400

-1.4

-0.3

0.4

OsMADS18

Os07g0605200

-1.8

-0.1

0.1

OsMADS14

Os03g0752800

-2.4

-2.6

-1.1

Os01g0960200

-1.1

0.3

0.1

Os11g0166201

-1.9

-0.6

-0.5

OsbZIP80

Os11g0154900

0.1

1.8

0.8

OsWRKY45

Os05g0322900

-1.3

0.2

-0.2

OsWRKY62

Os09g0417800

-2.3

-0.1

-0.6

OsWRKY42

Os02g0462800

2.7

3.9

2.9

OsbHLH025

Os01g0196300

-1.8

-0.2

-0.7

OsbHLH009

Os10g0575000

1.0

0.7

OsbHLH165

Os01g0577300

-2.6

-1.9

0.2

OsbHLH032

Os09g0475400

0.9

1.0

2.0

OsbHLH119

Os05g0541400

-3.5

-3.2

-2.0

OsbHLH092

Os09g0501600

-0.4

-0.6

-1.8

OsbHLH006

Os04g0301500

2.5

2.7

4.6

OsbHLH045

Os10g0376900

-1.1

-1.6

-2.6

bZIP transcription factorlike

Transcription factor GRAS
domain containing protein

Os11g0160550

4.1

2.3

3.0

Os12g0138200

5.3

5.2

4.1

Os05g0485400

3.9

7.1

4.2

MADS-box
family

bZIP family

WRKY
family

bHLH
family

GRAS
family

TIFY family

OsTIFY9

Os04g0395800

0.4

-0.6

2.4

OsTIFY10A

Os03g0402800

1.6

1.3

2.8

OsTIFY11e

Os10g0391400

1.5

2.2

3.8

OsTIFY11d

Os10g0392400

2.5

2.5

3.7

	
  

The locus identifier for each gene is indicated as RAP Locus Identifier.

Differentially expressed genes in the AP2/EREBP family of transcription factors
In rice, a total of 163 APETALA2/ETHYLENE-RESPONSIVE ELEMENT-BINDING
PROTEIN (AP2/EREBP) family genes have been identified and can be divided into the four
subfamilies APETALA2 (AP2), RELATED TO ABI3/VP1 (RAV), DEHYDRATION-
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RESPONSIVE ELEMENT BINDING PROTEIN (DREB), and ETHYLENE-REPONSIVE
FACTOR (ERF) based on the conserved amino acid residues (Sharoni et al., 2011). Of these,
19 genes were differentially expressed under dual abiotic stresses, and composed of one AP2,
one RAV, four DREB, and 13 ERF subfamily genes. Interestingly, the differential expression
of these genes was regulated in a variety-specific manner, especially for the genes belonging
to the AP2, RAV, and DREB subfamilies. For instance, one gene in the AP2 subfamily
(AP2/EREBP52) was highly up-regulated in the tolerant varieties, and another one gene in the
RAV subfamily (AP2/EREBP129) was down-regulated only in the tolerant varieties. Within
the tolerant varieties, the expression of AP2/EREBP129 was highly down-regulated in
Kasalath (Table 11). On the other hand, the four DREB subfamily genes were regulated in an
IR64-specific manner. The expression of three genes (OsDREB1C, OsDREB1F, and
OsDREB1G) was highly up-regulated in IR64 in comparison to the tolerant varieties and
OsDREB1I/OsDREB1J was up-regulated only in IR64 under dual abiotic stresses. In addition,
a complex pattern of regulation was observed for 13 ERF subfamily genes, which were
regulated in a TOL-specific (11 genes) or in an IR64-specific manner (2 genes). The TOLspecific regulation is composed of Dular-specific regulation (OsERF83, OsERF68, OsERF45,
OsERF66, and OsERF67) and tolerant variety-specific regulation (OsERF86, and OsERF118,
OsERF4, OsERF6, OsERF88, OsERF98). The INTOL-specific regulation is composed of two
genes: OsERF32; up-regulated only in IR64, and OsERF103; highly up-regulated in IR64 in
comparison to the tolerant varieties.
The gene expression profiling for AP2/EREBP family genes under abiotic and biotic stresses
has been reported in different studies (Dubouzet et al., 2003; Chen et al., 2008; Wang et al.,
2008; Matsukura et al., 2010; Sharoni et al., 2011). Of these, the expression profiles of seven
genes (1 AP2, 3 DREB, and 3 ERF subfamily) were comparable to our results. For the AP2
subfamily gene, the expression of AP2/EREBP52 was up-regulated by submergence stress or
inoculation of rice stripe virus (Sharoni et al., 2011). In our study, AP2/EREBP52 was more
highly induced in the tolerant varieties than in IR64 therefore suggests that AP2/EREBP52 is
potentially involved in a common mechanism in both tolerant varieties and IR64 in response
to dual abiotic stresses, especially more strongly responded in IR64. From the previous results
(Sharoni et al., 2011), the functional role of AP2/EREBP52 as common regulator that are
involved in crosstalk between the abiotic (submergence) and biotic (rice stripe virus) stresses
can be also conjectured.
For the three ERF subfamily genes, OsERF118 was up-regulated under drought or
submergence stress (Sharoni et al., 2011). Similarly, the expression of OsERF118 was upregulated under dual abiotic stresses, especially in the tolerant varieties. Of the functionally
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characterized transcription factors in the ERF subfamily, SUB1A is a well-known major
regulator for submergence tolerance (Fukao et al., 2011). It has also been demonstrated that
the expression of SUB1A was up-regulated under drought and submergence stress, and SUB1
introgression rice lines displayed enhanced tolerance to both drought and submergence stress
in comparison to the wild type plants (Wang et al., 2007; Fukao et al., 2011). OsERF118 and
SUB1A were similarly up-regulated under both drought and submergence stresses, thus
suggesting that OsERF118 is involved in the abiotic stress tolerance mechanism, especially
for drought and submergence stress. Based on the expression profiles, we expect that the
tolerant variety-specific induction of OsERF118 is related to the performance of the tolerant
varieties in response to dual abiotic stresses. Another two ERF subfamily genes identified in
our study, OsERF68 and OsERF83, exhibited differential gene expression under biotic stress
(inoculation of rice tungro spherical virus); OrERF68 was up-regulated, while OrERF83 was
down-regulated (Sharoni et al., 2011). Interestingly, we also found an antagonistic regulation
of these genes in Dular under dual abiotic stresses; OsERF68 was down-regulated, while
OsERF83 was up-regulated. Recently, the antagonistic regulation between abiotic and biotic
stresses was reported in several signalling and regulation components (Narsai et al., 2013).
Although these genes including OsERF68 and OsERF83 have not yet been functionally
characterized, the potential involvement of these genes in crosstalk between abiotic and biotic
stresses can be conjectured. Based on these results we expected that OsERF68 and OsERF83
are potentially involved in such an antagonistic regulation especially in Dular.
DREB subfamily genes are well-known transcription factors that confer tolerance to different
types of abiotic stresses, mostly to drought stress (Dubouzet et al., 2003; Chen et al., 2008;
Wang et al., 2008; Matsukura et al., 2010). Of the identified DREB subfamily genes in rice,
the expression profiles of three genes (OsDREB1C, OsDREB1F, and OsDREB1G) were
comparable to our results. For instance, the expression of two genes (OsDREB1C and
OsDREB1F) was up-regulated by different types of abiotic stresses (drought, high salinity
and cold), while OsDREB1G was massively induced only by cold stress in IR64 (Mao and
Chen, 2012). Despite the cold stress-specific induction of OsDREB1G, the overexpression of
the gene in rice transgenic plants results in enhanced tolerance to drought stress (Chen et al.,
2008). Interestingly, these DREB subfamily genes were more highly induced in IR64 than in
the tolerant varieties therefore suggests that these genes are potentially involved in a common
mechanism in both tolerant varieties and IR64 in response to dual abiotic stresses, especially
more strongly responded in IR64. However, it is unclear that different induction levels of
these genes are correlated with tolerance to dual abiotic stresses due to the poor performance
of IR64 during stress treatment in comparison to the tolerant varieties.

	
  

53	
  

	
  
Differentially expressed genes in the WRKY family of transcription factors
In rice, a total of 98 and 102 WRKY TRANSCRIPTION FACTOR (WRKY) family genes
have been identified in the genomes of the indica-type (LYP9) and japonica-type
(Nipponbare) rice varieties, respectively (Ross et al., 2007). Of these, five WRKY family
genes showed differential gene expression and were regulated in a TOL- (OsWRKY42,
OsWRKY45, and OsWRKY62) or in an IR64-specific manner (OsWRKY26 and OsWRKY64)
under dual abiotic stresses (Table 11). For the TOL-specific regulation, OsWRKY42 was
more highly induced in Kasalath than in other varieties (Dular and IR64), while OsWRKY45
and OsWRKY62 were specifically down-regulated in Dular. For the INTOL-specific
regulation, OsWRKY26 was more highly induced in IR64 than in Kasalath, while OsWRKY64
was specifically down-regulated in IR64.
Among the identified WRKY family genes in our study, the involvement of OsWRKY45 in
disease resistance and drought tolerance has been demonstrated in Arabidopsis (Qiu and Yu,
2009). The expression of OsWRKY45 was induced not only by various abiotic stresses (salt,
dehydration, cold, and high heat) and biotic stresses (infection by Pyricularia oryzae Cav. and
Xanthomonas oryzae pv. oryzae) but also ABA treatment. In addition, the overexpression of
OsWRKY45 in Arabidopsis transgenic plants displayed enhanced resistance to the bacterial
pathogen as well as the enhanced tolerance to drought and salt stresses (Qiu and Yu, 2009).
These results indicate that the OsWRKY45 is possibly involved in the signal pathway on both
biotic and abiotic stress response. Interestingly, we found opposite pattern of gene regulation
for OsWRKY45 under dual abiotic stresses; the expression of OsWRKY45 was specifically
down-regulated in Dular and constitutively expressed in other varieties (Kasalath and IR64).
These results suggest that OsWRKY45 can be differently regulated by a combination of
abiotic stresses. We also found that the rest of identified WRKY family genes were regulated
in a variety-specific manner. Therefore, we propose that these identified WRKY family genes
function in the variety-specific mechanism in response to dual abiotic stresses, and it can be
different with response to individual environmental stress.
Differentially expressed genes in the MADS-box family of transcription factors
Previous studies have demonstrated that several MADS-BOX TRANSCRIPTION FACTOR
(MADS-box) family genes play an important role in floral organ development in diverse plant
species (Lee et al., 2004; Wang et al., 2013; Cai et al., 2014). The functional roles of MADSbox family genes, however, have not yet been investigated under abiotic stress. In rice, a total
of 75 MADS-box family genes have been identified (Arora et al., 2007). Of these, seven
MADS-box family genes exhibited differential gene expression under different types of
abiotic stresses such as cold, dehydration, and salt (Arora et al., 2007). For instance, the
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expression of OsMADS22 was up-regulated by dehydration stress, while OsMADS27 was upregulated in response to cold and salt stresses. Among these seven abiotic stress-responsive
MADS-box family genes, we found opposite pattern of gene regulation for OsMADS18
between the reported dehydration stress and our dual abiotic stresses. The expression of
OsMADS18 was up-regulated under dehydration stress (Arora et al., 2007), while downregulated only in Dular under dual abiotic stresses. In the case of WRKY family genes,
OsWRKY45 showed a pattern similar to the regulation of OsMADS18. The expression of
OsWRKY45 was significantly induced by different types of abiotic and biotic stresses (Qiu
and Yu, 2009), while down-regulated only in Dular under dual abiotic stresses. These results
suggest that the expression of several transcription factors such as OsWRKY45 and
OsMADS18 can be differently regulated by a combination of abiotic stresses, especially in a
variety-specific manner. Additionally, we identified another five MADS-box family genes
that differentially expressed under dual abiotic stresses. Of these, four genes were regulated in
a variety-specific manner; Dular-specific regulation (down-regulated OsMADS1), Kasalathspecific regulation (up-regulated OsMADS20), and IR64-specific regulation (up-regulated
OsMADS58 and down-regulated OsMADS68). In addition, the expression of OsMADS14 was
more highly down-regulated in the tolerant varieties than in IR64. These complex patterns of
gene regulation suggest that the identified MADS-box family genes are involved in the
variety-specific mechanisms in response to dual abiotic stresses.
Differentially expressed genes in the bZIP family family of transcription factors
A total of 89 BASIC LEUCINE ZIPPER TRANSCRIPTION FACTOR (bZIP) family genes
have been identified in rice, and also two characteristic domains of the bZIP proteins were
reported: a DNA-binding basic region and the leucine zipper dimerization region (Nijhawan
et al., 2008). In addition, differential gene expression of 37 bZIP family genes under different
types of abiotic stresses such as dehydration, cold, and salt have been reported in IR64
(Nijhawan et al., 2008). In our study, we identified a total of five bZIP family genes including
two genes (Os01g0960200 and Os11g0166201) encode bZIP transcription factor-like proteins.
These genes were differentially expressed under dual abiotic stresses and regulated in a
variety-specific manner; Dular-specific regulation (down-regulated two putative bZIP family
genes), Kasalath-specific regulation (up-regulated OsbZIP80), and IR64-specific regulation
(down-regulated OsbZIP22 and OsbZIP24). Among the abiotic stress-responsive bZIP family
genes reported by Nijhawan (2008), we found only one gene (OsbZIP80) that regulated in a
TOL-specific manner under dual abiotic stresses; the expression of OsbZIP80 was
specifically up-regulated in Kasalath (Table 11). OsbZIP80 was significantly up-regulated by
different types of abiotic stresses (such as dehydration) in IR64 (Nijhawan et al., 2008),
whereas, stable gene expression was observed in our study under dual abiotic stresses. These
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results indicate that OsbZIP80 can be differently expressed in response to a combination of
abiotic stresses and that the transcription factor is likely involved in the Kasalath-specific
mechanism in response to dual abiotic stresses. Similarly, the rest of identified bZIP family
genes in our study were regulated in a variety-specific manner under dual abiotic stresses. As
in the case for OsbZIP80, we propose that these identified bZIP family genes are involved in
the variety-specific mechanisms in response to dual abiotic stresses.
Differentially expressed genes in the MYB family of transcription factors
A total of 155 MYB TRANSCRIPTION FACTOR (MYB) family genes have been identified
in rice, and characterized by a highly conserved MYB DNA-binding domain (Katiyar et al.,
2012). Recently, gene expression profiling for MYB family genes under drought stress has
been reported in one of the aus-type rice varieties, Nagina 22 (N22), and 60 out of 155 MYB
family genes showed a differential gene expression (Katiyar et al., 2012). Of these, 28 MYB
family genes were found to be up-regulated by drought stress. Interestingly, we found that
only one of these drought stress-responsive MYB family genes, Os08g0433400, was
regulated in a TOL-specific manner under dual abiotic stresses in our study; the expression of
Os08g0433400 was specifically up-regulated in Kasalath (Table 11). This result suggests that
Os08g0433400 is likely involved in the mechanism common between the N22 and Kasalath
in response to abiotic stress.
The identified rice MYB family genes can be classified into four distinct groups namely
“MYB-related genes”, “MYB-R2R3”, “MYB-R1R2R3”, and “Atypical MYB genes” based
on the number (and presence) of highly conserved MYB DNA-binding domain (Katiyar et al.,
2012). According to this classification, the above-mentioned MYB family gene
(Os08g0433400) belongs to the MYB-R2R3 group. Recently, one of the MYB-R2R3 group
genes, OsMYB2, has been suggested as a stress-responsive MYB transcription factor that
plays a regulatory role in tolerance mechanisms against abiotic stress such as salt, cold, and
dehydration in rice (Yang et al., 2012a). The expression of OsMYB2 was induced not only by
different types of abiotic stresses, such as cold, salt, and dehydration, but also ABA treatment.
In addition, the overexpression of OsMYB2 in rice transgenic plants displayed enhanced
tolerance to above-mentioned abiotic stresses and showed increased sensitivity to ABA in
comparison to the wild-type plants (Yang et al., 2012a). In our study, the expression of
OsMYB2 was up-regulated similarly between the tolerant varieties and IR64 under dual
abiotic stresses, thus suggesting that OsMYB2 is likely involved in a common tolerance
mechanism between the tolerant varieties and IR64 in response to dual abiotic stresses. Apart
from the above-mentioned MYB family genes, we additionally identified 16 MYB family
genes that are differentially expressed under dual abiotic stresses (Table 11). Of these, four
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genes (Os03g0129800, Os02g0325600, Os01g0635200, and Os05g0579700) were regulated
in a Dular-specific manner, Os03g0252900 was regulated in a Kasalath-specific manner, and
seven

genes

(Os11g0207600,

Os01g0187900,

Os01g0192300,

Os08g0435700,

Os03g0720800, Os02g0695200, Os09g0431300) were regulated in an IR64-specific manner.
Based on these results, we expect the potential involvement of these genes in a varietyspecific mechanism in response to dual abiotic stresses.
Differentially expressed genes in the bHLH family of transcription factors
In rice, a total of 167 BASIC HELIX-LOOP-HELIX TRANSCRIPTION FACTOR (bHLH)
family genes have been identified (Li et al., 2006b). Of these, four genes (OsbHLH006,
OsbHLH062, OsbHLH096, and OsbHLH148) have been suggested to play an important role
in response to different types of abiotic stresses (Wang et al., 2003b; Kiribuchi et al., 2005; Yi
et al., 2005; Seo et al., 2011). For instance, OsbHLH148 was up-regulated under different
types of abiotic stresses, such as dehydration, high salinity, low temperature, and wounding,
as well as treatment with methyl jasmonate (MeJA) or ABA (Seo et al., 2011). In addition,
the overexpression of OsbHLH148 in rice transgenic plants displayed enhanced tolerance
against drought stress. Similarly, OsbHLH148 was up-regulated in our experiment in both
tolerant varieties and IR64, thus suggesting that OsbHLH148 is involved in a common
tolerance mechanism between the tolerant varieties and IR64 in response to dual abiotic
stresses. We additionally identified eight bHLH family genes that are differentially expressed
under dual abiotic stresses and regulated in a variety-specific manner (Table 11). Of these,
three genes (OsbHLH025, OsbHLH119, and OsbHLH165) were regulated in a tolerant
variety-specific manner, while five genes (OsbHLH006, OsbHLH009, OsbHLH032,
OsbHLH045, and OsbHLH092) were regulated in an IR64-specific manner. These identified
genes have not yet been functionally characterized, thus it is difficult to predict their
functional role under dual abiotic stresses. Based on the expression profiles, we expect that
they are involved in a variety-specific mechanism in response to dual abiotic stresses.
Differentially expressed genes in the TIFY family of transcription factors
The TIFY TRANSCRIPTION FACTOR (TIFY) family is a novel plant-specific gene family
that was first identified in Arabidopsis, and a total of 20 TIFY family genes have been
identified in rice (Vanholme et al., 2007; Ye et al., 2009). The gene expression profiling for
rice TIFY family genes has been reported under major abiotic stresses (drought, salt and cold)
as well as treatment with ABA (Ye et al., 2009). Of these, 18 genes were differentially
expressed under at least one of the above-mentioned stress conditions. For instance, the
expression of OsTIFY11a was strongly up-regulated by drought or cold stress in rice leaves,
and overexpression in rice transgenic plants displayed enhanced tolerance to drought and salt
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stresses (Ye et al., 2009). In addition, phylogenetic analysis revealed that OsTIFY11a could
be classified into group 2 along with other 15 TIFY family genes. The expression of
OsTIFY11a was up-regulated under dual abiotic stresses similarly in both the tolerant
varieties and IR64, thus suggesting that OsTIFY11a is likely involved in a common tolerance
mechanism between the tolerant varieties and IR64 in response to dual abiotic stresses.
We additionally identified four TIFY family genes (OsTIFY9, OsTIFY10a, OsTIFY11d and
OsTIFY11e) that differentially expressed under dual abiotic stresses (Table 11). Interestingly,
these genes were regulated in an IR64-specific manner; OsTIFY9 was specifically upregulated in IR64, while another three genes (OsTIFY10a, OsTIFY11d and OsTIFY11e) were
more highly induced in IR64 than in the tolerant varieties. According to the phylogenetic
analysis conducted by Ye (2009), these identified four TIFY family genes belonging to the
group 2 along with the OsTIFY11a (Ye et al., 2009). It has been demonstrated that
OsTIFY11a is involved in the tolerance mechanism against drought and salt stress (Ye et al.,
2009), thus suggesting that the similarly regulated four TIFY family genes are involved in the
IR64-specific mechanism in response to dual abiotic stresses.
Functional genes: Putative Transporters
A number of genes were selected based on the significantly enriched GO terms and the
current rice gene annotations in the publicly available databases, such as RAP-DB and MSUDB. The significantly enriched GO term, “transport (GO:0006810)”, was assigned to 43
genes in the TOL-specific group and 28 genes in the INTOL-specific group, respectively. We
additionally identified 23 genes in the TOL-specific group and 12 genes in the INTOLspecific group based on the gene annotation, putative transporter. In summary, 66 and 40
genes were selected as putative transporters from the TOL- and INTOL-specific groups,
respectively. These identified putative transporters can be grouped into several categories
based on the existing rice gene annotations and characterized biological functions: phosphate
transporters (TOL; 3 and INTOL; 2), sugar transporters (TOL; 3 and INTOL; 4), metal ion
transporters (TOL; 4 and INTOL; 6), and aquaporins (TOL; 4). Interestingly, among the
identified putative transporters, four genes that encode aquaporins showed a distinct pattern
of regulation specifically in the tolerant varieties under dual abiotic stresses.
Phosphate transporters
In rice, a total of 26 PHOAPHATE TRANSPORTERs (PTs) have been identified, and could
be classified into 4 subfamilies: PHOSPHATE TRANSPORTER 1 (PHT1) to PHT4 (Liu et
al., 2011). It has been demonstrated that half of the PHT1 subfamily genes play an important
role in Pi uptake and/or translocation in rice as low-affinity phosphate transporter (OsPT2) or
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high-affinity phosphate transporters (OsPT1, OsPT6, OsPT8, OsPT9, and OsPT10) (Ai et al.,
2009; Jia et al., 2011; Sun et al., 2012; Wang et al., 2014). In addition, the expression of these
PHT1 family genes was mostly up-regulated by P-deficiency stress in rice roots, except for
the constitutively expressed OsPT1. Of these, five PHT1 subfamily genes (OsPT1, OsPT6,
OsPT8, OsPT9, and OsPT10) showed a consistent pattern of regulation between single Pdeficiency stress and dual abiotic stresses applied in our study. OsPT1 was constitutively
expressed and the other four genes were up-regulated in both tolerant varieties and IR64,
especially OsPT9 was more highly induced in Dular than in other varieties (Table 12), and
OsPT6 was more highly induced in Dular and IR64 than in Kasalath (data is not shown).
Interestingly, OsPT2 showed an opposite pattern of gene regulation between single Pdeficiency stress and dual abiotic stresses, and was specifically down-regulated in the tolerant
varieties (Table 12). It has been demonstrated that the overexpression of OsPT2 in rice
transgenic plants results in accumulation of excess shoot Pi, while OsPT2-RNAi transgenic
plants showed relatively lower Pi content in shoot in comparison to the non-transgenic plants
(Ai et al., 2009; Liu et al., 2010a). In addition, OsPT6-RNAi transgenic plants also showed
relatively lower Pi content in shoot, whereas, the level of decreased Pi content was smaller
than that in the OsPT2-RNAi transgenic plants. It has, therefore, been suggest that OsPT2 is
involved in long-distance transport of Pi from roots to shoots, while OsPT6 is involved in
direct uptake of Pi from roots rather than in long-distance transport of Pi (Ai et al., 2009). The
expression of the above-mentioned PHT1 subfamily genes (except OsPT2) was similarly
regulated in both single P-deficiency stress and dual abiotic stresses applied in our study,
therefore suggesting that these genes are possibly involved in the common mechanism
between tolerant varieties and IR64 in response to dual abiotic stresses, especially for the Pi
uptake and/or translocation. On the other hand, OsPT2 is thought to be involved in the
tolerant variety-specific mechanism in response to dual abiotic stresses, especially for longdistance transport of Pi from roots to shoots. Considering the tolerant variety-specific downregulation of OsPT2 under dual abiotic stresses, we expect that Pi translocation from roots to
shoots is reduced in the tolerant varieties.
We additionally identified four rice PHT family genes that differentially expressed under dual
abiotic stresses (Table 12). In addition, these genes showed a variety-specific gene
regulation; two genes (OsPT5 and OsPT9) were more highly induced in Dular than in other
varieties, and another two genes (OsPT4 and OsPT13) were more highly induced in IR64
than in other varieties. Of these, the role of OsPT13 has been suggested as a moderate
contributor for symbiotic Pi uptake (Güimil et al., 2005). Together with another PHT family
gene, OsPT11, the expression of OsPT13 was induced by arbuscular mycorrhizal (AM)
inoculation regardless of phosphate availability in rice roots, moreover, the level of induction
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was much higher for OsPT11 than OsPT13 (Güimil et al., 2005). The important roles of these
phosphate transporters in AM symbiosis has been suggested, especially OsPT11 was
suggested as major contributor for symbiotic Pi uptake (Yang et al., 2012b). OsPT11 and
OsPT13 were similarly up-regulated in both tolerant varieties and IR64 under dual abiotic
stresses, especially OsPT13 was more highly induced in IR64 than in other varieties. These
results indicate that active symbiosis can be observed between AM and rice roots of tolerant
varieties and IR64 under dual abiotic stresses. Taken together, most of identified PHT family
genes in our study are likely to be involved in the common mechanism between tolerant
varieties and IR64 in response to dual abiotic stresses, except for the OsPT2. Moreover, the
gene regulation of several phosphate transporters was strongly responded in the particular
varieties under dual abiotic stresses; Dular-specific regulation (OsPT5 and OsPT9) and IR64specific regulation (OsPT4 and OsPT13).

Table 12 Differential expression of genes encoding transporters. Gene expression profiles of the
identified genes that encode transporters are indicated in the table. The differential gene expression is
marked in red (up-regulated) or blue (down-regulated), while the stable gene expression is marked in
grey. The higher fold change level in particular variety is marked in corresponding dark color.
Log2 Fold Change
RAP Locus
Identifier
Tolerant variety-specific regulation
OsPT9
Os06g0324800
OsPT5
Os04g0185600
OsPT2
Os03g0150800
Gene name

Dular
4.7
5.0
-1.2

Kasalath

IR64

3.4
4.1
-1.5

3.5
3.8
-0.4

OsGMST1

Os02g0274900

1.4

1.0

-0.4

OsSUT1

Os03g0170900

-1.4

-1.6

-0.4

OsSUT5

Os02g0576600

-2.3

-2.1

0.6

OsKAT1
OsHAK27
OsHAK22
OsIRT2

Os01g0756700
Os03g0574900
Os07g0102100
Os03g0667300

0.0
0.9
-2.2
-7.8

1.2
3.0
-2.6
-8.7

-0.4
0.2
-0.4
0.1

OsPIP2;4
OsTIP5;1
OsPIP2;5
OsTIP4;3

Os07g0448100
Os04g0550800
Os07g0448400
Os01g0232000

-1.0
-1.5
-2.2
-2.7

-0.9
0.4
-1.8
-3.0

0.0
0.1
-0.5
-0.9

Log2 Fold Change
Category

Phosphate
transporters

Sugar
transporter

Metal ion
transporters

Gene name
IR64-specific regulation
OsPT4
OsPT13
Similar to Sorbitol transporter
Putative UDP-galactose/UDPglucose transporter

RAP Locus
Identifier

Dular

Kasalath

IR64

Os04g0186400
Os04g0186800

4.0
4.1

3.1
4.5

5.8
6.4

Os11g0637200

-0.4

-0.3

1.2

Os06g0593100

-0.4

-0.2

-1.4

OsSWEET6b
OsSWEET1b

Os01g0605700
Os05g0426000

-0.6
2.8

-0.7
2.7

-2.1
3.8

OsHKT1;1
OsHKT2;1
OsHAK5
OsZIP3
OsMGT1
OsNHX2

Os04g0607500
Os06g0701700
Os01g0930400
Os04g0613000
Os01g0869200
Os11g0648000

0.3
0.0
-0.5
0.8
0.3
0.0

0.3
-0.7
0.6
0.4
0.5
0.1

1.6
-1.1
-1.6
-1.4
-1.1
-1.3

Aquaporins

The locus identifier for each gene is indicated as RAP Locus Identifier.

Sugar transporters
Among the identified putative transporters, several sugar transporters showed a distinct
pattern of gene regulation under dual abiotic stresses (Table 12). For instance, three genes
(GOLGI-LOCALIZED MONOSACCHARIDE TRANSPORTER 1; OsGMST1, SUCROSE
TRANSPORTER 1; OsSUT1, and SUCROSE TRANSPORTER 5; OsSUT5) exhibited
differential gene expression specifically in the tolerant varieties, while four genes (Similar to
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Sorbitol transporter; Os11g0637200, putative UDP-galactose/UDP-glucose transporter;
Os06g0593100,

BIDIRECTIONAL

SUGAR

TRANSPORTER

6b;

OsSWEET6b,

and

BIDIRECTIONAL SUGAR TRANSPORTER 1b; OsSWEET1b) were regulated in an IR64specific manner.
Recently, a novel Golgi-localized monosaccharide transporter (OsGMST1) has been identified
in rice (Cao et al., 2011). Gene expression profiling for OsGMST1 has been conducted under
different types of abiotic stresses, such as salt, cold, and dehydration, and the expression of
OsGMST1 was induced by salt stress (Cao et al., 2011). In addition, the reduced expression of
OsGMST1 in antisense lines lead to hypersensitivity in response to salt stress, while
overexpression did not contribute to the tolerance against salt stress. It was therefore proposed
that OsGMST1 is potentially involved in sugar translocation because the antisense lines had
reduced sugar (fructose and glucose) content in leaves (Cao et al., 2011). In our study,
OsGMST1 was specifically induced in the tolerant varieties under dual abiotic stresses (Table
12), suggesting that OsGMST1 may function in the tolerant variety-specific mechanism in
response to dual abiotic stresses, especially for sugar translocation. Based on the tolerant
variety-specific up-regulation of OsGMST1, we expect that sugar (fructose and glucose)
translocation is enhanced.
The other two sugar transporters (OsSUT1 and OsSUT5) also regulated in a TOL-specific
manner under dual abiotic stresses, whereas showed a pattern different to the regulation of
OsGMST1; OsSUT1 and OsSUT5 were specifically down-regulated in the tolerant varieties
(Table 12). In rice, a total of five SUCROSE TRANSPORTER (SUT) family genes have
been identified, and their expression was detected in the various organs including source and
sink tissues (Hirose et al., 1997; Aoki et al., 2003). The transporter activity of SUT family
proteins has so far been verified only for OsSUT1 and OsSUT5, and these transporters are
known to be a H+-coupled sucrose transporters (Sun et al., 2010). In addition, different
affinities for the substrate have demonstrated between the OsSUT1 (low affinity for sucrose)
and OsSUT5 (high affinity for sucrose) have demonstrated. In different studies, it has been
suggested that that either rice SUT family genes may be genetically redundant or OsSUT1
may play an important role in phloem loading of sucrose, but the functional role of these
genes have not yet been elucidated under abiotic stress (Hirose et al., 1997; Scofield et al.,
2007; Braun et al., 2014). Taken together, these sugar transporters (OsGMST1, OsSUT1, and
OsSUT5) are likely to be involved in the tolerant variety-specific mechanism in response to
dual abiotic stresses. Based on their expression profiles, we expect a controlled sugar
translocation in the tolerant varieties mediated by these identified sugar transporters under
dual abiotic stresses. We therefore propose that the sugar (fructose and glucose) translocation
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is enhanced by OsGMST1, while the sucrose translocation is reduced by OsSUT1 and
OsSUT5 in the tolerant varieties in response to dual abiotic stresses.
We additionally identified several putative sugar transporters that differentially expressed
under dual abiotic stresses and regulated in an IR64-specific manner. Among the identified
genes, three genes (sugar transporter family protein; Os11g0637200, putative UDPgalactose/UDP-glucose transporter; Os06g0593100, OsSWEET6b) were specifically downregulated in IR64, while OsSWEET1b was more highly induced in IR64 than in the tolerant
varieties. It is difficult to predict the molecular functions of these genes under dual abiotic
stresses, but based on their expression profiles we assume that these genes are potentially
involved in the IR64-specific mechanism in response to dual abiotic stresses as putative sugar
transporters, except for OsSWEET1b. The expression of OsSWEET1b was up-regulated in
both tolerant varieties and IR64, suggesting that OsSWEET1b is involved in the common
mechanism between tolerant varieties and IR64 in response to dual abiotic stresses, especially
more strongly responded in IR64.
Metal ion transporters
Among the identified putative transporters in our study, we found several metal ion
transporters that showed distinct patterns of gene regulation between tolerant varieties and
IR64. For instance, four genes (SHAKER POTASSIUM CHANNEL 1; OsKAT1, HIGHAFFINITY POTASSIUM TRANSPORTER 22; OsHAK22, HIGH-AFFINITY POTASSIUM
TRANSPORTER 27; OsHAK27, and IRON-REGULATED TRANSPORTER 2; OsIRT2) were
regulated in a TOL-specific manner, while six genes (HIGH-AFFINITY K+ TRANSPORTER
1; OsHKT1;1, HIGH-AFFINITY K+ TRANSPORTER 2; OsHKT2;1, HIGH-AFFINITY
POTASSIUM TRANSPORTER 5; OsHAK5, ZINC TRANSPORTER 3; OsZIP3, MAGNESIUM
TRANSPORTER 1; OsMGT1, and NA+/H+ ANTIPORTER 2; OsNHX2) were regulated in an
IR64-specific manner (Table 12). Most of these identified transporters are known to be
involved in uptake of various metal ions such as potassium, iron, nitrate, and magnesium.
Potassium transporters
Potassium channels and secondary potassium transporters are known to mediate the
membrane transport of potassium (Wu and Cheng, 2014). In rice, a total of 27 K+
TRANSPORTER/HIGH-AFFINITY

POTASSIUM

TRANSPORTER/K+

UPTAKE

PERMEASE (KT/HAK/KUP) family genes have been identified as putative potassium (K)
transporters, and can be divided into four clusters (cluster 1 to 4) based on the phylogenetic
analysis (Gupta et al., 2008). Of these, three genes were differentially expressed under dual
abiotic stresses and the gene expression was regulated in a TOL-specific (OsHAK22 and
OsHAK27) or in an IR64-specific manner (OsHAK5). For TOL-specific regulation, the
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expression of OsHAK27 was specifically induced in Kasalath, while OsHAK22 was
specifically down-regulated in the tolerant varieties (Dular and Kasalath) (Table 12).
According to the phylogenetic analysis conducted by Gupta (2008), these genes belonging to
the same cluster (cluster 1), moreover, several distinct features between these potassium
transporters were reported (Gupta et al., 2008). For instance, the predicted localization of
OsHAK22 was in the mitochondrial inner membrane, while OsHAK27 was predicted to
localize to the plasma membrane. In addition, one of the three conserved domains that can be
found in the KT/HAK/KUP family proteins, motif 3, was missing in the OsHAK22. For
INTOL-specific regulation, the expression of OsHAK5 was specifically down-regulated in
IR64. The functional role of one of the cluster 1 members, HIGH-AFFINITY POTASSIUM
TRANSPORTER 1 (OsHAK1), has been reported in yeast to be involved in mediating highaffinity K+ uptake (Bañuelos et al., 2002). Based on this result, we expect a similar functional
role for the identified three KT/HAK/KUP family genes (OsHAK5, OsHAK22 and OsHAK27)
in rice. Moreover, based on the expression profiles we expect that K+ uptake is regulated in a
variety-specific manner; Kasalath-specific regulation (OsHAK27), the tolerant varietyspecific regulation (OsHAK22), and IR64-specific regulation (OsHAK5).
We additionally identified one gene (OsKAT1) that is regulated similarly to OsHAK27 under
dual abiotic stresses; both genes were specifically induced in Kasalath. OsKAT1 is one of the
Shaker-type potassium channels in rice that mediates significant K+ uptake and functions in
maintenance of alkali-cation homeostasis (Obata et al., 2007). In the same study, another
Shaker-type potassium channel LOW AFFINITY K+ TRANSPORTER 1 (OsAKT1) showed
a similar functional role for the OsKAT1 in the cellular ion homeostasis (Obata et al., 2007).
Interestingly, these genes (OsKAT1 and OsAKT1) showed a different pattern of gene
regulation under dual abiotic stresses; OsKAT1 was specifically induced in Kasalath, while
the expression of OsAKT1 was down-regulated similarly in both tolerant varieties and IR64.
Based on these results we propose that OsKAT1 is possibly involved in the Kasalath-specific
mechanism together with OsHAK27, moreover, K+ uptake is enhanced by OsKAT1 and
OsHAK27 in Kasalath in response to dual abiotic stresses.
Iron transporters
The antagonistic interaction between phosphorus (P) and iron has been reported in rice
(Zheng et al., 2009). For instance, the iron uptake was significantly promoted under Pdeficiency condition with sufficiently applied iron, and a set of iron deficiency-responsive
genes showed an antagonistic gene regulation. Among the reported iron deficiencyresponsive genes, OsIRT2 was specifically down-regulated in the tolerant varieties under dual
abiotic stresses (Table 12). We additionally identified three genes (NICOTIANAMINE
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SYNTHASE 1; OsNAS1, NICOTIANAMINE SYNTHASE 2; OsNAS2, and bHLH family
transcription factor; OsIRO2) that are similarly regulated as OsIRT2. It has been demonstrated
that two rice nicotianamine synthase, OsNAS1 and OsNAS2, play an important role in longdistance transport of iron (Inoue et al., 2003), moreover, OsIRO2 is an essential regulator for
major genes that involved in iron uptake such as OsNAS1, OsNAS2, and OsYSL15 (Ogo et al.,
2007). According to the soil analysis report from Analytical Service Laboratory (ASL) in
IRRI, the P-deficient soil in our study contains 2.64 times higher active iron in comparison to
normal soil that we used for the control condition (Materials and Methods chapter).
Interestingly, the expression of genes encoding major proteins (OsIRT2, OsNAS1, OsNAS2,
and OsIRO2) that involved in iron uptake and/or translocation was specifically downregualted in the tolerant varieties. These results suggest that the identified four genes are
involved in the tolerant variety-specific mechanism in response to dual abiotic stresses,
especially for iron homeostasis. Furthermore, we propose that maintaining iron homeostasis is
one of the tolerant variety-specific mechanisms in response to dual abiotic stresses.
Other metal ion transporters
Several genes encoding putative metal ion transporters were found to be regulated in an IR64specific manner under dual abiotic stresses. Of these, OsHKT1;1 was specifically induced in
IR64, while the other four genes (OsHKT2;1,

OsZIP3, OsMGT1, and OsNHX2) were

specifically down-regulated in IR64 (Table 12). It has been demonstrated that these metal ion
transporters are involved in metal homeostasis (Ramesh et al., 2003; Jabnoune et al., 2009;
Fukuda et al., 2011; Chen et al., 2012). For instance, two HIGH-AFFINITY POTASSIUM
TRANSPORTER (HKT) family genes, OsHKT1;1 and OsHKT2;1, are potentially involved in
the tight control of K+ and Na+ uptake, accumulation, and long-distance transport (Jabnoune
et al., 2009), OsZIP3 has an important role in the zinc uptake (in root) and zinc homeostasis
(in shoot) (Ramesh et al., 2003), OsMGT1 is involved in the magnesium uptake in rice roots
(Chen et al., 2012), and OsNHX2 has an important role in the compartmentalization of excess
Na+ and K+ in the cytoplasm into vacuoles (Fukuda et al., 2011). The expression of most of
above-mentioned metal ion transporters was specifically down-regulated in IR64 under dual
abiotic stresses, suggesting that the uptake and/or translocation of corresponding metal ions is
reduced in IR64 in response to dual abiotic stresses.
Aquaporins
Plant aquaporins are channel proteins that located in the plasma or intracellular membranes.
They have an important role in transportation of water, small neutral solutes, and gas,
especially under abiotic stresses such as dehydration, salt and nutrient-deficiency (Maurel et
al., 2008). In rice, a total of 33 aquaporin family genes have been identified and can be
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divided into four subgroups, including PLASMA MEMBRANE INTRINSIC PROTEIN (PIP)
and TONOPLAST INTRINSIC PROTEIN (TIP) (Sakurai et al., 2005). Of these, we
identified four aquaporin family genes that differentially expressed under dual abiotic
stresses, and these genes were specifically regulated in a TOL-specific manner: two PIP
subgroup members (OsPIP2;4 and OsPIP2;5) and two TIP subgroup members (OsTIP4;3
and OsTIP5;1). For instance, two genes (OsPIP2;4 and OsTIP5;1) were specifically downregulated in Dular, while another two genes (OsPIP2;5 and OsTIP4;3) were specifically
down-regulated only in the tolerant varieties (Table 12).
It has been demonstrated that the identified PIP subgroup genes (OsPIP2;4 and OsPIP2;5)
were predominantly expressed in the rice roots and the corresponding proteins have high
water channel activity (Sakurai et al., 2005). For the TIP subgroup genes, down regulation of
OsTIP4;3 under two different types of abiotic stresses (dehydration and salt stress) has been
reported in rice roots (Li et al., 2008). In addition, the water transport activity of OsTIP5;1
has demonstrated by using the Xenopus oocyte system, suggesting that OsTIP4;3 and
OsTIP5;1 may have similar functional roles in the same subgroup.
Based on the expression profiles, we expect that water transportation is regulated differently
by OsPIP2;4 and OsTIP5;1 in Dular or OsPIP2;5 and OsTIP4;3 in the tolerant varieties in
response to dual abiotic stresses. Furthermore, we propose that regulation of water transport is
one of the tolerant variety-specific mechanisms in response to dual abiotic stresses.
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Functional genes: Protective proteins
A number of genes were selected based on the significantly enriched GO terms and the
current rice gene annotations in the publicly available databases, such as RAP-DB, MSU-DB.
The significantly enriched GO term, “response to stimulus (GO:0050896)”, was assigned to
67 genes in the TOL-specific group and 24 genes in the INTOL-specific group, respectively.
Interestingly, genes encoding protective proteins such heat shock and late embryogenesis
abundant proteins comprise a large number of these identified genes. In our study, these genes
showed distinct patterns of gene regulation between tolerant varieties (up-regulated) and IR64
(constitutively expressed or down-regulated) under dual abiotic stresses. It has been proposed
that elevating the expression of genes encoding protective proteins is efficient approach to
enhance the tolerance against abiotic stresses (Mizoi and Yamaguchi-Shinozaki, 2013).
Heat shock proteins and heat stress transcription factors
Heat shock proteins (HSPs) have a crucial role in maintaining cellular homeostasis and
involved in the basic biological processes, such as protein folding, assembly, translocation,
and degradation. In general, abiotic stress often affects the cellular homeostasis and results in
protein dysfunction such as misfolding, aggregation, and denaturation. Therefore, maintaining
cellular homeostasis is one of the most important protective mechanisms in plants, especially
for cell survival under stress (Wang et al., 2004). In general, heat shock proteins can be
classified into five major families based on their different molecular weights: SMALL HEAT
SHOCK PROTEIN (sHSP), HEAT SHOCK PROTEIN 60

(HSP60), HEAT SHOCK

PROTEIN 70 (HSP70/DnaK), HEAT SHOCK PROTEIN 90 (HSP90), and HEAT SHOCK
PROTEIN 100/ CASEINOLYTIC PROTEASE (HSP100/Clp) (Wang et al., 2004).
The sHSP family is composed of heat shock proteins that have molecular weights ranging
from 16 to 42 kDa. In general, the sHSP family members are known to be involved in
preventing protein aggregation and subsequent refolding in cooperation with ATP-dependent
chaperones. In rice, a total of 23 sHSP family genes have been identified and gene expression
profiling for these genes has been conducted under different types of biotic (inoculation of
Magnaporthe grisea) and abiotic stresses (anoxia, dehydration, cold, heat, and salt) (Sarkar et
al., 2009). The expression of most sHSP family genes were significantly induced by high heat
stress, moreover, several genes also showed a differential gene expression under biotic or
abiotic stresses. These results indicate that sHSP family genes are involved not only in heat
stress response but also in other types of stress (biotic and abiotic) response. In our study, we
identified 13 sHSP family genes and one putative sHSP gene (Os01g0136050) that
differentially expressed under dual abiotic stresses (Table 13); two genes (OsHSP24.1 and
OsHsp16.0) were specifically induced in Kasalath, eight genes (OsHSP16.9C-CI,

	
  

66	
  

	
  
OsHsp17.9B,

OsHSP17.9A-CI,

OsHSP18.0-CI,

OsHSP18.0-CII,

OsHSP18.0-CIII,

OsHsp21.9, Similar to 16.9 kDa heat shock protein) were specifically induced in the tolerant
varieties, two genes (OsHSP16.9A-CI and OsHSP26.7) were more highly induced in the
tolerant varieties than in IR64, and two genes (OsHsp16.6 and OsHSP16.9B-CI) showed a
opposite gene regulation between the tolerant varieties and IR64.

Table 13 Differential expression of genes encoding heat shock proteins or heat shock
transcription factors. Gene expression profiles of the identified genes belonging to heat shock protein
(HSP) family and heat shock transcription factor (HSF) family are indicated in the table. The
differential gene expression is marked in red (up-regulated) or blue (down-regulated), while the stable
gene expression is marked in grey. The higher fold change level in particular variety is marked in
corresponding dark color.
Log2 Fold Change
Category

Gene name

RAP Locus
Identifier

Dular

Kasalath

IR64

Os02g0758000
Os06g0253100
Os01g0135900
Os03g0267000
Os03g0266300
Os01g0184100
Os02g0782500
Os11g0244200

0.0
0.5
1.1
1.6
2.2
3.4
3.6
4.9

1.6
2.1
1.5
1.9
3.6
3.9
4.7
3.8

0.6
0.1
-0.4
0.6
-0.6
0.5
0.8
-0.8

Os01g0136050

5.4

5.7

-0.6

Os01g0136000
Os01g0135800
Os01g0136200
Os03g0245800
Os01g0136100

6.8
3.1
4.7
3.2
6.5

6.3
2.6
1.5
5.2
6.4

-0.4
-1.8
-1.0
1.0
1.2

Os03g0745000
Os01g0571300
Os06g0565200
Os03g0161900

0.7
2.4
1.2
-1.3

2.9
1.9
1.9
0.7

0.7
0.6
-2.1
0.3

Log2 Fold Change
Category

Gene name

RAP Locus
Identifier

Dular

Kasalath

IR64

Heat shock
protein 70 (HSP70)

cHsp70-1
Hsp110-3
cHsp70-4
OsBiP2

Os01g0840100
Os03g0218500
Os03g0277300
Os03g0710500

0.3
3.2
4.2
3.4

1.7
3.6
4.8
3.3

-0.3
0.5
0.3
-1.5

Heat shock
protein 90 (HSP90)

Hsp90
HSP81-3

Os04g0107900
Os09g0482300

4.4
1.4

4.8
2.8

0.4
1.6

Caseinolytic
protease (Clp) B
family

OsClpB-m
OsClpB-c
OsClpB-cyt

Os02g0181900
Os03g0426900
Os05g0519700

-0.1
1.2
1.6

1.0
1.1
2.3

-0.2
-0.6
0.0

Putative Heat shock protein DnaJ

Os05g0110100

1.6

0.6

0.1

Heat shock proteins

Small heat
shock protein
(sHSP)

OsHSP24.1
OsHsp16.0
OsHsp17.9B
OsHSP18.0-CI
OsHSP17.9A-CI
OsHSP18.0-CII
OsHSP18.0-CIII
OsHsp21.9
Similar to 16.9 kDa
heat shock protein
OsHSP16.9C-CI
OsHsp16.6
OsHSP16.9B-CI
OsHSP26.7
OsHSP16.9A-CI

HSP-related transcription factor
OsHsfA2a
Heat shock
OsHsfA7
transcription
factor family
OsHsfA6
(Hsf)
OsHsfA2d

The locus identifier for each gene is indicated as RAP Locus Identifier.

Among the identified sHSP family genes in our study, the expression profiles of 13 genes
were comparable to that reported in the previous study (Sarkar et al., 2009). We found that six
out of 13 sHSP family genes (OsHSP24.1, OsHsp16.0, OsHSP18.0-CI, OsHSP17.9A-CI,
OsHSP18.0-CIII, and OsHSP26.7) were up-regulated in other types of abiotic stresses
(dehydration and/or salt) as well. These results indicate that these six genes are involved not
only in single abiotic stress response but also in a combination of abiotic stresses response.
Moreover, based on the expression profiles of these genes in our study, we expect that these
sHSP family members may play an important role in the tolerant variety-specific mechanism
in response to dual abiotic stresses. Further, seven out of 13 genes (OsHsp17.9B, OsHSP18.0CII, OsHsp21.9, OsHSP16.9C-CI, OsHsp16.6, OsHSP16.9B-CI, and OsHSP16.9A-CI)
showed a differential gene expression only in our study not under above-mentioned single
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abiotic stress conditions. Therefore, we propose that these seven genes are specifically
involved in dual abiotic stresses-responsive mechanism especially in the tolerant varieties.
Recently, it has been demonstrated that overexpression of OsHSP16.9B-CI in rice transgenic
plants displayed enhanced tolerance to drought and salt stress in comparison to the wild type
plants (Zou et al., 2012). In our study, OsHSP16.9B-CI showed an opposite pattern of gene
regulation between tolerant varieties (up-regulated) and IR64 (down-regulated). Based on
these results, we expect that OsHSP16.9B-CI is involved in tolerance mechanism of the
tolerant varieties in response to dual abiotic stresses, together with the other identified sHSP
family genes that regulated in a TOL-specific manner.
HSP70 family proteins play an important role in maintaining protein homeostasis
(proteostasis), and involved in prevention of protein aggregation, proper folding of nascent
and newly synthesized polypeptide, and degradation of misfolded proteins (Hartl et al., 2011;
Sarkar et al., 2013). In rice, a total of 32 HSP70 family genes have been identified, and gene
expression profiling was conducted under different types of abiotic stresses (such as heat, salt,
and drought) (Sarkar et al., 2013). In our study, we identified four HSP70 family genes
(HEAT SHOCK PROTEIN 70-1; cHsp70-1, HEAT SHOCK PROTEIN 70-4; cHsp70-4, HEAT
SHOCK PROTEIN 110-3; Hsp110-3, and ENDOPLASMIC RETICULUM CHAPERONE
BINDING PROTEIN 2; OsBiP2) that differentially expressed under dual abiotic stresses,
moreover, these genes were regulated in a TOL-specific manner; cHsp70-1 (specifically
induced in Kasalath), cHsp70-4 and Hsp110-3 (specifically induced in the tolerant vaireties),
and OsBiP2 (antagonistically regulated between tolerant varieties and IR64) (Table 13).
The expression profiles of the identified HSP70 family genes in our study were compared to
that reported in the previous study (Sarkar et al., 2013). We found that the expression of three
genes (cHsp70-1, cHsp70-4, and Hsp110-3) was up-regulated under high heat stress,
moreover, cHsp70-1 and cHsp70-4 showed a similar pattern under other types of abiotic
stresses (salt and drought) as well. These results indicate that cHsp70-1 and cHsp70-4 are
involved in multiple abiotic stress responses, while Hsp110-3 involved in heat stress
response. Moreover, based on the expression profiles of these genes in our study, we expect
that tolerant variety-specific gene regulation for cHsp70-1, cHsp70-4, and Hsp110-3 would
be important for maintaining protein homeostasis in response to dual abiotic stresses.
There was no significant difference in OsBiP2 expression under above-mentioned single
abiotic stress (Sarkar et al., 2013), whereas, OsBiP2 was antagonistically regulated between
tolerant varieties and IR64 under dual abiotic stresses. Interestingly, two sHSP family genes
(OsHsp16.6 and OsHSP16.9B-CI) showed a pattern similar to the regulation of OsBiP2. The
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expression of these three genes was up-regulated in the tolerant varieties and down-regulated
in IR64 in response to dual abiotic stresses, but there was no significant difference in
expression under single abiotic stress. As demonstrated in a previous study (Zou et al., 2012),
overexpression of OsHSP16.9B-CI confers tolerance to drought and salt stress in rice
transgenic plants. Based on this result, we expect a similar functional role for the identified
two heat shock proteins (OsHsp16.6 and OsBiP2) in response to dual abiotic stresses,
especially in the tolerant varieties.
HSP100/Clp family is composed of nine members and can be classified into three groups:
ClpB (3), ClpC (4), and ClpD (2) (Singh et al., 2010). Of these, we identified three ClpB
group genes (CLASS I CLP ATPASE B-CYT; OsClpB-Cyt, CLASS I CLP ATPASE B-C;
OsClpB-c, and CLASS I CLP ATPASE B-M; OsClpB-m) that differentially expressed under
dual abiotic stresses, and these genes were regulated in a TOL-specific manner; OsClpB-m
was specifically induced in Kasalath, while two genes (OsClpB-c and OsClpB-cyt) were
specifically induced in the tolerant varieties. The ClpB group members have distinct features
compared to other Clp group members in terms of being involved in prevention of protein
aggregation and reactivation of aggregated proteins but not in protein degradation process
(Woo et al., 1992; Motohashi et al., 1999; Singh et al., 2010). The expression profiles of ClpB
group genes has been reported in rice under different types of single abiotic stress (heat, low
temperature, salt, desiccation, and oxidative) and a combination of abiotic stresses (oxidative
stress with cold or heat stress) (Singh et al., 2010; Mittal et al., 2012). Under single abiotic
stress, the expression of three ClpB group genes was highly induced by heat stress, while not
affected by other types of abiotic stresses such as low temperature, salt, and desiccation
(Singh et al., 2010; Mittal et al., 2012). Under a combination of abiotic stresses, the
expression of three ClpB group genes was significantly induced by a combination of
oxidative and heat stress, while not affected by a combination of oxidative and cold stress
(Mittal et al., 2012). Furthermore, the expression of three genes (OsClpB-c, OsClpB-Cyt, and
OsClpB-m) was more highly induced by a combination of oxidative and heat stress rather
than by heat stress (Mittal et al., 2012). These results indicate that gene regulation of OsClpBc, OsClpB-Cyt, and OsClpB-m was specifically responded to heat stress or heat with oxidative
stress, moreover, a combination of abiotic stresses (heat with oxidative) led to relatively high
levels of gene induction. Based on these expression profiles, we expect that the ClpB group
members play important roles in the crosstalk between heat and oxidative stress. In our study,
these ClpB group genes showed a tolerant variety-specific gene regulation, suggesting that
protein homeostasis (prevention of protein aggregation and reactivation of aggregated
proteins) is regulated differently by OsClpB-m in Kasalath or by OsClpB-c and OsClpB-Cyt
in the tolerant varieties in response to dual abiotic stresses.
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Interestingly, one of the heat shock transcription factors, OsHsfA2a, showed a similar
regulation as three ClpB group genes in the previous study (Mittal et al., 2012). The
expression of OsHsfA2a was significantly induced by heat stress and a combination of
oxidative and heat stress, while not affected by other types of single abiotic stress (cold and
oxidative) and a combination of oxidative and cold stress. In our study, OsHsfA2a showed a
similar regulation as OsClpB-m under dual abiotic stresses (Table 13). In general, the heat
shock transcription factors are known to participate in regulating the expression of HSP
family genes (Guo et al., 2008). A similar gene expression pattern between OsHsfA2a and
OsClpB-m under dual abiotic stresses suggesting that these genes are involved in the
Kasalath-specific mechanism in response to dual abiotic stresses with a regulatory
relationship.
We additionally identified three HSF family genes (OsHsfA6, OsHsfA7, and OsHsfA2d) that
differentially expressed under dual abiotic stresses, and these genes were regulated in a TOLspecific manner; OsHsfA6 was antagonistically regulated between tolerant varieties and IR64,
OsHsfA7 was specifically up-regulated in the tolerant varieties, and OsHsfA2d was
specifically down-regulated in Dular (Table 13). Recently, it has been demonstrated that
OsHsfA7 is involved in abiotic stress tolerance in rice (Liu et al., 2013). The overexpression
of OsHsfA7 in rice transgenic plants displayed enhanced tolerance to salt and drought stress,
moreover, the expression of HSP family gene OsHSP24.1 was up-regulated in the OsHsfA7overexpression plants. Therefore, it has been proposed that OsHSP24.1 is a potential target
gene of the OsHsfA7 (Liu et al., 2013). In our study, the expression of OsHSP24.1 was
specifically up-regulated in Kasalath, suggesting that OsHSP24.1 and OsHsfA7 are involved
in the Kasalath-specific mechanism in response to dual abiotic stresses with a regulatory
relationship.
Late embryogenesis abundant protein
LATE EMBRYOGENESIS ABUNDANT (LEA) family members are hydrophilic proteins
that have low molecular weights ranging from 11 to 30 kDa. LEA family proteins are highly
accumulated not only during late stage of embryogenesis but also under water scarcity. It has
been proposed that LEA family proteins may function as a protective protein during water
limitation (Battaglia et al., 2008; Hundertmark and Hincha, 2008; Mizoi and YamaguchiShinozaki, 2013). In rice, a total of 34 LEA family genes have been identified (Wang et al.,
2007). Of these, we identified nine LEA family genes (OsLEA2, OsLEA3, OsLEA3-1,
OsLEA4, OsLEA16, OsLEA26, OsLEA28, OsLEA29, and OsLEA33) that differentially
expressed under dual abiotic stresses. Interestingly, all these genes were up-regulated in both
tolerant varieties and IR64, moreover, more highly induced in the tolerant varieties than in
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IR64; highly induced in Dular (OsLEA4 and OsLEA29), in Kasalath (OsLEA2, OsLEA3, and
OsLEA33), and in the tolerant varieties (OsLEA3-1, OsLEA16, OsLEA26, and OsLEA28)
(Table 14).

Table 14 Differential expression of genes encoding LEA proteins. Gene expression profiles of the
identified genes belonging to LEA family are indicated in the table. The differential gene expression is
marked in red (up-regulated). The higher fold change level in particular variety is marked in
corresponding dark color.
Log2 Fold Change
RAP Locus
Gene name
Identifier
Late embryogenesis abundant proteins
OsLEA4
Os08g0327700
OsLEA29, Rab16A
Os11g0454300
OsLEA2
Os06g0110200
OsLEA3
Os06g0324400
OsLEA33
Os06g0341300
OsLEA16
Os03g0168100
OsLEA26, Rab16D
Os11g0453900
OsLEA28
Os11g0454200
OsLEA3-1
Os05g0542500

Dular

Kasalath

IR64

4.5
6.7
2.6
2.8
3.6
4.8
8.9
7.0
6.0

2.9
4.9
3.6
4.6
6.1
5.6
8.6
7.0
5.9

2.8
4.8
2.5
3.1
4.3
2.6
6.9
5.0
4.9

The locus identifier for each gene is indicated as RAP Locus Identifier.

In different studies, it has been demonstrated that several LEA family proteins are involved in
abiotic stress tolerance (Xiao et al., 2007; Duan and Cai, 2012; He et al., 2012; Hu et al.,
2012). For instance, the overexpression of OsLEA3-1 in rice transgenic plants displayed
enhanced tolerance to drought stress (Xiao et al., 2007), and the overexpression of OsLEA3-2
in yeast improved growth performance under salt and osmotic stress (Duan and Cai, 2012). In
addition, the recombinant E. coli cells producing two LEA family genes, OsLEA2 and
OsLEA4, displayed enhanced tolerance to different types of abiotic stresses such as high
salinity, heat, freezing, and UV radiation (He et al., 2012; Hu et al., 2012). These results
indicate that LEA family proteins play an important role in abiotic stress tolerance. Based on
expression profiles of the identified LEA family genes, we propose that the relatively higher
induction levels are related to the performance of the tolerant varieties (Dular and/or
Kasalath) under dual abiotic stresses.
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Functional genes: Enzymes
Polyamine biosynthesis
Plant polyamines are aliphatic amines that implicated in not only diverse biological processes
but also responses to environmental stresses, including biotic and abiotic stress (Gill and
Tuteja, 2010). Putrescine (Put), spermidine (Spd), and spermine (Spm) are the most
commonly found polyamines in plants and could be present in a free soluble form, conjugated
to phenolic compounds, or linked to macromolecules (Lefèvre et al., 2001). Recently, the
contents of polyamines (such as Put, Spd, and Spm) has been compared in 21 cultivars (17
resistant cultivars and four sensitive cultivars) under drought stress using rice leaves (Do et al.,
2013). The Put and Spd levels were strongly decreased after 18 days of drought stress
treatment, while Spm level was stable or slightly induced under drought stress. In addition, it
has been demonstrated that polyamine biosynthesis, especially for Put synthesis, was biased
to Arginine Decarboxylases (ADC)-dependent way rather than Ornithine Decarboxylases
(ODC)-dependent under drought stress (Do et al., 2013). The ADC-dependent polyamine
biosynthesis has only been reported in plants and some bacteria species (Hanfrey et al., 2001).
To verify whether dual abiotic stresses affect the polyamine biosynthesis in our study, we
analyzed the expression profiles of 21 genes that involved in polyamine biosynthetic pathway.
We found that 6 out of 21 genes (ARGININE DECARBODYLASE 1; ADC1, ARGININE
DECARBODYLASE

2;

ADC2,

ORNITHINE

DECARBOXYLASE

1;

ODC1,

N-

CARBAMOYLPUTRESCINE AMIDASE 4; CPA4, SPERMIDINE SYNTHASE/SPERMINE
SYNTHASE 3; SPD/SPM3, and S-ADENOSYLMETHIONINE DECARBOXYLASE 1;
SAMDC1) showed a differential gene expression under dual abiotic stresses (Table 15). The
expression of ADC1 and SAMDC1 was similarly up-regulated in both tolerant varieties and
IR64, while the other genes showed a variety-specific gene regulation; ADC2 was more
highly induced in Dular than in other varieties, CPA4 was specifically induced in Dular,
SPD/SPM3 was specifically induced in the tolerant varieties, and ODC1 was specifically
induced in Dular and IR64. Of these, two genes (ADC1 and ADC2) are known to be involved
in the ADC-dependent pathway and ODC1 is known to be involved in the ODC-dependent
pathway for Putrescine biosynthesis (Figure 15). These results indicate that dual abiotic
stresses affected putrescine biosynthesis in both tolerant varieties and IR64, moreover, the
ADC-dependent pathway responded more strongly than the ODC-dependent pathway.
Therefore, we expect that the strongly responding ADC-dependent polyamine biosynthetic
pathway is a common response between drought stress and dual abiotic stresses.
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Table 15 Differential expression of genes encoding enzymes involved in polyamine biosynthesis.
The expression profiles of genes encoding enzymes involved in polyamine biosynthesis are indicated
in the table. The log2 fold change represents log ratio between control and stress conditions for each
variety and transformed into log2. The significance of differential gene expression was judged by using
two thresholds: p-value < 0.05 and absolute fold change ≥ 2, and shaded red (up-regulation). The
higher fold change in particular variety is shaded corresponding dark color. Constitutive gene
expression or non-significant change in gene expression is shaded light grey.
Log2 Fold Change
Gene name

RAP Locus Identifier

Polyamine biosynthetic genes
ADC1
Os06g0131300, Os06g0131400
ADC2
Os04g0107600
ODC1
Os09g0543400
CPA4
Os02g0533900
SPD/SPM3
Os06g0528600
SAMDC1
Os02g0611200

Dular

Kasalath

IR64

1.4
6.3
1.9
1.3
1.7
1.9

1.0
3.9
0.7
0.7
1.2
1.7

2.3
4.8
2.9
0.3
0.7
1.3

The locus identifier for each gene is indicated as RAP Locus Identifier.
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Figure 14 Differential expression of genes encoding enzymes involved in Put biosynthesis. This
pathway is adapted from Figure 4 of Do et al., 2013. Putrescine, one of the polyamines, is synthesized
either directly from ornithine (Orn) or indirectly from arginine (Arg) via agmatine (Agm). The
putrescine biosynthesis can be divided into two pathways, ADC- (red arrow) and ODC-dependent
pathway (blue arrow), depend on the enzymes involved in. A total of ten genes encode enzymes
involved in putrescine biosynthesis, in addition, two gene models are annotated for the ADC3. The
histogram shows differential gene expression in response to dual abiotic stresses. The differential gene
expression is marked in red (up-regulated), while stable gene expression is marked in grey.
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Further, contents of polyamines (Put, Spd, and Spm) in the plasma membrane (PM) of rice
roots were compared between salt-tolerant and salt-sensitive varieties under non-stress
condition (Roy et al., 2005). The total polyamine contents in the salt-tolerant varieties were 2fold higher than that in the salt-sensitive varieties. Moreover, the Spd and Spm contents were
relatively higher than the Put content in the salt-tolerant varieties, while the Spd and Spm
contents were not detected in the salt-sensitive varieties. It has been demonstrated that
exogenous Spd treatment reduces salinity stress-induced damage of plasma membrane (such
as inhibited PM-bound H+-ATPase activity) in both salt-tolerant and salt-sensitive varieties
(Roy et al., 2005). The recovery effect was more dramatic in the salt-sensitive varieties due to
non-detected Spd content. These results indicate that spermidine plays an important role in
alleviating salt-induced damage, especially in the plasma membrane of rice roots.
Among the ten genes encoding enzymes that involved in Spd and Spm biosynthesis, we
identified two genes (SPD/SPM3 and SAMDC1) that differentially expressed under dual
abiotic stresses (Figure 16). The expression of SAMDC1 was similarly up-regulated in both
tolerant varieties and IR64, while SPD/SPM3 was specifically up-regulated in the tolerant
varieties. These results suggest that SAMDC1 is involved in a common mechanism between
tolerant varieties and IR64, while SPD/SPM3 is involved in the tolerant variety-specific
mechanism in response to dual abiotic stresses. Based on expression profiles of the identified
Spd and Spm biosynthetic genes, we propose that the Spd and Spm level is regulated
differently by SPD/SPM3 in the tolerant varieties.
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Figure 15 Differential expression of genes encoding enzymes involved in Spd and Spm
biosynthesis. This pathway is adapted from Figure 4 of Do et al., 2013. A total of ten genes encode
enzymes involved in spermidine (Spd) and spermine (Spm) biosynthesis. The histogram shows
differential gene expression in response to dual abiotic stresses. The differential gene expression is
marked in red (up-regulated), while the stable gene expression is marked in grey. The expression of
two genes (SAMDC5 and SAMDC6) was not detected in our study.
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3.3.2 Identification of dual abiotic stresses-responsive de novo assembled contigs
As explained in 3.2.1, about 15.4% of the total preprocessed RNA-Seq reads were not align to
the Nipponbare reference genome, and therefore they were subjected to de novo assembly.
During de novo assembly, generated reads from each variety were pooled to enhance
assembly coverage and assembled into contigs by using Trinity (Grabherr et al., 2011).
Approximately 6.4 million reads not aligned to the Nipponbare reference genome were used
for further analysis to generate a total of 40,431 contigs with an average length of 1,088
nucleotides.
We identified a number of de novo assembled contigs that differentially expressed under dual
abiotic stresses; in Dular (9,590 up-regulated and 6,445 down-regulated), in Kasalath (11,588
up-regulated and 9,221 down-regulated), and in IR64 (11,846 up-regulated and 8,308 downregulated) (Figure 10). The expression profiles of the identified contigs from each variety
were further compared across varieties. We found that the expression of several contigs was
detected in particular variety. For instance, 137 contigs (61 up-regulated and 76 downregulated) were found only in Dular not in other varieties (Kasalath and IR64), and named
Dular-specific contigs. Likewise, we identified 1,183 Kasalath-specific contigs (244 upregulated and 939 down-regulated) and 800 IR64-specific contigs (548 up-regulated and 252
down-regulated). We additionally identified number of contigs that expression can be
detected in two particular varieties; 285 Dular and Kasalath-specific contigs (167 upregulated, 115 down-regulated, and 3 antagonistically regulated between varieties), 313 Dular
and IR64-specific contigs (225 up-regulated, 81 down-regulated, and 7 antagonistically
regulated between varieties), and 882 Kasalath and IR64-specific contigs (752 up-regulated,
118 down-regulated, and 12 antagonistically regulated between varieties). These identified
variety-specific contigs represent the genetic diversity between three varieties (Dular,
Kasalath, and IR64), and would be important to understand the different performance under
dual abiotic stresses.

3.3.2.1 Categorization by pattern of regulation and expression
The identified contigs differentially expressed under dual abiotic stresses can be grouped into
13 categories based on the pattern of regulation and expression (Table 16). The categories 1
to 3 are composed of contigs that expression can be found in a particular variety. For instance,
137 Dular-specific contigs were grouped into category 1 and composed of 61 up-regulated
contigs and 76 down-regulated contigs. The categories 2 and 3 are composed of 1,183
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Kasalath-specific or 800 IR64-specific contigs, respectively. Subsequently, the identified
contigs that expression can be found in two particular varieties were grouped into categories 4
to 6. For instance, 285 Dular/Kasalath-specific contigs were grouped into category 4 and
composed of 167 up-regulated contigs, 115 down-regulated contigs, and 3 antagonistically
regulated contigs. The categories 5 and 6 are composed of 313 Dular/IR64-specific or 882
Kasalath/IR64-specific contigs, respectively. Besides that, commonly expressed contigs in the
three varieties (Dular, Kasalath, and IR64) were grouped into categories 7 to 13 based on the
pattern of gene regulation. For instance, category 7 is composed of 251 contigs that
commonly expressed in the three varieties but differentially expressed only in Dular under
dual abiotic stresses. Likewise, the categories 8 and 9 are composed of contigs that regulated
in a single variety-specific manner for Kasalath or IR64, respectively. The categories 10 to 12
are composed of contigs that regulated in a double varieties-specific manner for
Dular/Kasalath, Dular/IR64, or Kasalath/IR64, respectively. Lastly, the category 13 is
composed of contigs that differentially expressed in all three varieties.

Table 16 Dual abiotic stresses-responsive contigs in 13 different categories. The table indicates the
number of dual abiotic stresses-responsive contigs that grouped into 13 categories depend on the
pattern of gene regulation and the variety-specific gene expression. The significance of differential
gene expression was judged by using two thresholds: p-value < 0.05 and absolute fold change ≥ 2, and
shaded red (up-regulation), blue (down-regulation), or green (antagonistic regulation between
varieties). On the left side of the table, the variety-specific gene expression is indicated as shaded dark
grey (detected) or white with a minus symbol (not detected) for categories one to six. In addition,
significant differential gene expression is also shaded dark grey, while constitutive gene expression or
non-significant change in gene expression is shaded light grey.
Number of contigs
Category

Pattern of regulation

UP

DOWN

REVERSE

Total

-

61

76

-

137

1

Dular ≥ 2

-

2

-

Kasalath ≥ 2

-

244

939

-

1'183

3

-

-

IR64 ≥ 2

548

252

-

800

4

Dular ≥ 2

Kasalath ≥ 2

-

167

115

3

285

5

Dular ≥ 2

-

IR64 ≥ 2

225

81

7

313

6

-

Kasalath ≥ 2

IR64 ≥ 2

752

118

12

882

7

Dular ≥ 2

Kasalath < 2

IR64 < 2

184

67

-

251

8

Dular < 2

Kasalath ≥ 2

IR64 < 2

506

560

-

1'066

9

Dular < 2

Kasalath < 2

IR64 ≥ 2

645

354

-

999

10

Dular ≥ 2

Kasalath ≥ 2

IR64 < 2

230

104

21

355
249

11

Dular ≥ 2

Kasalath < 2

IR64 ≥ 2

203

40

6

12

Dular < 2

Kasalath ≥ 2

IR64 ≥ 2

684

244

24

952

13

Dular ≥ 2

Kasalath ≥ 2

IR64 ≥ 2

8'298

5'721

31

14'050

In section 3.3.1, we proposed that sets of genes are regulated in a tolerant variety (TOL)specific manner in response to dual abiotic stresses, and these gene regulations are different
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with that in IR64. In this chapter, we focused on identification of putative novel genes that (1)
differentially expressed under dual abiotic stresses, (2) specifically present in the tolerant
varieties (Dular and/or Kasalath) not in the modern cultivars (IR64 and Nipponbare) or (3)
present in both tolerant varieties (Dular and/or Kasalath) and modern cultivar (IR64) but
regulated in a tolerant variety-specific manner.
First, the categorized contigs that differentially expressed under dual abiotic stresses were
further divided into two groups, TOL- or INTOL-specific group. The first group is composed
of contigs that specifically present in the tolerant varieties (category 1, 2, and 4) or regulated
in a TOL-specific manner (category 5, 6, 7, 8, 10, 11, 12, and 13), and named TOL-specific
group. The TOL-specific group contigs meet at least one of the following three selection
criteria: (1) differentially expressed only in the tolerant varieties (Dular and/or Kasalath), (2)
higher fold change in the tolerant varieties (Dular and/or Kasalath) than in IR64, or (3)
antagonistically regulated between tolerant varieties and IR64. The second group is composed
of contigs that specifically present in IR64 (category 3) or regulated in an IR64-specific
manner (category 5, 6, 9, 11, 12, and 13), and named INTOL-specific group. The INTOLspecific group contigs meet at least one of the following two selection criteria: (1)
differentially expressed only in IR64 or (2) higher fold change in IR64 than in the tolerant
varieties. In summary, we identified 5,649 TOL-specific group contigs and 2,626 INTOLspecific group contigs, respectively (Table 17).
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Table 17 Overview of differentially expressed contigs in TOL- or INTOL-specific group. The
identified de novo assembled contigs displayed in the table were further divided into two groups (TOLor INTOL-specific group) based on the pattern of gene regulation and the variety-specific gene
expression.
Number of contigs
Category

Pattern of regulation

UP

DOWN

OPPOSITE

-

Tolerant variety-specific regulation (TOL-specific group)
Category 1

Gene expression can be detected only in Dular

61

76

Category 2

Gene expression can be detected only in Kasalath

244

939

-

Category 4

Gene expression can be detected only in the tolerant varieties (Dular and Kasalath)

167

115

3

Category 5

Differentially expressed only in Dular / Higher fold change in Dular than in IR64

57

22

7

Category 6

Differentially expressed only in Kasalath / Higher fold change in Kasalath than in IR64

223

40

12

Category 7

Differentially expressed only in Dular

184

67

-

Category 8

Differentially expressed only in Kasalath

506

560

-

Category 10

Differentially expressed only in the tolerant varieties (Dular and/or Kasalath)

230

104

21

Category 11

Differentially expressed only in Dular / Higher fold change in Dular than in IR64

40

8

6

Category 12

Differentially expressed only in Kasalath / Higher fold change in Kasalath than in IR64

38

67

24

Higher fold change in Dular than in other varieties (Kasalath and IR64)

115

133

-

Higher fold change in Kasalath than in other varieties (Dular and IR64)

1380

45

-

Higher fold change in the tolerant varieties than in IR64

113

53

-

-

-

12

Category 13

Up-regulated in the tolerant varieties, and Down-regulated in IR64
Down-regulated in the tolerant varieties, and Up-regulated in IR64
Total

-

-

1

3358

2229

86

IR64-specific regulation (INTOL-specific group)
Category 3

Gene expression can be detected only in IR64

548

252

-

Category 5

Differentially expressed only in IR64 / Higher fold change in IR64 than in Dular

61

41

-

Category 6

Differentially expressed only in IR64 / Higher fold change in IR64 than in Kasalath

137

50

-

Category 9

Differentially expressed only in IR64

645

354

-

Category 11

Differentially expressed only in IR64 / Higher fold change in IR64 than in Dular

16

1

-

Category 12

Differentially expressed only in IR64 / Higher fold change in IR64 than in Kasalath

74

27

-

Category 13

Higher fold change in IR64 than in the tolerant varieties

349

71

-

1830

796

-

Total

3.3.2.2 Gene Ontology Enrichment Analysis
Gene ontology (GO) enrichment analysis was conducted to identify GO terms that assigned to
the identified contigs in the TOL- and INTOL-specific groups, and the singular enrichment
analysis (SEA) was additionally conducted for significantly enriched GO terms
(http://bioinfo.cau.edu.cn/agriGO/analysis.php). In general, a customized reference is
required for GO enrichment analysis of the de novo assembled contigs due to the lack of a
reference genome. In our study, a customized reference was generated based on the de novo
assembled contigs that have significant hit on plant nucleotide database (using blastn).
Subsequently, query contigs were selected from the TOL- or INTOL-specific group and used
for GO enrichment analysis with the generated customized reference.
For TOL-specific group, a total of 281 GO terms were significantly assigned to 2,015 out of
5,649 contigs (35.7%). Among the assigned GO terms for biological process, the enriched
secondary GO terms were “metabolic process (1,064)”, “response to stimulus (564)”, “multiorganism process (128)”, and “immune system process (44)”. The enriched secondary GO
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terms for molecular function were “catalytic activity (997)” and “antioxidant activity (52)”.
The enriched secondary GO terms for cellular component were “extracellular region (101)”
and “symplast (30)” (Figure 17A).
For INTOL-specific group, a total of 37 GO terms were significantly assigned to 1,116 out of
2,626 contigs (42.5%). We did not found any secondary GO terms that enriched for biological
process, molecular function, and cellular component in this analysis. The highest level of GO
terms for biological process was “cellular ketone metabolic process (81)”, “organic acid
metabolic process (80)”, “small molecular biosynthetic process (63)”, “amine metabolic
process (54)”, and “response to wounding (23)”. The highest level of GO terms for molecular
function was “protein serine/threonine kinase activity (90)”, “lyase activity (39)”, and
“glutathione transferase activity (11)”. The highest level of GO term for cellular component
was “vesicle (315)” (Figure 17B).
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Figure 16 Significantly enriched GO terms to the identified de novo assembled contigs in TOL- or
INTOL-specific group. The histogram indicates the percentage of identified contigs with
corresponding significantly enriched GO terms for (A) TOL-specific group or (B) INTOL-specific
group. The Singular Enrichment Analysis (SEA; http://bioinfo.cau.edu.cn/agriGO/analysis.php) was
used for GO enrichment analysis. The GO annotation on x-axis indicates the significantly enriched GO
terms derived from biological process, molecular function, and cellular component categories. The
input list (marked in blue) represents the corresponding GO terms assigned to the identified contigs in
(A) TOL-specific or (B) INTOL-specific group. The reference (marked in green) represents the
identified GO annotations in the customized reference. The significance of enriched GO terms was
judged by using two thresholds: p value < 0.05 and FDR < 0.05.
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3.3.2.3 Tolerant variety-specific putative novel genes
We identified a total of 5,649 contigs that differentially expressed under dual abiotic stresses,
and these contigs were regulated in a TOL-specific manner. The current GO annotations
showed a potential involvement of 35.7% contigs (2,015 out of 5,649 contigs in the TOLspecific group) in various biological processes such as metabolic process, response to
stimulus, immune system process, and multi-organism process (Figure 17A). Additionally,
we analyzed the protein sequence similarity of these contigs to infer the putative biological
function using BLASTx (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Basic Local Alignment
Search Tool (BLAST) is one of the most frequently used and efficient sequence analysis tools
available in public (McGinnis and Madden, 2004). Among the BLASTs, BLASTx was used
in our study to find proteins that annotated in other organisms (including rice) and have
similar protein sequences or domains with the TOL-specific group contigs. 4,382 out of 5,649
TOL-specific group contigs (in silico translated from nucleotide sequences) showed
significant hits to a large number of annotated proteins in diverse organisms such as rice
(Oryza sativa), wheat (Triticum aestivum), corn (Zea mays) (Figure 18B).
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Figure 17 Identification of putative novel genes in the TOL-specific group. (A) The histogram
shows the nucleotide sequence length distribution of the identified de novo assembled contigs in TOLspecific group. (B) The scatter plot shows the best-hit distribution of BLASTx results (E-value cutoff
was set at 1.0e-5). Each dot represents individual matched protein in other organisms including rice.

Recently, two additional rice genome sequences (Kasalath; aus-type rice variety, and IR64;
indica-type rice variety) were released (Sakai et al., 2014; Schatz et al., 2014). To verify the
presence in these rice genomes, the de novo assembled contigs were aligned to the Kasalath
genome and followed by IR64 genome using BLAST-like alignment tool (BLAT;
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https://genome.ucsc.edu). Among the TOL-specific group contigs, we found that 1,485
contigs were aligned to the Kasalath genome and 1,448 contigs were aligned to the IR64
genome, respectively. These aligned contigs showed alignment coverage ranging from 0.7%
to 100%. Of these, we selected several contigs that showed alignment coverage 100% to each
genome sequence for further analysis: 489 out of 1,485 contigs (alignment to the Kasalath
genome) and 409 out of 1,448 contigs (alignment to the IR64 genome). In addition, these
selected contigs showed alignment identity ranging from 91.8% to 100%. To verify the
variety-specific alignment, these selected contigs were further compared across varieties. As a
result of this comparison, we identified sets of contigs that present in Kasalath (181), in IR64
(101), and in both Kasalath and IR64 (308) (Figure 19).

De novo assembled
contigs
BLAT

Kasalath
genome

IR64
genome

1,485 contigs

1,448 contigs

Alignment coverage 100%

489 contigs

181

409 contigs
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Figure 18 Overview of BLAT analysis results. The flow chart shows how de novo assembled contigs
were aligned to the Kasalath and IR64 genomes. BLAST-like alignment tool (BLAT) was used for
nucleotide sequence alignment analysis. Among the identified contigs in TOL-specific group, 1,485
and 1,448 contigs were aligned to the Kasalath and IR64 genomes, respectively. To verify the actual
presence of these aligned contigs, 489 and 409 contigs were further selected by stringent criterion
(alignment coverage 100%), respectively. The alignment results of these contigs were compared across
two different genomes, and sets of contigs that present in Kasalath (181), in IR64 (101), and in both
Kasalath and IR64 (308) were identified.
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To verify the significance between the results obtained from BLAT analysis and RNA-Seq
data analyses, we compare the expression profiles of selected putative novel genes with their
variety-specific alignment. For the 181 Kasalath-specific contigs, we expected a number of
contigs that were specifically expressed in Dular and/or Kasalath; the presence of similar or
the same genes was expected between Dular and Kasalath because these varieties belong to
the same rice clade of varieties (aus-type rice clade). One hundred out of 181 Kasalathspecific contigs, however, showed an expression in IR64 as well; five out of 100 contigs were
not aligned to the IR64 genome, while 95 out of 100 contigs were aligned to the IR64 genome
with alignment coverage ranging from 24.4% to 99.9% and alignment identity ranging from
22.2% to 99.8%. Among these 95 Kasalath-specific contigs, 79 out of 95 contigs showed
alignment coverage and identity over 90%. There are several possibilities to explain these 100
Kasalath-specific contigs that showed an expression in IR64: (1) 5 contigs (not aligned to the
IR64 genome) and 16 contigs (the alignment coverage and identity are below 90%) are
derived from de novo assembly error and (2) 79 contigs (the alignment coverage and identity
are over 90%) are derived from sequencing error either genome sequencing or RNA-Seq,
single nucleotide polymorphism (SNP) between varieties, or deletions (ranging from 1 to 178
bp). Based on these results, we propose that 81 out of 181 Kasalath-specific contigs are
putative novel genes that are specifically present in Kasalath and possibly in Dular as well.
For the above-mentioned 100 out of 181 Kasalath-specific contigs, additional sequencing
experiments are required to clarify the nucleotide sequence differences and gene expression
evidence in between Kasalath and IR64.
Based on the BLASTx analysis, we found that 68 out of 81 proteins encoded by the Kasalathspecific putative novel genes showed similarities (ranging from 37% to 100%) to proteins that
annotated in the modern cultivars (Nipponbare; japonica-type rice variety, or 93-11; indicatype rice variety), moreover, most of these proteins were named as uncharacterized protein. In
order to gain more information, we additionally searched for conserved domains in these
proteins encoded by 81 Kasalath-specific putative novel genes using the conserved domain
database (CDD; http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) provided by National
Center for Biotechnology Information (NCBI). It has been suggested that the identification of
conserved domain footprints is an efficient approach to predict the cellular or molecular
function of hypothetical proteins (Marchler-Bauer et al., 2011). From the CDD, we found a
total of 46 conserved domains in the 58 out of 81 proteins encoded by Kasalath-specific
putative novel genes, moreover, 18 proteins have at least one of six conserved domains
(PLN00113, PKc_like super family, PKc, Malectin_like, STYKc, and EGF_CA) found in
various protein kinases.
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Significant correlation between these six conserved domains and various protein kinases was
confirmed by using protein cluster database (http://www.ncbi.nlm.nih.gov/proteinclusters).
We found that various proteins contain these six conserved domains and also belonging to a
large number of protein clusters: PLN00113 (150), PKc_like super family (1,714), PKc
(1,471), Malectin_like (52), STYKc (425), and EGF_CA (60). Moreover, most of these
proteins were annotated as either protein kinase or receptor-like protein kinase. We therefore
propose that these 18 putative novel genes encode Kasalath-specific putative protein kinases
not present in IR64. Based on expression profiles of these 18 Kasalath-specific putative novel
genes, we found that the expression of these genes was specifically detected in Kasalath (8
out of 18 genes) or in the tolerant varieties (10 out of 18 genes). Based on these results, we
expect that these genes encode eight Kasalath-specific putative protein kinases and ten
tolerant variety (Dular and Kasalath)-specific putative protein kinases (Figure 20).
Additionally, we found that 40 out of 81 proteins encoded by the Kasalath-specific putative
novel genes have several conserved domains found in a disease resistance protein
(COG4886), glycolipid transfer protein (GLTP), proton-dependent oligopeptide transport
(PTR2), subtilisin-like protease (PA_subtilisin_like, Peptidases_S8_S53), glucosyltransferase
(PLN00164), cysteine protease (Peptidase_C1, Inhibitor_I29), etc.
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Figure 19 The schematic structure of tolerant variety-specific putative protein kinases. Six
conserved domains (PLN00113, PKc_like super family, PKc, Malectin_like, STYKc, and EGF_CA)
were found in the 18 putative protein kinases encoded by the Kasalath-specific putative novel genes
using conserved domain database (CDD). The ruler on top of each figure indicates the amino acid
length. Grey- or brown-shaded boxes indicate the detected conserved domains. The lists of identifier
(left side of each panel) represent each putative protein kinase. The differential gene expression of the
Kasalath-specific putative novel genes is marked in red (up-regulated) or blue (down-regulated),
respectively. (A) Kasalath-specific putative protein kinases. (B) Tolerant variety (Dular and Kasalath)specific putative protein kinases.
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3.3.2.4 Similar de novo assembled contigs between Kasalath and diverse wild rice
species
The aus-type rice varieties have been suggested as tolerant donor varieties against different
types of abiotic stresses (Bonilla et al., 2002; Xu et al., 2006; Jagadish et al., 2010; Gamuyao
et al., 2012). The advantage of using the aus-type rice varieties is the presence of novel genes
and high-value traits that are absent in modern cultivars (such as IR64). These aus-specific
novel genes and high-value traits especially related to abiotic stress tolerance were most
likely not selected for during the domestication of modern cultivars. Other wild rice species
have also been suggested as tolerant donor varieties against different types of abiotic stresses
(Atwell et al., 2014). For instance, five species (O. barthii, O. australiensis, O. meridionalis,
O. glaberrima, and O. longistaminata) for heat stress tolerance, one species (O. granulata)
for cold stress tolerance, five species (O. barthii, O. australiensis, O. glaberrima, O.
longistaminata, and O. punctata) for drought stress tolerance, and four species (O. schlechteri,
O. latifolia, O. grandiglumis, and O. ridleyi) for flooding stress tolerance were suggested as
candidate donors based on the bioclimatic analysis (Atwell et al., 2014). These diverse wild
rice species have also been frequently used for various breeding programs in order to develop
rice varieties that have enhanced tolerance to abiotic stress. A large number of wild rice
species have been collected from all over the world and being held in the gene banks (such as
International Rice Genebank), furthermore, whole genome sequencing for these wild rice
species are ongoing at several institutes (such as Cornell University and Arizona Genomics
Institute) with the rapid development of sequencing technologies.
The aus-type rice varieties and diverse wild rice species have been suggested as tolerant
donor varieties against various types of abiotic stresses, suggesting that similar or same genes
are possibly present in these tolerant donor varieties. A comparative sequence analysis was
conducted to investigate the similar or same genes in between these varieties, especially for
the identified 81 Kasalath-specific putative novel genes in our study. First, the de novo
assembled contigs in our study were compared to the de novo assembled contigs that
generated by RNA-Seq from 14 wild rice species: O.australiensis, O.barthii, O.brachyantha,
O.glaberrima, O.glumaepatula, O.granulata, O.logistaminata, O.meridionalis, O.minuta,
O.nivara, O.officinalis, O.punctata, O.rufipogon, and Leersia perrieri. The comparative
analysis

was

conducted

by

using

Mega

Blast

(http://www.ncbi.nlm.nih.gov/blast/mmtrace.shtml) in collaboration with Rod A. Wing’s
research group (Dr. Jianwei Zhang, Arizona Genomics Institute, United States). Among the
de novo assembled contigs from the 14 wild rice species, we only used sets of contigs that
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generated from roots for this analysis. From the Mega Blast results, we found that 69 out of
81 Kasalath-specific putative novel genes showed significant hits to de novo assembled
contigs from the at least one of 14 wild rice species. These matched Kasalath-specific
putative novel genes showed alignment coverage ranging from 2.5% to 100% and alignment
identity ranging from 81.3% to 100%. Of these, we selected 19 Kasalath-specific putative
novel genes that showed high nucleotide sequence similarities (alignment coverage = 100%,
and alignment identity over 82.3%) to de novo assembled contigs from the at least one of ten
wild rice species: O.australiensis, O.barthii, O.logistaminata, O.meridionalis, O.minuta,
O.nivara, O.officinalis, O.punctata, O.rufipogon, and Leersia perrieri (Table 18).

Table 18 Similar de novo assembled contigs between aus-type varieties and diverse wild rice
species. The table indicates 19 Kasalath-specific putative novel genes that have high nucleotide
similarities between aus-type rice varieties and diverse wild rice species. Each identifier (left)
represents the individual Kasalath-specific putative novel gene and grey shaded boxes (right) represent
the presence of similar de novo assembled contigs in corresponding wild rice species. The similar de
novo assembled contigs in diverse wild rice species were selected by stringent criterion; alignment
coverage 100% between aus-type rice varieties (Dular and Kasalath) and diverse wild rice species. The
absence of grey shaded box means that Kasalath-specific putative novel genes could be present in
corresponding wild rice species, however, the alignment coverage between these varieties did not meet
the cutoff value, alignment coverage 100%. Among the indicated 19 Kasalath-specific putative novels
genes, the proposed genes encoding putative protein kinases are marked in bold.
Wild rice species
Tolerant variety-specific
novel putative genes
comp14216_c0_seq14

O.australiensis

O.barthii

O.logistaminata O.meridionalis

O.minuta

O.nivara

O.officinalis

O.punctata

O.rufipogon

Leersia perrieri

a

comp14216_c0_seq16a
comp21840_c0_seq1b
comp22627_c0_seq1b
comp24568_c0_seq1b
comp25880_c0_seq1b
comp17339_c0_seq1 a
comp26301_c0_seq1 a
comp30775_c0_seq2 a
comp37398_c0_seq1 a
comp44576_c0_seq1 a
comp13856_c0_seq4 b
comp15378_c0_seq2 b
comp22194_c0_seq1 b
comp22646_c0_seq2 b
comp2329_c2_seq12 b
comp24000_c0_seq1 b
comp35138_c0_seq1 b
comp576_c0_seq1 b
a
b

The expression was specifically detected in Kasalath
The expression was specifically detected in the tolerant varieties (Dular and Kasalath)

Among the selected 19 Kasalath-specific putative novel genes, most of genes showed
matches to particular wild rice species, while comp44576_c0_seq1 showed a match to eight
different wild rice species (O.australiensis, O.barthii, O.logistaminata, O.meridionalis,
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O.minuta, O.nivara, O.officinalis, and O.punctata). These results indicate that several
Kasalath-specific putative novel genes are likely to be present in other wild rice species as
well. Therefore, it would be interesting to investigate (1) the similar or same genes in between
tolerant donor varieties and (2) the similar performance under same type of abiotic stress in
between tolerant donor varieties. If we can find a set of tolerant donor varieties that sharing
similar genes or showing a similar performance under same type of abiotic stress, these
varieties would be a good breeding material for abiotic stress tolerance.
Further, these selected 19 Kasalath-specific putative novel genes contain six genes encode
putative

protein

kinase

that

proposed

in

our

study:

comp14216_c0_seq14

and

comp14216_c0_seq16; Kasalath-specific putative protein kinases, and comp21840_c0_seq1,
comp22627_c0_seq1, comp24568_c0_seq1, and comp25880_c0_seq1; Dular/Kasalathspecific putative protein kinases (Figure 20, Table 18). Moreover, 12 out of 19 Kasalathspecific putative novel genes showed high nucleotide sequence similarities to de novo
assembled contigs from the Oryza nivara. It has been documented that Oryza nivara is a selffertilized species similar to Oryza sativa, while Oryza nivara has been adapted to seasonally
dry habitats (Li et al., 2006a). Based on these results, we expect a common mechanism
between aus-type varieties (Dular and/or Kasalath) and Oryza nivara in response to abiotic
stress.

3.4 Different pattern of gene regulation between single abiotic stress and dual
abiotic stresses
Understanding abiotic stress responses and tolerance in plants is an important and challenging
topic in plant research (Hirayama and Shinozaki, 2010). From numerous studies, a large
number of abiotic stress-responsive genes have been identified and functionally characterized.
In this subchapter, we compared the expression profiles of sets of abiotic stress-responsive
genes between single abiotic stress (either drought or P-deficiency stress) and dual abiotic
stresses (drought stress in P-deficient soil). For this comparison, we selected sets of abiotic
stress-responsive genes from two recent review journals (Fukao and Xiong, 2013; Wu et al.,
2013).
With respect to drought stress, a total of 23 drought stress-responsive genes were reviewed in
2013 by Fukao and Xiong. The overexpression of most of these genes in rice transgenic
plants displayed enhanced tolerance to drought stress (Fukao and Xiong, 2013). In addition,
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these genes have been identified in diverse genetic backgrounds (nine japonica-type rice
varieties) and functionally characterized in different types of tissues (such as leaf, root, and
seedling). Of these, the expression profiling of three genes (MITOGEN-ACTIVATED
PROTEIN KINASE 5; OsMAPK5, RING DOMAIN-CONTAINING PROTEIN 1; OsRDCP1,
and NAC TRANSCRIPTION FACTOR 10; OsNAC10) was compared to our expression
profiling results. The expression of all three genes was induced by drought stress in rice roots
(Xiong and Yang, 2003; Jeong et al., 2010; Bae et al., 2011), while two of the three genes
(OsRDCP1 and OsNAC10) showed different gene regulations in our study; the expression of
OsRDCP1 was specifically induced in IR64 and OsNAC10 showed a constitutive gene
expression in response to dual abiotic stresses (Table 19). Based on these results, we expect
that (1) OsMAPK5 is a common regulator involved in both drought and dual abiotic stressesresponsive mechanisms, (2) OsRDCP1 is a modern cultivar (Nipponbare and IR64)-specific
regulator involved in both drought and dual abiotic stresses-responsive mechanisms, and (3)
OsNAC10 is a regulator specifically involved in the drought stress-responsive mechanism not
in the dual abiotic stresses-responsive mechanism. It has been suggested that drought
tolerance is regulated by a large number of proteins that are largely influenced by genetic
background and environment (Fukao and Xiong, 2013). Therefore, it is unclear whether the
different patterns of gene regulations for OsRDCP1 and OsNAC10 were caused by different
genetic backgrounds or a combination of abiotic stresses (additional P-deficiency).

Table 19 The pattern of gene regulation for drought stress-responsive genes between drought
and under dual abiotic stresses. Gene expression profiles of the three drought stress-responsive genes
were compared between drought (left) and dual abiotic stresses (right). Gene expression profiling for
these genes were conducted in rice roots. The differential gene expression is indicated by red-shaded
boxes (up-regulated) or grey-shaded boxes (constitutive gene expression or non-significant change in
gene expression).

	
  
Previous studies
Gene
symbol

Plant material

Current study

Growing
condition

Drought stress
treatment

Variety

Response to
drought
stress

Soil

Water withhold

Agar plate
Soil

Reference

Plant
material

Growing
condition

Drought stress
treatment

Nipponbare

!

Xiong and Yang, 2003

31 to 39
days old
seedling
(root)

P-deficient
soil in pot

Water withhold
for 31 days

Air drying

Dongin

!

Bae et al., 2011

Air drying

Nipponbare

!

Jeong et al., 2010

Similar pattern of gene regulation
OsMAPK5

2 weeks old seedling
(root)

Different pattern of gene regulation
2 weeks old seedling
OsRDCP1
(root)
14 days old seedling
OsNAC10
(root)

31 to 39
days old
seedling
(root)

P-deficient
soil in pot

Water withhold
for 31 days

Response to dual abiotic
stresses
Dular

Kasalath

IR64

!

!

!

Dular

Kasalath

IR64

−

−

!

−

−

−

With respect to P-deficiency stress, a total of 29 Phosphate Starvation Induced (PSI) genes
involved in phosphate (Pi) uptake, translocation, and remobilization were reviewed in 2013
by Wu et al. These PSI genes have been identified and functionally characterized in two
modern cultivars (Nipponbare and Hitomebore; japonica-type rice varieties) using
hydroponic plant growth system under different P conditions (Hou et al., 2005; Zhou et al.,
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2008; Ai et al., 2009; Wang et al., 2009a; Jia et al., 2011; Zhang et al., 2011; Wang et al.,
2014). To investigate the pattern of gene regulation between P-deficiency and dual abiotic
stresses, we compared the published expression profiles of the 24 out of 29 PSI genes to our
results. These 24 PSI genes are composed of 21 genes belonging to large gene families
(PHOSPHATE TRANSPORTER; PT, SPX DOMAIN-CONTAINING PROTEINS; SPX,
and PURPLE ACID PHOSPHATASE; PAP) and additional three genes (INDUCED BY
PHOSPHATE STARVATION 1; OsIPS1, INDUCED BY PHOSPHATE STARVATION 2;
OsIPS2, and SULFOQUINOVOSYLDIACYL-GLYCEROL 2; OsSQD2). In this comparison,
we found that 17 PSI genes were similarly regulated between P-deficiency and dual abiotic
stresses in rice roots (Table 20), while 7 PSI genes showed different gene regulations (Table
21).

Table 20 Similar pattern of gene regulations for Phosphate Starvation Induced (PSI) genes
between P-deficiency and dual abiotic stresses. Gene expression profiles of the 17 PSI genes were
compared between P-deficiency (left) and dual abiotic stresses (right). Gene expression profiling for
these genes were conducted in rice roots. The differential gene expression is indicated by red-shaded
boxes (up-regulated) or grey-shaded boxes (constitutive gene expression or non-significant change in
gene expression). The higher fold change level in particular variety is marked in dark red.
Previous studies
Gene
name

Plant material

Growing
condition

Variety

Current study
Response to
P-deficiency
stress

Reference

Plant material

Growing
condition

Response to dual abiotic
stresses
Dular

Kasalath

IR64

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

−

−

−

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Single genes
OsIPS1
OsIPS2
OsSQD2

2 weeks old seedling
(root)

!

Hydroponic

Nipponbare

10 days old seedling
(root)

!
!

Hou et al., 2005

31 to 39 days old
seedling (root)

P-deficient
soil in pot

Zhou et al., 2008

SPX domain-containing proteins
OsSPX1
OsSPX3
OsSPX4

!

2 weeks old seedling
(root)

Hydroponic

Nipponbare

OsSPX5

!
−

Wang et al., 2009

31 to 39 days old
seedling (root)

P-deficient
soil in pot

!

Phosphate transporters
OsPT3

19 days old seedling
(root)

OsPT8

3 weeks old seedling
(root)

OsPT5
OsPT9
OsPT10

10 days old seedling
(root)

Hydroponic

Nipponbare

!

Wang et al., 2009

!

Jia et al., 2011

!
!

12 days old seedling
(root)

!

Hou et al., 2005

31 to 39 days old
seedling (root)

P-deficient
soil in pot

Wang et al., 2014

Purple acid phosphatases
OsPAP9a

−

−

−

−

OsPAP10a

!

!

!

!

OsPAP10c

17 days old seedling
(root)

Hydroponic

Nipponbare

!

Zhang et al., 2011

31 to 39 days old
seedling (root)

P-deficient
soil in pot

!

!

!

OsPAP21b

!

!

!

!

OsPAP23

!

!

!

!

The 17 PSI genes are composed of three single genes (OsIPS1, OsIPS2, and OsSQD2), four
SPX family genes (OsSPX1, OsSPX3, OsSPX4, and OsSPX5), five PT family genes (OsPT3,
OsPT8, OsPT5, OsPT9, and OsPT10), and five PAP family genes (OsPAP9a, OsPAP10a,
OsPAP10c, OsPAP21b, and OsPAP23). It has been reported that the expression of 15 genes
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was induced by P-deficiency stress, while two genes (OsSPX4 and OsPAP9a) showed a
constitutive gene expression (Hou et al., 2005; Zhou et al., 2008; Wang et al., 2009a; Jia et al.,
2011; Zhang et al., 2011; Wang et al., 2014). Under dual abiotic stresses (drought stress in Pdeficient soil), these 17 PSI genes were similarly regulated (up-regulated; 15 genes and
constitutively expressed; 2 genes) in the tolerant varieties and IR64. In addition, several genes
showed a higher fold change in particular variety; more highly induced in Dular than in other
varieties (OsIPS2 and OsSPX5), more highly induced in IR64 than in the tolerant varieties
(OsPAP10c), and more highly induced in Dular and IR64 than in Kasalath (OsIPS1 and
OsSPX3). Based on these results, we expect that these 17 PSI genes are involved in a
common mechanism for response to either P-deficiency or dual abiotic stresses in different
genetic backgrounds. In addition, we assume that the different induction levels of several
genes are derived from different genetic backgrounds.

Table 21 Different pattern of gene regulations for Phosphate Starvation Induced (PSI) genes
between P-deficiency and dual abiotic stresses. Gene expression profiles of the seven PSI genes
were compared between P-deficiency (left) and dual abiotic stresses (right). Gene expression profiling
for these genes were conducted in rice roots. The differential gene expression is indicated by redshaded boxes (up-regulated), blue-shaded boxes (down-regulated) or grey-shaded boxes (constitutive
gene expression or non-significant change in gene expression).
Previous studies
Gene
name

Plant material

Growing
condition

Variety

Current study
Response to
P-deficiency
stress

Reference

Plant material

Growing
condition

Variety-specific regulation between single P-deficiency stress and dual abiotic stresses
SPX domain-containing proteins
2 weeks old seedling
OsSPX2
(root)
Phosphate transporters

Hydroponic

Nipponbare

!

Wang et al., 2009

OsPT2

3 weeks old seedling
(root)

Hydroponic

Nipponbare

!

Ai et al., 2009

OsPT12

10 days old seedling
(root)

Hydroponic

Nipponbare

!

Hou et al., 2005

Hydroponic

Nipponbare

!

Zhang et al., 2011

Purple acid phosphatases
17 days old seedling
OsPAP1a
(root)

31 to 39 days old
seedling (root)

P-deficient
soil in pot

31 to 39 days old
seedling (root)

P-deficient
soil in pot

31 to 39 days old
seedling (root)

P-deficient
soil in pot

Antagonistic regulation between single P-deficiency stress and dual abiotic stresses

Response to dual abiotic
stresses
Dular

Kasalath

IR64

"

−

−

"

"

−

!

−

−

−

−

!

Dular

Kasalath

IR64

!

!

!

"

"

"

−

−

−

Purple acid phosphatases
OsPAP15
OsPAP20b
OsPAP3b

−

17 days old seedling
(root)

Hydroponic

Nipponbare

!

Zhang et al., 2011

!

31 to 39 days old
seedling (root)

P-deficient
soil in pot

The seven PSI genes are composed of one SPX family gene (OsSPX2), two PT family genes
(OsPT2 and OsPT12), and four PAP family genes (OsPAP1a, OsPAP3b, OsPAP15, and
OsPAP20b). It has been reported that the expression of six genes was induced by Pdeficiency stress, while OsPAP15 showed a constitutive gene expression (Hou et al., 2005; Ai
et al., 2009; Wang et al., 2009a; Zhang et al., 2011). In comparison with P-deficiency stress,
these seven PSI genes showed complex gene regulations in response to dual abiotic stresses:
variety-specific gene regulations and antagonistic gene regulations between P-deficiency and

	
  

91	
  

	
  
dual abiotic stresses (Table 21). For the variety-specific gene regulations, two genes (OsSPX2
and OsPT12) were regulated in a Dular-specific manner, OsPT2 was regulated in a tolerant
variety-specific manner, and OsPAP1a was regulated in an IR64-specific manner in response
to dual abiotic stresses. For the antagonistic gene regulation, OsPAP3b was constitutively
expressed, OsPAP15 was up-regulated, and OsPAP20b was down-regulated in both tolerant
varieties and IR64 in response to dual abiotic stresses. These results indicate that several PSI
genes can be differently regulated in a variety-specific manner or antagonistically regulated in
response to dual abiotic stresses. Based on the expression profiles, we expect that OsPAP15 is
specifically involved in dual abiotic stresses-responsive mechanism, while OsPAP3b is
specifically involved in P-deficiency stress-responsive mechanism.
Recently, it has been demonstrated that two SPX family members (OsSPX3 and OsSPX5)
have functionally redundant roles in root-to-shoot Pi translocation (Shi et al., 2014). The
expression of OsSPX3 and OsSPX5 was highly induced by Pi-starvation, while the expression
was rapidly suppressed by Pi recovery after 12 hours. In addition, the overexpression of
OsSPX3 or OsSPX5 in rice transgenic plants showed decreased Pi concentration in shoot and
increased Pi concentration in root in comparison to that in control wild type plants. It has
therefore been suggested that OsSPX3 and OsSPX5 function as negative regulators in root-toshoot Pi translocation for restoring phosphate balance under Pi starvation (Shi et al., 2014). In
our study, the expression of OsSPX3 and OsSPX5 was up-regulated in both tolerant varieties
and IR64, suggesting that OsSPX3 and OsSPX5 are commonly involved in a mechanism of
both tolerant varieties and IR64 in response to dual abiotic stresses, especially for restoring
phosphate balance. Additionally, it has been demonstrated that OsPT2 is involved in longdistance transport of Pi from roots to shoots as positive regulator (Ai et al., 2009). The
overexpression of OsPT2 in rice transgenic plants results in accumulation of excess shoot Pi,
while OsPT2-RNAi transgenic plants showed relatively lower Pi content in shoot in
comparison with that in control non-transgenic plants (Ai et al., 2009; Liu et al., 2010a). In
our study, the expression of OsPT2 was specifically down-regulated in the tolerant varieties,
suggesting that OsPT2 is involved in tolerant variety-specific mechanism in response to dual
abiotic stresses, especially for control of Pi transport from roots to shoots. Based on these
results, we expect that Pi transport is regulated differently by OsSPX3 and OsSPX5 in both
tolerant varieties and IR64 or by OsPT2 in the tolerant varieties in response to dual abiotic
stresses.
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4. Discussion

4.1 The importance of studying dual/multiple abiotic stresses in plants
Different types of abiotic stresses such as drought, submergence, high salinity, high heat,
nutrient-deficiency usually have significant negative effects on crop cultivation and often
result in yield losses of more than 50% for staple crops including rice (Wang et al., 2003a). A
combination of abiotic stresses can occur together in the natural ecosystems and can lead to
more severe agricultural losses than that caused by single abiotic stress. For instance, the
synergistic negative effects of a combination of two different abiotic stresses on agricultural
production were reported (Mittler, 2006). Between 1980 and 2004, the agricultural yield
losses affected by drought stress were worth USD 20 billion, while total losses due to a
combination of drought and high heat stress were worth USD 120 billion in the United States.
Moreover, the total losses attributed to a combination of abiotic stresses were relatively
higher than the damages caused by other single abiotic stress such as freezing and flooding.
The big difference in agricultural yield losses between single and a combination of abiotic
stresses, therefore indicating that study on a combination of different types of abiotic stress is
important, especially for sustainable food security.
To date, numerous studies have been focused on different types of individual abiotic stress in
plants. In recognition of the fact that a combination of different types of abiotic stress can
lead to the synergistic negative effects on crop cultivation, the previous studies focused on
individual abiotic stress would have limitations to solve the problems produced by a
combination of abiotic stresses. For instance, different studies have demonstrated the
meaningful scientific facts including important regulators for different types of single abiotic
stress. However, it has been proposed that a combination of different abiotic stresses can lead
to novel state of abiotic stress in plant (Mittal et al., 2012). This result indicates that
previously characterized regulators important for single abiotic stress tolerance may not have
same function in response to a combination of abiotic stresses. In our study, we identified a
number of genes that differentially expressed under dual abiotic stresses (drought stress in Pdeficient soil). In our study, the expression profiles of several single abiotic stress (drought or
P-deficiency stress)-responsive genes that reported in previous studies were compared to our
results. These genes were selected from two recent review journals, and these genes are
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known to encode important regulators that involved in single abiotic stress-responsive
mechanism in rice (Fukao and Xiong, 2013; Wu et al., 2013). Of these, we found that several
genes showed single abiotic stress-specific differential gene expression. For instance, the
expression of OsNAC10 was significantly induced by drought stress in rice roots (Jeong et al.,
2010), while showed a stable gene expression under dual abiotic stress in both tolerant
varieties and IR64 (Table 19). It has been demonstrated that the overexpression of OsNAC10
in rice transgenic plants results in enhanced tolerance and grain yield to drought stress under
field condition (Jeong et al., 2010). This result indicates that OsNAC10 can be differently
regulated by additional abiotic stress (P-deficiency), suggesting that OsNAC10 is not
involved in dual abiotic stresses-responsive mechanism. With respect to P-deficiency stress, it
has been suggested that PURPLE ACID PHOSPHATASE (PAP) family members are
involved in phosphate deficiency adaptation in rice (Zhang et al., 2011). Of these, the
expression of OsPAP3b was significantly induced by P-deficiency stress in rice roots, while
showed a stable gene expression under dual abiotic stresses in both tolerant varieties and IR64
(Table 21). In addition, we found that several important regulators for single abiotic stress
tolerance were differently regulated in our study either in a variety-specific manner or in an
antagonistic manner. These results support the proposal that a combination of different abiotic
stresses can lead to novel state of abiotic stress in plant (Mittal et al., 2012). Moreover, the
variety-specific gene regulation under dual abiotic stresses indicates the complexity of abiotic
stress-responsive mechanism in different genetic backgrounds. Based on these results, we
propose that the study on a combination of different types of abiotic stress would require a
new perspective: not just a combination of knowledge obtained from the studies on single
abiotic stress. In our study, we identified a large number of genes that differentially expressed
under dual abiotic stresses. Most of these genes have not yet been studies, thus annotated as
hypothetical proteins. We expect that functional characterization of these hypothetical
proteins would contribute to our understanding of plant responses to dual/multiple abiotic
stresses.

4.2 The importance of identification of novel genes that originate from unadapted rice varieties
The modern varieties (such as Nipponbare) have been widely used for studies of tolerance to
different types of abiotic stress (Table 19, 20, 21). The modern varieties have been optimized
to irrigated rice ecosystem applied with sufficient water and fertilizer, thus have a high yield
potential. However, these modern varieties have several limitations: generally vulnerable to
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various types of environmental stress including biotic and abiotic stress, and the genetic
diversity is relatively poor than that present in un-adapted rice varieties. For instance, it has
been reported that modern rice varieties is estimated to maintain only 10 to 20% of the
genetic diversity present in its wild rice ancestor, Oryza. rufipogon (Kovach and McCouch,
2008). It is commonly believed that reduction of genetic diversity in the modern rice varieties
is attributed to strong selection and genetic bottlenecks during the domestication process. In
general, the identification of abiotic stress-responsive gene that present in the modern
varieties is processed in the following approaches: (1) gene expression profiling using
microarray or RNA-Seq and (2) functional characterization using transgenic approaches such
as overexpression or RNA interference (RNAi). For instance, it has been demonstrated that
STRESS INDUCED PROTEIN KINASE 1 (OsSIK1) plays an important role in abiotic stress
tolerance in modern rice varieties, Nipponbare and TP309 (Ouyang et al., 2010). The
expression of OsSIK1 was significantly up-regulated by drought or salt stress, and the
overexpression of OsSIK1 in rice transgenic plants displayed enhanced tolerance to drought
or salt stress. Although the elevated expression of OsSIK1 is associated with abiotic stress
tolerance, the level of induction in overexpression plant is much higher in comparison to that
in control wild type plant. Due to this different level of induction, the modern varieties are
generally vulnerable to abiotic stress despite of presence of abiotic stress-responsive genes
such as OsSIK1. In this case, it is therefore difficult to be used for the breeding programs for
abiotic stress tolerance in rice, except for application to genetically modified (GM) rice. The
GM crops is thought to be one of the most efficient solutions to overcome our current issues
such as agricultural yield losses caused by abiotic stress or climate changes, however, it is
barely accepted in our society.
Another approach for developing abiotic stress-tolerant rice variety is the identification of
novel genes that specifically present in un-adapted rice varieties. It has been suggested that
un-adapted rice varieties (such as aus-type rice varieties and diverse wild rice species) are
candidate donors for diverse stress tolerance genes or traits (Heuer et al., 2009; Atwell et al.,
2014). However, these tolerant donors usually have poor agronomic traits such as low grain
yield and grain shattering (Sanchez et al., 2013). Therefore, transferring of targeted genes or
traits that have a significant correlation with tolerance to abiotic stress into our modern
varieties stands as a major challenge for rice breeding.
In our study, we identified a large number of genes that differentially expressed under dual
abiotic stresses. These genes are commonly present in both tolerant varieties (Dular and
Kasalath) and modern variety (IR64), while sets of genes were regulated in a tolerant varietyspecific manner; differentially expressed only in the tolerant varieties or more highly
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regulated in the tolerant varieties than in IR64. Based on this result, we expect that tolerant
variety-specific novel regulators may influence the expression of these genes. From the de
novo assembled contigs, we identified 18 Kasalath-specific novels genes that potentially
encode putative protein kinases (Figure 20). The specific presence of these genes in Kasalath
(possible in Dular as well) was verified by using BLAT analysis and RNA-Seq; the
expression of these genes were not detected in IR64 and/or these genes were not aligned to
the IR64 genome. In general, protein kinase is known to have important role as regulatory
protein in signaling pathway in response to abiotic stress (Mizoi and Yamaguchi-Shinozaki,
2013). Recently, it has been demonstrated that a novel protein kinase, OsPSTOL1, confers
tolerance of P-deficiency (Gamuyao et al., 2012). The OsPSTOL1 is originated from unadapted rice variety Kasalath, and regulates the expression of downstream genes in response
to P-deficiency. Based on these results, we expect that the identified putative novel protein
kinases encoded by 18 Kasalath-specific novel genes play an important role in tolerant
variety-specific mechanism in response to dual abiotic stresses. The identification of novel
genes that specifically present in un-adapted rice varieties and absent in modern varieties
would contribute to overcome the poor genetic diversity of modern varieties.
In recognition of the fact that un-adapted rice varieties are candidate donors for diverse stress
tolerance genes or traits, in-depth studies are ongoing for these varieties. Recently, the
genome sequences of 3,000 rice accessions from 89 countries were released (Li et al., 2014).
Until recently, only two rice genome sequences (Nipponbare; japonica-type rice variety, 9311; indica-type rice variety) were publicly available, thus the identification of novel genes
specifically present in un-adapted rice varieties has been limited. Therefore, we expect that
the released various rice genome sequences will contribute to the identification of un-adapted
rice variety-specific novel genes.

4.3 Tolerant variety-specific putative mechanisms to cope with dual abiotic
stresses
4.3.1 Controlled water consumption
In section 3.1, we demonstrated that the tolerant varieties transpired less water than modern
variety IR64 during stress treatment. Interestingly, we identified the differential gene
expression for four aquiaporins that involved in water transport; two genes (OsPIP2;4 and
OsTIP5;1) were specifically down-regulated in Dular, and another two genes (OsPIP2;5 and
OsTIP4;3) were specifically down-regulated in the tolerant varieties (Table 12). Based on the
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phylogenetic analysis reported in 2013 by Nguyen et al, we found several aquaporins that
annotated in other plant organisms (Arabidopsis thaliana or Zea mays) and belonging to same
clade with the mentioned four aquaporins in our study (Nguyen et al., 2013); OsPIP2;4 and
OsPIP2;5 (with Os07g0448200 and ZmPIP2;6), OsTIP5;1 (with ZmTIP5;1 and AtTIP5;1),
and OsTIP4;3 (with Zm TIP4;4).
Among the PIP subgroup members, we described that the expression of OsPIP2;4 was
specifically down-regulated in Dular (Table 12). In our study, the significance of differential
gene expression was judged by two thresholds: p-value < 0.05 and absolute fold change ≥ 2.
The fold changes in OsPIP2;4 expression was 2.05-fold reduction (in Dular) and 1.81-fold
reduction (in Kasalath) with significant p-value. Although the fold changes in Kasalath did
not meet one of our threshold criteria, OsPIP2;4 showed a significant down-regulation in
Kasalath as well as in Dular. The other genes (Os07g0448200 and OsPIP2;5) belonging to
same clade with the OsPIP2;4, also showed a significant down regulation in both Dular and
Kasalath in response to dual abiotic stresses; the fold changes in Os07g0448200 expression
was 2.06-fold reduction (in Dular), 2.17-fold reduction (in Kasalath) with significant p-value.
These results indicate that the expression of three PIP subgroup genes was specifically downregulated in the tolerant varieties. It has been demonstrated that all these aquaporins (except
for Os07g0448200) possess water channel activity (Sakurai et al., 2005; Moshelion et al.,
2009), suggesting that water transport is differently regulated by OsPIP2;4, OsPIP2;5,
Os07g0448200 in the tolerant varieties.
Further, it has been demonstrated that the overexpression of AtPIP1;2 (one of the PIP
subgroup members in Arabidopsis) in transgenic tobacco plants displayed improved plant
vigor under favorable growth condition; AtPIP1;2 overexpression significantly increased
plant growth rate, transpiration rate, stomatal density, and photosynthetic efficiency (Aharon
et al., 2003). On the contrary, AtPIP1;2 overexpression leads to negative effects (such as
faster wilting) under drought stress condition. In the AtPIP1;2 overexpression plants,
relatively higher rate of water consumption was also reported in comparison to that in control
wild type plants (Aharon et al., 2003). Based on these results, we expect that water transport
mediated by PIP aquaporins is tightly linked to the plant growth.
To investigate the pattern of gene regulation for other PIP subgroup members, we additionally
analyzed the expression profiles of nine genes (OsPIP1;1, OsPIP1;2, OsPIP1;3, OsPIP2;1,
OsPIP2;2, OsPIP2;3, OsPIP2;6, OsPIP2;7, and OsPIP2;8). Of these, six genes showed a
stable gene expression under dual abiotic stresses, while three genes were regulated in a
tolerant variety-specific manner (OsPIP2;2 and OsPIP2;3) or in an IR64-specific manner
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(OsPIP2;8). Although the fold changes in expression of OsPIP2;2 and OsPIP2;3 was lower
than one of used threshold criteria (absolute fold change ≥ 2), these genes showed a
significant down-regulation in the tolerant varieties. On the contrary, OsPIP2;8 showed a
IR64-specific up-regulation. Based on the results reported in 2003 by Aharon et al, we expect
that the patterns of gene regulation for identified PIP aquaporins are associated with their
performance in response to dual abiotic stresses; the tolerant variety-specific down-regulation
of five aquiaporins (OsPIP2;2, OsPIP2;3, OsPIP2;4, OsPIP2;5, Os07g0448200) is
associated with significant delayed plant growth, while IR64-specific up-regulation of
OsPIP2;8 is associated with moderate delayed plant growth. Based on these results, we
expect a similar functional role for the identified TIP aquaporins (OsTIP4;3 and OsTIP5;1).
Within the tolerant varieties, Dular stopped visible plant growth at 40 DAS (0.23 ± 0.10
FTSW level), while Kasalath showed a slow but continuous plant growth until the end of the
stress treatment period. Therefore, the Dular-specific down-regulation of OsTIP5;1
suggesting that water transport was more strictly regulated by OsTIP5;1 in Dular than in
Kasalath. Taken together, we propose that the water transport and plant growth is controlled
by PIP and/or TIP aquaporins in the tolerant varieties to cope with dual abiotic stresses,
moreover, these regulations are one of the possible tolerant variety-specific mechanisms to
cope with dual abiotic stresses.

4.3.2 Controlled plant growth
Apart from the aquaporins, we additionally identified the differential gene expression for two
transcription factors, OsMADS57 and D14, involved in control of plant growth, especially
tillering (Guo et al., 2013). Rice tillering is one of the most important traits determining grain
yield (Liang et al., 2014). It has been demonstrated that OsMADS57 and D14 play an
important role in control of tillering as positive and negative regulator, respectively (Guo et
al., 2013). The overexpression of OsMADS57 in transgenic rice plants increased tiller number,
while anti-sense knockdown lines had fewer tillers in comparison to that in control wild type
plants. In addition, OsMADS57 protein binds to the CArG motif [C(A/T)TTAAAAAG] in
the promoter region of D14 and directly repressed the expression of D14, which encodes a
protein that functions in strigolactone (SL) signaling to inhibit rice tillering (Arite et al., 2009;
Guo et al., 2013).
Based on the significant positive correlation between leaf number and tiller number reported
in 2010 by Farooq et al, we expected that the tolerant varieties have relatively severe
reduction in tillering in comparison with that in IR64 under dual abiotic stresses. As
demonstrated in section 3.1, the tolerant varieties showed a significant delayed plant growth
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(with increasing development gap), while IR64 showed a moderate delayed plant growth
(with decreasing development gap). These results support the expectation that relatively
severe reduction in tillering in the tolerant varieties. Interestingly, we observed that the
expression of OsMADS57 and D14 was regulated in a variety-specific manner; OsMADS57
was specifically down-regulated in the tolerant varieties, while D14 was specifically downregulated in IR64 (Table 8, Figure 12). Based on these expression profiles, we expect that
the tolerant variety-specific down-regulation of OsMADS57 is associated with significant
delayed plant growth, while IR64-specific down-regulation of D14 is associated with
moderate delayed plant growth. The variety-specific gene regulation for these two
transcription factors that involved in control of tillering probably represents the characteristic
features of the tolerant varieties and high-yielding modern variety IR64. For instance, the
tolerant varieties have been adapted to unfavorable conditions (such as rainfed rice
ecosystem), while IR64 has been well adapted to favorable conditions (such as irrigated rice
ecosystem) for high yielding. Taken together, we expect that the tolerant varieties are
programed for efficient adaptation to dual abiotic stresses, while IR64 is optimized for highyielding with continuous plant growth. Probably, the different responses between the tolerant
varieties and IR64 in response to dual abiotic stresses are attributed to their different
characteristic features. Based on these results, we propose that the control of plant growth
mediated by OsMADS57 is one of the possible tolerant variety-specific mechanisms to cope
with dual abiotic stresses.

4.3.3 Phosphate homeostasis
It has been demonstrated that two SPX domain-containing proteins, OsSPX3 and OsSPX5,
have redundant function in root-to-shoot phosphate (Pi) translocation as negative regulators,
especially for restoring phosphate balance under Pi starvation (Shi et al., 2014). The
expression of these genes (OsSPX3 and OsSPX5) was significantly induced by Pi starvation
in roots and leaf blades. Moreover, the phosphate imbalance produced either by double
mutation or overexpression of individual gene in rice transgenic plants similarly leads to the
inhibited plant growth under both Pi levels, sufficient and deficient (Shi et al., 2014). These
results indicate that OsSPX3 and OsSPX5 play an important role in maintaining Pi
homeostasis in rice.
In our study, the expression of these genes was up-regulated in both the tolerant varieties and
IR64 under dual abiotic stresses; OsSPX3 was more highly up-regulated in Dular and IR64
than in Kasalath, while OsSPX5 was more highly up-regulated in Dular than in other varieties
(Table 20). Based on these expression profiles, we expect that OsSPX3 and OsSPX5 are
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involved in common mechanism of both the tolerant varieties and IR64, especially for
restoring Pi balance under dual abiotic stresses. It has been demonstrated that one of the rice
phosphate transporters, OsPT2, plays an important role in long-distance transport of Pi from
roots to shoots as a positive regulator (Ai et al., 2009). For instance, the overexpression of
OsPT2 in rice transgenic plants results in accumulation of excess shoot Pi, while OsPT2RNAi transgenic plants showed relatively lower Pi contents in shoot in comparison to that in
control wild type plants (Ai et al., 2009; Liu et al., 2010a). Interestingly, the expression of
OsPT2 was specifically down-regulated in the tolerant varieties (Table 21). Based on the
functional role of OsPT2, we expect that OsPT2 specifically regulates the Pi homeostasis in
the tolerant varieties to cope with dual abiotic stresses-induced Pi imbalance. Therefore, we
propose that maintaining Pi homeostasis mediated by OsPT2 is one of the possible tolerant
variety-specific mechanisms to cope with dual abiotic stresses.
Despite the common presence of OsPT2 in both the tolerant varieties and IR64, the gene
expression was specifically regulated in the tolerant varieties under dual abiotic stresses,
suggesting that tolerant variety-specific putative regulator is involved in this gene regulation.
Apart from OsPT2, we identified a number of genes that commonly present in both the
tolerant varieties and IR64 but the gene expression was regulated in a tolerant variety-specific
manner. Therefore, it would be interesting to compare the promoter region of these genes
across varieties and to investigate the functional interacting partners of OsPT2 in the tolerant
varieties.

	
  
4.3.4 Enhanced cellular homeostasis
Cellular homeostasis usually affected by abiotic stress, and results in protein dysfunction such
as misfolding, aggregation, denaturation, therefore, maintaining cellular homeostasis is one of
the most important protective mechanisms for cell survival under stress (Wang et al., 2004).
Plants accumulate various protective proteins (such as heat shock proteins, late
embryogenesis redundant proteins) against abiotic stress, especially for maintaining cellular
homeostasis (Mizoi and Yamaguchi-Shinozaki, 2013). In different studies, the functional
roles of several protective proteins have demonstrated. For instance, the overexpression of
OsHSP16.9B-CI (one of the small heat shock proteins) in rice transgenic plants displayed
enhanced tolerance to drought or salt stress in comparison with control wild type plants (Zou
et al., 2012). Similarly, the overexpression of OsLEA3-1 (one of the late embryogenesis
redundant proteins) in rice transgenic plants displayed enhanced tolerance to drought stress
(Xiao et al., 2007). Likewise, most of these protective proteins are related to the enhanced
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tolerance when overexpressed in transgenic plants, suggesting that the elevated gene
expression of these protective proteins is important for tolerance to abiotic stress.
In our study, we identified 24 genes encoding heat shock proteins (HSPs) and nine genes
encoding late embryogenesis redundant (LEA) proteins that were differentially expressed
under dual abiotic stresses, moreover, the expression of these genes was regulated in a
tolerant variety-specific manner. Interestingly, all these genes showed a significant upregulation in the tolerant varieties. In addition, we observed different patterns of gene
regulations between the genes encoding HSPs and LEA proteins: (1) the expression of genes
encoding LEA proteins was up-regulated in both the tolerant varieties and IR64, but more
highly up-regulated in the tolerant varieties than in IR64 (Table 14) and (2) the genes
encoding HSPs showed tolerant variety-specific up-regulations, relatively higher fold changes
in the tolerant varieties than in IR64, or antagonistic regulation between the tolerant varieties
and IR64 (Table 13). These results suggest that transcriptional regulation of genes encoding
these protective proteins responded specifically or more strongly in the tolerant varieties
under dual abiotic stresses. However, it is unclear whether relatively higher fold changes in
the tolerant varieties (Dular and/or Kasalath) than in IR64 are attributed to tolerant varietyspecific putative regulators or just because of different genetic backgrounds. Therefore, it
would be interesting to compare the promoter region of these genes between the tolerant
varieties and IR64. In summary, we expect that above-mentioned protective proteins maintain
the cellular homeostasis more efficiently in the tolerant varieties than IR64 to cope with dual
abiotic stresses.

4.3.5 Alleviation of abiotic stress-induced cellular damages
Polyamines (PAs) are group of phytohormone-like aliphatic amines that play an important
role in regulation of plant developmental and physiological processes (Gill and Tuteja, 2010).
Putrescine (Put), spermidine (Spd), and spermine (Spm) are the most commonly found PAs in
higher plants. In different studies, it has been demonstrated that the overexpression of genes
encoding PA biosynthetic enzymes or the exogenous application of PAs (such as Spd) results
in abiotic stress tolerance in various plants. For instance, the overexpression of Spd synthase
(i.e. identified from Cucurbita ficifolia) in Arabidopsis transgenic plants displayed enhanced
tolerance to various abiotic stresses such as chilling, freezing, salinity, drought (Kasukabe et
al., 2004). In addition, it has been demonstrated that high salinity stress-induced cellular
damages (e.g., ion imbalance and inhibition of PM-bound H+-ATPase activity) could be
overcome by exogenously supplied Spd in the salt sensitive-varieties, especially in the plasma
membrane of rice roots (Roy et al., 2005). Among the three major PAs (Put, Spd, and Spm),
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the contents of Spd and Spm were relatively higher than Put in the salt tolerant-varieties,
while Spd and Spm were not detected in the salt sensitive-varieties (Roy et al., 2005). It has
been demonstrated that Spm-deficient Arabidopsis mutant plants are hypersensitive to
drought and high salinity stress (Yamaguchi et al., 2007). Taken together, these results
indicate that the elevated levels of Spd and Spm are associated with abiotic stress tolerance in
plants. Interestingly, we found that the expression of SPERMIDINE SYNTHASE/SPERMINE
SYNTHASE 3 (SPD/SPM3) was specifically up-regulated in the tolerant varieties in response
to dual abiotic stresses (Figure 16). The high salinity and drought stress commonly result in
water deficit condition in plant, thus these two different types of abiotic stress could lead to
similar cellular damage. Therefore, we expect that the elevated Spd and Spm contents play an
important role in alleviating the dual abiotic stresses-induced cellular damages in the tolerant
varieties. It would be interesting to compare the contents of three major PAs between the
tolerant varieties and IR64 under dual abiotic stresses.

4.3.6 Gibberellin biosynthesis versus Phytoalexin biosynthesis
In rice, various diterpenoid compounds including phytohormone gibberellins and
phytoalexins have been identified (Otomo et al., 2004). Gibberellins are diterpenoid acids
derived from four isoprenoid units and play an important role in plant growth and
development (Grennan, 2006). Phytoalexins are low-molecular weight compounds and often
accumulate in response to pathogen attack, thus considered important for plant resistance
against pathogen (Ahuja et al., 2012). Various diterpenoid compounds are synthesized from
geranylgeranyl diphosphate (GGDP) via their respective putative hydrocarbon precursors
such as ent-kaur-16-ene, ent-sandaracopimaradiene, ent-cassa-12,15-diene (Otomo et al.,
2004). It has been proposed that two ent-CDP synthases (OsCPS1 and OsCyc2) are involved
in branch point of gibberellin (GA) and phytoalexin biosynthetic pathways: OsCPS1 for
gibberellin biosynthesis and OsCyc2 for phytoalexin biosynthesis (Otomo et al., 2004).
Interestingly, we observed a variety-specific gene regulation for two genes that involved in
the branch point. The expression of OsCPS1 was up-regulated in both the tolerant varieties
and IR64 (more highly up-regulated in Kasalath and IR64 than in Dular), while OsCyc2 was
specifically up-regulated in the tolerant varieties (Figure 13). These results indicate that
phytoalexin biosynthesis responded more strongly in the tolerant varieties. The ent-CDP can
be synthesized by two enzymes, OsCPS1 and OsCyc2, and become a hydrocarbon precursor
of three different diterpenoid compounds, which synthesized by three different enzymes: (1)
OsKS1 for GA biosynthesis, (2) OsKS10 for oryzalexins A–F biosynthesis, and (3) OsKS7
for phytocassanes A–E biosynthesis (Kanno et al., 2006). We observed that the expression of
three genes encoding OsKS1, OsKS7, or OsKS10 was regulated in a variety-specific manner
in response to dual abiotic stresses; the expression of OsKS1 was more highly up-regulated in
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IR64 than in the tolerant varieties, while OsKS7 was specifically up-regulated in the tolerant
varieties and OsKS10 was more highly up-regulated in the tolerant varieties than in IR64
(Figure 13). These results indicate that GA biosynthesis responded more strongly in IR64,
while phytoalexin biosynthesis responded specifically (phytocassanes A–E biosynthesis) or
more strongly (oryzalexins A–F biosynthesis) in the tolerant varieties under dual abiotic
stresses. Diverse types of phytoalexins found to be accumulated in response to pathogens and
elicitors in other crops, whereas, above-mentioned phytoalexins are specifically reported in
rice (Ahuja et al., 2012). Although the functional roles of above-mentioned phytoalexins are
still largely unknown under major abiotic stresses (such as salt, drought, cold) (Großkinsky et
al., 2012), we observed that phytoalexin biosynthesis responded specifically or more strongly
in the tolerant varieties in response to dual abiotic stresses. The tolerant varieties showed
tolerance to dual abiotic stresses in comparison with IR64 (Figure 8), thereby suggesting that
the tolerant variety-specific alteration in phytoalexin biosynthesis is one of the possibly
tolerant variety-specific mechanisms to cope with dual abiotic stresses. On the other hand,
GA biosynthesis responded more strongly in IR64 in comparison with that in the tolerant
varieties under dual abiotic stresses. It could be explained by moderate delayed plant growth
in IR64 during stress treatment. Therefore, it would be interesting to find functional roles of
phytoalexins under dual abiotic stresses, especially in the tolerant varieties.
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5. Concluding summary
The aim of this thesis was to find out the answer to our major biological question that how
tolerant varieties sustained viability under severe dual abiotic stresses in comparison with a
high yielding modern variety IR64. The major advantage of this study is that using intact
problem soil (especially phosphorus deficiency) collected from nature and application of a
combination of two different types of abiotic stress (gradual drought stress in phosphorus
deficient soil), which possibly combined in the realistic rice cultivation area.
We observed different responses between the tolerant varieties (Dular and Kasalath; aus-type
rice variety) and IR64 (indica-type rice variety) in response to dual abiotic stresses; (1) the
tolerant varieties showed a significant delayed plant growth, while IR64 showed a moderate
delayed plant growth (Figure 7), (2) the tolerant varieties transpired less water than IR64
(Figure 6), and (3) the tolerant varieties sustained viability under severe stress level (i.e. 20%
of soil saturation in P-deficient soil), while IR64 stopped visible growth and started to die
(Figure 8). Both the tolerant varieties similarly tolerant to the dual abiotic stresses in
comparison with IR64, moreover, variety-specific responses were also observed within the
tolerant varieties. For instance, Dular stopped visible growth at 40 days after sowing (0.23 ±
0.10 FTSW level), while Kasalath showed a slow but continuous growth even until the end of
the stress treatment period (Figure 8). In addition, relatively faster transpiration was observed
in Dular in comparison with that in Kasalath during stress treatment (Figure 6). Based on
these results, we expect that both the tolerant varieties have variety-specific mechanisms as
well as common mechanisms in response to dual abiotic stresses. Further, Kasalath is thought
to be the most tolerant variety in this study. These different responses between the tolerant
varieties and IR64 were further analyzed at the transcriptomic level by using RNA-Seq
approach.
From the transcriptomic perspective, we first identified sets of genes and de novo assembled
contigs that were differentially expressed under dual abiotic stresses. Based on the patterns of
gene regulations and/or variety-specific gene expression, these identified genes and contigs
were grouped into seven and 13 categories, respectively (Table 4, 16). Among the identified
genes that commonly expressed in both the tolerant varieties (Dular and Kasalath) and
modern varieties (IR64 and Nipponbare), we further selected 1,485 genes (regulated in a
tolerant variety-specific manner) and 947 genes (regulated in an IR64-specific manner).
Based on the gene ontology enrichment analysis and current rice gene annotations, we found
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several genes encoding regulatory or functional proteins, which play an important role in
abiotic stress adaptation: protein kinases (83), phosphatases (30), transcription factors (71),
transporters (66), enzymes (6), heat shock proteins (24), and late embryogenesis redundant
proteins (9). Among the identified de novo assembled contigs that were specifically expressed
in the tolerant varieties (Dular and/or Kasalath), we further selected 81 tolerant varietyspecific putative novel genes. Based on the publicly available databases such as conserved
domain and protein cluster databases, we found 18 out of 81 putative novel genes encoding
different proteins that contain particular conserved domains which can be found in various
protein kinases (Figure 20). Furthermore, we found that 19 out of 81 tolerant variety-specific
putative novel genes are possibly expressed in at least one among the ten wild rice species,
which also suggested as tolerant donors against different types of stress: O.australiensis,
O.barthii, O.logistaminata, O.meridionalis, O.minuta, O.nivara, O.officinalis, O.punctata,
O.rufipogon, and Leersia perrieri (Table 18).
Taken together, we propose six tolerant variety-specific putative mechanisms to cope with
dual abiotic stresses; (1) control of plant growth (mediated by two transcription factors;
OsMADS57 and DLT/OsGRAS32), (2) control of water transport (medicated by five
aquaporins; OsPIP2;4, OsPIP2;5, OsTIP4;3, OsTIP5;1, and Os07g0448200), (3) enhanced
cellular homeostasis (mediated by highly induced genes encoding 24 heat shock proteins or
nine late embryogenesis redundant proteins),

(4) regulation of phosphate homeostasis

(mediated by low-affinity phosphate transporter OsPT2), (5) more strongly responding
phytoalexin biosynthesis (mediated by two enzymes; OsCPS2 and OsKS7), and (6)
alleviation of dual abiotic stresses-induced cellular damages (mediated by one enzyme;
SPD/SPM3). The expression of these genes was specifically regulated in a tolerant varietyspecific manner, despite their common presence in both the tolerant and modern varieties.
Therefore, we expect that the identified tolerant variety-specific putative novel genes (e.g. 18
genes encoding putative novel protein kinases) involved in the regulation of downstream
genes to cope with dual abiotic stresses, especially in the tolerant varieties.
Furthermore, there are still a large number of genes remained, which have not yet been
functionally characterized or identified. Therefore, additional experiments (such as
overexpression in the rice transgenic plants, co-expression analysis, promoter analysis,
searching for functional interacting partners) would be required to increase our understanding
for unrevealed mechanisms to show tolerance to the dual abiotic stresses.
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