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Abstract

The papers presented in this special issue are focused on the development of mutant lines and new crop varieties of rice and common
bean with improved adaptation to climate change. Also included atre the development or adaptation of screening techniques that enable
efficient selection of desired phenotypes in plant breeding programmes. The breeding methods used are based on mutation induction
and mutation detection, where mutation induction is via physical mutagenesis using gamma and X-ray irradiation. Selection for improved
mutant lines is achieved through screening for plant performance in the laboratory, green house and field under hight temperature
and/ot drought stress. The papers presented are the result of a 5-year coordinated research project (CRP) on Climate Proofing Crops:
Genetic Improvement for Adaptation to High Temperatures in Drought Prone Areas and Beyond, funded by the IAEA. The CRP,
initiated in 2011, focused on tolerance to increased temperatures in rice and common bean. All participating countries generated new

mutant populations in rice and bean and identified heat-tolerant lines with better yields than local standard varieties.

Key Words: Heat temperature stress, tolerance, climate change, crop adaptation, rice, common bean, mutation breeding.

Introduction

The combination of climate change, lack of arable land and
limited water resources setiously hamper efforts to produce the
estimated 70% increase in food required to feed an ever-
increasing population (FAO 2009; Beddington, e af, 2011).
Climate change involves rising ambient temperatures, which is
a serious threat for crop productivity. An Inter-Governmental
Panel on Climate Change report predicted that global surface
temperatures will increase by 2°C between 2046 and 2065 and
up to 3.7°C by 2100 (IPCC, 2012). This is a catastrophic
scenario for crop production as current crop varieties lack
adaptation to these temperatures. Rice (Oryza sativa L) is the
most important staple food of more than half of the world’s
population. Reduction in rice yields have already been reported
in many countries such as Australia, Bangladesh, China, India,
Japan, Pakistan, the Philippines, Thailand and the USA
(Mohapatra e al., 2013; Sarsu et al., 2018 a). Rice, like all crops,
is grown in areas that are suited to its cultivation, and this
includes optimal temperatures. Any increase in temperature
(especially at sensitive stages such as flowering), will have a
direct and negative affect on grain yield. Indeed, a 40% yield
reduction in rice has been predicted by the end of the 21st
century. (Shah ez al, 2011 and 2018).

Common bean (Phaseolus vulgaris 1.), is one of the most
important legume crops. It is a valuable source of protein,
carbohydrate and other nutrients in diets worldwide. Beans are
grown in a wide range of climates, but predominantly in
Central and South America, especially along the Andes, and in
East and Central Africa. Optimum temperatures for crop
production range from 14°C to 28°C. Day temperatures above
30°C and night temperatures above 20°C significantly reduce
grain yield (Sivasankar ef a/., 2018). The common bean is also
cultivated intensely in tropical regions and some temperate
regions (Silva and Neves, 2011).

A problem frequently encountered in plant breeding is that
continuous selection among local genotypes leads to a
narrowing of the genetic base. Thus, although breeders may
have a lot of germplasm adapted to local conditions and market
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demands, any change to the environment, such as increased
temperature becomes a serious problem as there is little readily
available variation for crop improvement. Breeding is
dependent on genetic diversity and if the required traits are not
present in the primary gene pool the breeder may resort to
crossing to more exotic materials including landraces and
related wild species. However, this is a time consuming and
complicated process as it requires both the introgression of the
trait of interest, e.g. high temperature tolerance (targeted
breeding), whilst maintaining yield and quality traits (defensive
breeding) (see Driedonks e# a/. 2016). An attractive alternative
is mutation breeding. Induced mutation is a heritable change
in the genetic material of living organisms. Mutation is also a
natural phenomenon and a major driver in species diversity and
evolution. The use of various mutagens to generate genetic
variation in crop plants has a history almost as long as that of
conventional breeding (Kharkwal, 2012; Spencer e# al, 2018).
Additionally, functional genomic studies already initiated for
tolerance to heat temperature and drought, the ability of
specific genes or members of specific gene families with
proven to association can be evaluated by mutation approaches
or genetic engineering (Sivasankar et al 2018). Some of these
genes are used in patents by the plant biotechnology industry
in major crops such as maize (Sivasankar et al 2008).

Induced mutation has been hugely successful in rice and bean
breeding. Thus far, 853 mutant varieties have been developed
in rice using mostly gamma irradiation, but also Ethyl Methane
Sulfonate (EMS) and fast neutron treatments (FAO/TAEA
2021 Mutant Variety Database (MVD); http://mvd.iaca.org/
). According to the MVD, 57 common bean Phaseolus vulgaris
L.) mutant varieties have been released officially. Gamma ray
irradiation has been widely used on common bean to increase
the genetic diversity for several traits (Arena e al., 2013). Some
recent mutant traits of interest in common bean include
dwarfism, short roots, and vatrious flower colours, seed colour,
size and shape (Ellyafa e @/, 2007; Mahamune and Kothekar,
2011).


http://mvd.iaea.org/

The Coordinated Research Project (CRP), Climate Proofing
Crops: Genetic Improvement for Adaptation to High
Temperatures in Drought-Prone Areas and Beyond, was
developed based on the recommendations of a Consultants’
Meeting held in Vienna (10-14th May 2010) during which the
research concept was formulated based on the needs of IAEA
Member States. Considering that many research groups
working on crop adaptation to climate change have focused on
COz increases in the atmosphere, increased water scarcity,
increased salinity and/or spread of pests and diseases, the
Consultant group recommended a focus on crop tolerance to
high temperatures, specifically on two crops with high impact
on food security: cereals (preferentially rice) and legumes
(preferentially common bean). The implementation of the
CRP involved 17 research teams from 14 countries that
worked on developing rice and common bean with tolerance
to high temperatures and drought, and on developing and/ot
adapting protocols for screening mutants with tolerance to
high temperatures. Two protocols developed or improved
during the CRP were transferred to the scientific community
of Member States through the publication of the manual, “Pre-
field screening protocols for heat-tolerant mutants in rice”
(Sarsu ez al., 2018a).

Structure and objectives of the CRP

Seventeen research teams from 14 countries (Australia, China,
Colombia, Cuba, India, Japan, Mexico, Pakistan, The
Philippines, Senegal, Spain, Tanzania, United Kingdom, and
Zimbabwe) participated in the CRP.

The overall objective of the CRP was to: i) develop high
yielding food crops that contribute to sustainable food security
(with a focus on rice and common bean), ii) improve resoutce
use efficiency (water and nitrogen) and adaptation to high
temperatures (increased minima and maxima) as anticipated by
climate change predictions for the next 20 to 40 years.

The specific objectives of the CRP included: (i) development
of efficient pre-field screening protocols to facilitate the
breeding process, especially responses to high temperature
stress; (i) adaptation and application of modern and high
throughput biotechnology packages combined with nuclear
applications for enhanced crop adaptation and performance;
and (ili) development of new high yielding mutant varieties
with improved yields under low input cultivation in a range of
agro-ecologies, through broadened adaptability. This
introductory paper highlights the key findings of the CRP
related to the development of heat-tolerant mutants and
methods for their detection. In addition to positive
developments in heat-tolerant germplasm creation and
efficient screening methods, the CRP also identified gaps in
current knowledge and areas for future research. Although the
papers included in this special issue are confined to two crops,
they provide useful information on developing mutation
breeding programmes for tolerance to heat temperature stress
that can be adapted to other crops.

Specific objectives of the CRP

Explore genetic variability of crops (rice and bean) and
identify high yielding genotypes from existing natural
and mutated germplasm of rice and nitrogen fixing
common bean for adaptation to high temperature

All participating countries generated new mutant populations
in rice and bean and identified heat-tolerant lines with better
yields than local standard varieties. Some lines were sent to
official national variety trials to be evaluated for certification
for release as a recommended variety for farmers. Other
mutant lines have been incorporated into respective breeding
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programmes. Some specific national highlights in this special
issue United Republic of Tanzania (URT) - Neema ¢z a/, 2019,
report field performance of heat tolerant upland mutant rice
lines generated from both Oryza sativa and Oryza glaberrima.
Seed of four different genotypes from these two-rice species
were irradiated with y rays: Oryza sativa at 150, Gy; - Oryza
glaberrima at 250 Gy. Subsequent Mj; seedling families were
screened at 45° C in controlled environment conditions
(growth cabinet), and selected mutant families were evaluated
in field experiments duting the hot, dty season of 2014/2015
in  Morogoro, URT. The minimum and maximum
temperatures and rainfall during crop growth were observed to
be 20°C and 35°C, and 32.7 mm and 155.5 mm, respectively.
The data for yield and 12 yield-component parameters such as
days to early and 50% flowering, days to physical maturity,
plant height, number of tillers, number of panicles, number of
spikelet’s, filled grains, unfilled grains and 1,000 grain weights
were recorded and analysed using ANOVA and Principal
Component Analysis. Eight heat-tolerant mutant rice lines
with high yields (over 3.5 ton/ha) and low spikelet sterility were
selected for incorporation into breeding programmens for
further advancement. Cuba - Cepero e al., 2019, evaluated
mutant rice lines for tolerance to high- temperature stress and
drought in the field. Selected mutant lines were also evaluated
for physiological parameters such as cell membrane
thermostability, pollen viability, lipid peroxidation, and
activities of peroxidase and catalase enzymes under high
temperature conditions. Three advanced mutant lines, 8852,
8552 and LP-12 showed tolerance to high temperatures and
low water supply in the field. They also showed better pollen
viability, cell membrane thermostability, lipid peroxidation and
peroxidase activity than the control cv. Amistad-82. These
mutant lines are planned to be tested in multi-locational trials
for further evaluation and release, subject to supetior
performance.

Colombia - Mufioz et al, 2019a, explored tepary bean
(Phaseolus acutifolins A. Gray) and common bean (Phaseolus
vnlgaris 1.) and their interspecific lines for heat stress-induced
changes in morpho-physiological characteristics of shoot and
root, and for yield components under greenhouse conditions
and compared to ambient temperatures. High temperatures
(HT) significantly affected genotype responses in leaf
photosynthetic efficiency (as measured by Fv’/Fm’), total
chlorophyll content and stomatal conductance. Genotypes
identified with specific response are planned to be evaluated
further in field conditions to select the best for vatietal
development.

Colombia - Mufioz ez al., 2019b, also explored heat and drought
tolerance in tepary bean (Phaseolus acutifolins A. Gray) in more
detail. EMS induced mutant lines were tested under heat and
drought stress in greenhouse conditions. The heat stress
treatment was set at 2915°C during the day and >24°C during
the night, with an average relative humidity of 65%. The
maximum day/night temperatures of the greenhouse for
normal conditions were set at 30°C /20°C. Plants were grown
in optimal conditions of soil moisture (80% field capacity) for
10 days and then subjected to drought stress using soil
moisture treatments of 80% of field capacity or 40%, which
constituted drought. The mutant lines were evaluated for
morpho-physiological attributes, seed yield and yield
components. The results showed that the mutant lines,
CMT38, CMT109 and CMT187, had high seed yield values
under heat and drought conditions.

Establishment of protocols for screening mutants for
tolerance to high temperatures

Robust pre-field screening protocols were developed that
allow plant breeders to screen for enhanced tolerance to heat



stress in rice in a breeding programme using controlled
environments (Sarsu ¢/ al., 2018a). Two critical heat-sensitive
stages in the life cycle of the rice crop were targeted, namely,
seedling establishment and flowering. The protocols are based
on the use of a hydroponics system and/or pot expetiments in
glasshouse conditions in combination with controlled
environment (growth chamber) experiments where heat stress
is applied. The protocols are designed to be effective, simple,
easy to use and reproducible (Sarsu ez @/, 2018 a). Extensive
validation tests were carried out by various CRP partners,
including: 1) the FAO/TAEA’s Plant Breeding and Genetic
Laboratory, Seibersdorf, Austria; 2) School of Life Sciences,
Jawaharlal Nehru University New Delhi India; 3) Sokoine
University of Agriculture Morogoro, United Republic of
Tanzania, and 4) Nuclear Institute for Agriculture and Biology,
Faisalabad, Pakistan.

These methods can be used to classify rice genotypes according
to their heat- tolerance characteristics. A related book, Pre-
Field Screening Protocols for Heat Tolerant Mutants in Rice,
was published in open access format, and can be downloaded
via the link:
https://link.springer.com/book/10.1007%2F978-3-319-
77338-4

i) Screening Protocols for Heat Tolerance in Rice at the Seedling and
Reproductive Stages

The methods include a new protocol for screening for heat
tolerance in rice at the seedling stage (Sarsu ez af, 2018 a).
Young seedlings are exposed to heat stress for 4-5 weeks with
visual scoring of symptoms which allows hundreds of seedlings
to be evaluated in a short time. The visual screening method
was validated through laboratory, glasshouse and field-based
experiments. The seedling test can be used to screen M
populations, advanced mutant families and lines as well as
varieties.

A protocol for screening heat tolerant mutant lines at the
flowering stage was also developed (Sarsu ¢ 4., 2018). Here,
plants are subjected to different temperatures from the first day
of anthesis (pollen shedding), and subsequent spikelet fertility
at maturity is determined.

7)) Physiological Mechanisms Associated with Heat Tolerance
Selected heat-tolerant mutant rice genotypes were tested for
physiological and biochemical indicators as part of the pre-field
screening protocols (Sarsu ez al, 2018a). These indicators
included electrolyte leakage, malondialdehyde level, total
protein content and antioxidant enzyme activity at seedling,
vegetative and flowering stages to understand the undetlying
biological mechanism of heat tolerance, and to explore the
potential of pyramiding different traits/alleles for durable heat
tolerance. Candidate heat-tolerant mutant lines were tested in
hot spot areas in field conditions in China, Cuba, Colombia,
India, Pakistan, The Philippines, and United Republic of
Tanzania.

The protocols outlined above are designed to enable plant
breeders to pre-screen for candidate heat-tolerant lines,
effectively reducing the number of plants from a few thousand
to less than 100, which can be advanced for field testing.

Observations pertinent to biochemical and physiological
responses under heat stress

China - Huang ez a/. (2019), analysed proline accumulation,
antioxidant capacity and heat shock protein (HSP) expression
in mutant rice lines. Three mutant lines (AG1, AG2 and AG3)
were selected and subjected to control temperatures (25°C)
and heat stress (45°C) for22 hours at the 5-leaf stage, together
with a heat-tolerant cultivar N22 (control) and sensitive wild
type. Heat stress produced significantly higher levels of
oxidative damage in wild type than in N22 (control) and AG3
mutant line. Proline accumulation was found to be significantly
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higher in N22 and AG3 compared to wild type. Higher proline
accumulation occurred along with elevated T-AOC and SOD
activities under heat stress. It is suggested that these could play
important roles in thermo-tolerance.

Pakistan - Ashraf e 4/, 2019, identified thermo-tolerant
Basmati rice mutants using biochemical and physiological
analyses. After vigorous screening of 2,000 mutant lines in the
growth chamber/field conditions, 16 were selected. A
correlation was established between paddy-field yield under
hot field conditions and seedling growth chamber data. Paddy
yield was significantly correlated with early seedling-stage traits
such as: shoot length (12 = 0.79), shoot fresh and dry weights
(12 = 0.48 and 0.49), and cell membrane thermo-stability (12 =
0.60). Additionally, significant higher activities of antioxidant
enzymes, SOD and APX, and lower levels of the stress
indicators, MDA, esterase and TOS, were observed in heat-
tolerant mutants. Six advanced mutant lines were identified
with good performance in terms of yield as well as the
expression of physiological and biochemical traits at elevated
temperatures.

Identification and characterization of genes involved in
heat tolerance

In order to identify and characterise genes and mutant alleles
involved in heat tolerance, deep sequencing technologies were
deployed in both rice and beans for RNA and genomic DNA
using appropriate platforms for high throughput analysis. In
common bean, studies included: (i) the identification of genes
and processes involved in high heat response in symbiotic root
nodules of heat tolerant cultivars of common bean, and (ii) the
analysis of nitrogen fixation of sensitive and tolerant genotypes
under controlled and heat-stress conditions. Some examples
from Mexico, India and China are presented below.

Mexico - Camino ef al., 2019, used next-generation sequencing
technology for transcriptome analyses of an unexplored group
of peptides encoded by small open reading frames (sORFs)<
150 codons in nitrogen-fixing symbiotic nodules of two heat
stress-tolerant genotypes of common bean. A total of 60
differentially expressed sORFs were identified between control
and heat stress treatments. The expression profiles of these
sORFs suggest that each genotype had adapted molecular
signalling pathways to survive heat stress independently. The
dataset developed may provide a useful resource for future
genetic and genomic studies in these species.

India- Das et al., 2019 investigated gain-of-function mutants in
rice with tolerance to multiple abiotic stresses. 2000 M3 Mutant
lines were screened at the seedling stage for tolerance to high
temperature stress. Three mutant lines were identified with
robust seedling development under stress treatments.
Screening was also catried out at the flowering stage under heat
stress, and these mutants showed higher CO; assimilation (10-
30%), spikelet fertility (40-45%) and antioxidant activity (15-
20% catalase activity) relative to the wildtype control. These 3
mutant lines also had increased CO, assimilation, stomatal
conductance, transpiration and chlorophyll fluorescence than
wildtype plants when exposed to salinity and drought stress.
Transcript and protein abundance analyses confirmed higher
constitutive levels of HSPs and antioxidant enzymes in the
mutant lines compared to wild type. Notably the mutant lines
had 25-30% higher grain yield under stress. Based on the above
results, these lines are being developed as potential new
varieties for dry and saline areas.

Other highlights include:

China - Wang ¢# al., 2019, studied heat shock protein (HSP) and
antioxidant enzyme genes as part of the mechanism of heat
tolerance in hybrid rice II YOU 838. Gene expression was
studied in the mutant plants exposed to heat stress during
flowering (anthesis) using quantitative real-time PCR. Gene


https://link.springer.com/book/10.1007%2F978-3-319-77338-4
https://link.springer.com/book/10.1007%2F978-3-319-77338-4

expression of the heat shock protein 70 (HSP70), heat shock
protein 90 (HSP90, small heat shock protein (smHSP),
superoxide dismutase (SOD), catalase (CAT) and peroxidase
(POD) were investigated. Quantitative RT-PCR showed
increased expression of smhsp, hsp90, hsp70, CAT, SOD and
POD in flag leaves under heat stress. The maximum
expression values were observed on Day 2 or Day 3 after the
beginning of the heat stress. These were the critical periods for
response of heat stress in II YOU 838.

Identification and characterization of temperature-
sensitive genic male sterility genes and application in rice
breeding; development of DNA markers of heat tolerance
for marker assisted selection

Temperature-sensitive genic male sterility (TGMS) as implied
is a genetic/environment interaction producing male sterility.
Male sterility is a key component in the production of high
yielding Fi hybrids and is therefore of interest. In studies
reported by Huang 2014, Zhang H-L. 2014 a and b, Zhang H-
L 2015, a temperature —sensitive gene associated with male
sterility in the rice line ZhulS was found. Pedigree analysis
revealed that the mutant allele of a rice RNase Z orthologue,
RNZm or OsaTRZ1(m) controlled TGMS in most Chinese
commercial two-line rice hybrids (Zhang et al. 2014a, 2015).
DNA markers have been developed for marker assisted
selection (MAS) of TGMS rice using sequence information
from this allele.

Facilitation of technology transfer through peer reviewed
publications, workshops, training courses, field days and
networks of participating research groups and potential
end users.

The integration of mutation breeding and genetics (including
functional genomics) in the CRP was achieved through bi- and
multi-lateral collaborations based either on the target crop,
screening methodologies or common research aims and
facilities. Fruitful collaborations led to the development of new
techniques/technologies which were disseminated through
peer-reviewed publications, national training
courses/workshops and human capacity building (BSc, MSc
and PhD programmes). Participating countries have published
their work in various forms; collectively there are 25 peer-
reviewed publications (15 published and 10 accepted), 10
conference proceedings, 1 book chapter,1 book accepted to be
published and a manual. Details are given in reference 3, 7, 8,
9, 10, 14, 17, 18, 19, 20, 21, 22, 23, 27, 28, 29, 30, 31, 32, 33
and 34. In addition, knowledge transfer was achieved through
training courses/workshops organised in Cuba and Colombia
focused on mutation breeding and CRP results. Human
capacity building supported 8 BSc, 7 MSc and 9 PhD
programmes. Bi- and multi-lateral collaborations have been
strengthened among participants for germplasm exchange,
testing of advanced lines in different locations and molecular
analysis of heat-tolerant mutant lines.

An aim of this special issue is to transfer the knowledge,
outcomes and outputs of the CRP to a wider audience.

Conclusions

Advancing breeding techniques in developing crops tolerant to
high-temperature stress is a fundamental goal in achieving food
security under climate change. The CRP coordinated and
supported the generation of new mutants in rice and common
bean and the development of protocols/technologies for
screening for the trait using physiological, biochemical and
molecular parameters.  The project succeeded in bringing
together an international group of scientists with similar aims
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and objectives, who, through networking, shared specialized
technical know-how and developed high-throughput pre-
screens and field evaluations for high-temperature stress
tolerance.

Major outcomes can be summarized as:

() New mutant cultivars/ lines adapted to climate change (see
relevant papers: Neema ez al, 2019, Cepero et al., 2019, Mufioz
et al., 2019a, b, and Ashraf ez al., 2019).

(i) Hands-on protocols and robust screening techniques for
heat tolerance (Sarsu ez al., 2018a).

(iif) Biological mechanisms under-pinning heat tolerance (see
relevant papers Ashraf ez al, 2019, Cepero ¢t al., 2019, Das et
al., 2019, Das ez al., 2019, Huang e al., 2019, Mufioz e al., 2019a
Wang ¢t al., 2019).

(iv) Development of DNA markers for marker-assisted
selection (see relevant papers Camino ez al., 2019, Das ez al.,
2019, Zhang et al., 2014a, 2015).

(v) Genetic variability for heat tolerance explored and new
germplasm identified (see relevant papers Ashraf ez al, 2019.
Camino ¢t al., 2019 and Das ez al., 2019.

(vi) Increased knowledge and experience in using nuclear
technologies to develop crops resilient to high temperatures.
(vi) Human capacity building in mutation breeding and
enabling technologies for heat tolerance in rice and common
bean.

(viii) Research results disseminated via proceedings,
presentations at conferences, workshops, peer-reviewed
papers and about 40 scientific publications (papers, book, book
chapters and a manual) and through outreach activities
including training, farmers’ day, workshops, public exhibitions.
(ix) Integration between mutation breeding and functional
genomics through  bi- and multi-lateral collaborations.

(x) Enhanced public awareness about the potential of plant
mutation breeding in meeting the challenges of food security
with increasing climate change.

In summaty, this project of the Joint FAO/IAEA Division has
developed tools and adapted methodologies and procedures to
allow plant breeders to develop improved crop varieties with
higher and wider adaptability to temperature stress. Abiotic
stresses (heat, drought, salinity, flooding, soil degradation and
low fertility) and biotic stresses (new pests and diseases) will
continue to be major constraints to global agricultural
production. The Joint Division continues to support improved
crop production through nuclear technologies including
mutation breeding. At the present time, there are 11 national
and two regional Technical Cooperation projects in this
research area, aside from this ongoing Coordinated Research
Project.
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Abstract

Mutation breeding has a long track record in the development of crop cultivars with improved tolerance to abiotic stresses such as heat,
salinity and drought. Oryza sativa 1. cv IR64 is a very popular high yielding rice, but susceptible to major abiotic stresses, such as low
and high temperatures, salinity and drought. We subjected IR64 to gamma irradiation and generated a mutant population (M3) with
~2,000 families. These were screened at the seedling stage for tolerance to high-temperature stress using hydroponics and controlled-
environment chambers, resulting in the identification of three mutant lines showing a robust seedling phenotype. Under heat stress,
higher CO; assimilation (10-30%), higher spikelet fertility (40-45%) and higher antioxidant activity (15-20% catalase activity) confirmed
superiority of the selected mutant lines over wild type plants at seedling and flowering stages. Upon exposure to salinity and drought
stress, the three selected lines also exhibited better tolerance than wild type in terms of higher CO; assimilation, stomatal conductance,
transpiration and chlorophyll fluorescence. Transcript and protein abundance analyses confirmed higher constitutive levels of heat
shock proteins and antioxidant enzymes in the mutant lines relative to wild type. Tolerance to multiple abiotic stresses was reflected in
higher (25-30%) grain yield than wild type. It is anticipated that the mutant lines identified will be useful for developing new improved
cultivars for dry and saline areas and may be exploited to dissect the molecular basis of multiple stress tolerance in crop plants.

Key Words: Rice, Mutant, Gamma irradiation, heat, salinity, drought.
Abbreviations: CAT_Catalase, APX_Ascorbate Peroxidase, SOD_Superoxide Dismutase, GLY_Glyoxalase, HSP_Heat Shock

Protein.
Introduction

Rice is a staple food crop especially in Asia and Africa. Despite
growing demands to feed an ever-increasing population, rice
production has been decreasing at a rate of 2.7% per year in
1970-1990 to 1.2% per year in 1990-2007 (Wassman et al,,
2009). Sensitivity of rice to abiotic stresses such as heat,
drought and salinity pose major constraints to yield (Grover
and Minhas, 2000). ‘Abiotic stress tolerance’ and ‘stability in
yield’ are complex genetic traits which involve highly regulated
expression of a plethora of genes or the indirect effect of a
single key regulatory gene (Yokoi et al., 2002). Hence, it is a
daunting task for rice researchers to adopt a suitable
method/technique to tailor abiotic-stress tolerance with
improved vyield and vyield stability under unfavourable
environmental conditions.

Mutation breeding has made notable contributions towards the
production of high-yielding and stress-tolerant crops (Cassell
and Doyel, 2003; Parry et al., 2009; Bado et al., 2015). There
are now simple and effective protocols available to screen for
salt-tolerant rice mutants (Badoet al., 2016a; Joshi et al., 2016).
Rice seeds irradiated with C or Ne ions have successfully
generated mutant genotypes with tolerance to salinity (Hayashi
et al., 2007). Moreover, the mutant rice genotype, Zhefu 802,
induced by gamma radiation in the parental cultivar Simei no.
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2, showed cold tolerance (Ahloowalia et al., 2003). Many other
rice genotypes such as, A-20, Atomita 2, Changweil9, Emai
No. 9, Fuxuan No. 1, Liaoyan 2, Mohan-CSR 4, Jiaxuan No. 1,
Shua 92, Nipponbare, Basmati 370, IR 58614, Zhefu 802,
Kasmir basmati and mutated IR8 have been generated through
mutation breeding for improving tolerance against various
abiotic stresses (Singh, 2000; Baloch et al., 2003; Ahloowalia et
al,, 2003; Chhun et al., 2003; Saleem et al., 2005; Hayashi et al.,
2008; Jain and Suprasanna, 2011). Cultivars have also been
developed from these lines and released all over the world.

Heat stress has a dynamic impact on productivity of crop
plants where sensitivity varies with the development stage and
tissue type (Barnabas et al., 2008; Sakata and Higashitani,
2008). Heat stress at the seedling stage or flowering stage or
grain filling stage can have a significant impact on plant survival
and grain yield (Bahuguna et al., 2015). Most reports on crop
varieties tolerant to abiotic stress have centred on single
stresses, and experiments have been usually conducted under
controlled environmental conditions. However, under field
conditions, crops are seldom exposed to a single stress; rather
they are exposed to more than one type of stress either
sequentially or simultaneously. Therefore, improving crops for
tolerance towards multiple stresses is an imperative. Although,
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efforts need to focus on integrating tolerance to multiple
abiotic stresses, reports in rice are scant. Most successful
breeding programmes have been directed towards improving
tolerance to a distinct stress, such as drought, salinity, flooding
or high temperature. In this study we generate and screened
~2,000 M3 families derived from gamma-irradiated rice (cv
IR64) for heat tolerance at the seedling stage (by evaluating
phenotypic, physiological and biochemical parameters).
Subsequently, three selected putative heat-tolerant mutant lines
were screened for their tolerance at flowering and grain filling
stages to multiple abiotic stresses such as heat, salinity and
drought.

Results

Heat stress at the seedling stage

Exposure of rice wild type (WT) seedlings to heat stress
affected the growth of shoot and roots relative to control
seedlings without stress (Figla). Under control conditions with
no heat stress, no difference in seedling shoot length was
observed between WT and the selected mutant families
(D100/79,D100/96 and D100/11). This was not the case for
high temperature stress (Figlb). Under heat stress conditions,
mutant lines exhibited a higher shoot length ranging from a
25% increase in D100/79 to 39% increase in D100/96 as
compared to WT (Figlb). Comparisons of root length revealed
that even under control conditions, mutant seedlings had
longer roots as compared to the WT (Figlc). In the mutant
families D100/79, D100/111 and D100/96, roots were 17%,
59% and 22% longer than WT under control conditions. A
similar phenotype was observed under heat stress conditions,
where roots of D100/79, D100/111 and D100/96 were 30%,
48% and 30% longer compared to WT, respectively (Figlc).
For fresh weight, a similar observation was made, where the
mutant families had higher weights than WT seedlings under
both control and heat stress conditions (Figld). Under control
conditions, the fresh weight of D100/79, D100/111 and
D100/96 seedlings were 9%, 25% and 13% higher than WT,
respectively. Further, under heat stress conditions, the fresh
weight of D100/79, D100/111 and D100/96 seedlings were
22%, 25% and 23% higher relative to WT, respectively (Figld).
To understand the basis of improved seedling phenotypes, we
carried out heat stress associated physiological and biochemical
analyses such as membrane stability, activity of antioxidant
enzymes and chlorophyll content in the seedlings (Lakra et al.,
2017). Under control condition without stress, significant
differences in electrolyte leakage were observed between WT
and the selected mutant families where the mutants showed
decreased electrolyte leakage compared to WT' (Fig2a). The
electrolyte leakage in D100/79, D100/111 and D100/96
seedlings were 4%, 6% and 9% lower than WT, respectively.
Heat stress treatment significantly increased electrolyte leakage
across the WT and mutant plants, but the mutant families
recorded significantly lower electrolyte leakage relative to WT,
with D100/111 recording the lowest electrolyte leakage (26%
less than WT; Fig2a). Membrane stability was checked using
lipid peroxidation (MDA content) analysis. Under control
conditions, no significant difference in lipid peroxidation was
observed among WT and mutant seedlings. However, under
heat stress, lipid peroxidation was highest for WT plants
(~400nmol g'! fresh weight). Mutant families recorded 0.5% to
2% lower MDA content as compared to WT under similar
conditions, although the only significant change as compared
to WT was for D100/79 (Fig2b). Interestingly, significant
differences in catalase activity of two mutants (D100/79 and
D100/96) were observed under control conditions as
compared to WT. D100/79 and D100/96 showed 10.8% and
4% higher catalase activity than WT controls, respectively.
However, D100/111 seedlings did not show any significant
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increase in catalase activity in comparison to WT. Interestingly,
heat stress led to a significant increase in catalase activity in
D100/111 seedlings and similar increase was also observed in
D100/96 secedlings, when compared to WT (Fig2c). Quite
contrary to the catalase activity, under control conditions, no
significant differences were observed between APX activity of
WT and the three mutant families (Fig2d). But after heat stress
treatment, D100/79 and D100/111 mutant seedlings showed
significantly higher APX activity (8.2% and 5.2% increase)
compared to WT. No significant differences were observed in
the APX activity of WT and D100/96 heat-stressed seedlings.
The total chlorophyll content of WT and mutant seedlings was
analysed under heat stress. While no differences were observed
for chlorophyll content of WT and mutant seedlings under
control conditions, under heat stress two of the mutants viz.
D100/79 and D100/111, maintained a chlorophyll content
which was respectively 50% and 16% higher than WT (Fig2e).

Heat tolerance at reproductive stages

Since heat stress at reproductive stages has severe effects on
yield of rice, the effects of heat stress at the flowering stage on
the reproductive development of WT and mutant plants were
analysed (Fig3a). Figure 3b showed panicles of plants under
control conditions and after being subjected to heat stress at
flowering. Under control conditions, there was no marked
difference between spikelet fertility of WT and mutant plants
which ranged from 85.7% to 89.9% (Fig3c). Heat stress
exposure (40°C) during the flowering stage led to significant
reductions in spikelet fertility of WT and the D100/79 mutant
line, recording only 47.7% and 47.3% spikelet fertility,
respectively (Fig3c). Interestingly, mutant families D100/111
and D100/96 trecorded ~80% spikelet fertility under heat
stress which is comparable to that of unstressed, control plants
(Fig3c). All the three mutant families recorded a significantly
higher number of grains per panicle as compared to WT
(Fig3d). Under heat stress, the difference between the number
of grains per panicle of WT and mutants was more
pronounced, numbers for D100/79, D100/111 and D100/96
were 35.5%, 50.0% and 44.0% higher than that WT controls
(Fig3d). The weight of 1,000 grains from each mutant family
was then compared with that of WT. The 1,000-grain weight
of each mutant family was significantly higher than WT under
control and stress conditions. 1,000 grain weight differences
were 44.6% and 47.5% for D100/79, 42.8% and 43% for
D100/111, 41% and 36% for D100/96, as compared to WT
under control and heat stress respectively (Fig3e). These
analyses showed better performances of the mutant families,
not only under heat stress, but also under control conditions.

Gas exchange and chlorophyll fluorescence analyses

Gas exchange traits and chlorophyll fluorescence data revealed
significantly better performance of mutant families as
compared to WT under drought (70 to 80kPa), salinity
(200mM) and heat stress(40°C) at flowering (Fig4a-d) and early
grain filling stages (Fig4e-h). Heat and osmotic stress (salinity
and drought) treatments significantly reduced CO; assimilation
in the three mutant genotypes as compared to WT controls.
WT plants recorded lower CO2assimilation rates under various
stresses as compared to the mutants, being lowest under
drought stress viz. 6.9 and 7.7umol m2 s at flowering and
grain filling stages, respectively (Fig4a and ¢). However, under
heat stress treatment at grain filling, no significant difference
was observed in the CO; assimilation rate of D100/79 plants
as compared to WT (Figde). All three mutant lines showed
significantly higher CO; assimilation than WT across the
osmotic stress treatments, recording 9.5 to 16.1umol m=2 s-
Iphotosynthetic activity at flowering and grain filling (Fig4a
and e¢). Further, stomatal conductance reduced significantly
across the treatments with WT plants recording the lowest



measurements (0.07 and 0.1mol H>O m2 s, at flowering and

grain filling, respectively) under drought stress (Figdb and f).
On the other hand, mutant families recorded relatively higher
stomatal conductance under various treatments. 1D100/96
recorded the highest stomatal conductance after stress
treatments at flowering and grain filling stages (Fig4b and f).
Further, both drought and salinity stress reduced transpiration
rate, and WT plants recorded the lowest rates under drought
(2.2 to 3.3mol H>O m2 s!) and salinity stress (3.2 to 4.5mol
H2O m2 s1) at both growth stages (Fig4c and g). Conversely,
the three mutant families showed higher transpiration rates
under drought (3.3 to 7mol H,O m-2 s) and salinity (5.3 to
7.9mol H>0 m2 s1), at flowering and grain filling stages (Fig4c
and g). Mutant families recorded higher transpiration rates
even under heat stress, with D100/96 showing the highest
transpiration rate, 12.4 and 9.1mol H2O m2 s-! at flowering and
grain filling, respectively (Figdc and 4g). Furthermore,
chlorophyll fluorescence reduced significantly across the stress
treatments with highest reductions recorded in WT plants at
flowering (0.49 to 0.54) and grain filling (0.55 to 0.62)
(Figddand h). Conversely, mutant lines maintained significantly
higher chlorophyll fluorescence (0.57 to 0.77) over WT plants
across the stress treatments and growth stages.

Grain yield under various osmotic stresses

Grain yield was reduced significantly in WT plants and mutants
exposed to salinity, drought or heat stress at flowering and
grain filling stages (Fig 5). However, the reduction in grain yield
was significantly lower in the mutant families compared to WT
across stress treatments. Highest reductions in grain yield were
recorded for WT plants under drought stress at both flowering
(61%) and grain filling (64%) stages, compared to control
conditions (Fig 5). Yield loss under drought was lower in the
mutant lines showing only 52 to 60% and 48 to 49% reduction
at flowering and grain filling stages, respectively (Fig 5).
Similarly, both heat and salinity stress reduced yield in WT
plants by 27 to 60%, and heat-induced loss was greater (39%)
at flowering. However, the mutant families showed
significantly lesser reductions in grain yield under both heat
and salinity stresses except the line D100/79. Mutant lines
D100/111 and D100/96 recorded significantly higher yields
under heat and salinity stresses, with D100/111 recording the
highest yield under salinity (30, and 48g plant') and heat (48
and 56g plant 1) stress at flowering and grain filling, respectively

(Fig 5).

Transcript and protein abundance of stress related genes
Transcript abundance of various key stress-responsive genes
have been reported to provide information on regulating
osmotic and heat stress tolerance in rice (Kumari et al., 2009;
Lakraet al., 2015; Soda et al, 2016). qRT-PCR analyses of
histone-binding protein, antioxidant enzymes (APX and SOD)
and heat shock protein-70 under heat stress treatment revealed
significant differences all genotypes tested (Figba). WT plants
recorded lowest expression levels of histone binding protein-
1b (HBP1b), APX, SOD and HSP70. In contrast, all three

mutant families displayed significantly higher expression levels
of these genes compared to WT, with D100/111 and D100/96
showing considerably higher levels of HBP7b, APX, SOD and
HSP-70 activity (Fig6a). Conversely, CAT expression levels in
the mutant lines was similar to that observed in WT under heat
stress, except in D100/96 which recorded significantly higher
level of CAT expression (Figba). Thus, the tolerance traits
observed in the three mutant families could be attributed to the
expression of these positive regulators of stress.

Discussion

Rice cultivars with multiple abiotic stress tolerance in field
conditions are of great elevance (Nguyen and Ferrero, 2006,
Das et al, 2014). Mutation breeding provides a promising
approach for tailoring rice genotypes for resilience towards
environmental stresses (Das et al.,, 2014; Bado et al., 2015).
Although sensitive to several abiotic stresses, IR64 is one of
the most popular rice cultivars due to its high-quality grain,
high yield and excellent cooking qualities; it is grown in over
200 countties (Laborte et al., 2015, Das et al., 2015b). With an
objective of generating new variation in IR64 for resilience to
abiotic stresses, we raised a mutant population from gamma-
ray mutagenesis and performed screening for high-
temperature tolerance. A simple but efficient protocol was
developed where screening was done at the seedling stage and
further evaluation of selected lines was carried out at flowering
and grain filling stages with major emphasis on the phenotypic,
physiological, biochemical and molecular parameters.

Rice seeds (M,) were exposed to 100 Gy of gamma irradiation
followed by repeated selfing (M1 and M) to obtain Msfamilies
from which stable lines may be developed. The heat stress
treatment and recovery were done based on screening
protocols for rice seedlings (Bado et al., 2016a; Joshi et al.,
2016). As seedling and reproductive stages are the two most
sensitive stages in rice, a strategy was devised to screen the
whole population for high temperature tolerance of seedling
stages followed by testing selected lines at reproductive stages
(flowering and grain filling). We tested three putative mutant
lines for tolerance to salinity and drought, in addition to high
temperature stress. This strategy allowed us to develop a robust
and reproducible pre-field screening method through
hydroponics in a short time where the temperature, light and
humidity could be controlled very precisely in a plant growth
chamber. Plant morphology plays an important role in
identifying and selecting mutant lines tolerant to heat or any
other stress from among a large population (Ayeneh et al.
2002). Therefore, the first round of screening was based mainly
on phenotype, such as leaf tip burn, root length, shoot length,
greenness and seedling establishment (Figl). Previous studies
exploring the effects of high temperature on rice seedlings have
documented damage of plant cellular architecture, which
brings about major changes in chloroplast and mitochondria
resulting in reduced metabolism and hence, reduced growth of
seedlings under such conditions (Pareck et al., 1997).

Table 1. List of primers used for qRT-PCR and their sequences (5'- 3').

Gene Experiment Forward Primer sequence (F) Reverse Primer sequence (R)

HBP qRT-PCR GGATAGCCAACCTTCAGCAG ATTTGGCCCATGTAGTTTGC
SOD qRT-PCR CCAGAAGCACCACGCCACCT GATTGACATGGCCTCCGC

CAT qRT-PCR ATGGATCCCTACAAGCATCGG AGATGATAGTCCTCAAGGAGG
APX qRT-PCR CGAGCCCATCAAGGAGGAGA AGGTGGGGGTGCAGGTTTGTC
HSP70 qRT-PCR CCAGCTAAGAAGCTCCAAG CTGAGGGTCTTCCTCGAG

Actin qRT-PCR CAGCCACACTGTCCCCATCTA AGCAAGGTCGAGACGAAGGA
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Fig 1. Phenotype analysis of three selected mutant (M3) families under control conditions and after heat stress treatment (45°C for 12h).
(a) Picture of three selected mutant lines along with the WT under control conditions and after heat stress treatment; Determination of
(b) shoot length (c) root length and (d) fresh weight of selected mutant seedlings in comparison to WT under control conditions and
after heat stress treatment. Vertical column represents mean of three biological replicates = SE. * denotes significant difference

(P<0.05) as compared to WT plants.
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Fig 2. Analysis of physiological and biochemical parameters in WT and three selected heat-tolerant mutant (Ms) families under control
conditions and after heat stress treatment (45 °C for 12h). Study of (a) electrolyte leakage, (b) MDA content, (c) catalase activity, (d)
APX activity and (e) chlorophyll content in selected mutant lines in comparison to WT under control conditions as well as after heat
stress treatment. Vertical column represents mean of three biological replicates = SE. “** denotes significant difference (P<0.05) as

compared to respective WT plants.
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Fig 3. Analysis of morphological parameters in selected heat-tolerant mutant lines at mature (grain filling) stage after heat stress
treatment (40 °C for 4h). At the onset of flowering, plants were transferred to a pre-set growth chamber at 40 °C for 4 h (0800 h to
1200 h) daily for three consecutive days to allow complete flowering on the panicle from the main tiller (a) Pictorial view of WT and
heat-tolerant mutants before heat stress treatment. (b) Panicle phenotype of WT and heat-tolerant mutants under control conditions
(upper panel) and after heat stress treatment (lower panel). (c) Percentage of spikelet fertility, (d) number of seeds per panicle and (e)
1,000 grain weight of heat tolerant mutant lines in comparison to WT under control conditions and after heat stress treatment. Vertical
column represents mean of three biological replicates + SE. *” denotes significant difference (P<0.05) as compared to respective WT
plants.
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Fig 4. Analysis of gas exchange traits and chlorophyll fluorescence of WT and three selected heat tolerant mutant (M3) families under
control, drought, salinity and heat stress at anthesis (a-d) and post anthesis stage (e-h). Determination of (a) CO> assimilation, (b)
stomatal conductance, (c) transcription rate and (d) chlorophyll fluorescence in flag leaves of control, drought, salinity and heat stress
treated plants at anthesis. (), (f), (g) and (h) represent CO; assimilation, stomatal conductance, transcription rate and chlorophyll
fluorescence respectively in the flag leaves of control, drought, salinity and heat stress treated plants at the grain filling stage. Vertical
column represents mean of three biological replicates = SE. “” denotes significant difference (P<0.05) as compared to WT plants.
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In the present study, the selected mutant family (D100/79,
D100/111 and D100/96) seedlings were found to possess
better membrane stability as evident from lower electrolyte
leakage, lower MDA levels, higher CAT and APX activity, and
higher chlorophyll content that WT seedlings after heat stress
treatment, which confirmed the lines to be superior than WT
for tolerance towards high temperature (Fig 2). The three
putative tolerant mutant lines were thus taken for a second
round of testing for stress  tolerance and
characterization, where important morphological,
physiological, biochemical and molecular parameters were
taken into account.

Although rice is affected by high temperature at almost all
growth stages (Pareck et al, 1995; Shah et al, 2011), the
vegetative stage is relatively more tolerant to high
temperatures. Temperatures beyond optimum  thresholds
reduce plant growth, alter flowering time and reduce yield
(Yoshida et al., 1981). Stress coinciding with flowering and
grain filing is more detrimental for grain yield (Wassmann et
al., 2009; Masuduzzaman et al, 2016). Interestingly, high
tolerance levels of selected mutant families to heat (45°C) at

osmotic
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the seedling stage were consistent over the later phenological
stages and we observed better plant phenotype, higher spikelet
fertility (~80%), increased number of spikelets per panicle and
higher grain weight in the selected mutant lines (D100/79,
D100/111 and D100/96) compared to wild type plants after
heat stress treatment were given at the flowering or early grain
filling stage (Fig 3).

Abiotic stresses are inter-connected in the agricultural
environment (Pareek et al., 2010; Rao et al., 2016; Lakra et al.,
2015; Faralli et al, 2015). High temperature, salinity and
drought are stresses which, besides having their own unique
dimensions, share osmotic stress as a2 common denominator
(Kissoudis et al., 2014). It is important to note that plants face
more than one stress at a time or during the life cycle (Tester
and Bacic, 2005; Mittler, 2006; Barnabas et al., 2007). Thus,
tolerance to multiple abiotic stress is needed and is the most
suitable approach to tailor climate resilient rice cultivars.
Owing to the impressive progress of omics-based
technologies, commonality in these stresses at biochemical and



molecular level has been established (Soni et al., 2015; Das et
al., 2015b). Cross talk in signalling machineries has further
established a strong inter-relationship between these abiotic
stresses (Kissoudis et al., 2014; Das et al., 2015a). Thus, we
were prompted to test the tolerance of these heat tolerant
mutants for salinity and drought stress. Selected mutant lines
recorded significantly higher CO; assimilation rate, better
transpiration rate, higher stomatal conductance and higher
chlorophyll fluorescence across all three stress conditions
applied at flowering or grain filling stages (Fig4). Higher
photosynthetic ability and maintenance of higher levels of
stomatal conductance and transpiration rates represent simple
methods of stress avoidance or escape routes.

It is evident that better growth rates and higher rates of
photosynthesis under stress conditions could contribute to
higher yield (Long et al, 2006; Makino et al, 2011).
Significantly higher grain yields were found in all three mutant
families (D100/79, D100/111 and D100/96) across the stress
treatments (Fig 5). In general, higher tolerance levels have a
cost (yield penalty) under non-stress conditions possibly due to
shifts in metabolic activity towards defence related processes.
Breeders are consistently putting their efforts into improving
genotypes in a way that they should provide reasonable yields
under stress but should be able to produce ‘at par’ under non-
stress conditions. Interestingly, two of the selected mutant
families (D100/111, D100/96) were able to produce high
yields, both under optimum as well as stress conditions. This
is an interesting finding and suggests that the underlying
mechanisms are constitutive. This has also been found by Bado
et al. (2016b) where mechanisms for salt tolerance in rice were
found to be active in both control and salt-stressed treatments.
Consequently, salt-tolerance may be screened for under
normal conditions.

To investigate the mechanisms of improved sttress tolerance in
these mutant lines, we analyzed transcript abundance of key
stress-responsive genes such as, HSP 70 and HBP. HSP 70 acts
as a cellular thermometer and its over-expression is correlated
with improved tolerance to heat stress (Park et al.,, 2015).
Transcript abundance analysis for HSP 70 in WT and mutants
clearly demonstrated >3-fold higher transcript in the mutants
as compared to WT seedlings under non-stress conditions.
Similarly, HBP is another protein, which results in higher stress
tolerance upon over-expression in tobacco (Lakra et al., 2015).
The qRT-PCR based expression analysis of HBP in WT and
mutants revealed higher transcript abundance in the mutants,
than in WT secedlings. Transcripts corresponding to
antioxidant enzymes such as, CAT, APX and SOD were also
found to behave in a similar fashion where higher constitutive
expression was seen in the mutants as compared to WT plants
(Figba). However, CAT expression was found to be altered in
only one mutant family ie. D100/96 thereby suggesting
multiple pathways/mechanisms operative in these mutants
which may contribute towards the observed tolerance. This is
in corroboration with many previous findings where abiotic
stress response has shown to be highly complex and a
multigenic trait (Kumari et al., 2009; Das et al., 2015b; Soda et
al.  2016). Since higher constitutive expression of a
representative sample of key stress response genes was found
to be the possible reason for the observed differences in stress
tolerance between the WT and mutant plants. Similar
mechanism of stress tolerance has been shown recently to
operate in natural land races of rice (Lakra et al., 2017).

From these results, we propose that these ‘mutants resulted
from higher constitutive expression of the representative
sample (and possibly others) of key stress responsive genes and
proteins, which may, in turn, be a result of deletion or
modification of some unknown inhibitors of these genes due
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to exposure to gamma radiations. However, the findings are in
good corroboration with a host of reports where differential
accumulation of transcripts and proteins between contrasting
genotypes has been reported for these genes (IKumari et al,,
2009) and constitutive higher abundance of these
genes/proteins has been reported in the tolerant genotype
(Nutan et al., 2016; Soda et al.,, 2013; Karan et al., 2009; Bado
et al.,, 2016b; Lakra et al 2017). Hence, we propose that the well
preparedness of the mutants, to handle the stress in
anticipation, seems to be a key mechanism of tolerance.
Nonetheless, these mutant families will serve as useful
germplasm for areas affected by a combination of stresses and
the detailed molecular basis of tolerance for those mutants is
yet to be revealed.

Materials and Methods

Plant materials, growth conditions and stress treatments
Rice (cv. IR64) seeds were subjected to 100Gy of °Co gamma
dose in a gamma chamber (BARC, India) to obtain M; mutant
seed. These were germinated and survivingM; mutant plants
(2,000) were advanced by selfing to produceM; and then M3
generations. Selection of the Mj heat-tolerant mutant families
(D100/7, D100/96 and D100/111) was done by phenotypic,
biochemical and molecular analyses of the plants at seedling as
well as reproductive stages.

To optimise the heat stress treatment and recovery at the
seedling stage, seven-day-old wild type (WT) seedlings grown
under optimum growth conditions (12 h day/night, 28 °C,
10,000 Lux light and 70% humidity) were subjected to high
temperature (45 °C for 8, 10 or 12 h) in a growth chamber
(Daihan Labtech Co. Ltd, India), followed by different
durations of recovery (40, 60 or 72 h) under optimum growth
conditions. Based on these results, seven-day old seedlings
were subjected to 12 h of heat shock at 45 °C followed by a 72-
h recovery period at normal temperature. Under these
conditions, 50% of WT seedlings failed to recover (LDsy for
WT). Following the stress treatment and recovery, leaf tissues
from each line were taken for detailed experimental analysis.
Similarly, for heat stress at the flowering stage, 20 days old
mutant seedlings were first transferred from hydroponic to
soil-filled pots and maintained ibbenign growth conditions in
a greenhouse. At the onset of flowering, plants were
transferred to a pre-set growth chamber at 40 °C for 4 h (0800
h to 1200 h) daily for three consecutive days to allow complete
flowering on the panicle from the main tiller. As the rice
inflorescence is very sensitive to high temperature (Jagadish et
al,, 2007), the temperature and duration of stress was reduced
at the flowering stage, as compared to the seedling stage to
avoid any severe effect on reproductive structures and seed set.
Immediately after heat stress, the plants were transferred to
recovery conditions (28°C for 72h). Following recovery,
physiological and biochemical analyses were carried out.
Similar to high temperature stress, salinity and drought stresses
were imposed at flowering and eatly grain filling stages using
independent sets of plants from the M; families. For the
salinity treatment, the soil of the potted mutant plants was
saturated with half-strength Yoshida solution (Yoshida et al.,
1981) supplemented with 200mM NaCl for seven days and
subsequently allowed to recover by watering with half-strength
Yoshida solution. For drought, responses of mutant plants
were observed by water-withdrawal from the respective pots at
the onset of flowering or at the eatly grain filling stage, the soil
was allowed to dry until the soil-tensiometer reading reached
70-80 kPa. Plants were then re-watered with half-strength
Yoshida solution for recovery. In parallel, WT plants were
grown without any stress and served as control.



Phenotypic and yield component analysis

Plant phenotyping (such as root length, shoot length and fresh
weight) was carried out at the seedling stage while yield
component analysis (such as number of dllers/plants, spikelet
fertility, grain weight and grain yield/plant) was done using
data from mature plants.

Electrolyte leakage

Analysis of electrolyte leakage was carried out following the
protocol of Bajji et al. (2002). Leaf samples from control and
heat-treated mutant seedlings were harvested and washed with
distilled water to remove any surface adhering ions. 100mg
tissue was immediately dipped into 20ml of de-ionized water.
After incubating the leaf tissues at 37°C for 2h, the electrical
conductivity (E1) of the immersion solution was measured
using a conductivity meter (ELEINS, Inc., India). To
determine the total conductivity (Ez), samples with immersion
solution (effusate) were autoclaved for 15 min at 121°C and the
conductivity of the effusate was measured after cooling to
room temperature. Relative electrical conductivity was
measured by the following formula: percentage of electrolyte
leakage = E;/ExX 100.

Lipid peroxidation assay

Lipid peroxidation was estimated by measuring the formation
of malondialdehyde (MDA). MDA content was quantified by
thiobarbituric acid reactive substances assay (Heath and
Packer, 1968). For this purpose, about 100mg of leaf tissue
from the control and heat-treated seedlings was homogenized
in 5ml of 5% (w/v) trichloroaceticacid and the homogenate
was centrifuged at 12,000Xg for 10 minat room temperature.
The supernatant was mixed with an equal volume of
thiobarbituric acid [0.5% in 20% (w/v) trichloroaceticacid] and
the mixture boiled for 25min at 100°C, followed by
centrifugation for 5min at 7500g. Absorbance of the
supernatant was measured at 532nm. MDA equivalents were
calculated using the extinction coefficient of 155mM~'ecm~1.

Measurement of total proteins

Total soluble proteins were extracted from the leaves (100mg)
of control and heat-treated seedlings using Zivy’s buffer (Zivy
et al,,1983). Amount of soluble proteins was estimated by
Bradford’sassay (1976) by reading from a standard curve
prepared by using different concentrations of Bovine Serum
Albumin.

Antioxidant enzyme activity assay

About 100mg leaf material from control and heat-treated
seedlings were homogenized in ice-cold 50mM KoPOy4 buffer
(pH 7.5) containing 2mM ethylenediaminetetraacetic acid
(EDTA) and 0.1mM phenylmethylsulphonylfluoride (PMSF)
The homogenizing buffer for ascorbate peroxidase (APX)
additionally contained 2 mM of Na-ascorbate. The
homogenate was centrifuged at 12,000Xg for 10 min at 4 °C
and the supernatant was used for enzyme assay. Total protein
content in supernatant was determined following Bradford
(1976). APX activity was measured following Nakano and
Asada (1981). The reaction mixture in a total volume of 1ml
consisted of 50 mM (pH 7.5) KoPOy4 buffer, 0.1mM EDTA,
0.25 mM ascorbate, 10 mM H,O; and enzyme extract. HyO»-
dependent  oxidation of ascorbate was  followed
spectrophotometrically by recording the decrease in
absorbance at 290 nm. Slope value of absorbance in 290 nm
was considered for rate calculation. Catalase (CAT) activity was
measured following the method described by Aebi (1984), by
measuring the decrease in absorbance at 240 nm due to
decomposition of H2Os. The slope value of the rapid decline
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in 240nm absorption was considered for rate calculation. The
reaction mixture in 1ml contained 50 mM KoPOy4 buffer (pH
7.0) with leaf extract equivalent to 5 pg total protein. The
reaction was initiated by adding H>O to a final concentration
of 20mM.

Analysis of photosynthesis parameters

Chlorophyll fluorescence, photosynthesis (umol COz m=2 s71),
leaf stomatal conductance (mol H>O m=2s7!) and
transpiration rate (mmol HoO m=2s71) of the flag leaf were
monitored using an InfraRed Gas Analyser IRGA, LICOR-
6400XT). Chlorophyll a fluorescence and photosynthesis of
the leaves of stress-treated or untreated plants (both WT and
mutant) were monitored at 25 °C under supplied CO:
concentration (400 ppm). Leaves were dark adapted for 30 min
prior to measurement of chlorophyll fluorescence. The
minimal level of datk fluotescence (Fp) was measured under
weak modulated light and the maximal intensity of
fluorescence (Fr) was evoked by application of a short
saturating light pulse (10,000 pmol m-2 s1). The maximal
steady-state photochemical efficiency (i.e., intrinsic quantum
yield under dark adapted condition) was indicated by (Fy / Fu),
where F, = F, - Fo.

Quantitative real-time-PCR (qRT-PCR) analysis

Total RNA was isolated from the flag leaf of mature (at
flowering stage) plants using Tri-Reagent (Sigma-Aldrich).
Elimination of genomic DNA contamination was carried out
by addition of DNase I (Epicentre), as per the manufacturer’s
instructions. RNA samples were reverse transcribed using first
strand cDNA synthesis kit (Fermentas, United States). Real-
time PCR was performed using Power SYBR Green PCR
Master Mix (ABI) on ABI prism 7900 Real-Time PCR system.
Primer pairs (Table 1) for transcript expression analysis of
stress responsive genes was designed using ABI primer
designer. Actin was used as the reference gene in the
expression analysis. The 2-4dCT method was used to analyse the
fold change in transcript expression (Livak and Schmittgen,
2001).

Statistical analysis

Physiological and biochemical experimental analyses were
repeated three times using three independent mutant plants
from each mutant family. All the experiments were analysed as
a completely randomized design (CRD) with two-way
ANOVA. Means were compared using least significant
difference (LSD) at P<(0.05.

Conclusions

Three selected mutant M3 families (D100/79, D100/111 and
D100/96) were found to have higher transcript and protein
abundance, better plant phenotype, better antioxidant
response, higher spikelet fertility, higher photosynthetic
activity and higher grain yield under heat, salinity and drought
stress as compared to the wild type parental line. It has been
confirmed from the study that gamma irradiation could create
useful mutations in the rice genome which could ultimately
enhance tolerance to multiple abiotic stress conditions. The
region(s) of mutation in these novel lines is yet to be discovered
which will further open inroads of molecular basis of stress
tolerance. The selected mutant lines provide useful germplasm
for use in breeding programmes for abiotic stress tolerance in
rice.
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Abstract

Three mutant rice (Oryza sativa 1.) lines (AG1, AG2 and AG3) were selected as heat tolerant mutants from a gamma-ray-irradiated
population of a heat-susceptible line (AG), based on their floret fertility grown under high temperatures. They were subjected to heat
stress treatment (45°C, 22 hrs) at the 5-leaf stage, together with a heat-tolerant cultivar N22 and AG. Analysis of seedling root growth
by WinRHIZO scanning revealed that N22 and AG3 were more heat-tolerant than the other lines (AG being the most heat susceptible).
Following heat stress, a significantly higher level of oxidative damage, as indicated by TBARS, was observed in AG than in N22 and
AG3. The proline accumulation was significantly higher in N22 and AG3 (12-to 13.5- fold) than AG (2.5- fold). Similatly, significantly
greater increases of total antioxidant capacity (T-AOC) and superoxide dismutase (SOD) activity were observed in N22 and AG3 than
in AG. The expression of four heat shock proteins was also investigated using qPCR: OsHSP76.9, OsHSP80.3 and OsHSP100.9were
induced by heat stress to various levels while OsHSP72.6was down-regulated in all tested lines. The heat-induced expression of
OsHSP16.9 and OsHSP100.9 in N22 and AG3 was about twice that of AG. Higher proline accumulation and expression of the three
HSP genes, as well as elevation of T-AOC and SOD activity were observed in the heat-tolerant N22 and the mutant line AG3 under
heat stress.

Keywords: heat-tolerance; rice; Oryza sativa; proline accumulation; antioxidant system; heat-shock protein.
Abbreviations: HSPs_heat shock proteins; POD_peroxidase; SOD, superoxide dismutase; ROS, reactive oxygen species; T-AOC, total
antioxidant capacity; TBARS, thiobarbituric acid reactive substances.

Introduction

Rice (Oryza sativa L..) is a staple food crop and a principal calorie
source for Asian people (Khush, 2001). The optimal
temperature for rice grain formation and yield is around 25°C,
and pollen viability and production begin to decline as daily
maximum temperatures exceeds 33°Cand completely fail at
40°C (Luo, 2011); temperatures exceeding 35°C can cause a
high percentage of spikelet sterility (Yoshida, 1981). The
irreversible damage caused by high temperatures to seedling
growth, leaf photosynthesis, and spikelet fertility contribute to
yield reduction in rice. Under global warming scenarios,
creating new rice cultivars (or germplasm for breeding)
provides a sustainable solution to reduce the risk of high
temperatures on world food security.

Overwhelming evidence indicates that heat stress is
accompanied by increased levels of reactive oxygen species
(ROS), which can cause oxidative damage to the plant cells.
Antioxidant capacity of a plant, therefore, can be important in
the tolerance of heat stress (Suzuki and Mittler, 2006; Kotak et
al., 2007; Nouri and Komatsu, 2013). As an adaptive
mechanism, plants grown under high temperature often
accumulate osmo-protectants such as proline and soluble
sugars (Wahid et al., 2007). Proline is believed to be beneficial
to protect cellular structures from damage and maintain
function under extreme temperatures (Bita and Gerats, 2013).
In addition, cells from virtually all organisms respond to heat
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stress by the rapid synthesis of heat shock proteins (HSPs). In
higher plants, HSPs are induced under heat shock at any stage
of development and major HSPs are highly conserved among
distinct organisms (Vierling, 1991). HSPs belong to multigene
families encoding molecular chaperones involved in various
processes including maintenance of protein homeostasis as a
requisite for optimal development and survival under stress
conditions. These proteins play important roles in the
development of thermotolerance and protection from cellular
damage associated with stress in higher plants (Wahid et al.,
2007). Over-expression of heat shock proteins in rice plants
has been shown to increase thermotolerance (Murakami et al.,
2004; Fragkostefanakis et al., 2015; Wang et al., 2015a).

In this study, we mutated a heat-susceptible line (Fu 296) with
gamma ray irradiation and identified three mutant lines (AG1,
AG2 and AG3) with enhanced floret fertility when grown
under high temperatures. To investigate the physiological and
molecular basis of increased thermotolerance of the rice
mutants, i.c., AG1, AG2 and AG3, we analyzed the levels and
activities of antioxidants, oxidative stress (TBARS), proline
accumulation and the expression of four heat-shock proteins
under heat stress. The results were compared to plant
petformance in terms of shoot and root growth, especially
seedling root growth which provided a good indicator of heat
stress tolerance.



The results suggested that higher proline accumulation and
HSP expression as well as the elevated T-AOC and SOD
activity under heat stress may have contributed to the increased
thermotolerance of the mutant lines.

Results

Plant growth under heat stress

After heat treatment at 45°C and 60% humidity for 22 hours,
slight but insignificant decrease in plant height was observed
in N22 and all tested rice lines at the leaf 5 stage (Fig. 1a).
However, root growth was more affected, with significantly
reduced total root length (-9%, Fig. 1b), reduced average root
diameter (-20%, Fig. 1c) and reduced total root surface area
(data not shown) in the relatively heat susceptible progenitor
line AG, whereas the decreases in the heat-tolerant cultivar
N22 and mutant line AG3 were insignificant (Fig. 1b, 1c).
Significant declines were also observed in AG1 (-5% and -14%
for total root length and root average diameter, respectively)
(Fig. 1b, 1c) and in AG2 (-9% of root average diameter) (Fig.
1c).

Changes in seedling root parameters under heat stress
indicated that N22 and AG3 wetre more heat-tolerant than AG,
AGT1 and AG2, consistent with observations of their fertility
performance in paddy field. However, heat-inhibited growth in
the relatively heat susceptible line AG was indistinguishable
from that of AG1, which showed improved heat-tolerance in
terms of fertility. This was probably due to the insufficient
time following heat stress for plants to manifest the difference,
both in the case of shoot (Fig. 1a) and root growth (Fig. 1b,
1c).

Oxidative damage in rice lines with different
thermotolerance

High levels of TBARS indicate high levels of oxidative damage
and often the heat—susceptibility of plants (Larkindale et al.,
2005). Consistent with this, the heat-tolerant cultivar N22 and
the relatively heat-tolerant line AG3 had relatively lower levels
(150-180% of control) of TBARS following heat stress. By
contrast, the heat-susceptible progenitor line AG had the
highest level (270% of control) of TBARS. TBARS levels of
the moderate heat-tolerant lines AG2 and AG3 were also
intermediate (210-220% of control; Fig. 1d).

Proline levels and antioxidant activities following heat
stress

Afterheat stress, proline content in leaves was significantly
increased in all tested lines (Fig, 2a). The heat-induced proline
increases in N22 and AG3 was about 12- to 13.5- fold,
significantly higher than those of the three other less heat-
tolerant lines (2.5- to 7.5) (Fig. 3a).

T-AOC levels were also increased significantly after heat stress.
The heat-induced increase of T-AOC was much higher in N22
(2.4-fold) and AG3 (1.9-fold) than in the other three lines (1.3-
to 1.7- fold) (Fig. 2 b).

Following heat stress, POD activity declined in the test lines
except in the AG (Fig. 2c). However, the activity of SOD was
significantly increased in N22 and AG3 exposed to heat stress
and was significantly lower in the heat-susceptible line AG (Fig.
2d).

Expression of four heat-shock protein genes

To examine the heat-induced response of molecular
chaperones, the expression of four HSP genes encoding,
respectively, small HSP(OsHSP16.9), HSP70 (OsHSP72.6),
HSP90(OsHSP80.3) and  HSP100(OsHSP100.9), were
analyzed (Table 1). Expression of the three of HSP genes, i.c.,
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OsHSP16.9, OsHSPS80.3and OsHSP100.9, was increased by
1.5- to 2.9-, 1.3- to 1.9- and 11- to 22- folds respectively, while
that of OsHSP72.6 decreased by 1.1- to 1.7- folds following
heat stress (Fig. 3).

The largest increase of OsHSP76.9 expression occurred in the
heat tolerant rice cultivarN22 (about 2.9- fold), while the least
in the heat-susceptible line AG (about 1.5-fold). The
expression levels of OsHSP76.9 in the relatively heat-tolerant
line AG3 and moderate tolerant lines AG1 and AG2 were
increased by 2.5-, 2.1- and 2.4-fold, respectively (Fig. 3). The
most dramatic increase was seen in the expression of
OsHSP100.9with 22-fold increase in N22 and AG3, 15- to 17-
fold in AG1 and AG2, and 11-fold in AG (Fig. 3).

Discussion

Global warming has been evident throughout the world in the
past few decades with an increased frequency of occurrence
of extreme temperatures in increasing land areas (Hansen et
al, 2012). Development of rice cultivars which could
withstand high temperatures will be achieved in part through
understanding the molecular basis of heat stress responses in
this crop.

At the cellular level, high temperatures can cause perturbations
in membrane-linked processes due to increased fluidity of
membrane lipids and alteration of permeability (Bischof et al.,
1995). In addition, heat-induced protein denaturation and
aggregation can cause enzyme inactivation. Membrane and
protein damage lead to metabolic imbalances and the
production of

toxic compounds and ROS (Wahid et al., 2007).

Compatible low molecular osmolytes such as proline and
soluble sugars accumulate under heat stress (Wahid et al.,
2007). Although Lv et al. (2011) found that growth of the
proline-overproduced Arabidopsis seedlings were inhibited
during heat stress, other reports

showed that proline accumulation is necessary to regulate
osmotic activities and protect cellular structures from increased
temperatures by maintaining the cell water balance, membrane
stability, and by buffering the cellular redox potential (Dobra
et al,, 2010; Bita and Gerats, 2013). Field trials with proline-
overexpressed soybean lines showed improved drought
performance and higher heat tolerance compared to wild type
cultivars (de Ronde et al., 2004; Verbruggen and Hermans,
2008). It is likely that the effects of proline accumulation in
plants can be species- and organ- specific. This is in accordance
with our finding in that the heat-tolerant rice cultivar N22 and
the relatively heat-tolerant mutant line AG3 had the highest
level of proline among the tested rice lines exposed to heat
stress. Multiple signaling pathways are implicated in response
to heat-stress. Protection of plant from the oxidative damage
by elevation of antioxidant activity in stressed tissues is an
important component of a plant under heat stress (Kotak et al.,
2007). In general, the T-AOC reflects the enzyme and non-
enzyme antioxidant system as a whole. SOD among others is
a major antioxidant enzyme in plants. They are responsible for
the removal of free radicals such as O, thus reducing the
injuty caused by lipid oxidation of cell membrane (Moller et al.,
2007). The higher levels of T-AOC and SOD activity in N22
and AG3 can be important to their heat-tolerance. Although
most HSPs are induced to be synthesized by heat stress,
OsHSP genes exhibited very diverse expression patterns in
different rice tissues (Vierling, 1991; Ye et al.,, 2012). Large
variations exist in the literature with respect to the expression
levels of specific OsHSP genes. For instance, while Ye et al.
(2012) found thatloc_Os71g47760 (HSP70 family) in seedling
of tice cv. IRAT109 was upregulated 6- fold under 42°C for
12h.



Table 1. Primer sequences used for qPCR.

LOC_0s01g04370 sHSP; 16.9 kDa qHSP1-F: AAGATAGAGCAACCATGTCG 221
qHSP1-R: CTTCACCTCCTCCTTCTTGA

LOC_0s503g02260 HSP70; 72.6 kD qHSP2-F: GCTGACAACCAGACGCAAGT 409
qHSP2-R: CGATCTCGGAGGCAACCT

LOC_0s04501740 HSP90; 80.3 kD qHSP3-F: AGCAGTGAACTGAAATGGCG 268
qHSP3-R: GAGAGAGTCTTGGAGGGCTT

LOC_0s505¢44340 HSP100; 100.9 kD qHSP4-F: GTCATGCAGGAGGTGAGGAG 320
qHSP4-R: TCGATGTACACCGTGCAGTT

*Abbreviations (using MW) for the four HSP genes are HSP76.9, HSP72.6, HSP80.3 and HSP100.9, respectively.
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Fig 1. Effect of high temperature (45°C, 22 hrs) on the growth and oxidative damage in rice seedlings. Plant height (a), total root length
(b) and average root diameter (c) were relative to those of the same linegrown without heat stress. (a) plant height; (b) total root length;
(c) average root diameter; (d) TBARS levels. Root parameters were obtained using WinRhizo root image analysis system. (a, b, ¢) Bars
with * indicate significant difference compared to respective control at P<0.05 and ** at P<0.001; (d) Bars with the same lower-case
letter are not significantly different at P < 0.05. Statistical significance was determined by using the Student’s t-test. Experiments were
petformed in triplicate, each with 12 seedlings per line harvested from the same container.
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Fig 3. Expression of four HSP genes in rice seedlings with different thermotolerance following heat stress. Total RNA was extracted
from rice leaf tissue at the 5-leaf stage from 12 seedlings per line harvested from the same container. The experiment was done in
triplicates. Expression level of the progenitor parental line AG without heat stress was set as 100%. A. OsHSP76.91LOC_Os01g04370);
B. OsHSP72.6 (LOC_0s03g02260); C. OsHSP80.3 (LOC_Os04g01740); D. OsHSP100.9 (LOC_Os05¢g44340). Bars with * indicate
significant difference with control at P<0.05 and ** at P<0.001. Bars with the same lower-case letter are not significantly different at P
< 0.05.
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Hu et al. (2009) found it downregulated in rice cv. ZH11.
Similar contradictory results were obtained regarding the
expression of LOC_0s07g08860 (sHSP family) under heat
stress by different research groups.

The expression of this gene was found to be up-regulated by
heat treatment in rice seedlings from > 4-fold (Hu et al., 2009),
>8-fold (Jung and An, 2012) and even to >227-fold (Ye et al,,
2012). However, it was not detected under 25°C, 37°C and 42
°C by Ouyang et al. (2009).

Using proteomics, Jagadish et al. (2011) found that heat shock
proteins were significantly upregulated under heat stress in the
highly heat-tolerant cultivar N22 during rice anthesis. The high
expression levels of OsHSP16.9, OsHSP80.3 and
OsHSP100.9in N22 following heat stress were well correlated
with the high heat tolerance of this rice variety. The expression
levels of these three HSPs in the relatively heat tolerant mutant
line AG3 were also upregulated to similar level as those of N22.
On the other hand, the relatively heat-susceptible line AG
exhibited the least increase in all these genes among the tested
rice lines.

The ability to withstand and to acclimate to supra-optimal
temperatures can involve numerous traits at morphological,
physiological and molecular levels. Development and
maintenance of thermotolerance in plants will have to do with
the antioxidant activity, membrane lipid unsaturation, gene
expression and translation, protein stability, and accumulation
of compatible solutes (Larkindale et al., 2005; Bita and Gerats,
2013). Constitutive elevation of osmolytes and antioxidants
seems to be happening under non-stress conditions, which is
potentially useful to plant growth; Although an episode of high
temperature at an earlier developmental stage may not directly
affect the heat response of a subsequent stage (Wollenweber et
al., 2003), it is likely that the response of the osmolyte and
antioxidant mechanisms at seedling stage happens at later
growth as well, although not examined in the current
experiments. Therefore, overall elevation of antioxidant
capacity and membrane stabilization and protein protection by
compatible osmolytes and molecular chaperones are certainly
beneficial to both vegetative and reproductive stages in
amelioration of heat-induced injury in plants.

Materials and methods

Plant materials

For generation of heat tolerant mutants, rice seeds of cv. Fu
296 were irradiated with y rays (350 Gy) and their progenies
were subjected to screening for improved heat tolerance from
M to My in paddy fields in the summers of 2012 to 2015 in
Hangzhou, China (30.42°N, 120.12°E). Fu 296 is an eatly
inbred indica rice cultivar, developed through the pedigree
breeding from vy ray-irradiation of Fy dry seeds Z96-03 X
Guangchangzhan. Improved traits include: erect leaves, sturdy
stems, large panicle and a higher filled seed-set, higher and
stable grain yield. It is about 95 cm of height and requires ~111
d from sowing to harvest. The cultivar was registered in Hunan
Province in China in 2008 (Liu et al., 2010). Only mutant lines
showing the same phenotype with the cultivar’s characteristic
traits were selected from the y -irradiated progenies of Fu296.
A number of mutant lines showing improved heat tolerance
wete selected at anthesis with increased fertilities at natural
high temperatures. We selected three mutant lines (AG1, AG2
and AG3) with different thermotolerance for the following
experiment: AG3 was more tolerant than AG1 and AG2,
which were in turn more tolerant than the progenitor parental
line Fu296 (hereafter AG) (Supplemental Table 1).
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Heat treatment

Rice seedlings (Ms) consisting of three mutant lines and their
progenitor, and a reference heat-tolerant cultivar (N22;
Yoshida et al., 1981; Jagadish et al., 2011), were raised in soil
culture in plastic containers (Wang et al., 2009). Twelve plants
per line and four lines each container was grown in a container
(length/wide/depth: 60/40/25cm) with water logged paddy
soil. Containers were maintained at field saturation capacity
and irrigation was done when required. At 5-leaf stage, part of
one-month old seedlings was subjected to heat stress by
incubation in controlled growth chambers at 45°C and 60%
humidity for 22 hours and a 16 h photoperiod under 160 L mol
m?2 s light. The remaining seedlings of each line or cultivar
wete kept at ~30°C as controls. Upon the completion of stress
treatment, the fifth leaf of each plant was cut for immediate
assays of antioxidants, or frozen in liquid nitrogen and stored
under -70°C until required for further investigation.
Experiments were performed in triplicate, each with 12
seedlings per line harvested from the same container.

Plant growth measurement

Before and immediately following heat treatment, six plants
from each rice line were uprooted carefully from the soil. Plant
height was measured, and seedling roots taken by cutting off
the culms. Root samples were then washed carefully on a 0.5-
mm mesh screen. After removal of debris, roots were spread
out on a glass plate and scanned using the root scanner
WinRHIZO = system (WinRHIZO, Regent Instrument,
Montreal, QC, Canada). Total root length, total root surface
area and average root diameter were then obtained.

Proline, TBARS and antioxidants assay

Leaf samples were homogenized using a chilled mortar and
pestle with ice-cold extraction buffer supplied with the kits
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).
Homogenate was centrifuged at 10,000 Xg for 10 min at 4°C.
The supernatant was used for measurement of thiobarbituric
acid reactive substances (TBARS), proline, total antioxidant
capacity (T-AOC), soluble protein, peroxidase and superoxide
dismutase (SOD) using corresponding assay kits. All reagents
used were provided with the supplier’s kits.

Heat-shock protein expression

For quantitative PCR (qPCR) analysis, total RNA was
extracted from rice leaf tissue at the 5-leaf stage using the
Qiagen Spin Plant RNA Mini Kit (Qiagen, Germany). cDNAs
were reverse transcribed from 100ng total RNA using the
oligo-dT1g primer and GoScript™ Reverse Transcription
System Kit (Promega, USA) according to the manufacturer’s
instructions. qPCRs were performed using a SYBR Green
GoTaq® qPCR Master Mix kit (Promega, USA). One primer
pair each was designed for qPCR analysis of the four HSPgenes
(qHSP1-4, Table 1). All qPCRs were performed in 20 pL
volumes with 1uL. ¢cDNA in 1X GoTaq® qPCR Master Mix
(containing PCR  buffer, MgCl,, dNTPs, Taq DNA
polymerase), and 0.4 puM of each primer. The following
programme was used for all qPCRs: 10 min at 95 °C, 40 cycles
of 30 s at 95 °C, 30 s at 55 °C, and 60 s at 72 °C. The rice
ubiquitin gene was used as an internal reference (primersUbg-
F, 5-GCTCCGTGGCGGTATCAT-3;  Ubg-R, 5-
CGGCAGTTGACAGCCCTAG-3; Wang et al, 2015b).
Relative gene expression was calculated using the
278ACtmethod (Livak and Schmittgen, 2001). qPCRs were
repeated with three biological replicates, each with RNA
extracted from two individual seedlings.



Conclusions

Heat stress treatment at the 5-leaf stage demonstrated that the
mutant line AG3 had increased heat tolerance compared with
its heat-susceptible parental line Fu 296. Higher proline
accumulation and expression of OsHSP76.9 and OsHSP700.9,
as well as elevated T-AOC and SOD activity might constitute
part of the mechanisms that underpin its increased
thermotolerance of AG3. The mutant line could be used for
breeding heat tolerant rice cultivars in future breeding
programmes.
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Abstract

Common bean is an important legume crop and a major source of protein for low-income groups around the world. Legumes have the
ability to engage symbiotic interactions with nitrogen-fixing soil bacteria. In this study, next-generation sequencing technology was used
to perform transcriptome analyses of a yet unexplored group of peptides encoded by small open reading frames (sORFs; < 150 codons)
in nitrogen-fixing symbiotic nodules of two heat-tolerant genotypes of common bean (Phaseolus vulgaris 1): the cultivar BAT93 and a
wild genotype (named P. vulgaris 7) from the south of Mexico. After heat stress, total RNA was isolated and used for transcriptome
analysis. Sixty differentially expressed sORFs were identified between control and heat stress treatments. The expression profiles of
these sORFs suggest that, regardless the evolutionary closeness between P. wufgaris BAT93 and P. wulgaris 7, each genotype has
independently adapted their molecular signaling pathways to survive heat stress. The dataset developed may provide a useful resource
for future genetic and genomic studies in these species.

Keywords: Heat stress, small open reading-frames, common bean, legume-rhizobia symbiosis, biological nitrogen-fixation, next-

generation sequencing, transcriptome analysis.

Abbreviations: sORFs - short open reading frames, SPs - small proteins.

Introduction

The world’s human population is expected to reach 9.1 billion
in 2050 (Food and Agriculture Organization of the United
Nations, http://www.fao.org/). Ovet-population is associated
with increasing global consumption of resources, food security
and climate change. Recent climate models estimate that the
global surface temperature is likely to rise by 4.8 °C in the
worst-case scenario (IPCC, 2014). In semi-arid and tropical
regions, which are among the most populated and under-
developed, the increase in surface temperatures will severely
affect crop production (IPCC, 2014). Legumes include
important grain, pasture, and agroforestry species, and are
second to cereal crops in agricultural importance based on area
harvested and total production (http://www.fao.org/). Pulses
(dry seeded legumes) are protein rich and affordable foods, and
an important component in human sustenance, especially in
the dietary pattern of low-income people in developing
countries. In addition to their nutritional value, most legumes
have symbiotic associations with nitrogen-fixing bacteria
mainly belonging to the Rhizobiaceae family (rhizobia)
(Dénarié et al., 1996). This remarkable biological interaction
culminates with the formation of specialized root organs, the
symbiotic nodules, where biological fixation of atmospheric
nitrogen takes place. Nodulated legumes produce substantial
amounts of organic nitrogen fertilizer and play a key role in
sustainable agriculture in tropical and temperate climates
(Peoples et al., 1995; Tate, 1995). Numerous studies have
established that high temperatutes (30°C to 40°C depending

28| Page

on species) have negative impacts on Rhizobium soil survival,
root bacterial attraction and infection, and also nodule
development (Lebrazi & Fikri Benbrahim, 2014; Abd-Alla et
al,, 2014). Knowledge of nodule functioning after heat stress,
such as those experienced by legume plants in the field during
a day is limited.

Small proteins (SPs) have emerged as an important class of
signaling molecules involved in nodulation (Batut et al., 2011),
and also in growth, development, and in response to stress
(Hanada et al., 2012; Marmiroli & Maestri, 2014). SPs are
encoded by short open reading frames (sORFs) and
distinguished from other ORFs by their sizes (30-150 codons
in length). Although many sORFs play important roles as
regulators of diverse biological processes, this gene group
usually escapes gene annotation because they are particularly
difficult to predict by computational biology due to their small
size. Thus, sORFs have been studied in only a few plant species
and their biological importance is little understood. Here a
comparative analysis was made of the expression of sORFs of
the root-nodule transcriptome of two P. wulgaris genotypes
under control and stress treatments (sudden and prolonged
heat exposure). Computational strategies were deployed to
identify sORFs that were up-regulated in active nitrogen-fixing
nodules under heat stress. This information may be relevant in
selecting new bean genotypes able to harbour active nitrogen-
fixing nodules resilient to heat stress.
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Results

Phenotypic and molecular responses to heat stress in P.
vulgaris heat-stress resistant genotypes

To evaluate the ability of P. vulgaris cv. BAT93 and P. valgaris 7
to adapt to sudden heat stress (without any priming, known as
basal thermo-tolerance), the plants of each genotype were
subjected to heat stress for 6 continuous hours. After stress,
the aerial plant parts of P. vulgaris BAT93 and P. vulgaris T were
photographed (Figure 1a and 1b). P. vulgaris BAT93 wilted (Fig
1a), and only a third of the plants subjected to heat were able
to recover after one week in benign conditions. Recovered
plants of BAT93 just produced one pod, in general with 1 seed
(Table 1). In contrast P. vulgaris 7 showed no differences in
foliar turgor nor seed production between control and stress
treatments (Table 1). There were no differences in nodule size
and number of nodules per root plant (Figure le), but the
results show a significant and similar increase in chaperone
transcript accumulation (Figure 1c), an indication that nodules
of both genotypes responded to heat stress. Interestingly, the
rate of nitrogen-fixation in nodules elicited by R. #upic
CIAT899 in P. vulgaris BAT93 was severely reduced in heat-
shock treated plants compared to control, but this effect was
not observed in nodules of the wild P. vulgaris 7 (Figure 1 d).
The data indicate that the basal thermo-tolerance of P. vulgaris
7 is higher than P. wulgaris BAT93, and that the biological
nitrogen fixation process is not altered in P. vulgaris 7 by heat
stress.

Distribution of sORFs in P. vulgaris BAT93 and G19833
genotypes and in other model legumes

Some 64,692 and 31,638 ORFs from P. vulgaris genotypes
Mesoamerican BAT93 and Andean G19833, respectively
(Vlasova et al., 2016, Schmutz et al., 2014), 88,647 ORFs from
Glycine max (Schmutz et al., 2010), 10,979 ORFs from Lotus
Japonicus (Sato et al., 2008) and 62,319 ORFs from Medicago
truncatnla (Young et al., 2011) were collected from Phytozome
version 11 (www.phytozome.net; Goodstein et al., 2012) and
from miyakogusa.jp version 3.0 for L. japonicus
(http:/ /www.kazusa.ot.jp/lotus). The ratio of sORFs (30 to
150 amino acids length) sersus the total number of ORFs
reported for each genome version was calculated (Figure 2 and
Table 2). Although the annotations of total ORFs have
changed in recent years in all the genomes of listed legumes
(Guillén et al., 2013), the highest frequency of sORFs was
found in the best-studied genomes of leguminous plants, i.c.
M. truncatnla and L. japonicus (0.2 and 0.3, respectively), while
the proportion of sORFs/ORFs annotated in the P. vuigaris
genomes fluctuates between 0.11 to 0.14, a slight difference
that may be due to annotation systems used in these genomes.

Differential expression analysis of sORFs under heat-
shock conditions in P. vulgaris

Out of 235 differentially expressed ORFs in P. vulgaris BAT93
under heat-stress (data not shown), 16 (6.8%) were sORFs.
Most differentially expressed sORFs could not be assigned to
any gene ontology (GO) category (Table 3 and 4), so these
were analyzed by the MEME Suite (Figure S1), and also by
BLASTP, which was found to be the most informative
algorithm. In stressed root nodules of P. wufgaris BAT93, a
histone and a thymidine kinase domain are present in three
down-regulated sORFs (Figure 3 and Table 3). Five sORFs in
P. vulgaris BAT93 nodules under heat-stress were up-regulated,
andwe identified known protein domains in two of them
(Figure 3a and Table 3): a domain found in SL33 plant splicing
factors (PHASIBEAM10F006374), and a cytocrome-c oxidase
domain (PHASIBEAM10F012744). In P. vulgaris 7 significant
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expression changes were detected in 1,064 ORFs, and 44
(4.1%) of them were identified as sSORFs. A GO associated
function could be annotated in 26 sSORFs (Table 4), but in this
case, neither the use of MEME (Figure S1), nor the BLASTP
algorithm gave additional information over the putative
biological function of some other sORFs of this group (Table
4). In heat-stressed nodules of P. vulgaris 7, 13 sORFs were
down-regulated (Figure 3 b and Table 4). Most protein
domains of these sORFs are yet unknown, or belong to
proteins with no described biological function. However, some
protein domains found in stress-related proteins were
identified ~ (Phvul.008G112900.1,  Phvul.008G189400.1,
Phvul.009G027600.1.) in a growth factor
(Phvul.003G233400.1) (Yang et al., 2001), cytochrome b5
(Phvul.006G115900.1) and in proteins responsive to
gibberellic acid (Phvul.008G235300.1), respectively. Up-
regulated sORFs in these root nodules included calmodulin-
like domains present in proteins involved in the signaling of
calcium (Phvul.001G155400.1, Phvul.001G260700.1,
Phvul.003G115800.1, Phvul.007G111200.1,
Phvul.007G278900.1), and in phyto-hormone responsive
proteins, such as ethylene, auxin or gibberellin
(Phvul.007G193400.1, Phvul.007G219700.1,
Phvul.009G015900.1, Phvul.010G019700.1).

Discussion

Small proteins encoded by small open reading frames (sORFs,
30 to 150 codons) have been shown to be relevant in legume-
rhizobia interactions as well as in plant growth and
development, and in response to stress (Batut et al., 2011;
Hanada et al, 2012; Marmiroli & Maestri, 2014). sORFs
identification can be predicted by bioinformatics approaches,
such as web-based tools [sORFfinder (Hanada et al., 2010),
HAItORF (Vanderperre et al, 2012), or uPEPperoni
(Skarshewski et al., 2014)] by homology with other related-
species, or by sequence analysis and clustering. Several
molecular techniques are used to confirm sORFs gene
expression, among  these  next-generation-sequencing
technologies are reliable, e.g. RNA-seq. In this work, RNA-seq
technology was used to gather relevant data on changes in gene
expression of small proteins encoded by sORFs in root
nodules of two P. wulgaris genotypes elicited by R. #ropici
CIAT899, a bacterium resistant to heat (Martinez-Romero et
al. 1991), under prolonged heat stress conditions.

P.  wvulgaris BAT93, a representative cultivar of the
Mesoamerican common bean gene pool, was bred for high
productivity in tropical conditions at the Centro Internacional
de Agricultura Tropical (CIAT), Colombia (Voysest, 1983,
2000). This breeding line has been well-studied, and its
genome has been trecently sequenced (Vlasova et al., 2016).
Taken in consideration all these advantages, P. vufgaris BAT93
was chosen as the reference genotype to compare with P.
vnlgaris T, which is a wild-type genotype collected from the
south of México. Plant responses to heat stress in both
common bean genotypes were confirmed by the strong
induction of heat-shock proteins (HSps) (Figure 1 ¢) (Wang et
al,, 2004, Aparicio et al., 2005, Larkindale et al., 2005; Kim et
al,, 2011). Interestingly, although the induction of HSPs was
similar in both common bean genotypes (Figure 1c),
deleterious phenotypic effects at the whole plant level were
observed only in P. vulgaris BAT93 (Figure 1a compared to 1b
and Table 1).


http://www.phytozome.net/
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Table 1. Phenotypic responses to heat stress in Phaseolus vulgaris cv. BAT93 and in P. vulgaris 7 genotypes.

GENOTYPE
FEATURES P. vulgaris BAT93 P. vulgaris 7
CTRL HS CTRL HS
Sutvival after heat stress (6h 37°C, 3 plants NA 1/3 NA 3/3
per replicate, 3 technical replicates)
Average Pods per plant 3 0.33 >3 >3
Average Seeds per pod 5 1 4 4
Average seed weight (g) 0.186 ¢ 0.168 ¢ 0.046 ¢ 0.058 ¢
Average nodule number per plant 84.48 44.71
Average nodule dry weight per plant (g) 0.02 0.0055
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Fig 1. Heat-stress response in P. vulgaris cv. BAT93 and P. vulgaris 7 genotypes. (a) Foliar turgor changes observed in P. vufgaris BAT93
(a) and in P. vmlgaris 7 plants after the heat-shock treatment (37°C/6 h). Insets in (a) and (b) show seeds of the cotresponding bean
genotypes. Bar size, 1 cm. (c) Expression ratio of HSP101, HSP17.8 and HSP70 chaperones in root nodules of P. vulgaris BAT93 (in
black) and P. vufgaris 7 (in grey), either in control conditions (CTRL) or subjected to heat stress (HS). The fold change in expression was
obtained by DESeq of each heat-stress molecular marker from root nodules of control plants versus its expression in root nodules of
heat-stressed plants. Values in both graphs represent the Log2 fold change of three biological replicates. (d) Effects of the thermal shock
on the nitrogenase activity of P. vulgaris BAT93 or P. vulgaris 7 root nodules, either in control conditions or after the heat-shock treatment.
* P < 0.01, n=15. (¢) Average nodule number of each genotype at 20 dpi. n=15

Table 2. Comparison of total number of open reading frames (ORFs) and small open reading frames (sORFSs) in Phaseolus vulgaris cv.
BAT93 and G19833, Ghyine max, Lotus japonicus and Medicago truncatula.

Phaseolus vulgaris BATI3  Phaseolus vulgaris G19833  Glycine max  Lotus japonicus ~ Medicago truncatula

ORFs 64692 31638 88647 10979 62319
sORFs 7414 4560 14979 2195 18688
sORFs/ORFs ratio  0.11 0.14 0.16 0.19 0.29
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Fig 2. Proportion of sORFs detected in legume plant genomes. P. vulgaris G19833, G. max, L. japonicus and M. truncatnla protein sizes in
Phytozome version 1.11, and P. vulgaris BAT93 in The Novo Genome Assembly and Annotation Team. Arrow represents timeline evolution
of these plant legumes based on archaeological and molecular data (Choi et al., 2004). Intersections indicate the time of divergence
between clades. MYA, million years ago.

Table 3. List of differentially expressed sORFs in P. vugaris cv. BAT93 after heat-stress.

PHASIBEAM10B038118 No Putative Spidroin-1-like
(T1) Consetved [Glycine max]
Domains
PHASIBEAM10B045106 103 N/A N/A H4 superfamily Histone H3.2 [Cajanus
(T1) cajan]|
PHASIBEAM10F001830 103 N/A N/A No Putative Glutamine dumper 5-
(T1) Conserved like [Cicer arietinum]
Domain transmembrane
protein [Medicago
truncatula]
PHASIBEAM10F002901 116 N/A N/A No Putative uncharacterized genes
(T1) Conserved
Domain
PHASIBEAM10F003368 123 N/A N/A AAI_LTSS Lipid transfer protein
(T1) superfamily DIRT1 [Vigna angularis,
Medicago truncatula]
PHASIBEAM10F004274 140 N/A N/A No Putative Lysine-rich
(T1) Consetved arabinogalactan
Domain protein 19-like [Vigna
angularis|
transmembrane
protein, putative
[Medicago truncatula]
PHASIBEAM10F006225 145 N/A N/A HMG-box High mobility group B
(T1) superfamily protein 7-like [Glycine
soja] PREDICTED
[Vigna radiata]/
HMGB-UBF_HMG-
box, class IT and IIT
members of the
HMG-box
superfamily of DNA-
binding proteins
PHASIBEAM10F006374 81 N/A N/A RRM_SF Serine/arginine-rich Hormonal control (Cruz
(T1) superfamily SC35-like splicing et al., 2014, Suzuki et al.,
factor SCL33 isoform  2016)
X1 [Vigna radiata]
PHASIBEAM10F007017 137 Histone N/A H2B superfamily probable histone DNA package (Iliakis et
(T1) H2B.6 H2B.3 [Vigna radiata]  al., 2008; Kim et al. 2015;

Kantidze et al., 2016)
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PHASIBEAM10F008866
(13)

PHASIBEAM10F011464
(TD)

PHASIBEAM10F012744
(T1)(12)

PHASIBEAM10F019557
(T1)(T2)

PHASIBEAM10F022486
(T1)

PHASIBEAM10F025436
(TD)

PHASIBEAM10F026060
(T1)

—~
£
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130
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Motif B

Motif

C/A

N/A

N/A

N/A

TK superfamily

H4 superfamily

COX7a_Cyt_c_O
xidase_VIla
superfamily

SANT_Superfamil
y/  Myb_DNA-
Binding

No
Conserved
Domain
No
Conserved
Domain
Alpha-crystallin-
HSPs_p23-like
superfamily/IbpA

Putative

Putative

Thymidine kinase-like
[Vigna radiata]

Histone H3.2 [Cajanus
cajan| histone H3
[Triticum aestivus]
core histone
H2A/H2B/H3/H4
Cytochrome-c
oxidases, electron
catriers [Theobroma
cacao)
PREDICTED:
protein RADIALIS-
like 3 [Vigna radiata]
MYB transcription
factor MYB142
[Glycine max]
Transmembrane
protein, putative
[Medicago truncatula]
Hypotetical protein
LR48_Vigan08g16740
0 [Vigna angularis|
PREDICTED: 15.7
kDa heat shock
protein, peroxisomal
[Vigna
angularis|[Vigna
radiata|

Nucleotide synthesis
(Wang & Liu, 2006;
Garton et al, 2007);
nucleotide salvage

pathway (Moffat et al.
2002)

DNA package (Iliakis et
al., 2008; Kim et al. 2015,
Kantidze et al., 2016)

Stress response (Gong et
al. 1998, Huang et al
2016))

(Vietling et al. 1997)
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Fig 3. sORFs differentially expressed in (a) P. vulgaris BAT93 and (b) P. vulgaris 7. Gene expression values between control or heat-
stressed 20 dpi nodules are expressed as the Log?2 of the fold change. Accession numbers are indicated on the X axis.
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Table 4. List of differentially expressed sORFs in P. vugaris 7 after heat-stress.

Phvul.010G019700.1

Phvul.010G142400.1
Phvul.010G043000.1
Phvul.003G124400.1
Phvul.003G233400.1

Phvul.003G115800.1

Phvul.009G200800.1

Phvul.009G158400.1

Phvul.009G015900.1

Phvul.009G142200.1

Phvul.009G027600.1

Phvul.011G012600.1
Phvul.008G196700.1
Phvul.008G121000.1

Phvul.008G235300.1

Phvul.008G112900.1

Phvul.008G189400.1

Phvul.008G012000.1

Phvul.008G237000.1

Phvul.004G148400.1
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112

114

97

74

75

121

141

58

101

115

150

86

44

101

97

101

134

137

144

71

Uncharacterised
protein family SERF

N/A

Domain of unknown
function (DUF581)
N/A

phytosulfokine 4
precursor
Ca2+-binding protein
1

N/A

N/A

SAUR-like
responsive
family

auxin-
protein

N/A

Heavy metal
transport/detoxificatio
n superfamily protein

Domain of unknown
function, DUF642
N/A

N/A

Gibberellin-regulated
family protein

Bifunctional
inhibitor/lipid-transfer
protein/seed  storage
2S albumin superfamily
protein

Heavy metal
transport/detoxificatio
n superfamily protein

Calcium-binding  EF-
hand family protein

HSP20-like chaperones
superfamily protein

N/A

N/A

N/A
N/A
N/A
N/A

Motif F/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A
N/A

N/A

N/A

N/A

N/A

N/A

N/A

4F5

No Putative Conserved
Domain
zf-FLZ superfamily

No Putative Conserved
Domain
PSK superfamily

Efh superfamily (EF-
hand?7)

G_glu_transpept
superfamily

No Putative Conserved
Domain

Auxin_inducible
superfamily

No Putative Conserved
Domain
HMA_superfamily

PLN03089/hypotetical
No Putative Conserved
Domain

No Putative Conserved

Domain
GASA superfamily

AAI_LTSS superfamily

HMA_superfamily

EFh supetfamily/EF-
hand7

alpha-crystallin-

HSPs_p23-like superfamily

No Putative Conserved
Domain

Gibberellin regulated
protein [Cynata
cardunculus var.
Scolymus]|
uncharacterized genes

uncharacterized genes
uncharacterized genes

phytosulfokines-like
[Glycine max]
hypersensitivye
reaction associated
Ca2+-binding protein
[Phaseolus vulgaris]
calmodulin-like
[Vigna angularis]
transmembrane
protein, putative
[Medicago truncatula]
aldo/keto  reductase
[Desulfitobacterium
metallireducens]
auxin-induced protein
ARGY7 [Cajanus cajan)]
Predicted: auxin-
induced protein 15A
[Vigna angularis|
uncharacterized genes

Predicted: heavy
metal-associated
isoprenylated plant
protein 22 [Vigna
angularis]

uncharacterized genes
uncharacterized genes
uncharacterized genes

gibberellic acid -
stimulated protein 1
[Glycine soja]
predicted: putative
ipid-transfer protein
DIR1 [Vigna
angularis]

Predicted: copper
transport protein
ATX1-like [Glycine
max]|
calcium-binding EF-
hand protein
[Medicago truncatula]
Predicted: 15.7 kDa
heat shock protein,
peroxisomal [Vigna
angularis|

uncharacterized genes

Hormonal
control

Growth

Calcium
signaling (Liu
et al., 2003;
Al-Quaraan
et al., 2010)

Hormonal
control

Stress
response

Hormonal
control

Stress
response

Stress
response



Phvul.007G220400.1

Phvul.007G205900.1

Phvul.007G111200.1

Phvul.007G193400.1

Phvul.007G167000.1

Phvul.007G278900.1

Phvul.007G219700.1

Phvul.001G037600.1
Phvul.001G138800.1
Phvul.001G167300.1

Phvul.001G155400.1

Phvul.001G249500.1

Phvul.001G260700.1

Phvul.006G173000.1

Phvul.006G165800.1

Phvul.006G043100.1

Phvul.006G115900.1

Phvul.002G062300.1
Phvul.002G235100.1
Phvul.002G036100.1
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54

62

118

147

131

150

96

119

67

127

148

67

84

93

127

94

143

56

73
113

N/A

Low temperature and
salt responsive protein
family

calmodulin-like 11

Integrase-type DNA-
binding  superfamily
protein

N/A

calmodulin-like 11

SAUR-like auxin-
responsive protein
family

Domain of unknown
function (DUF3511)
N/A

RmlC-like cupins

superfamily protein
calmodulin-like 11

N/A

N/A

N/A

jasmonate-zim-domain
protein 8

N/A

cytochrome B5
isoform E

N/A
N/A
cytochrome c-2

N/A

N/A

Motif D/F

N/A

N/A

Motif
D/F/G

N/A

N/A
N/A
N/A

Motif
D/F/G

N/A

N/A

N/A

N/A

N/A
N/A
N/A

N/A
N/A

No Putative Consetrved
Domain
No Putative Conserved
Domain

EFh supetfamily/EF-
hand7

AP2 superfamily

No Putative Conserved
Domain
EFh superfamily

Auxin_inducible
superfamily

DUF3511 superfamily
No Putative Conserved
Domain
Cupin_3/Cupin_like
superfamily

EFh superfamily

No Putative Conserved
Domain
No Putative Conserved
Domain
No DPutative Conserved

Domain
tify_superfamily / CCT_2
superfamily

No Putative Conserved

Domain
Cyt-b5 superfamily

DUF4534 superfamily
DUF761 superfamily
Cytochrom_C superfamily

uncharacterized genes

Predicted:
hydrophobic protein
RCI2B [Vigna
adiata]/Stress-
induced hydrophobic
peptide [Theobroma
cacao|

Predicted:
calmodulin-like
protein 11 [Vigna
radiata]

Ethylene-responsive
transcription factor
ERF098 [Glycine
soja]

uncharacterized genes

Predicted:
calmodulin-like
protein 8 [Vigna
radiata vat. radiata]

Predicted: auxin-
induced protein X15-
like [Glycine max]|
uncharacterized genes

uncharacterized genes

RmlC-like cupins
superfamily protein
Predicted:
calmodulin-3-like
[Vigna radiata var.
radiata]

uncharacterized genes

uncharacterized
genes/ F-box
domain, cyclin-like
protein [Cynara
cardunculus var.
scolymus|
uncharacterized genes

Predicted: protein
TIFY 5A-like [Vigna
radiata var. radiata|
uncharacterized genes

cytochrome b5-like
[Vigna angularis]

uncharacterized genes
uncharacterized genes
Cytochrome ¢
[Cajanus
cajan][Medicago

truncatula]

Calcium
signaling
(Liu et al.,
2003; Al-
Quaraan et
al., 2010)
Hormonal
control

Calcium
signaling
(Liu et al.,
2003; Al-
Quaraan et
al., 2010)

Calcium
signaling
(Liu et al.,
2003; Al-
Quaraan et

al.,, 2010)

Cell
proliferation



Phvul.002G159400.1 99 SPIRALIT-like2 Motif E No DPutative Conserved  Predicted: protein
Domain SPIRAL-like 5 [Vigna
angularis]
Phvul.002G159400.2 99 SPIRALIT-like2 Motif E No Putative Conserved Predicted: protein
Domain SPIRAL-like 5 [Vigna
angularis]

The observed differences were accompanied by lower
nitrogen-fixation levels (Figure 1d), supporting the hypothesis
that reduced metabolic activity caused by heat stress reduces
nitrogen fixation rates. Interestingly, compared to P. vulgaris
BAT93, the average nodule number per root in plants of P.
vulgaris 7 was considerably lower (Figure 1e), although the level
of nitrogen-fixation was higher (Figure 1d). This finding
suggest that, compared to P. vulgaris BAT93, P. vulgaris 7 root
nodules are not only more resistant to heat stress but more
efficient in fixing nitrogen.

To reveal the presence and quantity of any RNA in a biological
sample by RNA-seq, statistical estimation of data is required.
Three statistical methods were used to validate changes in gene
expression, and only sORFs with a significant differential
expression were considered. Compared to unstressed
symbiotic nodules (control), 15 sORFs were differentially
expressed in P. vufgaris BAT93 root nodules, whereas 44 sORFs
were identified in P. vulgaris 7. Contrary to P. vulgaris 7, in P.
vulgaris BAT93 most sORFs were down-regulated, with only a
few being up-regulated (Figure 3 and Table 3). RNA-seq data
on heat stressed nodules from both common bean genotypes
suggest the involvement of phytohormones and antioxidant
systems in the signaling for thermo-tolerance acquisition
(Suzuki et al., 2016). However, the most remarkable difference
at the molecular level obsetved among heat-stressed nodules
of these genotypes was the notable abundance of sORFs
transcripts related to calcium signaling in P. vulgaris 7 (Table 4).
This finding suggests that, regardless of the evolutionary
closeness of the domesticated P. wnlgaris BAT93 and the wild
P. vulgaris 7, each genotype has independently adapted their
molecular responses to preserve the biological nitrogen
fixation process under heat stress (Figure 3, and Tables 3 and
4). This ability becomes highly relevant in nitrogen deprived
soils, such as those of tropical and temperate regions. In this
sense, P. vulgaris 7 as well as other P. vulgaris wild relatives of
Mexico are important reservoirs of genetic variation that could
be sourced for crop improvement.

To our knowledge, this is the first report of a set of SORFs
being associated with heat stress. Taking into consideration the
highest resistance to heat stress shown by P. vufgaris 7

(Figure 1), induced sORFs under heat should be subject of
further functional genomics studies. Although these studies are
necessary to prove the biological function of each of these
sORFs, the described procedure opens new possibilities to
detect potentially relevant genes involved in heat stress
response.

Materials and Methods

Plant growth and heat-stress treatments

Dry, mature seeds of Phaseolus vulgaris cv. BAT93 and a Phaseolus
vnlgaris wild heat-tolerant genotype (named P. vulgaris 7) were
surface sterilized as previously described (Estrada-Navarrete et
al., 2007). Sterilized seeds were transferred to sterile trays
containing wet paper towels. Trays were covered with foil and
incubated at 28°C for 2 days (Estrada-Navatrete et al., 2007).
Two-day-old common bean sprouts were inoculated with
Rhbizobinm tropici CIAT899 (Martinez-Romero et al., 1991) and
grown at 28°C/18°C day/night temperature, 65% relative
humidity, 180-300 u-lmol photon m-2s-1 and 14 h
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photoperiod for 20 days in a growth chamber. Common bean
plants were watered every third day with N-free sterile B&D
nutrient solution (Broughton & Dilworth 1971). After this
period, plants were subjected to a sudden heat-stress (37°C),
sustained for 6 h. Twenty days post-inoculation (dpi), root-
nodules from 5 plants of each genotype were harvested, frozen
in liquid nitrogen, and stored at -80 °C.

Nitrogenase activity was evaluated from 20 dpi inoculated
roots (following methods of Ramirez et al., 1999; Verdoy et al.,
2004) under control and heat stress conditions in both bean
genotypes. Nodulated roots were incubated in acetylene gas for
1 h and ethylene production was determined by gas
chromatography (Varian model 3300). Specific activity was
expressed as umol'CoHoh-'g! nodule dry weight.

Bacterial strain and culture

The Rbizobium tropici CIAT899 strain was selected as it has
known resistance to heat (37°C; Martinez-Romero et al., 1991).
Two-day-old bean sprouts were inoculated with R. fropici
CIAT899 according to Ramirez et al. (2005) with some minor
modifications. Briefly, R. #pii CIAT899 was grown in
peptone yeast liquid medium [0.5% bactopeptone (w/v), 0.3%
yeast extract (w/v), 7 mM CaCl:2HO] supplemented with 20
g/mL nalidixic acid at 30 °C to a cell density of 5 to 8 X 108
ml-1. 1 mL was applied to the root.

RNA extraction, cDNA Iibraries preparation and
sequencing using Illumina Hiseq2000

Twenty dpi symbiotic nodules were isolated, frozen in liquid
nitrogen and ground to a fine powder with a mortar and pestle.
The sample was immediately processed for total RNA isolation
using the extraction kit ZR Plant RNA MiniPrep (Zymo
Research, USA) according to manufacturer’s instructions.
Total RNA in each sample was more than 5 pg. RNA integrity
was confirmed wusing a 2100 Bioanalyzer (Agilent
Technologies, Inc.) with a minimum RNA integrity number
(RIN) value of 7.0. cDNA library templates from 3 biological
replicates of each genotype, and from both control and heat-
stress conditions (24 cDNA libraries in total), were prepared
using a Truseq™ RNA Sample Prep Kit (Illumina) according
to the manufacturer’s recommendations at the University Unit
for Massive Sequencing (UUSM) from the Universidad
Nacional Auténoma de México (UNAM). These libraries were
sent to Macrogen Inc. (Korea; www.macrogen.com) for
sequencing by Tllumina Hiseq2000
(http:/ /www.illumina.com).

Strategy for large-scale discovery of putative sORFs in P.
vulgaris BAT93 and G19833 genotypes

sORFs (30 to 150 aa in length) of P. wulgaris BAT93 were
gathered from CoGe and The Novo Genome Assembly and
Annotation Team (CoGe database
[https://genomevolution.org/CoGe/] and
[http://denovo.cnag.cat/genomes/bean/], genome ID 20365)
while the sORFs from P. vufgaris G19833 were collected from
Phytozome (Phytozome version 11 database
[www.phytozome.net]; P. vulgaris v1.0), respectively. In both
cases, all sSORFs with no initial methionine were discarded to
avoid truncated transcripts.


http://www.macrogen.com/
http://www.illumina.com/
https://genomevolution.org/CoGe/SearchResults.pl?s=20365
http://www.phytozome.net/

Gene expression and motif-based analysis of P. vulgaris
sORFs

In order to estimate transcript abundance for each
experimental condition tested, raw sequence data from
Tllumina Hiseq2000 were analyzed using FASTQC software
(www.bioinformatics.babraham.ac.uk/projects/). The short
sequence reads obtained (of around 100 bp in length) were
aligned to the reference genome; P. wulgaris BAT93 (CoGe
database [https://genomevolution.org/CoGe/], genome ID
20365) or P. wulgaris G19833 (P. wulgaris v1.0; Phytozome
version 11 database [www.phytozome.net]) to uncover their
identity. The SMALT software
(http:/ /www.sanger.ac.uk/science/tools/smalt-0) was used to
this purpose. Finally, differential expression was estimated with
DESeq, an R/Bioconductor package petforming a pairwise
differential expression analysis (Anders & Huber, 2010,
Bioconductor V3.3, R \Y% 3.3,
http:/ /bioconductor.org/packages/2.11/bioc/, Robinson
2010). Only P. vulgaris sSORFs validated by this method with a
2-fold change and a P-value < 0.05 between control and the
heat stress condition of each common bean genotype were
considered for study. Selected P. vulgaris SORFs wete classified
according the GO annotation
(http:/ /www.agbase.msstate.edu/ cgi-bin/ tools/ GOanna.cgi,

McCarthy et al., 2000), and further analyzed by the MEME
Suite (http://meme-suite.org/tools/meme, Bailey et al., 2009),
and by the BLASTP algorithm
(http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, Altschul et al., 1990).
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Abstract

11 YOU 838 (Oryza sativa subsp. indica), crossed by the maternal II-32A and paternal Fu Hui 838, was one of the most widely cultivated
hybrid rice in China. Fu Hui 838, which has resistance to high temperature, was generated by mutation technology in 1990. Previous
field-testing showed that IT YOU 838 had tolerance to high temperature stress and this was confirmed in the present study. The
mechanism of heat tolerance of II YOU 838 is not understood. The present study reports gene expression of a representative sample
of heat-responsive proteins in II YOU 838 flag leaves subjected to heat stress during flowering. Differential expression of the heat
shock protein 70 (HSP70), heat shock protein 90 (HSP90), small heat shock protein (smHSP), superoxide dismutase (SOD), catalase
(CAT) and peroxidase (POD) were studied under heat stress and optimum temperatures in flag leaves of II YOU 838. All six genes
studied were responsive to high temperatures. Quantitative real-time PCR showed increased expression of the heat shock protein genes
and antioxidant enzyme genes in flag leaves under heat stress. With increasing number of days gene expression decreased under high
temperature. Peak expression of SOD, POD, hsp70 and hsp90 was on Day 2 under 39 °C. On Day 3, the expression of CAT under 39
°C was the highest. The expression of s#hsp was highest on Day 3 under 27 °C, followed by that on Day 2 under 27 °C. The maximum
expression values were observed on Day 2 or Day 3 after beginning of heat stress. This suggests that hsp90, hsp70, SOD and POD are
principally involved in eatly responses to heat in rice flag leaves, and that szhsp may play a role in the recovery mechanism in rice after
heat stress. This may provide insights into the mechanism of heat-tolerance in rice.

Key Words: 11 YOUS838; antioxidant enzyme; hybrid rice; high-temperature stress; heat shock protein; quantitative real time-PCR

Abbreviation: SSH_ Suppression subtractive hybridization; RT-PCR_ Reverse transcription polymerase chain reaction; HSPs_ Heat
shock proteins; ROS_ Reactive oxygen species; SOD_ Superoxide dismutase; CAT_ Catalase; POD_ Peroxidase.

Introduction

High temperature is considered as one of the major stresses in
crop production (Grover et al. 2000). Rice is very sensitive to
high-temperature stress at almost all the stages of growth and
development, especially anthesis is the most susceptible stage.
Suppression subtractive hybridization (SSH) allows genes
involved in heat stress response to be identified and their
activity monitored (Huang et al. 2009). The smbsp, hsp70, and
hsp90, SOD, POD and CAT genes were differentially expressed
by SSH. Several stresses induce the production of a group of
proteins called heat shock proteins (HSPs) (Chandel et al.
2013). It has been suggested that HSPs, as molecular
chaperones, regulate the folding and accumulation of proteins
as well as their localization and degradation in plants ( (Hu et
al. 2009; Sottile and Nadin 2018). HSPs protect other proteins
from damage and participate in re-folding proteins, thus
ensuring the maintenance of correct protein structure during
heat stress conditions (Panaretou and Zhai 2008). HSPs
protect cells from injury and facilitate recovery and survival
after a return to normal growth conditions. The HSPs in plants
are grouped into HSP100, HSP90, HSP70, HSP60, HSP40 and
smHSPs families according to their molecular weight, amino
acid sequence homologies and functions (Gupta et al. 2010).
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It is believed that the diversification of these proteins reflects
an adaptation to heat stress. HSP70, smHSPs and HSP90
proteins are the predominant forms of chaperones expressed
under high temperature stress conditions (Wang et al. 2004).
HSP70 is a cytosolic chaperone which facilitates protein
folding, degradation, complex assembly, and translocation, as
well as assembly and disassembly of multimeric structure in
plants (Chen et al. 2017). HSP70 may also suppress
programmed cell death in rice protoplasts (Qi et al. 2011). The
smHSPs may prevent irreversible aggregation of partially
unfolded or denatured proteins by binding to hydrophobic
sites on their surface to maintain them in a re-foldable
conformation (Baniwal et al. 2004; Chen et al. 2014; Smykal et
al. 2000). HSP90 is a highly conserved molecular chaperone
contributing to the folding, maintenance of structural integrity
and proper regulation of a subset of cytosolic proteins
(Csermely et al. 1998; Young et al. 2001). The most well-known
function of HSPI0 is its involvement in the maintenance of
key proteins such as steroid receptors and protein kinases by
forming specific complexes. The heat shock response is
characterized by a rapid and robust  increase in HSPs upon
exposure to protein-damaging stresses.
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This evolutionarily conserved cellular protection mechanism is
primarily regulated at the level of transcription (Hietakangas
and Sistonen 2006). The transcriptional responses of the
different HSPs to different intensities of heat stress are unclear.
The aim here is to compare their expression under a range of
heat stress treatments, in order to gain a better understanding
of their response to heat stress in rice.

Exposure to heat stress can give rise to excessive accumulation
of reactive oxygen species (ROS) in plant cells (Cheng et al.
2007; Zhao et al. 2018). ROS are potentially harmful to the cell,
as they can raise the level of oxidative damage through loss of
cellular structure and function. Cells possess antioxidants and
antioxidative enzymes to interrupt the cascades of
uncontrolled oxidation in cellular organelles. Among the
antioxidative enzymes, superoxide dismutase (SOD), catalase
(CAT) and peroxidase (POD) play key roles in detoxification.
SOD, the first enzyme in the detoxifying process, converts
superoxide anion radicals (O27) to hydrogen peroxide (H202),
then POD and CAT reduces HoO; to water (Asada 1999).
H>0; is an important signal molecule in the signal transmission
network of many stresses. Previous work has demonstrated
that CAT functions in plant disease, heat, water, salt, and light
stress reactions. The homeostasis of HyO» is mostly due to
CAT scavenging and regulating functions. How SOD, POD
and CAT genes regulate the various aspects of heat damage is
still unclear, but the information accumulated so far is a
promising starting point for further studies to identify their
functions and to investigate potential applications /tatgets, e.g.
in molecular plant breeding. IT YOU 838 exhibited superiority
for multiple agronomic traits, including yield, wide adaptability,
especially the resistance to high temperatures, thus it has been
widely cultivated in China (Su et al. 2013; Wang et al. 2016). Its
pedigree goes back to the rice restorer line, Taiying 1 hao,
which was irradiated with ®Co gamma-rays in 1976 (Deng et
al. 2009). The mutant rice cultivar Fuhui 06 was obtained by
selection in the fourth mutant generation (My). Fuhui 06 was
crossed with glutinous rice 80182 in 1982 to obtain the
glutinous rice trestorer line 226, selected in the 5th generation
(Ms5). Seed of the rice restorer line Minghui 63 were irradiated
with 380 Gy ®Co gamma-rays in 1984 to develop the mutant
rice cultivar y552 by selection at varying temperatures in
artificial climate chambers. In 1990, the Fu Hui 838, which was
selected from the sixth generation (Mg), was crossed with a
maternal mutation rice (y552) and paternal mutation rice (220).
Fu Hui 838 was bred and released by combined techniques of
radiation induced mutation, conventional hybridization, and
temperature tolerance screening. Fu Hui 838, which is a major
restorer line in China, it has good resistance and produces good
vigour in hybrids when crossed with certain rice lines. II YOU
838, which was crossed by I11-32A as female parent and Fu Hui
838 as male parent, was examined and approved by the Sichuan
provincial variety committee in the Sichuan Institute of Atomic
Energy in 1995.

The objective of the present study was to evaluate the
expression patterns of h5p90, hsp70, smbsp, SOD, POD and CAT
in IT YOU 838 at different heat-stress intensities, and to
evaluate the potential of these genes as heat resistance
molecular biomarkers. If there is a correspondence between
the heat resistance /injury and the expression of these genes,
we can analyze the expression of these genes to clarify the
degree of heat stress in rice. There are many studies involving
these genes, but insufficient data to prove that these genes can
be used as molecular bio-markers for rice heat stress in field.
This may provide a better understanding of the molecular
mechanisms involved in heat tolerance and may facilitate the
development of heat-tolerant rice cultivars.
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Results

Standard curve development of hsp90, hsp70, smhsp,
SOD, POD and CAT

Gel-electrophoresis and a melting curve analysis of PCR
products showed that very little or no primer-dimers or other
non-specific amplification products were generated during the
runs. Ten-fold serial PCR product dilutions were tested and
used to construct the standard curve by plotting the PCR
products. The generated standard curve covered a linear range
of 1X102 to 1X108 copies per reaction for smhsp, hsp70, hsp90,
POD, SOD, CAT, 185 rRNA and actin-1. Samples were
repeated three times. The average mean of the three PCR
reaction efficiencies was used. The efficiency of the reaction of
18srRINA  primers, actin-1 primers, smhsp primers, hsp90
primers, 4sp70 primers, SOD primers, POD primers and CAT
primers was 87.2%, 97.3%, 76.4%, 82.9%, 84.2%, 92%, 88.9%,
95.4%, respectively. The standard curves are credible when the
R2 > 0.980, so the standard curves of the five genes are
considered credible.

Expression of hsp70, hsp90 and smhsp genes after heat
treatment

During the flowering stage, both the heat treatment group and
the control group samples were collected over 24-h intervals
for four days. Samples for the heat-stress treatment of 27 °C
were collected at 08:00 h and those for 39 °C were collected at
16:00 h. We compared the expression of HSPs between the
heat treatment group and the control group by quantitative
real-time RT-PCR. The results were normalized against the
mean for the reference genes. The normalized expression of
hsp70, hsp90 and smhsp were significantly increased after heat
treatment (Fig. 1), and higher than the control group samples
and that of samples before heat treatment. There were
significant differences between the heat treatment group and
the control group (p < 0.05), except in case of the 39 °C heat
treatment group of Asp70 and hsp90 at Day 4. There was no
significant difference in the expressions of swhsp, hsp70 and
hsp90 among the control group from Day 1 to Day 4. After
heat treatment, the expressions of hsp70 and hsp90 under 39 °C
on Day 2 were the highest of any other heat treatment group
sampled under 39 °C. The expression of s#hsp under 27 °C on
Day 3 was the highest of any other heat treatment and could
be more than one hundred times higher than the control group.
When the temperature cycle increased from 27 °C to 39 °C, the
expression level of smhsp did not increase, but decreased on
Day 2 or Day 3. With respect to comparisons of gene
expression of hsp70, hsp90 and smbsp, we found that the
transcription level of swhsp was much higher than that of hsp70
and 5sp90 under the same heat stress. Thus, s#hsp may play an
important part in response to heat stress in rice flag leaves.
During the heat treatment cycle, the expression level of smhsp,
hsp70 and hp90 genes always changed with the trend of
temperature, but the changes became smaller over time. The
maximum expression values appeared on Day 2 or Day 3. The
time points of Day 2 and Day 3 might be the key points for 11
YOU 838 responses to high temperature.

Expression of SOD, POD and CAT genes after heat
treatment

We compared the expression of SOD, POD and CAT genes
between samples of the heat treatment group and the control
group over four days at 27 °C (sampled at 08:00 h) and 39 °C
(sampled at 16:00 h) by quantitative real-time RT-PCR. The
results were normalized by the mean for the reference genes
actin-1 and 785 rRNA. The normalized expression of SOD,
POD and CAT genes were significantly increased after heat
treatment (Fig. 2). They were notably higher than the control



group samples and the samples prior to the imposition of heat
stress, except for SOD in the 39 °C heat treatment group on
Day 4. The expression of of SOD under 39 °C was significantly
lower than that under 27 °C on Day 4 (p < 0.05). When the
temperature cycle increased from 27 °C to 39 °C, the
expression level of SOD decreased on Day 4. There were no
significant differences in the expressions of SOD, POD and
CAT genes among the control group over four consecutive
days (p < 0.05). After heat treatment, the expression of SOD
and POD under 39 °C on Day 2 were the highest of any other
heat treatment group samples at this temperature. The
expression of CAT under 39 °C on Day 3 was the highest of
any other heat treatment group samples. The expression of
POD and CAT genes still increased significantly until the Day
4. The expressions of POD and CAT were very consistent with
the change of temperature. It could be deducing that the SOD
was involved in early responses to heat, and the CAT and POD
were involved in later responses to heat in the rice flag leaf.
The time points of Day 2 and Day 3 might be the important
transition for II YOU 838 responses to high temperature.
During the heat treatment cycle, the expression levels of SOD,
POD and CAT changed with temperature, but the change
range became smaller with time. Thus, the three antioxidant
protective enzyme genes appeared to be sensitive to the high
temperature.

Discussion

Heat stress is a major abiotic stress limiting rice growth and
yield in many areas of the wotld. Rice hybrids have shown
resistance to high temperatures, which may be due to heterosis
to some extent (Hochholdinger and Baldauf 2018). To
overcome the challenges presented by global warming, it is
important to understand how rice hybrids perceive and
respond to high temperatures. II YOU 838 is a hybrid rice
which was developed by irradiation mutation breeding of Fu
Hui 838 (male parent) and 11-32A (female parent). As a hybrid,
II YOU 838 has notable resistance to high temperatures (Su et
al. 2013; Wang et al. 2016; Wang et al. 2015). The field
identification results showed that seed set and yield are highest
in II YOU 838 compated to its parents under natural high
temperature stress. The heat tolerance of II YOU 838 may be
also associated with heterosis.

We performed expression analysis of swhsp, hsp70, hsp90, SOD,
POD and CAT genes in I1 YOU 838 by quantitative real-time
RT-PCR in response to different heat stress to analyze the
connection between heat resistance /injury and expression of
these 6 genes. The results showed that the expression of swhsp,
hsp70, hsp90, SOD, POD and CAT genes responded to the
different heat-stress intensities. The smhsp, hsp70, hsp90, SOD,
POD and CAT genes were very sensitive to temperature
changes during the long-term heat stress. Based on these
findings, we propose these genes as potential heat resistance
molecular biomarkers in the control of heat stress response.
The expression analysis of hsp70, hsp90 and smhsp in 11 YOU
838 rice flag leaves under heat treatment revealed that the HSP
family genes are activated and available to play protective roles
in rice cells. The expression of the swhsp gene had the largest
change under a range of heat stress treatments within four
days. It is consistent with previous studies in that the heat-
responses of smHSPs were remarkably and continuously
elevated during heat shock, and may work efficiently in heat
stress response in rice flag leaf (Jagadish et al. 2010; Lee et al.
2010; Zhang et al. 2013). The data demonstrated that the
expression of smhsp increased after a night of recovery and
increased more with the accumulation of heat stress days. It
suggested that it may play a significant role in the cellular
recovery mechanism by regulating the level of transcription in
rice after heat stress.

Most HSP90 and HSP70 family genes were significantly up-
regulated under early heat treatment (Hahn and Scharf 2011;
Zhang et al. 2013), which is similar to the expression pattern in
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the rice panicle (Zhang et al. 2012). The protective HSP70 and
HSPI0 had elevated levels of protein and gene expression after
heat treatment in wild rice (Scafaro et al. 2010). Eatlier studies
in a range of species, showed that HSP70 protein interacts with
un-folded proteins (Bhattacharya et al. 2009) and this is crucial
for the survival of bacteria, yeast and plants under stress
conditions (Mogk et al. 2008). The investigation suggested that
mitochondrial HSP70 may suppress programmed cell death in
rice protoplasts by inhibiting the amplification of ROS (Qi et
al. 2011). OsHsp90 from rice when expressed in E. coli
maintained its growth at hydroperoxides to harmless molecules
(Ighodaro and Akinloye, 2017).

The expression of hsps and antioxidant enzyme genes had
initially alleviated some of the heat stress in rice. Then the
expression of Asps and antioxidant enzyme genes tend to
decline after the maximum during the four consecutive days of
heat treatment. There was a threshold between Day 2 and Day
3 under long-term heat stress. These time points might be the
transition and key points for II YOU 838 responses to high
temperature. The crop’s response to heat stress is associated
with a complex molecular genetic regulatory network. The
difference in smhsp, hsp70, hsp90, SOD, POD and CAT
expressions, might lead to different functions in rice under heat
stress. This fueld further research on the transcriptional
changes of smbsp, hsp70, hsp90, SOD, POD and CAT genes in
response to heat stress in rice. Although the expression of
smhsp, hsp70, bsp90, SOD, POD and CAT responded to
different heat-stress intensities, the transcription of these six
genes was limited. However, it should be a focus of the further
investigation of their possible application in the improvement
of heat tolerance in rice. high temperatures (Liu et al. 2009). In
contrast, over-expression of AtHsp90.3 impaired plant
tolerance to heat stress, which suggested that proper
homeostasis of HSP90 is critical for cellular stress response
and /or tolerance in plants (Xu et al. 2010). Compared with the
wild type, the OsHsp90 family gene-overexpressing plants had
significantly higher SOD activity, which probably acts through
the modulation of ROS homeostasis in response to abiotic
stresses (Xiang et al. 2018). It could be deduced that the HSP90
and HSP70, which modulated the ROS homeostasis, are
involved in a versatile regulatory regime for the early responses
to heat stress in the rice flag leaf. As the first enzyme in the
detoxifying process, the SOD gene was greatly up regulated at
the carly stage of heat stress (Asada 1999). SOD may play a
central role in the regulation of total SOD activity and ROS
detoxification in rice anther as affected by high temperature
exposure at meiosis stage (Zhao et al. 2018). The expression of
POD genes is regulated in response to biotic and abiotic
stresses as well as during plant development (Andréia et al.
2012). It implicates peroxidases as key players during the whole
life cycle of a plant, and particulatly in cell wall modifications,
in roles that can be antagonistic depending on the
developmental stage (Passardi et al. 2004). This diversity of
functions derives in part from two possible catalytic cycles of
peroxidases involving the consumption or release of H>O» and
reactive oxygen species. CAT, a major peroxisome protein,
plays a critical role in removing peroxisome-generated reactive
oxygen species (ROS) produced by peroxisome enzymes (Lee
et al. 2018). SOD, POD and CAT are efficient in neutralizing
any molecule with the potential of developing into a free
radical or any free radical with the ability to induce the
production of other radicals. These enzymes dismutate
superoxide radical, and breakdown hydrogen peroxides,
respectively.

Materials and Methods

Samples, heat stress and flag leaf collection

O YOU 838 rice plants were transplanted from the
experimental field in Sichuan Institute of Atomic Energy in
China to controlled environment cabinets (PGX-300B light



Table 1. The Primers were used in quantitative real-time RT-PCR analysis.

Forwatd primer (5'- 3) Reverse primer (5'- 3') Product length  Annealing temperature
actin-1 GAACTGGTATGGTCAAGGCTG ACACGGAGCTCGTTGTAGAAG 250 58
18stRNA  CGTCCCTGCCCTTTGTACAC CGAACACTTCACCGGATCATT 65 58
HSP70 CATCTTCTCAATCTCCTCCTTGCT GCTCCCAGGGGTGTTCCA 95 64
HSP90 ACTGCTCGTCGTCGTTGTGC GCTCGCTGCTGGTGCTGA 100 60
smHSP ACAAACCAGGCCAAAGCGAAAA TCCCCGACAACGCCAAGC 90 70
SOD CCCTTTCCACTCGCTCCG GGTGACGACTCCCTCAACCTG 133 58
POD GTGCTGCTCAGCTCCACCG CAGCTTCGCCTTCACCC 103 70
CAT CATCCAGACCATCGACCCC TGAGCACCATCCTCCCCAC 116 67
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Fig 1. Mean normalized fold expression levels for heat-shock
protein genes. Mean normalized fold expression levels for hsps
under 27 °C at 08:00 and 39 °C at 16:00 between the heat
treatment group and the control group over four consecutive
days, normalized by the geometric mean for the reference
genes. a. bsp70, b. hsp90, c. smhsp. The data are the means *
standard deviations, n=3. Date with the ‘“*” makers were
significantly different (p < 0.05) as the heat treatments
compared with the controls on the same day.

incubator). The rice plants were grown in a growth chamber
under the conditions of 600 pmol m-2 s artificial illumination
(13h photoperiod) and 75%-80% humidity. Temperature
stresses wetre applied during rice anthesis, the daily average
temperature was 34 °C (the temperature cycle was 08:00-10:00
at 35 °C; 10:00 -12:00 at 37 °C; 12:00 -19:00 at 39 °C; 19:00-
21:00 at 37 °C; 21:00 -24:00 at 34 C; 24:00 -03:00 at 30 °C;
03:00-08:00 at 27 °C). The control group was maintained at a
constant 27 °C. The heat treatment group and control group
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Fig 2. Mean normalized fold expression levels for SOD, POD
and CAT genes. Mean normalized fold expression levels for
antioxidant enzyme genes under 27 °C at 08:00 and 39 °C at
16:00 between the heat treatment group and the control group
in four days, normalized by the geometric mean for the
reference genes. a. SOD gene, b. POD gene, c.CAT gene. The
data are the means & standard deviations, n=3. Date with the
“*” makers were significantly different (p < 0.05) as the heat
treatments compared with the controls on the same day.

had the same light intensity, humidity, water and fertilizer
conditions.

The flag leaves of I YOU 838 rice were harvested during
anthesis at 08:00 and 16:00 over four consecutive days. They
were at 08:00 minimum temperature of 27 °C and at16:00
maximum temperature of 39 °C. The heat treatment group and
the control group flag leaves were collected at the same time,



and were frozen immediately in liquid nitrogen. The process
was repeated three times for three batches of rice materials.
Flag leaf samples from three independent biological replicates
were harvested for RNA isolation.

RNA isolation and quantitative real-time RT-PCR
analysis

Total RNA was isolated from 100mg of flag leaf of II YOU838
using an RNA prep pure Plant Kit (TIANGEN BIOTECH,
Beijing, China) as described by the manufacturer. Genomic
DNA was eliminated by RNase-free DNase I (TIANGEN
BIOTECH, Beijing, China) treatment during the isolation
procedure. 2ug RNA was extracted from every sample and
reverse transcribed at 37 °C for 60 min using a blend of oligo
(dT)15 primer and 100 U of Quant reverse transcriptase and a
Quant script RT Kit (TTANGEN BIOTECH, Beijing, China).
Gene quantification was performed with a iQ™5 Real Time
PCR Detection System (Bio-Rad, U.S.). Primers were designed
from GenBank sequences with the aid of Primer-Blast. The
sequences of the primers were shown in Table 1. For each
gene, three technical replicates and three independent
biological replicates were used at each sampling time point.
Each PCR was performed in a RealMasterMix, containing
SYBR Gtreen I and 0.5 U of Hotmaster Taq DNA polymerase
(TTANGEN BIOTECH, Beijing, China). The final
concentrations of primers and Mg2t were 0.5uM and 4mM,
respectively. The two internal reference genes, actin-1 and 18s
rRINA, were used to cotrect six genes of interest. They are used
to eliminate sample-to-sample variation of RNA isolation and
reverse transcription (Radonic et al., 2004; Vandesompele et
al,, 2002). The thermal cycling conditions of 78s rRINA, actin-1
and SOD were as follows: 95 °C for 2 min; followed by 40
cycles of 10 s at 95 °C, 10 s at 58 °C, and 15 s at 68 °C. Data
collection was performed during each extension phase. The
thermal cycling conditions of other genes were the same with
SOD, except the annealing temperature during 40 cycles. The
annealing temperature of other genes was showed in Table 1.
After the PCR programme, the fluorescent real-time PCR data
of all samples were tested by software tool iQ™5 Optical
System Software Version 2.1 (Pfaffl et al., 2002).

Statistical analysis

The data obtained from real-time PCR analysis were subjected
to One-way Analysis of Variance (ANOVA) followed by LSD
(L) test to determine differences in the mean values among the
treatments. Significance was concluded at p < 0.05 (n=3).
Statistical analysis was performed using SPSS 17.0 for
Windows.

Conclusion

Quantitative real-time RT-PCR showed significant expression
of smbsp, hsp90, hsp70, CAT, SOD and POD in flag leaves under
heat stress. The six genes were responsive and differentially to
high temperatures. The maximum expression values were
observed on Day 2 or Day 3 after beginning of heat stress.
These were the critical periods for response of heat stress in 11
YOU 838 under long-term heat stress. The process is
associated with a complex net of regulation of gene expression.
It is imperative to gain a better understanding of the molecular
basis of heat tolerance as well as the identification of HSPs and
antioxidant enzymes for future studies.
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Abstract

Rice (Oryza sativa 1..) is planted in about a tenth of the arable area around the world and is the largest source of food energy for half of
humanity. Climatic change with increasing frequency of severe and prolonged drought periods and significant increases in air
temperature has affected global rice production. Therefore, generating mutant rice cultivars tolerant to high temperatures and low water
supplies is of utmost importance. Advanced mutant rice lines which were derived from irradiated Amistad -82 and J-104 were evaluated
in the field under high temperatures and low water supply conditions using Amistad-82 variety as control. The genotypes with the best
and worst field performances were compared using physiological parameters such as cell membrane thermostability, pollen viability,
lipid peroxidation, and peroxidase and catalase activity under high temperature conditions. Three mutant lines, 8852, 8552 and LP-12
showed high yielding under high temperatures and low water supplies conditions in the field andalso showed better pollen viability, cell
membrane thermo stability, lipid peroxidation and peroxidase than LP-16 mutant lines and the control cv. Amistad-82.These results
show that the physical irradiation of seeds with protons followed by subsequent 7z vitro embryo culture using 2,4D maygenerate genetic
variability for tolerance to high temperatures. The variation observed for the physiological and biochemical indicators evaluated could

be used for the early selection of high temperature tolerant rice genotypes.

Key Words: Heat stress, rice, mutation, biochemical indicators, proton beam, selection, pollen viability.
Abbreviation: A-82, Amistad-82, FAO — Food and Agricultural Organization, CAT— catalase, CMCT—cell membrane thermo-stability,
2-4D — diclorofenoxiacetic acid, J-104, Jucarito-104, MDA — manoldialdehide, POX~— peroxidase, Kin — Kinetine.

Introduction

Rice (Oryza sativa L) is one of the most important crops
produced worldwide and is the staple food for more than a half
of the world’s population (Yang and Zhang, 2006). With
respect to yield, rice is the second most produced crop after
maize (Zea mays 1) and is the second highest crop after wheat
with respect to the harvested area. Rice provides more calories
than other cereals (Acevedo et al., 2000). Therefore, rice is
widely grown in many over-populated countries including
China, India, Pakistan, Indonesia, Philippines and Japan, where
it accounts for about 92% of the world’s total rice production
(Kondamudi et al., 2012).

Rice is a main crop in Cuba where annual consumption is
about 70kg per person, which is well above that of other
countries of the American continent. However, rice yields in
Cuba are low, around 3t/ha and do not meet the national
demand (Morejon et al., 2012). Studies revealed that low rice
yields in Cuba are associated with different types of abiotic and
biotic stresses. Heat has been identified as the most important
environmental stress limiting yield. Heat stress alters molecular
and physiological processes affecting crop growth and yield
(Mittler et al., 2012; Hasanuzzaman et al., 2013). Plants can
modify their metabolism in various ways in response to heat
stress, notably by generating compatible solutes that are able to
help maintain proteins and cellular structures, maintain cell
turgor pressure, and modify anti-oxidant mechanisms to re-
establish cellular redox homeostasis (Munns and Tester, 2008;
Janska et al, 2010). Key physiological and biochemical
indicators of heat stress tolerance include electrolyte leakage
and lipid peroxidation levels ie. Malondialdehyde (MDA)
content and anti-oxidant enzyme activity (Campos et al., 2003;
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Heath et al., 1986; Bajji et al., 2001; Nakano and Asada, 1981;
Obetley and Spitz, 1985).

Mutation induction can contribute to plant improvement when
combined with efficient screening methods. Plant mutation
breeding has been very successful in rice and has produced
around 850 mutant rice cultivars (FAO /TAEA Mutant variety
database, 2017). Mutation breeding in rice has not only been
successful in higher yielding cultivar production, notably the
semi-dwarfs, but has also produced mutants for biotic and
abiotic stress tolerance. Gamma irradiation in mutation
breeding is an effective technique in creating new variation for
the rapid breedingof new cultivars (Tembo and Munyinda,
2015). In Cuba, irradiation with protons has been used to
generate genetic variability and a new rice cultivar with good
productive potential and salinity tolerance has been developed
at the National Institute of Agricultural Sciences (INCA)
(Gonzilez et al., 2009). The objective of the current study was
to evaluate mutant lines generated byproton beam and in vitro
culture to select for high temperature tolerance, which may
better adaptto climate change stressors.

Results

Evaluation of advanced mutant lines under high
temperature condition in the field

The mutant lines and cv. A-82 showed difference as compared
to the LP-16 mutant line in all evaluated characters. All
mutants except for LP-16 out-performed the control cv. A-82
in yield, number of panicles per plant and number of full grains
per panicle. The mutants,8552, 8553 and LP-12 out-performed



the test of the mutant lines as well as the A-82 Cuban cultivar
(parent) in the number of panicles per m?, the number of full
grains per panicle, the weight of 1,000 grains and the yield
under high temperature and low water supply conditions. A
poor performing genotype under field conditions was from the
mutant line LP-16 which recorded several negative traits for
yield and yield components. This mutant has good
agronomical performance in the winter season, but it is
susceptible to high temperature which has strong negative
effects on grain filling. Three of the best-performing mutants
under the high temperature condition were8552, 8553 and LP-
12, and these were selected for evaluation in farmer’s fields
with high scale production in multi-locational trials. The
mutant LP-16 and A-82, which showed poor performance in
those conditions, were selected as negative controls for the
physiological and biochemical evaluations.

Effect of high temperature on physiological and
biochemical parameters

Two physiological parameters, cell membrane thermostability
and pollen viability, were used to characterise the mutants (ILP-
12, 8552, and 8553) for tolerance to high temperatures and
compared to LP-16 and cv. A-82.

The susceptible LP-16 showed lower cell membrane
thermostability than the other genotypes used for the analysis
under heat stress conditions. Highest cell membrane
thermostabilities under heat stress, however, were observed for
8553, 8552 and LP-12 mutants. These mutant lines also
showed remarkably better performance than cv. A-82.

As for the pollen viability (Table 1), significant differences were
observed among the genotypes. When the genotypes were
exposed to the same heat stress, the effect was very strong on
the susceptible LP-16 genotype, as its performance also
coincided with the field data at high temperatures. Among the
four lines tested, the lowest pollen viability was observed for
LP-16 mutant. In contrast, the pollen viability of the LP-12,
8552 and 8553 mutants were two-fold higher than LP-16 line.
Moreover, in the high temperature treatment, the pollen
viability of LP-12, 8552 and 8553 mutants were only slightly
lower thanthat of the control.

Biochemical evaluation of the selected mutant lines and
the susceptible genotypes

For biochemical evaluation, we analysed catalase activity,
peroxidase activity and malondialdehyde content among the
selected mutant genotypes. The susceptible LP-16 and cv. A-
82 were used as controls during the analyses.

Fig 1. shows the catalase activity difference between two
treatments, 25°C as control and 40°C for 3 hoursas a heat
stress. Compared to the control temperature, the catalase
activity appearedin the mutant LP-12, 8552 and 8553
genotypesat the high temperature treatment of 40°C. In
general, catalase activity among the mutants was significantly
higher, and the highest value was observed in the mutant 8553
genotypes (Figure 2). The lowest level was observed in the
mutant LP-16 genotype after heat treatment.

A similar pattern was observed among the mutant genotypes
for peroxidase activity. These values are also given in figure 2.
Compared to the control treatment, heat stress treatment
resulted in higher peroxidase activity in the mutant LP-12, 8552
and 8553 genotypes. The peroxidase activity of these three
mutants was higher than the control and the highest value was
recorded for the mutant 8553. The lowest peroxidase activity
among the mutants was- measured in the mutant LP-16
genotype, and this value was also significantly lower than that
of the control treatment (Figure 3).

Vatious biochemical differences were observed in terms of the
malondialdehyde content among the genotypes evaluated.
Considering the high heat stress treatment, while the LP-16
genotype showed an increase in malondialdehyde content, the
mutant 8553 genotypes did not show differences between the
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control and high temperature treatment. The 8552 and LP-12
genotypes, however, showed a slight decrease under stress
conditions (Figure 4).

Discussion

Yield is the end product of plant cultivation and is the result of
genotype interactions with the environmental abiotic and
biotic factors. Hence, environmental stresses such as heat have
become a yield limiting factor in many areas in the world
(Wang et al., 2003). The increase in temperature has exposed
most crops to heat stress during various stages of their life
cycle. It is difficult topredict future climate change effects on
agricultural productions (Watanabe and Kume, 2009).

Rice is relatively a tolerant plant to high temperatures during
the vegetative stage; however, it is extremely susceptible during
the reproductive stage, and particulatly during the flowering
stage (Jagadish et al., 2010). High or low temperatures duting
the flowering stage can affect fertilization and seed production
of rice, and consequently yield (Das et al., 2014). Rice is mostly
grown in those regions where current temperatures are close
to optimum for rice production. Therefore, any variation, and
particulatly increases above optimum production temperatures
even for short periodswill reduce grain yield.

Recent studies have estimated that rice yields may be
reducedby 41% by the end of the 21st century due to high
temperatures (Ceccarelli et al.,2010). For example, reduction in
tillering and plant height during the vegetative stage and
number of panicles and grain filling during maturation in the
reproductive stagemay beexpected under high temperatures
(Yoshida, 2006). Increasing temperatures also hinder
translocation of photosynthats to grains due to elevated
respiration rates (Morita, 2003; Zakaria et al., 2004). The
optimum temperature range is 27 to 32°C (Yin et al.,1996) and
the maximum temperatures that canbe endured is around
350C; thus, the evaluation of genotypeperformances at 40°C in
this studyis a good bench mark to differentiate the susceptible
and tolerant mutant genotypes.

Genetic improvement represents a major tool in developing
heat tolerant rice cultivarsand mutation induction is of
importance in this respect. The IAEA Mutant Variety
Database lists 85 drought-tolerant rice mutant cultivars, 31
salinity-tolerant rice genotypesand 11 high-temperature
tolerant rice mutant cultivars (FAO/IAEA database, 2017).
Most of these mutants have been induced by gamma
irradiation, and no rice mutant cultivar has yet beenreported
from proton treatments, which has been successfully used in
Cuba to generate mutants tolerant to salinity and drought
(Gonzalez et al., 2008, Gonzalez et al., 2016). The present study
also verified that the use of protons isadequate to induce
tolerance to high temperatures.

Effect of high temperature on physiological and
biochemical parameters

Pollen viability at high temperatures is a crucial factor for better
grain set and yield. In riceplants, the flowering stage is highly
sensitive to heat stress as drastic temperature fluctuations
within the day and even at night affects fertility and seed
production, and consequently, causes yield loss (Das et
al.,2014; Ziska and Manalao, 1996). However, the selected
mutant lines studied here produced pollen with high viability,
thus guaranteeingfertilization and seed set under high
temperatures. Furthermore, these selected mutants produced a
high number of filled grain and better yield than their donor
cultivar at high temperature conditions.

In terms of electrolytic conductance, this is correlated with the
degree of heat stability of photosynthetic activity in isolated
chloroplasts and with the degree of heat tolerance at the whole
plant level (Sullivan, 1977). Hence, cell membrane
thermostability can be considered as a significant indicator for
heat tolerance. In this study, LP-16 showed a remarkablyhigh



level of damage in cell membrane thermostability relative to
other genotypes and this genotype is known to be very
susceptible to high temperature in field conditions.

We analysed three biochemical parameters: catalase activity,
peroxidase activity and malondialdehyde content. Our study
revealed that malondialdehyde content is not a prominent heat
stress indicator, as selected mutants showed no significant
differences underhigh temperatures. The malondialdehyde
content increased in the susceptible LP-16 and donor A-82
genotype (this is an indicator of oxidative damage caused by
the heat stress). However, the performances of the selected
mutants L.P-12, 8552 and 8553 were not so different relative to
the donor A-82 genotype, i.e. there were no significant
difference in malondialdehyde content after high stress
treatment.

In contrast to the malondialdehyde content, the study revealed
that peroxidase activity and catalase activity were significantly
affected by heat stress and may be considered as indicators of
heat stress (Dolatabadian and Saleh, 2009). Between the two
indicators, peroxidase activity was the most distinctive as it
showed the most dramatic differences. The reasons may be due
to heat effects on cellular homeostasis, e.g. by the formation of
reactive oxygen species (ROSs), which damage normal plant
metabolism (Shao, 2008; Imlay, 2003). The actions of ROSs
lead to non-selective oxidation of proteins and lipids (Joseph
and Jini, 2011). To limit oxidative damage, plants have
developed a series of detoxification systems, which are
composed of enzymatic and non-enzymatic mechanisms. The
enzymatic system involved in superoxide dismutase (SOD)
eliminates oxygen-free (Oz) radicals and molecular oxygen,
and finally produces hydrogen peroxide (H202).

The HO; is removed by the actions of catalases and
peroxidases (Dolatabadian and Saleh, 2009). Several authors
suggest that increased peroxidase and other enzyme activities
in many plants are involved in the elimination of ROSs and
provide protection from oxidative stress (Kartashov et al.,
2008). Here the increase in peroxidase activity in the 8552,
8553 and LP-12 mutants can be associated with the response
of these mutant genotypes to remove the H>O; formed as a
consequence of high temperature (Figure 1 and 2) (Blokina et
al., 2003).

The evaluation of the physiological and biochemical indicators
allowed associations to be made with field performance under
high temperature stress. The mutants 8552, 8553 and LP-12
showed good agronomic performance under high temperature
conditions in the field and this was associated with some
specific physiological and biochemical responses (pollen
viability, catalase and peroxidase activity) which may explain
their tolerance. This study has highlighted associations
between specific  biochemical and field
performance in tice subject to heat stress. These indicators can
differentiate between mutant lines and may be used more

mechanisms

broadly as a pre-screen for heat tolerance before field
evaluation.

Materials and methods

Seed of rice (Oryza sativa L.) cultivars J-104 and A-82 were
treated with proton beam 20 Gy in DUBNA (Gonzalez et al.,
2009), in a reactor type IBR-2 of 1.5 Mev and a dose power of
0.36 Gy/min. The M1 seed matured embryos, and Amistad-82
(control) seeds matured embryos wete in vitro cultured (2,4D
(2mg.L-1) and BAP (2mg.I.-1) to obtain callus and applied for
regeneration in medium (Kin (4mg.I-1) and AIA 2mg.L-1).
Selected in vitro detrived mutant plantsmultiplied in green
house condition as indicated in Figure 1. Seeds of best mutants
were selected individually harvested for each generation, the
best mutant lines were selected in under drought and heat
stress conditions. This study evaluated 6 advanced lines (LP-7,
LP-8, LP-9, LP-10, LP-12, LP-16) derived cv. Amistad-82 and
together with five advanced M6 mutant lines: 8551, 8552, 8553,
8554 8555 obtained from the cv. J-104 and the local rice
cultivar Amistad-82 (A-82) was used as a control (standard),
LP-16 is also known as a susceptible line. Evaluation of
agronomical performance of advanced mutant lines under high
temperature condition in the field.

The advanced mutant lines and the varieties were grown in the
field under high temperature (Fig. 1) using a randomized block
design with three replications. Irrigation was provided with a
drip water system. At hatvest, plant height, number of panicles
per m?, full grains per panicle, unfilled grains per panicle, 1,000
grain weight and yield per m? were evaluated.

Evaluation of physiological and biochemical parameters
of mutant lines under high temperature

Selected lines with the best performances in the field (LP-12,
8552, 8553) as well as the genotype with the worse
petformance (LP-16) and the control cv. Amistad-82 were
tested under laboratory conditions for heat stress associated
physiological and biochemical indicators to validate/support
results and to identify heat stress tolerant genotypes.

Cell membrane conductivity

The 30-day-old leaf samples of rice genotypes were placed in
vials with distilled water. The samples were placed in a
temperature block at 40°C for 90 minutes, and controls at
25¢C, with three replications per treatment. Electric
conductivity solution of each vial was determined. Complete
death of leaf samples was carried out by autoclaving and then
tested for electric conductivity, as this factor is needed to
determine cell membrane thermo-stability (CMT) according to
following formula:

Table 1. Results of yield and yield related characters in some mutant lines and varieties evaluated under high temperature in the field

conditions.
Panicle/m?2 grain/panicle
8551 250 ¢ 83 ¢
8552 289 a 95a
8553 297 a 97 a
8554 255 bc 89 b
8555 257 be 87 b
LP-7 264 b 88 b
LP-8 266 b 92 ab
LP-9 267 b 88 b
LP-10 257 ¢ 80 c
LP-12 290 a 93 ab
LP-16 56.7 e 15d
Amistad-82 220d 78 ¢
ES x 10.21 * 4.91*

22 cd
19d
19d
22 cd
21d
23 cd
21d
27 ¢
24 cd
21d
67 a
36 b
4.45%

grain/panicle orain weight  Yield (t/ha)
29.7 a 36b
289 b 42a
27.7 ¢ 41a
28.5b 34b
27.5 ¢ 3.2 bc
26.4d 35b
27.8 c 3.6b
27.0d 35b
28.0 ¢ 31c
275 ¢ 42a
25.5d 1.0d
274 c 3.0c
0.42* 0.31*

*Means followed by a common letter(s) aren't significantly differed at 0.05 level by Tukey test.
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Fig 1. Applied procedure to obtain advanced lines.

Table 2. Comparison of percentage value of pollen viability of four flower from each genotype. Stress treatmen (40° C for 1 hours) in
growth chamber and the control (25° C for 3 hours) from indendent sample test (T Students) and the cell membrane thermostability in
rice varieties. Stress treatment (40° C for 90 minutes) and control (25° C) from Multiple Comparisonsanalisis (LSD).

Genotypes Pollen viability (%0) Cell membrane thermostability
Control Stress T (sig.)
8553 90.3 79.7 1.269(0.264) 85.6 a
8552 91.4 88.3 0.548 (0.603) 81.2b
LP-12 89.5 78.6 4.9180 (0.08) 75.4 c
Amistad 82 91.3 58.9 14.766(0.00) 65.7d
LP-16 82.3 36.2 36.014(0.00) 45.6 e
Std. Error 1.5556

*The mean difference is significant at the 0.05 level.
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Fig 2. Specific activity of catalase (CAT) in leaves of rice mutants under stress temperature of 40°C for 3 hours (stress) and 25°C
(control).
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Fig 3. Peroxidase (POX) activity in leaves of rice mutants under stress temperature of 40°C for 3 hours (stress) and 25°C (control).
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Fig 4. Malondialdehyde (MDA) in leaves of rice mutants under stress temperature of 40°C for 3 hours (stress) and 25°C (control).

CMT (%) = (1-(T1/T2)/(1-(C1/C2) X100

T1: First conductivity measurement after heat treatment,

T2: Second conductivity measurement (after autoclaving) of
heat treatment explants,

C1: First conductivity measurement of control,

C2: Second conductivity measurement (after autoclaving) of
control.

Pollen viability

At the time of flowering one individual panicle per plant from
five plants were treated with heat at 40°C for one hour in Petri
dishes.

The pollen grains were extracted and stained with cotton blue
in lactophenol. The numbers of coloured and non-coloured
pollen grains were identified with an optical microscope and
the percentage of pollen viability was determined.

Biochemical evaluation

Seeds of rice lines (LP-12, LP-16, A-82, 8552, 8553) were
placed in boxes with Red ferritic soil and organic matter
(3:11v/v). After 30 days, they were placed in boxes under high
temperature condition (40°C for 3 hours) controlplants were
given 25°C in a germination cabinet. About 0.25 g of frozen
leaves of the genotypes LP-12, LP-16, 8552 and 8553 per
treatment were homogenized with 2.5x10-3 mol L1 of tampon
phosphate of potassium, 0.1 mol L-! pH 7.8; EDTA 1.0x10-4
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mol L'; Newt x-100 0.1% (v/v), PVPP 1.5 % (p/v) and 2.5 pg
L1 of inhibitors of proteases, aprotinin and leupeptin. The
homogenate was centrifuged at 13,000 rpm for 20 minutes, and
then the supernatant was used for further analyses of the lipid
peroxidation and some enzymatic activity.

Peroxidase activity

Peroxidase (POX; EC 1.11.1.1) was measured by monitoring
the formation of tetra guaiacol at 470 nm (¢ =26.6 mM-'ecm-1).
The formation of “rusty” guaiacol was measured in a
spectrophotometer UV/Visible (Genesys 6, Thermo Electron
Corporation) by 5 second incremental absorbance at 420 nm
at an interval of 30 seconds (Bergmeyer, 1974).

Catalase activity

Catalase (CAT; EC 1.11.1.6) was determined according to the
method of Aebi (1984) in a reaction mixture containing 50 pl
enzyme extract in 50mM sodium phosphate buffer (pH 7,0).
The decomposition of the H2Oz was evaluated every 10
seconds over one minute and the quantity of HyO was
considered for the absorbance to 240 nm (extinction
coefficient of the H»O; to 240 nm; 43,6 M-'cm) in a
spectrophotometer UV/Visible (Genesys 6, Thermo Electron
Corporation).



The Malondialdehydecontent

Malondialdehyde (MDA) as an indicator of lipid peroxidation
was determined according to the method described by Hodges
et al. (1999). The absorbance was measured between 532 and
600 nm in a spectrophotometer UV/Visible (Genesys 6,
Thermo Electron Corporation). Correction was applied by
subtracting the absorbance at 600 nm using extinction
coefficient of 156 mM-! cm! (Madhava Rao and Stresty, 2000).

Statistical analysis

Data for pollen viability, cell membrane conductivity and the
biochemical evaluation were expressed as means of four plants
in triplicate experiments and their means and the standard
deviations were calculated. Data for field evaluation for each
character was carried out as a simple variance analysis and the
mean differences were calculated using the Tukey test.

Conclusions

Rice is a staple food and energy source for almost half the
world’s population. The climatic factors such as drought and
high temperature negatively affect rice production. Hence,
generating mutant cultivars tolerant to these parameters areof
utmost importance. In this study, advanced mutant rice lines
were evaluated, and their performances were compared with
stress-related physiological and biochemical parameters in field
conditions. Considering that the upper endurancelimit for rice
is 35°C, we made our analyses at 40°C and identified three
mutant lines, 8852, 8552 and LP-12, showing tolerance to high
temperatures. The selected mutantsshowed noticeably better
yield and yield component performance than the susceptible
lines. Physiological parameters were identified as significant
indicators for heat tolerance. Regarding the biochemical
parameters; while the malondialdehyde content wasidentified
as not a prominent indicator, cell membrane thermostability,
the peroxidase and catalase activitieswere determined as
important heat stress indicators due to their varying
contentsand associations with field performances in tolerant
and susceptible genotype. Evaluation of the physiological and
biochemical indicators together allowed us to make better field
analyses for high temperature and heat stress parameters.
These indicators may also be used more broadly as a pre-screen
for heat tolerance before field evaluation.
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Abstract

Heat stress is a major limitation to grain yield in common bean (Phaseolus vulgaris L.). Tepary bean (Phaseolus acutifolius A. Gray) is better
adapted to heat stress than common bean. Ten tepaty bean accessions, four common bean genotypes and four interspecific lines
involving P. vulgaris and P. acutufolins, P. coccineus and P. dumosns were evaluated for tolerance to heat stress conditions induced under
greenhouse conditions and these were compared to plants grown under ambient temperatures. The high temperature treatment was 29
+5 °C during the day and was >24 °C (up to 27 °C) during the night, while the ambient temperature (AT) treatment was 25 £5 °C
during the day and 19+ 2 °C at night. The genotypic differences were evaluated for morpho-physiological characteristics of shoot and
root and also yield components. The Genotype and Genotype X Temperature interactions were significant for all shoot and root
morpho-physiological characteristics evaluated. Higher temperature (HT) significantly affected leaf photosynthetic efficiency, total
chlorophyll content, and stomatal conductance. The effect was positive or negative, depending on the genotypes. Tepaty accessions
showed reduced total chlorophyll content, while common bean genotypes and the interspecific lines were less affected. Tepary
accessions also showed reduced stomatal conductance, but increased leaf photosynthetic efficiency under HT. Common bean genotypes
increased stomatal conductance and decreased leaf photosynthetic efficiency. High temperature decreased total root length, specific
root length and pod biomass compared to ambient conditions, but there was no marked effect on pollen viability of the tested genotypes.
The superior adaptation of tepary germplasm accessions to high temperature is attributed to their ability to regulate stomatal opening
and photosynthetic efficiency, together with a superior ability to remobilize photosynthates from older leaves to pods during
physiological maturity.

Keywords: Abiotic stress; bean crop improvement; chlorophyll content; heat tolerance; photosynthetic efficiency; stomatal
conductance.

Abbreviations: AT, ambient temperature; DAS, days after sowing; LA, leaf area; HT, higher temperature; PCA, Principal Component
Analysis; QY, Efficiency of photosystem II; SPAD, Soil Plant Analysis Development.

Introduction ) ) ) )
causing reduced yields, lower product quality and restricted

geographical adaptation (Rainey and Griffiths, 2005b).

Current climate change estimates predict a rise in global ! ! ) .
As an ecologically contrasting species, Phaseolus acutifolins A.

temperatures between 1.4 °C and 3 °C by 2050 and region-

specific wvatiability in precipitaion (IPCC, 2007). These
dramatic climate scenarios over the short-term result in
worrying predictions of crop yield reduction, especially in
abiotic stress-sensitive crops such as common bean (Porch et
al,, 2013). Common bean, Phaseolus vulgaris L., is a key grain
legume crop and a vital source of nutrition worldwide.
However, abiotic and biotic constraints to its production result
in an average global yields of 600 kgha' (Porch et al,
2013). Common bean originated from the highlands of Central
America and the Andes (Gepts and Debouck, 1991). The
optimal average daily temperature for reproductive
development ranges from 20 °C to 25 °C. Temperatures > 30
°C during the day or > 20 °C during the night result in yield
reduction (Rainey and Griffiths, 20052). Heat sensitivity is a
major limiting factor in the production of common bean,
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Gray (tepary bean) is grown as a traditional crop of desert and
semi-arid regions of Mexico and southwestern USA (Freeman,
1912; Nabhan and Felger, 1978). Tepary bean is cultivated
successfully in places where high temperature and drought are
common, making it a valuable crop for dryland environments.
Compared to common bean, tepary bean possesses many traits
that enable it to flourish in hot and dry regions. It is more heat
tolerant at the tissue level and produces more leaves to
compensate for reduced leaf size due to heat stress (Lin and
Markhart, 1996). The substantially greater level of heat
tolerance in tepary bean, compared with common bean, has
been attributed to a lower level of sensitivity of the
mitochondrial  electron  transport metabolism  during
photosynthesis (Lin and Markhart, 1990). Tepary bean also has
a more extensive and thinner root system, better stomatal
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control and more active para-heliotropism than common bean
(Markhart., 1985; Bielenberg et al., 2003; Butare et al., 2012).
Tepary bean is part of the tertiary gene pool of common bean
and is considered as a potential gene donor of heat-tolerance
traits to common bean through interspecific hybridization
(Mufloz et al., 2004; Blair et al., 2012). It is also considered as
a valuable crop for dryland environments by itself or through
inter-specific breeding (crosses between tepary bean and
common bean, Mejia et al., 1994). An evaluation of tepary bean
genome introgression showed that tepary DNA can be
transferred to the interspecific progeny (Mufloz et al., 2004).
But success is limited to a lower than expected percentage of
genome contribution (Blair et al., 2012). The introgression of
heat or drought tolerance from tepary into common bean
might be feasible through breeding to generate elite lines that
could tolerate up to 4 °C higher than the normal range of
temperature tolerance (Mufloz et al., 2004, 2000).

The main objectives of this study were to: (i)
determine phenotypic differences in heat stress-induced
changes in shoot and root morpho-physiological
characteristics of tepary bean and common bean and their
interspecific lines; and (i) identify heat tolerant genotypes that
could serve as parents in breeding programmes that aim to
improve heat tolerance in common bean.

Results

Effect of temperature on shoot and root morpho-
physiological characteristics

Shoot traits

The total shoot biomass at mid-pod filling include: stem, leaf,
dead leaf and the pod biomass. There was no difference of
production of shoot biomass between high temperature (HT)
and ambient temperature (AT) treatments. However, the average
was higher under HT (13.1g/plant) compared to the AT
(8.6g/plant) mostly because of the superior performance of both
tepary accessions and interspecific lines. There were differences
between the genotypes and the interaction between the
Genotype x Temperature condition (P<0.05) in the combined
analysis. There were also differences between genotypes
(P=<0.01) under AT but not under HT conditions.

Under HT and AT, the interspecific lines showed the highest
production of shoot biomass, compated to tepaty accessions and
common bean lines. But the shoot biomass production was
higher under HT (Table 2). Under AT, differences (P<0.05)
between the average values of shoot biomass were observed
between the genotypes that showed the highest average: DAB
295 (common bean) G40022, G40159 (tepary) and ALB 91 and
INB 827 (interspecific) and the genotypes: Calima (common
bean) and G40001 (tepary) that produced the lowest average
shoot biomass (Table 2).

Pod biomass and number of pods

Thete was no difference in pod biomass (g/plant) between HT
and AT, but the average was higher under HT (6.1 g/plant)
compared to AT (4.4 pods/plant) condition. There were only
differences between the genotypes (P< 0.01) in the combined
analysis and under AT conditions (P = 0.01). The tepary
accessions showed a higher pod biomass (7.9 g/plant) than the
common bean (2.7 g/plant) or the interspecific lines (4.9
g/plant) under HT (Table 2). A significant difference (P <0.01)
was observed between the G40001 accession versus common
bean and the interspecific lines. Differences were also observed
between common bean versus interspecific lines. Under AT,
the tepary accessions showed a higher pod biomass (5.7
g/plant), compared to common bean (1.5 g/plant) and the
interspecific lines (4.1 g/plant) (Table 2). Differences (P <0.01)
were observed between the G40001 versus tepary accessions
and the interspecific lines (P =0.01). A highly significant
difference (P <0.01) was also observed between tepary versus
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common bean and common bean versus the interspecific lines,
for the pod biomass under AT.

For the number of pods, there was no difference between HT
and AT treatments, but the average was higher under HT
conditions (12.3 pods/plant), compared to AT treatment (8.6
pods/plant). There were differences between the genotypes
and Genotype x Temperature interactions (P< 0.01) in the
combined analysis. Also, there were differences (P< 0.01)
between genotypes under HT and AT. Under HT, the
interspecific lines showed the highest number of pods/plant
(14.3) followed by tepary (12.4) and common bean genotypes
(9.4) (Table 2). Under AT, tepary showed a higher number of
pods/plant (10.7) compared to common bean (4.4) and the
interspecific lines (7.3) (Table 2). There were average
differences (P<0.05) in pod number between the two tepary
accessions (G40159 and G40022) that showed the highest
number of pods /plant (17 to 18) and the total group of
common beans and the interspecific lines (Table 2).

Dead leaf biomass

Under AT, there were differences in dead leaf biomass
between the genotypes and the Genotype x Temperature
interaction (P< 0.05) in the combined analysis. The average
was higher (2.65 g/plant) under HT condition compated to AT
(0.19 g/plant). There were differences in the production of
dead leaves at the mid-pod filling growth stage, between the
genotypes (P< 0.05) but only in the combined analysis. Under
HT conditions the tepary accessions showed the highest
production of dead leaves at mid-pod filling (4.58 g/plant),
while the common bean and interspecific lines showed values
lower than 1g/plant (Table 2). The three tepary bean
accessions: G40022, G40001 and G40200 showed a
remarkable high average production of dead leaves at mid-pod
filling (15.8, 14.8 and 10.9 g/plant, respectively) (Table 2). The
other tepaty, common bean genotypes and the interspecific
lines showed an average production of dead leaves at mid-pod
filling lower than 1g/plant. Differences (P< 0.05) were
observed between all groups of genotypes that were compared.
Under AT all genotypes, showed a production of dead leaves
at mid-pod filling, lower than 1g/plant (Table 2).

Root traits

With respect to root length and biomass, there was no
difference between HT and AT treatments, but the average
root length was higher under the AT (1,645cm/plant),
compared to HT (1,318 cm/plant), wheteas root biomass was
higher under HT (1.02 g/plant) compated to AT (0.78
g/plant). For both traits, there were differences between
genotypes (P < 0.01) in the combined analysis and also under
HT and AT (P< 0.01, data not shown). Under HT, the tepary
accessions showed the lowest average root length (937
cm/plant) and biomass (0.67 g/plant)) compared to the
common bean (1,762 cm/plant and 1.13g/plant, respectively)
and the interspecific lines (1,828 cm/plant and 1.73 g/plant).
Differences (P< 0.05) in root length were observed between
the G40001 accession and common bean lines and also the
interspecific lines, while the root biomass trait showed
differences (P< 0.01) only between this accession and the
interspecific lines. A significant difference (P < 0.05 and P <
0.01) was observed between the tepary accessions, the
common bean and the interspecific lines for root length and
biomass, respectively. The difference between the common
bean and the interspecific lines was only significant (P< 0.05)
for root biomass (data not shown). Under AT, the same trend
was observed as under HT condition, tepary showed the lowest
average root length and biomass (1,196 ¢cm/plant and 0.53
g/plant, respectively) compared to the common bean
(1,935cm/plant and 0.89¢g/plant) and interspecific lines (2,479
cm/plant and 1.28 g/plant). There were differences between
all groups of genotypes compared for root biomass, while
differences (P< 0.05) in root length were observed only



between G40001 accession versus the interspecific lines and
tepary versus common bean and interspecific lines (P< 0.01).
There were differences (P<0.05) in the average diameter of
roots between HT and AT in the combined analysis. But there
was no difference between genotypes in any of the analyses
(data not shown).

High temperature, reduced specific root length (relation
between root length and root biomass of the plant) in all
Phaseolus genotypes evaluated, indicating that roots are thinner
under heat stress. Under HT and AT, the common bean lines
showed higher specific root lengths, while tepary accessions
showed intermediate and the interspecific lines showed the
lowest values (Table 2). Under HT, tepary accessions showed
low values for total root length and an intermediate specific
root length (Table 2), indicating that the roots were relatively
short and with average thickness. Common bean showed
higher values of total root length and higher values of specific
root length, indicating that the roots were relatively long and
thin, while the interspecific lines showed intermediate values
for both total root length and specific root length, indicating
that these roots were relatively long and moderately thick. The
same trend was observed under AT conditions.

Days to flowering

The average number of days to flowering (31 days) did not
differ between HT and AT treatments (Table 3). There were
differences (P < 0.01) between genotypes in the combined
analysis and also under HT and AT. HT induced eatly
flowering in tepary, 26 days after sowing (DAS), compared to
common bean, 40 DAS and the interspecific lines, 34 DAS
(Table 3). Differences (P < 0.01) wete observed between the
G40001 accession and common bean and also with the
interspecific lines. A highly significant difference (P < 0.01)
was observed between: the tepary accessions, the common
bean and the interspecific lines. The difference between the
common bean and the interspecific lines was significant (P<
0.01). Under AT, the time to flowering was reduced for the
common bean lines, while in tepary and the interspecific lines,
the time to flowering was little affected (Table 3). A highly
significant difference (P < 0.01) was observed between the
tepary accessions, the common bean and the interspecific lines.
In relation to the pollen viability, there was no difference
between HT and AT, for the 18 genotypes tested (data not
shown).

Leaf area production

There were differences in leaf area (LA) production between
genotypes and the Genotype x Temperature interaction (P <
0.01) in the combined analysis. The average was higher under
HT (721 cm?) compared to AT (429 cm?). There were
differences between genotypes (P < 0.01) under HT and AT.
Under HT, tepary showed a lower value of LA (327
cm?/plant), compared to common bean (1,198 cm?/plant) and
interspecific lines (1213 ¢cm?2/plant, Table 3).

Photosynthetic efficiency

The combined analysis showed that temperature had a
significant effect (P < 0.05) on leaf chlorophyll content (SPAD
readings), QY (quantum yield) efficiency of photosystem II,
and leaf stomatal conductance. The SPAD reading was higher
in AT (39.8) compared to HT (30.8). The efficiency of
photosystem II variable showed higher values (0.66) under HT
compared to AT (0.58). There were significant differences (P
< 0.01) in both variables among genotypes and for the
Genotype x Temperature interaction. There was an interaction
with leaf stomatal conductance (P < 0.01). The analysis under
HT showed differences between  genotypes for leaf
chlorophyll content SPAD readings and the efficiency of
photosystem II, while under the AT, only SPAD readings and
leaf stomatal conductance showed differences among the
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genotypes. Under HT condition, tepary showed a lower
average value (26.3) in SPAD readings, compared to common
bean (34.1) and the interspecific lines (37.2). Differences (P <
0.05) were only observed between tepary and common bean
and between tepary and the interspecific lines (Table 3).Under
HT, the SPAD readings in tepary accessions decreased
markedly: the values were reduced from 42.3 in AT to 26.3
under HT (Table 3). The average values of SPAD readings in
the common and the interspecific lines were not affected
significantly (Table 3). Highly significant differences (P < 0.01)
between the G40001 accession versus common bean lines,
between tepary accessions versus common bean and between
common bean and interspecific lines (P <0.05) were observed.
Under the HT treatment, there was no difference in average
QY efficiency of photosystem II, between tepary and the
interspecific lines (0.68), while the common bean lines showed
a lower value (0.57). Under AT, the common bean and the
interspecific lines showed the same value (0.60), while tepary
showed a lower value (0.57) (Table 3). With respect to the leaf
stomatal conductance, tepary accessions showed a lower
average (227) compared to common bean (312) and
interspecific lines (323) under HT (Table 3). The tepary
accessions and the interspecific lines, increased the value of the
leaf stomatal conductance, while the common bean decreased

it, under AT (Table 3).

Correlation among shoot and root morpho-physiological
variables

Positive correlations (P<0.01) were observed between shoot
biomass and root biomass of plants under HT (r = 0.70) and
AT (r = 0.68). Positive correlations were observed between
shoot and pod biomass under both HT (r = 0.77) and AT (r =
0.76) and also between shoot biomass and LA under HT (r =
0.63) and AT (r = 0.55). Highly significant positive correlations
(P<0.01) were observed between pod biomass and pod
number of plants under HT (r = 0.72) and AT (r = 0.85). Pod
biomass was negatively correlated (P<0.01) with number of
days to flowering under HT (r = -0.65) and AT (r = -0.49). The
tepary accessions that bloomed eatly had higher pod biomass
under both conditions (Figures 1a, 1b). At HT, positive
correlations were observed between pod biomass and the
amount of dead leaves at the mid-pod filling stage (g/plant)
(P=0.01; r = 0.72) (Figures 2a, 2b), and also with the stem
biomass (P<0.05; r = 0.30) and root biomass (P<0.05; r =
0.342). With respect to morpho-physiological variables,
positive correlations were observed between pod biomass and
SPAD readings (P<0.01; r =0.37) under AT. For the root
traits, positive correlations (P<0.05) were observed between
total root length and stem biomass of plants under HT (r =
0.33) and AT (P< 0.01, r = 0.43). Total root length was
correlated with stem diameter under HT (P<0.01; r = 0.47) and
AT (r = 0.53), with leaf biomass under HT (P=<0.01; r = 0.40)
and AT (P=<0.01, r = 0.45) and also with the amount of dead
leaves at mid-pod filling (g/plant) under HT (P<0.05; r = 0.32).
Total root length was positively correlated with the number of
nodules (data not shown) under HT (P<0.01; r = 0.54), AT (P
<0.01, r = 0.61), and root biomass (P<0.01) under HT (r =
0.54) and AT (r = 0.61). Under HT, highly significant positive
correlations (P<0.01) were observed between root biomass
and number of pods and number of nodules. Under AT, the
root biomass showed the same correlations, except with
number of pods which was not correlated (Figures 2a, 2b).
Under HT, the variables ‘length’ and ‘biomass of the roots’
were positively correlated with SPAD readings and leaf
stomatal conductance. Total root length was positively
correlated with leaf area (LA) under HT (P =< 0.01; r = 0.42)
and AT (P < 0.01, r = 0.46), and a correlation between root
biomass and LLA was observed under HT (P < 0.01, r =0.74)
and AT (P < 0.01, r = 0.77).



Multivariate analysis of shoot and root morpho-
physiological variables

Principal component analysis (PCA) was performed to identify
the major components that could explain much of the total
variations observed in the data. The PCA showed that under
HT and AT the first four components represented 89% and
the 86%, respectively, of the total variance (Table 4). Under
HT, the first component accounted for 44% of the variance,
the second 27%, the third 9%, and the fourth 8%, while under
AT, the first component accounted for 40% of the variance,
the second 29%, the third11 %, and the fourth 6.0%. The
dominance of these four components in the PCA suggests that
they contained the main variables that discriminate the
genotypes evaluated under HT and AT (Table 4). The
quantitative traits that separate genotypes in the first
component included LA and total root biomass under HT and
AT. Under HT, two different root traits: length and superficial
area, separates genotypes, while the number of nodules
separated the genotypes under AT. The traits that contributed
most to the discrimination in the second component are shoot
biomass, pod number, and specific root length under HT and
AT. In the third component, the separation of genotypes was
mainly due to: efficiency of photosystem II, days to flowering
under HT and dead leaf biomass at mid-pod filling under AT.
In the fourth component the main traits were, biomass and
number of nodules under HT, and the efficiency of
photosystem IT and SPAD readings under AT (Table 4)

Discussion

Heat stress induced changes in shoot attributes

High temperature stress increased pod biomass of P.
acutifolis, P. vulgaris and interspecific lines, but most notably for
the tepary accessions, especially the heat tolerant line G40001,
confirming the heat stress tolerance of this species (Rainey and
Griffiths, 2005; Chaves, 2015). This is an unexpected result but
this superior performance under heat stress conditions is due
to the improved genetic adaptation of both tepary accessions
and interspecific lines that were used for evaluation in this
study. Regarding the common bean lines, A774 and BAT 477
were reported as elite lines for tolerance to abiotic stress based
on having a higher number of seeds per plant (Ojeda, 2015).
As far as interspecific lines are concerned, the increase of pod
biomass under HT stress may be explained by the genetic
contribution of P. acutifolius in the pedigree of the lines
evaluated. Under HT condition, only tepaty bean accessions
increased dead leaf biomass (accelerated senescence) at mid-
pod filling. Positive correlations were observed between this
variable and the pod biomass production (Table 2). This
correlation was especially important for G40022, G40001 and
G40200 accessions, and it was attributed to a greater plant
efficiency and remobilization of photosynthates to seed
production (Beebe et al., 2009, Polania et al., 2016; Rao et al.,
2016). Dry matter partitioning to pods in snap beans has been
observed to be efficient for the heat-tolerant cultivar Haisbushi
compared to the heat-sensitive cultivar Kentucky Wonder. The
photosynthates from the vegetative parts were mobilized to
pods for cv. Haisbushi but not for cv. Kentucky Wonder
(Omae et al., 2007). Number of pods/plants decreased under
HT condition for tepary bean G40022 and G40277 accessions,
which is in agreement with the results of Rainey and Griffiths
(2005). However, unlike the results reported by these authors
under 35°C day/32 °C night conditions, the G40005 and
G40278 accessions studied here showed increased number of
pods/plants under stress conditions. This difference is
possibly due to the HT conditions used in our study (29 °C +
5 day/ >23 °C night (up to 27 °C). Several authors suggest
that the effect of night HT is more critical than day HT. This
was confirmed under controlled conditions with night time
temperatures of 27 °C (Porch and Jahn, 2001; Rainey y
Griffiths, 20052; Omae et al., 2012). Temperatures above 30
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°C during the day or above 20 °C during the night result in
yield reduction (Rainey and Griffiths, 2005). In our conditions,
the HT treatment was 29 + 5 °C during the day and more than
24 °C (up to 27 °C) during the night. We therefore consider
that the bean genotypes evaluated in our study were growing
under HT stress conditions. Since P. acutifolius is better adapted
to higher night temperatures, it performs better under HT
during the night than the lower night temperatures in the
ambient temperature conditions.

Leaf area increased considerably in common bean and
interspecific lines but not in tepary accessions, under HT
condition. One accessions (G40022) had the lowest LA and
also the highest pod biomass (Table 3). This suggests a greater
translocation of photosynthates to the pods to the detriment
of leaf growth occurred with HT. A significant negative
correlation, between pod biomass and days to flowering
indicated that earliness contributed to better performance
under HT and AT. The tepary bean accessions that flowered
catlier had higher pod biomass under both conditions. The HT
decreased the number of days to flowering in tepary, while in
common bean HT seemed to increase it.

The period of flowering was extended in the heat-sensitive
genotypes, which may be a plant survival mechanism. Also, the
early flowering of tepary beans was associated with tolerance
to high temperatures.

Heat stress induced changes in root attributes

Yield differences in beans are partly determined by variability
in the root system. Larger and deeper root systems are
associated with greater tolerance to drought, due to increased
soil water extraction. A greater capacity to develop roots that
go deep into the soil can provide a better adaptation to
conditions of water stress (White and Castillo, 1992; Polania et
al., 2009, 2016). There is a direct correlation between tolerance
of drought and heat stresses, since during heat stress water
availability can be a limitation caused by high temperature. In
the present study, high temperature decreased total root length
and specific root length in tepary accessions, common bean
and interspecific lines. Although in tepary bean accessions, the
total root length decreased considerably, compared to the
other genotypes under HT conditions. Tepary beans produced
more pod biomass and pods per plant, especially for the
G40001 accession, suggesting that their tolerance to heat stress
is due to a greater efficiency of their root system to utilize
available resources. Chaves (2015) also reported a high yield
for G40001 under high temperature stress conditions.

Heat stress induced changes in photosynthetic efficiency
The SPAD readings and photosynthetic efficiency were
affected by the high temperature treatment in all genotypes
evaluated. Tepary bean accessions had considerably reduced
SPAD readings, while common bean lines and interspecific
lines were relatively less affected. P. acutifolins also had reduced
stomatal conductance under HT, while common bean
increased it. These results agree with those of Djanaguiraman
et al. (2011) and Chaves (2015) who showed that HT stress
decreased chlorophyll content and leaf stomatal conductance
in soybean and common bean, respectively. The
photosynthetic efficiency increased in tepary with HT, while
common beans tended to decrease it.

The superior adaptation of tepaty can be ascribed in part to its
ability to regulate stomatal opening and increase
photosynthetic efficiency.

Multivariate analysis under heat stress

The PCA analysis of all traits evaluated showed that four
components represented 88.8% of the total variance under HT
conditions. Different traits that were evaluated here appeared
to explain the variance in the PCA under HT, but not under
AT. The traits in the first component were related to root traits



Table 1. Description of the germplasm investigated in the study: P. acutifolins accessions, P. vulgaris genotypes and interspecific lines of

P. vulgaris with P. acutifolins, P. coccinens and P. dumosus.

Genotypes Origin Type of germplasm Seed
color
P. acutifolins A. Gray germplasm accessions
G40001 Veracruz (Mexico) Landrace White
G40005 La paz (El salvador) Landrace White
G40022 Arizona (United States) Landrace Yellow
G40068 Atizona (United States) Landrace Yellow
G40084 Durango (Mexico) Landrace Cream brown
G40110 Campeche (Mexico) Landrace Black. cream
G40159 Sonora (Mexico) Landrace White
G40200 Guanacaste (Costa Rica) Landrace Cream. brown
G40277 Sonora (Mexico) Landrace White
G40278 Sonora (Mexico) Landrace White
P. vulgaris L. lines
A 774 Brazil Inbred line Cream
BAT 477 Colombia Inbred line Cream
DAB 295 Colombia Inbred line Red
Calima Colombia Inbred line Red
Interspecific lines
INB 827 (Pv x Pa) Colombia Line Red
SEF 60 (Prx Pax P Colombia Line Red
ALB 91 (Prx (Prx PoFy Colombia Line Red
SCM 140 (Pvx Pax Pd) Colombia Line Purple
Pa = Phaseolus acutifolius. Pv = P. vulgaris. Pc = P. coccineus L., Pd = P. dumosus
High temperature Ambient temperature
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Fig 1. Relationship between pod biomass (g/plant) and days to flowering in P. acutifolius, P. vulgatis. species and the interspecific lines

under a) High temperature and b) Ambient temperature conditions. The genotypes that bloomed early and had higher pod biomass

were identified in the upper, left-hand quadrant for both conditions.
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Fig 2. Relationship between pod biomass (g/plant) and dead leaves (g/plant) in P. acutifolins, P. vulgaris species and the interspecific lines
under a) High temperature and b) Ambient temperature conditions. The genotypes that had higher pod biomass and show also higher
amount of dead leaves were identified in the upper, right hand quadrant for both conditions.
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Table 2. Comparison of the effects of high temperature (HT) with ambient temperature (AT) treatment on mean values of total shoot
biomass, dead leaf weight at mid grain filling, pod biomass, pod number and specific root length per plant in lines tested.
Specific

Shoot biomass Dead leaves

Pod biomass

Number of

(g/plant) (g/plant)
Genotype HT AT HT AT
Tepary bean
G40001 18.1 35d 14.83ab  0.14
G40005 111 10.3 abc 0.33 ¢ 0.09
G40022 14.7 12.4 ab 15.80 a 0.21
G40068 8.8 6.7 bed 0.76 abc | 0.15
G40084 13.1 10.7 abc 0.38 ¢ 0.36
G40110 10.4 5.9 cd 0.29 ¢ 0.32
G40159 8.9 12.7 ab 0.85abc | 0.25
G40200 13.8 11.0 abc 10.90 abc | 0.11
G40277 14.4 82abcd | 0.80 abc = 0.19
G40278 10.1 53 cd 0.87 abc | 0.08
Mean 12.4 8.3 4.58 0.19
Common bean
A774 21.7 5.7 cd 0.0c 0.33
BAT477 17.3 5.9 cd 0.68 abc | 0.09
DAB295 6.4 13.7 a 0.0c 0.10
Calima 6.2 24d 0.0 c 0.0
Mean 12.9 6.9 0.17 0.13
Interspecific lines
INB827 12.8 12.5 ab 0.27 c 0.17
SEF60 13.4 8.5 abcd 0.19 ¢ 0.24
SMC140 17.9 133 a 0.48c 0.10
ALBI1 16.9 6.7 bed 0.25¢ 0.27
Mean 15.2 10.1 0.30 0.20

(g/plant) pods/plants root length /
plant (Cl’n / lant)*

HT AT HT AT HT AT
117 | 23def 174 ab 4.0 def 697.5 5,999.1
6.5 5.0 dc 10.4 be 9.5 bede 1,313.8 1,473.7
10.9 94a 14.5 abc 174 a 1,486.3 1,762.9
64 | 54bcd 9.0 be 9.7 bed 625.2 3,491.1
91 5.6bcd 17.0ab 10.4 bed 1,560.3 1,556.5
3.5 | 2.6def 9.0 be 4.4 cdef 1,494.3 3,202.4
6.0 8.5 ab 10.0bc 18.0 a 2,576.1 1,662.4
9.4 8.8 ab 11.7 be 10.4 bed 1,146.7 167.7
85 59bcd 124 abc 13.4 ab 1,042.7 2,440.5
7.0 | 38cde @ 13.4abc 10.7 be 1,674.4 3,398.3
7.9 5.7 12.4 10.7 1,479.7 2,666.4
4.6 0.6 ef 18.0 ab 5.7 cdef 1,032.5 2,632.1
4.0 0.2f 16.7 ab 3.4ef 905.3 2,675.5
2.0 4.4 cd 20c 6.5cdef 2,906.8 1,077.9
0.4 0.7 ef 30c 2.0f 2,564.3 4,525.7
2.7 1.5 9.4 4.4 1,852.2 2,727.8
4.00 4.6cd 10.0 be 10.4 bed 1,121.7 1,711.1
6.74  48cd 9.0 be 6.0 cdef 1,415.1 1,969.8
350  0.6ef 25.0a 2.7f 850.7 2,239.1
560 | 6.3abc = 13.0abc = 10.0 bed 951.1 1,966.4
4.9 4.1 14.3 7.3 1,084.6 1,971.6

*Means between a yield component and treatment not followed by the same letters are significantly different at P< 0.05 according to
Duncan's multiple rang test. *Specific root length=root length /root biomass.

(length and surface area), the second ones to physiological
variables (efficiency of photosystem and days to flowering) and
the third ones to biomass and number of nodules. This
indicates that these variables and others that were identified
from the univariate analysis (pod biomass, dead leaves at mid
grain filling and leaf area) could be used in bean breeding
programmes as selection criteria to screen bean genotypes for
tolerance to heat stress.

The mean agronomic data obtained from interspecific lines is
mixed. For shoot biomass, dead leaves and pod biomass they
showed a better response than common bean in high
temperature conditions, indicating positive inheritance from
other species (P. acutifolius, P. coccinens and P. dumosus). However,
for other traits (number of pods, specific root length and root
length) the performance was worse than that of common bean.
This indicates that motre breeding is required to introgress
genes into common bean for yield improvement under heat
stress conditions.

Material and methods

Plant materials

A total of 18 genotypes were tested: ten accessions of tepary
bean (Phaseolus acutifolins A. Gray), four genotypes of common
bean (Phaseolus vulgaris 1.) and four interspecific lines from
crosses of P. vulgaris with P. acutifolins, P. coccinens and P. domosus
(Table 1). The common bean genotypes were developed to
improve adaptation to different stresses: The A774 genotype
was developed for improved adaptation to low soil fertility,
BAT 477 was developed for improved adaptation to low soil
phosphorus availability and drought, while DAB 295 was
developed to tolerate drought and Calima was included as a
commercial check. Four interspecific lines were included. SEF
60 was obtained from the cross (ALB74 x INB 841) F; x
RCB593; ALB74 was obtained from the cross SER 16 x (SER
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16 x G35346-3Q) F1 with genes from P. coccinens (Butare et al.,
2012). INB841 was derived from the cross (INB108 x INB605)
(Mejia et al., 1994). INB 827 was obtained from the cross (INB
108 x INB 105) with genes from P. acutifolins (Mejia et al., 1994).
SMC140 was obtained from the cross (INB 841 x SMC6) F x
(SXB 405 x MIB 780) Fy where the INB 841 and the MIB 780
are interspecific lines of P. vulgaris x P. acutifolius and P. vulgaris
x P. dumosus, respectively. ALB 91, an interspecific line
obtained from the cross SER 16 x (SER 16 x G35346B) Iy with
genes from P. coccinens (Butare et al., 2012) (Table 1). The tepary
bean germplasm accessions, and the common bean genotypes
and the interspecific lines were obtained from the Genetic
resources Unit and the Bean Programme of CIAT,
respectively.

Experimental conditions

The experiments were conducted at the International Center
for Tropical Agriculture (CIAT) in Palmira, Colombia, located
atlatitude 3° 29' N, longitude 76° 21' W and 965 altitude above
sea level. Two experiments were conducted simultaneously to
evaluate the tolerance of the various bean genotypes to high
temperature. Both experiments were conducted using a split-
plot design with three replications. Experiment 1 was carried
out with high temperature treatment (HT) in a greenhouse and
Experiment 2 was realized at ambient temperature (AT),
outdoors in the field under rainout shelter. Seeds were sown in
transparent plastic cylinders (120 cm long, 7.5 cm diameter)
with a Mollisol soil from Palmira, Colombia (Polania et al.,
2009). Soil cylinders were carefully packed with a 2:1 soil: sand
mixture having a final bulk density of 1.4 g/cm3. The sceds
were germinated in paper towels and uniform seedlings were
selected for transplanting to transparent plastic cylinders, each
of which was inserted into PVC sleeve tubes. The plants of
both experiments were inoculated at 10 days after sowing with
Rhizobium tropici (strain CIAT 899). To induce high temperature



Table 3. Effect of high temperature (HT) compared to ambient temperature (AT) treatment on SPAD chlorophyll meter reading,
photosynthetic efficiency, stomatal conductance, leaf area and days to flowering of 18 Phaseolus genotypes.

Stomatal conductance
(mmol.m2.s1)

Leaf area (cm?)

Days to flowering

Genotype SPAD chlorophyll Photosynthetic
meter reading efficiency (QY
(Fv/FM)

HT AT HT AT HT
Tepary bean
G40001 30.5 abc* | 45.0 ab 0.66ab | 0.57  176.2
G40005 31.7 abc 39.5abed | 0.70a 0.56 | 239.2
G40022 274 abcd | 40.1 abed = 0.722 0.60 | 170.1
G40068 16.4 dc 283 ¢ 0.58ab | 0.60 @ 276.8
G40084 32.7 abc 414abcd 0702 0.58 | 329.0
G40110 31.5 abc 41.7abed | 0712 0.50 | 300.8
G40159 13.4d 47.3 ab 0.68ab | 0.58  191.6
G40200 18.4 bed 4822 0.70 a 0.59 | 192.8
G40277 244 abcd | 43.1 abc 0.68ab | 0.61 1844
G40278 371a 4822 0.70 a 0.49 | 205.6
Mean 26.3 423 0.68 0.57 | 226.6
Common bean
AT74 35.7 ab 33.4 cde 0.51bc | 0.57  409.3
BAT477 37.6a 31.8 cde 0.69 a 0.59 | 316.7
CALIMA 36.2a 31.2 de 0.71a 0.61 | 342.5
DAB295 27.0abed | 36.6bcde | 0.36 ¢ 0.64 | 2255
Mean 34.1 33.2 0.57 0.60 | 323.5
Interspecific
lines
INB827 33.7 abc 43.0 abc 0.66ab | 0.61 = 362.5
SEFG60 388a 41.0abed | 0.68ab | 0.6 294.8
SMC140 36.8a 324 cde 0.71a 0.58 | 325.5
ALBI1 39.7a 39.8abcd | 0.652ab | 0.61 | 265.9
Mean 372 39.1 0.68 0.60 | 312.1

AT HT AT HT AT
248.0 bede 451.7 de 108.3 ef 27efgh 28 d
443.4 abc 467.7 de 539.0 bede 30defg 27d
324.3 abcde 108.0 e 208.7 def 21h 26 d
263.8 bede 1043 e 84.3 f 24 gh 27d
397.7 abed 367.3 de 401.7 cdef 27efgh 30bed
83.3 ed 760.7 cde 294.0 def 33 cdef 29¢d
272.5 bede 96.5 e 332.3 cdef 24 gh 27d
2249 cde 384.0 de 156.3 def 26 fgh 32bed
163.7 e 369.7 de 140.0 ef 23 gh 26d
320.7 abed 164.3 ¢ 140.3ef 29 defg 26d
284.2 327.4 240.5 26 28
1474 ¢ 1,876.0 a 521.7 bedef 36 abcd 34abcd
197.4 de 1,483.0 ab 596.3 bed 40abc 38 ab
119.2 ¢ 775.0 cde 200.5 def 41 ab 37 abc
449.0 ab 660.0 de 1354.5 a 42.5 2 32 bed
228.3 1198.5 668.3 40 35
243.9 bede 905.3 b 996.5 bed 31 defg 31 bed
253.8 bede 996.0 bed 413.0 cdef 34 bede 29 cd
342.4 abcde 1,535.7 ab 586.3 bed 40 abc 40 a
491.5a 1,416.0abc 742.0 be 31 defg 30 bed
332.9 1213.25 684.5 34 33

*Means between a yield component and treatment not followed by the same letters are significantly different at P< 0.05 according to

Duncan's multiple

conditions and simulate the changes in temperature between
day and night, conditions in the greenhouse were modified
using heaters, the ventilation system and thermostats. The HT
treatment was set at 29 °C 5 during the day and >24 °C (up
to 27 °C) during the night, with an average relative humidity of
65 %. In the field, average temperature was 25 °C £5 during
the day and £19 °C at night, with an average relative humidity
of 81 %, in both treatments. The soil was maintained at 80 %
of field capacity and water was supplied to avoid drought
stress. The data on relative humidity and temperature were
monitored with thermo-hygrometers that registered the
parameters every 15 min. The average, minimal and maximal
temperatures were calculated per day.

Measurement of shoot and root morpho-physiological
characteristics

Plants were harvested at 60 days of growth for Experiment 1
and at 70 days of growth for Experiment 2. Days to flowering
(DF) were determined for each genotype in each experiment.
Days to flowering was defined as the number of days after
planting until 50% of the plants had at least one open flower.
At mid-pod filling growth stage, the following non-destructive
measurements were made. Leaf area was measured using a leaf
area meter (model LI-3000, LI-COR, NE, USA). The leaf
chlorophyll content of fully expanded leaves was measured
using a non-destructive, hand-held chlorophyll meter (SPAD-
502 chlorophyll meter Minolta camera Co., Ltd., Japan). The
principle is based on the difference in light attenuation at
wavelengths 430 and 750 mm. From the difference in light
attenuation, a numerical SPAD (Soil Plant Analysis
Development) unit, ranging from 0 to 80, is calculated by the
microprocessor in the SPAD-502 chlorophyll meter. The
efficiency of photosystem II (QY) in leaves adapted to light
(Fv'/Fm'") was also determined. The stomatal conductance
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(mmol m?2 s') was measured with a portable leaf porometer
(Deacagon SC-1) on a fully expanded young leaf of one plant
within each replication. Measurements were made late in the
morning (10:00-12:00 am) on clear and sunny days. The
biomass of dead leaves (i.e. fallen, dry leaves) per plant at the
mid-pod filling stage was measured. At the time of harvest,
plants were cut and dry weights of: shoot biomass, stem, leaves,
and pod biomass and pod number per plant were recorded.
The roots of each soil cylinder were carefully washed free of
soil. The washed roots were scanned as images using a desk
scanner. From the scanned images, total root length (cm plant-
1) and proportion of fine roots or the proportion of roots (%)
with a diameter less than 0.5 mm, were measured through
image analysis using Win RHIZO (Reagent Instruments Inc.,
Quebec Canada). Root weight per plant was determined after
the roots were dried in an oven at 60 °C for 48h.

Statistical analysis

A separate analysis was conducted for each experiment. The
sources of variation within each experiment were replications
and genotypes. All data were analyzed using the SAS (v. 9.2).
Correlation coefficients were calculated by the PROC CORR.
Values marked with * or ** are statistically significant at
probability levels of 5% and 1%, respectively. The mean values
were compared using the Duncan test. A complementary
analysis of variance was performed to compare genotypes
and/ot groups of genotypes for the most important vatiables:
the number of days to flowering, the SPAD chlorophyll meter
readings, pod biomass, dead leaves at mid-grain filling, root
biomass and root length. The tepary bean accession
G40001was used as a heat tolerant check (Rao et al., 2013) to
compare with: a) the other tepary accessions, b) the common
bean genotypes and c¢) the interspecific lines.



Table 4. Eigen values and per cent of total variation and component matrix for the principal component axes - High temperature (HT)
and ambient temperature (AT) conditions. Values in bold indicate the traits that were informative in genotype differentiation.

Principal components CP1 CP2 CP3 CP4
High temperature (HT) 7.09 4.29 1.49 1.33
Eigen value
Variance proportion 0.44 0.27 0.09 0.08
Cumulative proportion variance 0.44 0.71 0.80 0.89
Shoot biomass 0.075 0.442 0.177 -0.056
Pod biomass - 0.268 0.256 0.219 -0.039
Dead leaf at mid-grain filling -0.291 0.172 0.204 0.144
Leaf area 0.318 0.179 0.253 -0.022
Pods number |- 0.006 0.403 0.182 0.261
Days to flowering 0.285 -0.118 0.369 0.081
Roots length 0.325 -0.133 0.301 0.101
Roots volume 0.297 -0.202 0.243 0.189
Roots biomass 0.303 0.250 0.121 0.018
Supeficiel area of root 0.314 -0.172 0.274 0.149
Specific root length -0.028 0.449 0.046 0.133
Nodules biomass 0.223 0.237 0.267 -0.458
Nodules number 0.242 0.204 0.310 -0.421
SPAD chlorophyll content 0.270 0.154 0.036 -0.190
Leaf stomatal conductance 0.292 -0.002 0.255 0.216
Efficiency of photosystem II - 0.059 0.165 0.414 0.586
Ambient temperature (AT)
Eigen value 6.35 4.59 1.73 1.02
Variance proportion 0.40 0.29 0.11 0.06
Cumulative proportion of variance 0.40 0.69 0.80 0.86
Shoot biomass 0.119 0.402 0.267 -0.053
Pod biomass -0.102 0.423 0.094 -0.233
Dead leaf at mid- grain filling -0.044 0.046 0.625 0.201
Leaf area 0.345 0.092 -0.179 0.210
Pod number -0.111 0.390 0.197 -0.189
Days to flowering 0.229 -0.281 -0.035 -0.108
Root length 0.333 -0.118 0.287 0.047
Root volume 0.331 -0.180 0.263 -0.007
Root biomass 0.359 0.156 0.077 0.073
Supetficial area roots 0.337 -0.152 0.279 0.020
Specific root length -0.170 -0.326 -0.044 0.019
Nodules biomass 0.269 0.218 -0.307 -0.039
Nodules number 0.349 0.110 -0.173 0.173
Spad chlorophyll content -0.177 0.259 0.094 0.349
Leaf stomatal conductance 0.132 0.279 -0.280 0.387
Efficiency of photosystem 11 0.227 0.104 -0.075 -0.705
The tepary group of accessions were also compared with the through interspecific hybridizations and backcrossing.

common bean and the interspecific lines. Finally, the common
bean genotypes were compared with the interspecific lines
under HT (greenhouse) and AT (rainout shelter) conditions. A
combined

analysis of two experiments was also conducted. The sources
of wvariation were: temperature treatments, replication,
genotype and genotype x temperature condition treatment
interaction. Principal Component Analysis (PCA) was
performed on the measured variables and was based on
Pearson correlation matrix and Euclidean distances.
Eigenvalues for all principal components (PCs) are shown.
Eigenvectors generated by the PCA were used to identify
parameters that best differentiated the genotypes in each
experiment.

Conclusion

Tepary bean exhibits traits related to adaptation to high
temperature. Beneficial morpho-physiological traits include a
greater capacity to allocate dry matter to pods, fine roots and
smaller leaves (for efficient water use and reduced stomatal
conductance). Three tepary bean accessions that produced
good pod biomass under heat stress were identified: G40001
(Veracruz, Mexico), G40022 (Arizona, United States) and
G40200 (Guanacaste, Costa Rica). These accessions could
serve as potential donors of genes to improve common bean
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Alternatively, breeding of tepary beans for preferred consumer
traits may be considered to safe guard food security in arid
zones of the world.
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Abstract

Tepary bean (Phaseolus acutifolius A. Gray) is more heat and drought tolerant than common bean (P. vulgaris L.). Four hundred mutant
lines of two tepary accessions (G40068 and G40159) were generated by ethyl methane sulfonate (EMS) treatment. In preliminary studies
of the M5 mutant lines under abiotic stress, three mutant lines (CMT 38, CMT 109, CMT 187) were selected from six mutated lines
based on morpho-physiological traits and superior yield and advanced to the Mg generation. The Mg mutant lines were uniform and
genetically stable. These mutant lines and their original (M) parents were evaluated for heat and drought tolerance under greenhouse
conditions. Their performance was evaluated for morpho-physiological attributes, seed yield and yield components. Under high
temperature and drought conditions, the CMT 38 mutant (Mg line) and its original tepary (M) accession (G40068) showed greater
values of pod biomass, pod number and 100-seed biomass than the other lines tested. The CMT 109 and CMT 187 mutant lines and
their G40159 original accession (M) also showed the highest value of seed number under high temperature and drought conditions.
This suggests that the previous screening performed during the population advancement of these mutant lines, based on morphological
traits like growth habit, was not detrimental to the yield variables evaluated here. Under combined heat and drought conditions, different
parameters could be incorporated into tepary breeding programmes, as selection criteria to screen genotypes for tolerance to heat and
drought stress. These parameters included: chlorophyll (SPAD) readings, seed biomass, 100-seed biomass and seed number because
they explain the observed variance in the principal component analysis. Two additional traits (root biomass and stem diameter) were
also identified as useful attributes, based on univariate analysis. The mutant lines evaluated here offer potential for further improvement
of tepary bean to high temperature and drought.

Key Words: Abiotic stress; beans species; crop improvement; EMS mutagenesis; yield.

Abbreviations: EMS, ethyl methane sulfonate; Mg, Mutant line generation 6; PCA, principal component analysis; SPAD, Soil-Plant
Analyses Development chlorophyll meter.

Introduction

Global warming is responsible not only for global temperature
increase but also for region-specific increases or decreases in
precipitation. This, in turn, has a negative impact on the
production systems of crops that are vital for improving food
and nutritional security of people in developing countries.
Common bean, Phaseolus vulgaris L., is a valuable source of
protein, starch and other nutrients. Drought affects 60% of the
dry bean production area worldwide (Beebe et al., 2008).
Temperatures > 30 °C during the day or > 20°C during the
night result in significant yield reduction of common bean
(Rainey and Griffiths, 2005).

Tepary bean, Phaseolus acutifolins A. Gray, is a traditional crop of
desert and semi-arid regions of Mexico and southwestern USA
(Freeman, 1912; Nabhan and Felger, 1978). Renewed interest
in tepary is due to its possession of many traits that enable it to
flourish in hot and dry regions: it is more heat tolerant at
biological tissue levels than common bean and it produces
more leaves to compensate for reduced leaf size due to heat
stress (Lin and Markhardt, 1996). Tepary also has more
extensive and a thinner root system, better stomatal control
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and more active para-heliotropism than common bean
(Markhart, 1985; Biclenberg et al., 2003; Butare et al., 2012). It
is part of the tertiary gene pool of common bean and
considered as a potential useful donor parent of drought and
heat tolerance traits for common bean improvement, through
interspecific hybridization (Mufioz et al., 2004, Rao et al,
2013). Tepary could be a source of genes for the improvement
of common bean through inter-specific crosses followed by
backcrossing (Mejia et al., 1994). It could also serve as a
valuable crop in itself, particularly for dryland environments
where common bean is less adapted (Mufioz et al., 2000).

An evaluation of tepary gene introgression showed that tepary
DNA markers can be transferred to the interspecific progeny
(Mufioz et al., 2004). However, success is limited to a lower-
than-expected percentage of genome contributed by tepary
(Blair et al., 2012). Introgression of heat or drought tolerance
from tepary into common bean might be feasible through
breeding, to generate elite lines that can tolerate up to
4°C higher temperatures. However, most of the lines obtained
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come from a limited number of crosses between common and
tepary beans (Mufloz et al., 2004).

A diversity study of the tepary collection at the Genetic
Resources Unit (GRU) of CIAT Colombia, using AFLP and
microsatellite (SSR) markers showed that the genetic base of
the cultivated tepary accessions is narrow (Mufloz et al., 2006;
Blair et al., 2012). A similar conclusion was made after a study
of variability of the seed storage proteins of wild and cultivated
accessions of tepary (Schinkel and Gepts, 1988). A reason for
this reduced genetic diversity might be the historic regression
of tepaty after the introduction of new watering technologies
in Mesoamerica after 1492 (Nabhan and Felger, 1978; Nabhan,
1985; Debouck, 1992). Given this genetic extinction, future
breeding rests on exploiting the significant diversity provided
by wild teparies and related species (Mufloz et al., 20006),
transformation (Dillen et al., 1997) or by inducing variation via
mutagenesis (explored here). Traits that are particularly looked
for in tepaty are: uniform red seed colour, erect growth habit
and grouped pod maturity (Pratt and Nabhan, 1988).
Mutagenesis has been used to broaden the genetic diversity of
Phaseolus species (Ahloowalia et al., 2004; Blair et al., 2007;
Gwata et al., 2016). The results of chemical mutagenesis of
common bean with ethyl methane sulfonate (EMS) in
morphological and physiological changes, as well as varietal
development have been reported (Blair et al., 2007; Porch et
al.,, 2009). With the objective of genetic improvement of tepary
bean, a protocol was developed by Mufioz et al. (2013) for
chemical mutation induction using EMS in two cultivated
tepary accessions (G40068 and G40159).

From the research discussed above, three further questions
arise: (i) Why is it important to induce mutations in tepary? (ii)
Which novel traits could be achieved by mutation induction in
tepary? and (iii) How would the mutant lines be used in a
breeding programme for tepary and/or common beans? The
main objectives of the present study were to: i) evaluate tepary
bean Mg mutant lines under conditions of high temperature
and drought; and ii) identify heat and drought tolerant mutant
lines that could serve as parents in breeding programmes that
aim to improve heat and drought tolerance in common bean.

Results

Effect of high temperature (HT) on shoot and root
morpho-physiological characteristics

Table 1 presents the results of the effect of HT on genotypic
differences in yield components such as pod number, pod
biomass, seed number, and 100-seed biomass and also the
number and biomass of nodules (nodules variables). The
genotype parameter showed an effect (P<0.01) on seed
number, pod number and nodule biomass under both
conditions of temperature HT and CT (control temperature).
Under HT conditions, the effect of genotype was significant
for pod biomass, seed biomass and nodule number.

There was no difference between the mean values of pod
numbers for the genotypes under HT and CT conditions, but
the value was higher under CT (24.7 pods/plant) compated to
HT (20.5 pods/plant). The mutant line CMT 38 showed a high
mean value for pod number under HT and CT conditions. For
pod biomass, a similar trend was observed: the mean value was
higher under CT (17.2 g /plant) compated to HT (14.0 g
/plant). The pod biomass of the CMT 38 mutant line was
higher under both conditions of temperature and differences
(P=<0.05) were observed between the CMT 38 mutant line and
the other mutant lines or parental accessions G40068 and
G40159 (Table 1).

The seed number/plant was also higher under CT (88.9
seeds/plant) compared to HT (69.3 seeds/plant). Under both
conditions of temperature, the CMT 109 mutant line showed
the highest seed number/plant. Differences (P<0.05) were
observed between this mutant line (CMT 109) and the other
two mutant lines (CMT 38 and CMT 187) and differences were

61 | Page

also observed between the mutant line CMT 109 and the tepary
parental accession G40068 (Table 1).

The 100-seed biomass/plant was higher under HT (16.5) as
compared to CT (15.7). Under HT, the value was higher for
the tepary accession G40068 and mutant line CMT 38, and
differences (P<0.05) were observed between these genotypes
and the others. Similar responses of these genotypes were
observed under CT. The tepary accession G40068 and the
mutant line CMT 38 showed the highest values of 100-seed
biomass. The differences were also significant (P<0.05) when
compared to the other genotypes (Table 1).

Nodule formation (nodules/plant) was lower under HT (3.0)
as compared to CT (12.5). The tepary accession G40068,
showed a high mean value under HT. The mutant lines CMT
38 and CMT 109 and the tepaty accession G40068 showed the
highest values of nodule formation under CT (Table 1). The
nodule biomass (g/plant) was lower under HT (0.006)
compared to CT (0.039). Under HT conditions, the tepary
accession G40068 showed the highest nodule biomass, while
the mutant line CMT 109 and the tepary accession G40159
showed the highest mean nodule biomass) under CT. This
value was significantly different (P<0.05) to the other
genotypes evaluated (Table 1).

The results of the leaf biomass, stem biomass and roots
biomass under HT (data not shown) showed significant
differences (P<0.001) between genotypes. The mutant line
CMT 38 (1.8 g/plant) and the G40068 (1.9 g/plant) tepaty
accession showed the lowest mean stem biomass compared to
the CMT 187 (2.5 g/plant) and CMT 109 (2.2 g/plant) mutant
lines and the G40159 (2.1 g/ plant) tepary accession. Significant
differences (P<0.05) were observed between the two groups
of genotypes. The highest mean values for root biomass were
observed in the G40068 tepary accession (0.98 g/plant) and
the CMT 187 mutant line (0.95 g/plant). Significant differences
(P=0.05) were observed between the means of these genotypes
and the mean values of the mutant lines: CMT 38 (0.83
g/plant), CMT 109 (0.76 g/plant) and the G40159 tepary
accession (0.76 g/plant). No differences were observed
between genotype means for leaf biomass under HT (data not
shown). No difference between genotypes was observed for
stem diameter (data not shown). Under CT, significant
differences (P<0.001) between genotypes were observed for
leaf biomass and stem biomass, but not for stem diameter and
root biomass. The CMT 187 mutant line showed the highest
means for leaf biomass and stem biomass and significant
differences (P<0.05) were observed between this mutant line
and the other genotypes (data not shown). In relation to
physiological variables, under HT (results not shown),
significant differences (P<0.001) were observed between the
tepary parental (Mg) accessions and the mutant lines for the
efficiency of the photosystem II (QY) and the stomatal
conductance. The CMT 187 (46.6) and CMT 109 (58.8) mutant
lines and the G40159 (58.1) tepary accession showed the
lowest mean stomatal conductance values as compared to the
CMT 38 (79.8) mutant line and the G40068 (66.7) tepatry
accession. Significant differences (P<0.05) in stomatal
conductance were only observed between CMT 187 and
CMT38 mutant lines and G40068. No differences were
observed between genotypes for the SPAD and leaf
temperature variables.

Under CT, significant differences (P<0.001) were observed
between genotypes for the SPAD and the stomatal
conductance tests. The CMT109 mutant line showed a SPAD
mean higher (45.0, P<0.05) than the CMT 38 mutant line
(39.7). The G40159 tepary accession, the mutant line CMT 38
and the tepary My accession G40068 showed higher means
(1219, 1185 and 107.6) for stomatal conductance,
respectively, as compared to the CMT 187 and CMT 109
mutant lines (95.9 and 75.9), respectively.



Effect of temperature under drought and irrigated soil
conditions on shoot and root morpho-physiological
characteristics

The results on the effect of HT and drought as compared to
CT and irrigated conditions of soil on pod number, pod
biomass, seed number, 100-seed biomass, nodule number and
nodule biomass are shown in Tables 2 and 3. Soil conditions
(drought or irrigated) showed significant effects (P<0.01) on
pod number /plant, seed number /plant, pod biomass /plant,
100-sced biomass/plant and nodule biomass /plant under
both temperature conditions. The effect of soil condition was
also significant (P<0.01) for the nodule number/plant, under
HT treatment.

Effect of HT under drought and irrigated conditions of
soil

Under HT the pod numbet/plant was lower under drought
(14.5) as compared to the irrigated treatment (20.6) for all
genotypes (Table 2). Under drought conditions the mutant line
CMT 38 showed the highest value as compared to other
genotypes. Significant differences (P<0.05) were observed
between this mutant line, the mutant line CMT 109 and the
tepary accession G40068 (Table 2). Under irrigated conditions,
two mutant lines (CMT 38 and CMT 109) showed the highest
values. Significant differences (P<0.05) were observed
between these mutant lines and the mutant line CMT 187 that
showed the lowest pod number (23.4) (Table 2).

For pod biomass (g/plant), the value was also lower under
drought (9.6) than the irrigated treatment (18.4) for all
genotypes. The mutant line CMT 38 showed the highest value
under drought and irrigated conditions. Under drought
conditions, significant differences (P<0.05) were observed
between the mutant lines CMT 38 and CMT 109, which
showed the lowest value. Under irrigated conditions,
significant differences (P<0.05) were observed between the
mutant line CMT 38 and CMT 187 and the tepary accession
G40159. The seed number/plant was lower under drought
(45.9) compared to irrigated conditions (92.7) for all genotypes
(Table 2). The tepary parental accession G40159 showed the
highest value under drought conditions. Significant differences
were observed between this accession, the mutant line CMT
38 and the tepary accession G40068. Under irrigated
conditions, the mutant line CMT 109 showed the highest value.
Significant differences (P<0.05) were observed between this
mutant line, the mutant line CMT 187 and the tepary accession
G40068. There was a small difference in 100-seed biomass
(g/plant), between drought (17.3) and irrigated conditions
(16.1) for all genotypes. Under drought conditions, the tepary
accession G40068 and the mutant line CMT 38 showed the
highest value of 100-seed biomass. There were significant
differences (P=<0.05) between these genotypes and the mutant
lines (CMT 109, CMT 187) and the tepary accession G40159
(Table 2). Under irrigated conditions, the same genotypes also
showed the highest 100-seed biomass values. Significant
differences (P<0.05) were observed between all genotypes.
The nodule number/plant was very low under drought and
irrigated conditions (1.01 and 5.10, respectively), for all
genotypes evaluated. Under irrigated conditions, the G40068
tepary parental accession showed the highest number. There
were significant differences (P<0.05) between this tepary
accession, the mutant line CMT 38 and the other genotypes
(Table 2). Under drought conditions, all genotypes showed a
lower level of nodule formation. With respect to nodule
biomass (g/plant), only the G40068 tepary accession showed
a higher mean (0.024) under irrigated conditions, and
significant differences (P<0.05) were observed between this
accession and the other genotypes (Table 2).
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Eftect of CT under drought and irtigated conditions of
soil

The results obtained with the five genotypes under normal
(control) conditions of temperature (CT) in a greenhouse are
shown in Table 3.

For each treatment (drought or irrigated), all variables were
higher under CT as compared to HT. The pod number/plant
was lower under drought (18.3) compared to irrigated
conditions (31.2) under CT for all genotypes. The mutant line
CMT 38 and the tepaty accession G40068 showed the highest
values under irrigated conditions, but there was no difference
between the genotypes. Under drought conditions, no
difference was observed between the genotypes, for this
variable (Table 3). The pod biomass (g/plant) was also lower
under drought (11.2) as compared to irrigated conditions (23.1)

for all genotypes. Under irrigation, the mutant line CMT 38
and the tepary accession G40068 showed the highest values.
There were significant differences (P<0.05) between the
mutant lines CMT 38, CMT 109 and CMT 187 and the tepary
accession G40159. The mutant line CMT 38 also showed the
highest value under drought conditions. There were significant
differences (P<0.05) between this mutant line and the other
genotypes (Table 3). The seed number/plant was lower under
drought as compared to irrigated conditions (56.8 vs 121) for
all genotypes (Table 3). Under drought treatment, the mutant
line CMT 109 and the tepary accession G40159 showed higher
values. Significant differences were observed between these
genotypes and the others (Table 3). Under irrigated conditions,
the mutant line CMT 109 showed the highest value. There
were significant differences (P<0.05) between this mutant line,
the mutant line CMT 38 and the tepary accession G40068. In
relation to the 100-seed biomass (g/plant) vatiable, there was
a modest difference between drought (16.2) and irrigated
treatments (15.5) for all genotypes. Under drought and
irrigated conditions, the mutant line CMT 38 and the G40068
showed the highest value for 100-seed biomass. Significant
differences (P<0.05) were observed between these two
genotypes and the others under both conditions (Table 3). The
number of nodules/plant increased considerably under CT and
irrigated conditions as compared to results obtained under HT
(Table 1). The value was 23.3 under irrigated conditions as
compared to 1.62 under drought for all genotypes. The mutant
lines CMT 38 and CMT 109 and the G40068 tepary accession
showed the highest values (Table 3). The differences between

all genotypes were not significant. Under irrigated conditions,
the CMT 109 mutant line showed the highest nodule biomass,
and there were significant differences (P<0.05) between this
mutant line and the other genotypes tested (Table 3). Under
both temperature conditions and considering drought and
irrigation treatments for all variables and genotypes, the values
were lower under drought, except for the 100-seed biomass. In
this case, the value was higher under drought (Table 2). Under
HT and CT, significant differences (P=<0.05) were observed
between the values obtained under drought and irrigation for
all evaluated variables and genotypes. In relation to 100-seed
biomass, under CT conditions, significant differences (P<0.05)

were observed between drought and irrigated conditions for
the mutant lines and G40159 tepary accession. Under CT
conditions, significant differences (P<0.05) were observed
only with the mutant lines (Table 3).

A significant strain effect (Rbizobinm tropici or Bradyrhizobium
spp.) was obsetved only for the number of nodules /plant (data
not shown).

Multivariate analysis of shoot and root morpho-
physological variables

Effect of temperature

Principal component analysis was performed to identify the
major components (i.e. principal components) that could
explain much of the total variation observed in the data. The



Table 1. Mean values of pod number, pod biomass, seed number, 100 seed biomass, nodules number and nodule biomass for the My mutant lines (CMT 38, CMT 109 and CMT 187) and their original My tepary
accessions (G40068 and G40159), grown in greenhouses under high temperature (HT) and controlled temperature (CT) conditions.
Pods/plant Pod biomass, Seeds/plant 100 seeds biomass Nodules/plant Nodule biomass,

g/plant g/plant
HT CT HT CT HT CT HT CT HT CT HT CT

Genotype

CMT 38 2222 25.6 2 1522 182 a 69.9bc 83.5¢ 18.0 a 18.0 a 3.6a 153 a 0.006 ab 0.029 b
CMT 109 2122 239a 13.8 b 16.6 b 752a 95.8 a 14.4d 134d | 27a 144 a 0.005 ab 0.054 a
CMT 187 189 a 24.7 a 13.4 b 16.9 b 683 ¢ 91.1b 159 b 152b 2.8 ab 94a 0.005 ab 0.029 b

G40068 20.1a 249 a 140 b 17.3b 60.2d 78.0d 189 a 173 a 51a 14.1a 0.013 a 0.031 b
G40159 203 a 247 a 13.5b 16.9 b 73.1ab 96.3 a 152 ¢ 14.8 c 11b 9.1a 0.003 a 0.054 a
Mean 20.5 24.8 14.0 17.2 69.3 88.9 16.5 15.7 3.0 12,5 0.006 0.0394

*Means between a yield component and treatment not followed by the same letters are significantly different at P< 0.05 according to Duncan's multiple rang test.

Table 2. Mean values of pod number, pod biomass, seed number, 100 seed biomass, nodules number and nodules biomass for the Mg mutant lines (CMT 38, CMT 109 and CMT 187) and their original My tepary
accessions (G40068 and G40159), grown in a greenhouse under high temperature (HT) and irrigated and drought conditions.

Pods/plant Pod biomass, Seeds /plant 100 seed biomass, Nodules/plant Nodule biomass, g/plant

o/plant g/plant
Irrigated = Drought = Irrigated = Drought = Irrigated =~ Drought = Irrigated =~ Drought = Irrigated = Drought = Irrigated Drought

Genotype

CMT 38 28.8a 15.6 a 20.3 a 10.1 a 95.5 ab 443 b 17.5b 19.0 a 5.9 ab 13a 0.0117 b 0.0017 a
CMT 109 285a 13.9b 18.5 ab 91b 103.0 a 473 a 139e 155¢ 4.6 be 0.9 a 0.0083 b 0.0018 a
CMT 187 23.4b 14.5 ab 174 a 9.4 ab 88.8 bc 47.7 a 15.8 ¢ 16.4 b 4.1 bc 15a 0.0078 b 0.0017 a
G40068 26.5 ab 13.8 b 18.5ab 9.6 ab 80.2 ¢ 40.2 ¢ 18.7 a 194 a 94 a 0.82a 0.0233 a 0.0009 a
G40159 25.7 ab 14.9 ab 17.4 b 9.7 ab 96.0 ab 50.2 a 14.7d 16.1 b 1.6 c 0.6 2 0.0033 b 0.0008 a
Mean 26.6 14.5 18.4 9.6 92.7 45.9 16.1 17.3 5.1 1.02 0.0108 0.00138

*Means between a yield component and treatment not followed by the same letters are significantly different at P< 0.05 according to Duncan's multiple rang test.

Table 3. Mean values of pod number, pod biomass, seed number, 100 seed biomass, nodule number and nodules biomass and number of pods for the Mg mutant lines (CMT 38, CMT 109 and CMT 187) and
their original My tepary accessions (G40068 and G40159), grown in a greenhouse under controlled temperature (CT) and drought and irrigated conditions.

tite)

Pods/plant Pod biomass, Seeds /plant 100 seec.ls biomass . Nodules/plant Nodule biomass g/plant

g/plant

Trrigated Drought = Irrigated =~ Drought = Irrigated ~ Drought Irrigated = Drought — Irrigated =~ Drought = Irrigated Drought
Genotype
CMT38 324a 18.7 a 244 a 11.9 a 113.6 b 53.4c 17.7 a 18.52 289a 1.6a 0.053 b 0.007 a
CMT109 302a 17.7 a 221 ¢ 11.0b 128.8 a 627 a 134 ¢ 13.7 ¢ 27.0a 19a 0.103 a 0.008 a
CMT187 309 a 18.4 a 22.6 be 112b 123.4 b 58.8 b 152 b 153 b 17.7 a 11a 0.054 b 0.004 a
G40068 31.6a 18.3a 23.7 ab 10.9 b 108.9 b 471d 17.5a 18.7 a 259a 2.3a 0.056 b 0.005 a
G40159 31.0a 18.4 a 22.6 be 11.1b 130.6 a 619a 13.7 ¢ 14.7b 16.9 a 12a 0.055 b 0.004 a
Mean 312 18.3 23.1 11.2 121.1 56.8 15.5 16.2 233 1.62 0.064 0.005

*Means between a yield component and treatment not followed by the same letters are significantly different at P< 0.05 according to Duncan's multiple rang test.
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Table 4. Eigen values and per cent of total variation and component matrix for the principal component axes - high temperature (HT)

and control temperature (CT)under greenhouse conditions.

Principal components CP1
HT

Eigen value 7.30
Variance proportion 0.46
Cumulative proportion variance 0.46
Shoot biomass (g/plant) 0.365
Pods biomass (g/plant) 0.358
Stem biomass (g/plant) 0.296
Stem diameter (mm) 0.150
Leaf biomass (g/plant) 0.322
Pod number 0.336
Seed total biomass (g/plant) 0.354
100-seed biomass -0.103
Seed number 0.352
Root biomass (g/plant) 0.221
Nodule biomass 0.173
Nodule number 0.174
SPAD chlorophyll content -0.176
Leaf stomatal conductance 0.009
Efficiency of photosystem II 0.108
Leaf temperature (°C) 0.002
CT

Eigen value 8.48
Variance proportion 0.53
Cumulative proportion variance 0.53
Shoot biomass 0.337
Pod biomass 0.329
Stem biomass (g/plant) 0.299
Stem diameter (mm) 0.188
Leaf biomass (g/plant) 0.311
Pods number 0.308
Seed total biomass 0.326
100-seed biomass -0.056
Seeds number 0.328
Roots biomass 0.253
Nodules biomass 0.223
Nodules number 0.168
SPAD chlorophyll content -0.259
Leaf stomatal conductance 0.11
Efficiency of photosystem 11 0.046
Leaf temperature (°C) -0.135

CP2 CP3 CP4
1.79 1.41 1.05
0.11 0.09 0.07
0.57 0.66 0.73
-0.395 0.027 0.019
-0.160 0.079 -0.032
-0.154 -0.179 0.131
-0.024 0.025 0.368
-0.037 -0.038 0.126
-0.067 0.003 -0.132
-0.008 0.086 -0.054
0.361 0.323 -0.234
-0.138 -0.029 0.032
0.224 -0.187 0.128
0.553 0.086 0.007
0.508 0.172 0.105
-0.009 0.068 0.652
0.035 0.577 -0.101
-0.399 0.369 -0.317
0.204 -0.549 -0.435
1.26 1.19 1.08
0.08 0.07 0.07
0.61 0.68 0.75
-0.078 -0.061 -0.019
-0.127 -0.031 -0.036
0.060 -0.223 0.049
0.034 -0.200 0.302
0.037 -0.049 0.003
-0.103 -0.086 -0.065
0.183 0.001 -0.045
-0.660 0.431 0.132
0.069 -0.164 -0.078
-0.040 -0.120 -0.101
0.271 0.306 0.389
0.297 0.513 0.454
0.217 -0.145 0.022
-0.152 0.392 0.357
0.493 0.255 -0.405
-0.098 -0.267 0.463

Values in bold indicate the traits that were decisive in genotype differentiation.

PCA showed that under HT and CT, the first four components
represented 73 and the 75 % of the total variance, respectively
(Table 4). Under HT, the first component accounted for 46%
of the variance, the second 11%, the third 9% and the fourth
7%, while under CT, the first component accounted for 53%
of the variance, the second 8%, the third 7 %, and the fourth
7%. The dominance of these four components suggests that
they contained the main variables that discriminate between
the genotypes evaluated under HT and CT conditions (Table
4). The traits that separated genotypes in the first component
included shoot biomass, pod biomass, total seed biomass and
seed number under HT and CT. Under HT, only pod
number/plant differed between genotypes. The traits that
contributed most to the discrimination in the second
component were: nodule biomass, nodule number under HT
and 100-seed biomass and the efficiency of photosystem II
under CT. In the third component, the separation of genotypes
was mainly due to leaf stomatal conductance under HT and
CT, leaf temperature under HT and nodule number under CT.
In the fourth component, the main traits were: SPAD readings
under HT and nodule number and leaf temperature under CT

(Table 4).
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Effect of HT and CT under drought and irrigated
conditions

Effect of HT under drought and irrigated conditions

The PCA showed that, under drought and irrigation, the first
five components represented 79% and 80 % of the total
variance, respectively (Table 5). Under drought conditions, the
first component accounted for 39% of the variance, the second
14 %, the third 10%, the fourth 9% and the fifth 7%; while
under irrigated conditions, the first component accounted for
30% of the variance, the second 21%, the third 14 %, the
fourth 9% and the fifth 6%. The dominance of these five
components suggests that they contained the main variables
that discriminate the genotypes evaluated under drought and
irrigation (Table 5).

The traits that discriminated genotypes in the first component
included shoot biomass, pod biomass, pod number and seed
total biomass under drought and irrigated treatments. The
traits that contributed most to the discrimination in the second
component are 100-seed biomass under drought conditions
and leaf biomass, and seed number and nodule biomass under
irrigated conditions. In the third component, the differences
between genotypes were mainly due to the root biomass under



Table 6. Eigen values and per cent of total variation and component matrix for the principal component axes - control temperature

(CT) under drought and irrigated conditions in a greenhouse.

Principal components CP1
CT -Drought condition

Eigen value 6.67
Variance proportion 0.42
Cumulative proportion variance 0.42
Shoot biomass (g/plant) 0.368
Pods biomass (g/plant) 0.348
Stem biomass (g/plant) 0.312
Stem diameter (mm) 0.162
Leaves biomass (g/plant) 0.302
Pods number 0.343
Seed total biomass (g/plant) 0.332
100-seed biomass -0.045
Seeds number 0.319
Roots biomass (g/plant) 0.136
Nodules biomass -0.189
Nodules number -0.149
SPAD chlorophyll content 0.172
Leaf stomatal conductance -0.033
Efficiency of photosystem II 0.292
Leaf temperature (°C) 0.053

CT-irrigated conditions

Eigen value 4.85

Variance proportion 0.30

Cumulative proportion variance 0.30

Shoot biomass 0.439
Pods biomass 0.365
Stem biomass (g/plant) 0.280
Stem diameter (mm) 0.250
Leaves biomass (g/plant) 0.330
Pods number 0.401
Seed total biomass 0.307
100-seed biomass -0.029
Seeds number 0.319
Roots biomass -0.108
Nodules biomass 0.092
Nodules number 0.021
SPAD chlorophyll content 0.128
Leaf stomatal conductance -0.135
Efficiency of photosystem 11 -0.103
Leaf temperature (°C) 0.005

CP2 CP3 CP4 CP5
2.10 1.75 1.41 1.18
0.13 0.11 0.09 0.07
0.55 0.66 0.75 0.82
0.179 -0.020 0.079 -0.059
0.238 -0.070 0.143 -0.038
-0.077 0.227 0.057 -0.093
-0.062 -0.061 -0.506 -0.040
0.033 0.012 -0.223 -0.091
0.120 -0.150 0.154 -0.040
0.288 -0.103 0.130 -0.023
0.573 -0.314 0.168 0.057
-0.234 0.209 -0.021 -0.059
0.170 0.210 -0.334 0.532
0.334 0.459 0.181 0.195
0.270 0.549 0.104 -0.190
-0.293 0.371 0.317 0.228
0.316 0.228 -0.340 0.439
-0.042 0.229 -0.080 -0.175
-0.129 -0.021 0.465 0.579
3.43 1.76 1.64 1.01
0.22 0.11 0.10 0.06
0.52 0.63 0.73 0.79
-0.091 0.021 0.019 0.100
-0.279 0.083 0.061 0.008
0.346 -0.139 -0.063 0.029
0.100 -0.107 -0.099 -0.517
0.166 -0.036 -0.050 0.349
-0.182 0.045 0.011 0.049
-0.353 0.011 0.052 -0.113
-0.492 0.027 -0.067 -0.179
0.284 -0.306 0.146 0.113
0.272 -0.114 0.413 -0.353
0.244 0.506 0.229 -0.014
0.022 0.701 0.028 -0.090
0.291 -0.196 -0.195 0.081
-0.188 -0.115 0.387 0.331
0.144 0.363 -0.421 0.508
-0.007 0.110 0.625 0.117

Values in bold indicate the traits that were decisive in genotype differentiation.

drought and irrigated conditions; and the nodule biomass and
nodules number under drought conditions. Under irrigated
conditions, differences were due to the efficiency of
photosystem II and leaf temperature. In the fourth
component, the main traits were: stem diameter under drought
and irrigated conditions and leaf temperature under drought,
stem diameter and nodule number under irrigated conditions.
In the fifth component, the main traits were the SPAD
readings and stem diameter under drought and irrigated
conditions, respectively (Table 5).

Eftect of CT under drought and irrigated conditions

The PCA showed that under drought and irrigated conditions,
the first five components represented 82% and the 79% of the
total variance, respectively (Table 6). Under drought
conditions, the first component accounted for 42% of the
variance, the second 13 %, the third 11%, the fourth 9% and
the fifth 7%, while under irrigated conditions, the first
component accounted for 30% of the variance, the second
22%, the third 11%, the fourth 10% and the fifth 6%. The
dominance of these five components suggests that they
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contain the main variables that discriminate the genotypes
evaluated under drought and irrigated conditions (Table 6).
The traits that separate genotypes in the first component
included shoot biomass, pod biomass, pod number and seed
number under drought and irrigated conditions, and seed total
biomass under drought conditions. The traits that contributed
most to the discrimination in the second component were:
100-seed biomass under both drought and irrigation, stem
biomass; and total seed biomass under irrigated conditions. In
the third component, the separation of genotypes was mainly
due to the nodule biomass and nodule number under drought
and irrigated conditions. In the fourth component, the main
traits were: leaf temperature under drought and irrigated
conditions and the stem diameter under drought conditions.
Under irrigated conditions, the main traits were root biomass,
leaf stomatal conductance and the efficiency of photosystem
IL. In the fifth component the main traits were: root biomass
and stem diameter under drought and irrigated conditions,
respectively (Table 6).



Discussion

In all experiments the stress treatments (high temperature and
drought) were effective as all genotypes performed less well
under these stresses compared to control conditions. The
treatments were also effective in discriminating between good
petforming and poor performing lines in stress treatments,
with the mutant line CMT 38 showing supetior characteristics
in pods/plant and pod biomass/plant compared to its parental
line G40068 and other mutant lines.

There ate three main points for discussion: (i) Why is it
important to induce mutations in tepary? (ii) Which novel traits
are sought from mutagenesis in tepary bean? and (i) How
would the mutant lines be used in a breeding programme for
tepary and /or common bean improvement? On the first
point, although genetic variability among tepary wild
accessions is high (Mufoz et al., 2006; Blair et al., 2012), these
are in general more heat and drought tolerant, they also show
agronomic disadvantages such as

indeterminate growth habit and very small seeds. The chemical
mutagen (EMS) was used in this study to obtain variability in
the cultivated accessions (Mufloz et al, 2013). The
introduction of characteristics, such as an indeterminate erect
growth habit, is necessary in the case of large-scale production,
to facilitate mechanical harvesting and mechanical weed
removal. This growth habit was also obtained in common
beans, using breeding and screening, because it does not exist
in traditional varieties. In terms of seed colour, it would
probably be necessary to introduce a uniform red seed colour,
the colour preferred by the consumers of Central America. On
the second point, in the first generations of the mutant
populations, lines with deleterious phenotypic variations were
observed: dwarf plants, plants with apparent virosis, yellowing,
or sterile plants. The selection of mutant lines, presenting
desirable characteristics: plants with a determinate growth
habit and/or a larger seed size, was catried out, through the
generational development of the mutant lines (data not
shown). In the present study, the CMT 38 and CMT 187 tepary
mutant lines had larger seed size, as reflected by their higher
values of 100-seed biomass, compared to the original
accessions (G40068 and G40159) under CT conditions (Table
1). Gwata et al., 2016 showed that genotype does not affect
seed size of three mutant tepary bean genotypes. The seed size
was smaller, as compared to that reported for tepary in other
studies. The analysis of a common bean variety and its 34
NaNj;-induced mutants (Mg generation) showed that the seed
yield and yield components differed among the 34 common
bean mutants (Wang et al., 2010).

Heat and drought reduce yield and quality and restrict the
geographic adaptation of common beans (Rainey and
Griffiths, 2005; Beebe et al., 2008). The HT treatment applied
to common bean genotypes reduced the yield components:
seed number, pod numbet, mean seed weight and seeds/pod
(Rainey and Griffiths, 2005b). In contrast, tepary accessions
that produce substantial numbers of pods and seeds under very
HT conditions or drought were reported (Rainey and Griffiths,
2005; Rao et al., 2013; Polania et al., 2016). The mutant lines
evaluated here under HT and drought conditions, showed a
yield higher or comparable to the original accessions G40068
and G40159. This indicates that screening based on
morphological traits is useful and not detrimental to seed yield
and yield components. G40068 and G40159 were outstanding
in their adaptation to terminal drought stress. The superior
performance of these accessions was associated with their
ability to mobilize photosynthates from leaves and stems to
developing grains. Tepary was superior to common bean in
combining several desirable traits that conttribute to adaptation
to terminal drought stress (Rao et al., 2013). Under rainfed
conditions, these two accessions yielded more than any elite
line or accession of P. vulgaris under terminal drought, thus
demonstrating the advantages that this species has over P.
vulgaris under terminal drought stress (Rao et al., 2013, 2017).
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The PCA analysis under heat and drought conditions of all
traits evaluated showed that the four first components (CP1,
CP; CP; CPy) represented 73% of the total variance under HT
conditions (Table 4). The SPAD readings appeared to explain
the vatiance in the PCA under HT but not undet CT. Three
variables: root biomass, stem diameter and biomass do not
explain the variance in the analysis performed under HT or CT.
But these variables appear to explain the variance in the PCA
analysis, when the drought or irrigated conditions of the
experiment were considered under HT and CT conditions
(Tables 5 and 6). This indicates that these traits can be used to
select better adapted genotypes under drought conditions. A
greater capacity to develop roots that go deep into the soil can
provide a better adaptation to conditions of water
stress (White and Castillo, 1992; Polania et al., 2009, 2016).
There is a direct correlation between drought and heat stresses,
since during heat stress water availability can be at a deficit
caused by the high temperature (Omae et al., 2012). It is
necessary to identify specific morpho-physiological traits that
contribute to improved resistance to combined stresses of heat
and drought in beans, and that could be useful as selection
criteria in breeding.

On the last point, how would the mutant lines be used in a
breeding programme for tepary and/or common
beans? These genetically stable mutant lines, which were
selected for their phenotypic characters, and/or for theit
tolerance to HT and drought, could have two possible uses in
a bean breeding programme. First, these mutant lines could be
included in interspecific crosses, between P. wulgaris and P.
acutifolius, to try to introgress these physiological characteristics
to common bean. Second, they could be used for the
improvement per se of the species P. acutifolius.

Materials and methods

Plant materials

We evaluated two accessions of tepary bean, P. acutifolius A.
Gray (G400068 from Arizona, USA and G40159 from Sonora,
Mexico, and three mutant Mg lines (CMT 38, CMT 109 and
CMT 187), which were uniform and genetically stable. The
mutant line CMT 38 was obtained from the G40068 accession,
while CMT 109 and CMT 187 mutant lines were obtained from
the G40159 accession. . These mutant lines were selected based
on two key traits: large seed size and/or a determinate growth
habit and supetior yield from previous experiments, where Ms
mutant lines were evaluated under drought and high
temperature conditions in greenhouse tests (data not shown).
The evaluated tepary mutant lines were obtained from a
protocol established by Mufioz et al. (2013), using ethyl
methane sulfonate (EMS).

Experimental conditions

The experiments were conducted at the International Center
for Tropical Agriculture (CIAT) in Palmira, Colombia, located
at latitude 3° 29" N, longitude 76° 21' W and 965m above sea
level.

Two experiments were conducted simultaneously in two
separate greenhouses, to evaluate the Mg mutant lines and the
two tepary parental (Mo) accessions (G40068 and G40159) to
high temperature and drought stress conditions. Experiment 1
was carried out with a high temperature treatment (HT) in a
greenhouse. Experiment 2 was carried out at normal (control
temperature) conditions (CT) in another greenhouse. Both
experiments included three replicates and were conducted
using pots with a Mollisol soil from Palmira. The seeds were
germinated in wet paper towels and uniform seedlings were
selected for transplanting into pots. The plants of each
accession and of the mutant tepary lines from the two
experiments were inoculated at 10 days after sowing with
Rhbizobinm tropici (strain CIAT 899) or Bradyrbizobim spp. (strain
CIAT461) as is normal practice. To obtain high temperature



conditions and simulate the changes in temperature between
day and night, conditions in the greenhouse were modified
using heaters, ventilation and thermostats. The HT treatment
was set at 2915 °C during the day and >24 °C during the night,
with an average relative humidity of 65%. The maximum
day/night temperatures of the greenhouse for normal
conditions (CT) were set at day/night of 30°C /20°C. Data on
relative humidity and temperature were monitored with
thermo-hygrometers that registered the parameters every 15
minutes. The mean and minimal/maximal temperatures were
calculated per day.

Plants were grown in optimal conditions of soil moisture (80%
field capacity) for 10 days and were then submitted to their
respective treatment with soil moisture, either at 80% field
capacity (irrigated) or 40% (drought). In both cases, the pots
were weighed twice a week and water was added to bring back
the required moisture level.

Measurement of shoot and root morpho-physiological
characteristics

Plants were harvested between 80 to 86 days under drought
and at 100 days under irrigated conditions. At the mid-pod
filling growth stage, the following non-destructive
measurements were made: leaf chlorophyll content of fully
expanded leaves was measured using a non-destructive, hand-
held chlorophyll meter (SPAD-502 chlorophyll metre, Minolta
Camera Co., Ltd., Japan). The principle is based on the
difference in light attenuation at wavelengths 430 and 750 mm.
From the difference in light attenuation, a numerical SPAD
(Soil-Plant Analysis Development) unit, ranging from 0 to 80,
is calculated by the microprocessor in the SPAD-502
chlorophyll metre. The efficiency of photosystem II (QY) in
leaves adapted to light (Fv'/Fm') was also determined. The
stomatal conductance (mmol m=2 s1) was measured with a
portable leaf porometer (Deacagon SC-1) on a fully expanded
young leaf of one plant within each replication. Measurements
were made late in the morning (10 am -12 noon) on clear and
sunny days. The leaf temperature was measured with an infra-
red thermometer (Telatemp AG-42D, Telatemp Co, US). At
the time of harvest, plants were cut at soil level and dry weights
of different shoot biomass components (stem, leaves, pod
biomass and pod number, seed number, seed biomass petr
plant) were recorded. The roots of each pot were washed free
of soil. Root weight per plant was determined after the roots
were dried in an oven at 60 °C for 48h.

Statistical analysis

A separate analysis was conducted for each experiment. The
sources of variation within each experiment were: replications
and genotypes. All data were analyzed using SAS software (v.
9.2). Values marked with * or ** are statistically significant at
probability levels of 5% and 1%, respectively. The mean values
were compared with the Duncan test. A Principal Component
Analysis (PCA) was performed on the measured variables and
was based on Pearson correlation matrix and Euclidean
distances. Eigen values for all principal components (PC) were
shown. Eigen vectors generated by the PCA were used to
identify parameters that best differentiated the genotypes in
each experiment.

Conclusion

Mutation induction in G40068 and G40159 cultivated tepary
accessions, increased the genetic variability in morpho-
physiological characteristics of the species. In addition, the
CMT 38, CMT 109 and CMT 187 mutant lines showed seed
yield values per plant comparable to or higher than that of the
original accessions, under heat and drought conditions. The
identification of four key plant traits in the PCA analysis
(SPAD readings, seed biomass, 100-seed biomass and seeds
number) explained a major part of the variance under heat and

67 | Page

drought conditions, and suggests that these traits and two
others (root biomass and stem diameter, identified from the
univariate analysis) could be incorporated into tepary breeding
programmes as sclection criteria to screen the tepary
accessions and their mutant lines, for combined tolerance to
heat and drought stresses.

Mutation breeding has potential to generate phenotypic and
genotypic variations in tepary bean that can be exploited by
plant breeders in the development of new cultivars with
improved adaptation to heat and drought stress.
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Abstract

This study evaluated mutant lines developed from two cultivated species of upland rice, Oryza sativa, and Oryza glaberrima, in field
experiments conducted during the hot and dty seasons of 2014/2015 in Morogoro, Tanzania. The growth yield and yield components
of 34 and 14 Gamma induced mutant upland rice lines developed from O. sativa (Kihogo red) and O. glaberrima were evaluated,
respectively. The mutant lines were selected based on variable expression of heat shock protein genes (HSPs) in previously conducted
heat tolerance studies. The minimum and maximum temperatures and rainfall during the field performance experiment were measured
between 20 °C and 35 °C, and 32.7 mm and 155.5 mm, respectively. The data for 12 yield and yield component parameters such as days
to early and 50% flowering, days to physical maturity, plant height, number of tillers, number of panicles, spikelets, filled grains, unfilled
grains and 1,000 grain weights were collected and analysed using ANOVA and Principal Component Analysis. Significant differences
(P=0.05) were obtained among the mutant lines in terms of grain yield, spikelet sterility and other variables, which were further used as
criteria for selection of heat and drought tolerant rice lines. Eight heat and drought tolerant mutant rice lines with high yields (over 3.5

ton/ha) and low spikelet sterility were selected for further advancement in breeding programmes.

Key Words: Oryza sativa, Oryza glaberrima, heat tolerance, mutant lines, growth, yield and yield components.
Abbreviations: Heat tolerant (HT), Heat Shock Proteins (HSPs), Kihogo Red (KR), International Atomic Energy Agency (IAEA)

Introduction

Rice is a staple food for more than half of the world’s
population, mostly living in developing countries, and is the
leading cereal crop worldwide (Fageria et al., 2011). Climate
changes due to global warming have negative and significant
effects on rice production, particularly on its growth,
development, and yield. Zhang et al. (2013) stated that extreme
climate change associated with high temperature occurs more
frequently and with longer duration in several rice production
regions, worldwide. Increase in global temperature results in
damage on growth and development of rice crops (Manneh et
al., 2007).

Heat stress causes significant alterations in plant growth,
development and physiological processes (Hasanuzzaman et
al,, 2013). High temperature has influence on almost all rice
growing stages, especially, booting, flowering, and grain filling
petiods in many rice production regions; hence, plant growth,
development, grain quality and yield are negatively affected
(Ranga et al., 2011; Aghamolki et al., 2014). Zhang et al. (2013)
reported that an increase in temperature of about 1 — 2 ° C
above the optimum level during the reproductive stage results
in shortening the grain filling petiod, with negative effects on
yield and yield components in rice as well as in other cereal
crops. As part of the strategies for adaptation and/or
mitigation of yield reduction due to climate, concerted efforts
to develop climate proof cultivars that stabilize yield have been
set up. Heat tolerant (HT) mutant rice lines were developed
through mutation induction using Gamma irradiation (Yona,
2015). Subsequent mutant generations were subjected to
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extreme heat stress and survived plants were selected for
further field evaluation.

Tolerance to heat and drought stress in plants, including rice,
is a complex phenomenon and controlled by multiple gene loci
imparting a number of physiological and biochemical changes
in plant cells (John, 2001). Plants exposed to stress parameters
may sutvive by creating signals for changing their metabolism
(John, 2001). The protection system may involve heat and
drought resistance mechanisms that are associated with
synthesis and accumulation of specific cell components known
as heat shock proteins (HSPs) (John, 2001). The response of
HSPs allows rice plants to become more tolerant to stress
parameters including heat and drought (Chang et al., 2007).
Several molecular plant breeding approaches have been
proposed to identify the genes related to agronomic traits for
rice improvement. Use of these approaches for evaluation of
yield and yield component are on the verge of becoming
important in terms of measuring response of a rice genotype
to heat and drought stressed environments (Garge et al., 2012).
The main objective of this study was to evaluate the growth,
yield and yield components of the HT mutant rice lines based
on their field performance tests.

Results

Evaluation of the HT mutant rice lines: their growth
performances, yield and yield components

The variables considered for evaluation of the lines generated
from parental rice genotypes, cv. Kihogo Red (O. sativa), CG
14 (O. glaberrima), WAB 56_50 (O. sativa) and WAB 56_104 (O.
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sativa) were as follows; days to eatly flowering, days to 50 %
flowering, days to 85 % physical maturity, plant height, number
of tillers per plant, panicle number per plant, spikelets per
panicle, filled grains per panicle, unfilled grains per panicle,
1,000 grains weight and grain yield. These variables were
scored at different growth stages of the mutant lines during hot
and dry field conditions. Vegetative, reproductive (booting and
flowering) and maturity stages wete the critical periods in this
study. Collected data for lines derived from each genotype
regarding the high temperature stress parameters are explained
in the following sections.

Flowering rates (early and 50 %), physical maturity rates
(85 %), plant height and panicle length

The mean variations of the mutant rice lines on days to eatly
flowering, 50 % days to flowering, physical maturity (days to
85 %), plant height and panicle length are given in Table 1. The
data related to days to early flowering are also presented in
Figure 1A. There were significant differences (P<0.05) among
the genotypes for days to early flowering and plant height
parameters (Table 1, Figure 1A). However, the difference in
days to 50 % flowering and days to 85 % physical maturity and
panicle length were not significant (Table 1). Among the lines,
both CG 14_16_1 and WAB 56_50_56_2 was observed to
have a short duration as ‘74 days’ from sowing date to the first
flowering, while KR 38_1 line had a longer period,108 days
from sowing to the first emerged flower (Table 1). A shorter
duration of 81 days for 50 % flowering was observed for WAB
56_50_98_1 line; however, the longest duration was observed
for KR 38_1 line, 125 days. In terms of physical maturity, both
WAB 56_50_97_4 and WAB 56_50_127_5 lines required 98
days to reach physical maturity after sowing; however, the KR
38_1 line had a longer period of 149 days to attain 85 %
physical maturity (Table 1).

Number of spikelets, tillers number, panicle number,
filled grains and unfilled grains per plant

There were highly significant differences (P<0.05) among
parameters for average number of spikelets per panicle,
number of tillers per plant, panicle number per plant, filled and
unfilled grains per panicle per plant among all mutant lines
(Figure 1B, C, D and E). The highest number of spikelets per
panicle was observed for CG 14_16_1 line (13 spikelets), while
the lowest number was measured both in WAB 56-104 Control
and CG 14_20_1 lines (nine spikelets) (Figure 1D). A high tiller
number per plant was observed for WAB 56_104_150_2 line
(33 tillers); however, the lowest number of tillers was identified
in CG 14_16_1 line (six tillers) (Figure 1B). Similarly, the
highest number of panicles was observed both for WAB 56-
104 (control) and WAB 56_104_150_2 lines (27 panicles), but
the lowest numbers were measured among several lines
including CG 14_63_1 (Figure 1E). The highest number of
filled grains per plant was observed in WAB 56_50_51_1 (759
grains) among mutant lines, while the least filled grains per
plant was counted as 122 grains in WAB 56-104 control line
(Figure 1C). Moreover, the lowest number of unfilled grains
among all lines were measured as 74 in WAB 56_50_127_5.
Data on number of tillers per plant, filled and unfilled grains in
panicles per plant, number of panicles per plant and number
of spikelets per panicle are presented in Figures 1B, C, D and
E, respectively.

Grain yield, 1,000 grain weight, and spikelet sterility

The average data for the variations in gtrain yield (t/ha), 1,000
grains weight (g) and spikelet sterility (%) among mutant rice
lines are given in Table 2. Significant differences were observed
for grain yield and spikelet sterility; however, no significant
difference was identified among the mutant lines in terms of
1,000 grain weight at P<0.05 level (Table 2).

The average data related to 1,000 grain weight, grain yield and
sterility rate among the analysed mutant lines are presented in
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Figure 2A, B and C, respectively. The highest average grain
yield was obsetved for CG 14_63_1 and CG 14_16_1 line as 6
and 5 t/ha, respectively; while the lowest grain yield was
measured as 2 t/ha both in WAB 56_50_123_3 and WAB
56_50_127_5 lines (Figure 2B). The highest 1,000 grain weight
was observed for WAB 56_104_36_1 line (33g), and the lowest
was identified in KR 27_1 line (25g) (Figure 2A). The WAB
56_50_141_1 line howevet, showed the lowest sterility rate as
9% (Figure 2C).

Analyses of growth performance yield and yield
components among the WAB 56_50 mutants and control
lines

Some of the comparative values for the irradiated (mutants)
and non-irradiated (control) WAB 56_50 rice lines are given in
Figure 3. When the mutants generated from WAB 56_50 were
compared with its control lines, the average values for
parameters of days to early flowering, days to 50% flowering,
plant height, panicle number per plant, spikelet per panicle,
filled grains and unfilled grains per panicle, 1,000 grain weight
and grain yield were observed to be higher in mutant rice lines.
However, the number of tillers per plant was the same, and the
average values of spikelet sterility (panicle sterility) and days to
physical maturity were low in mutant rice lines as compared to
the control (Figure 3).

Analysis of growth performance yield and yield
components among the WAB 56_104 mutants and control
rice lines

Some of the comparative data for the irradiated (mutants) and
non-irradiated (control) WAB 56_104 rice lines are presented
in Figure 4. When the mutants were compared with control
lines, the average values for days to eatly flowering, days to
physical

maturity, plant height, panicle number per plant, filled and
unfilled grains per panicle, 1,000 grain weight and grain yield
were measured higher in mutant rice lines as compared to the
WAB 56-104 control (Figure 4). However, the data for spikelet
sterility (panicle sterility) and days to physical maturity were
high in non-mutant rice genotype as compared to HT mutant
rice lines, except for the number of days to 50 % flowering and
spikelets/panicle were observed as the same among HT
mutant and control lines (Figute 4).

Analysis of growth performance yield and yield
components among the CG 14 mutants and control rice
Iines

The comparative values for the irradiated mutants and non-
irradiated control CG 14 rice lines are given in Figure 5. The
average values for parameters of days to eatly flowering, days
to 50 % flowering, days to physical maturity, plant height,
spikelets/panicle, filled grains, bird loss (%) and gtrain yield
were observed to be higher in CG derived mutant lines as
compared to non-mutant control genotype. The unfilled
grains/panicle and spikelet sterility parameters were low in
mutant rice lines when compared with its control. However,
the panicle number per plant and 1,000—grain weight
parameters were observed to be the same both in mutant lines
and control rice genotypes (Figure 5).

Analysis of growth performance yield and yield
components among the Kihogo red (KR) mutants and
control rice lines

The comparative values for the irradiated and non-irradiated
Kihogo red (KR) rice lines are presented in Figure 6. The
average values for the parameters of plant height, filled grains
per panicle, 1,000 grain weight and grain yield in mutant rice
lines were high, when compared with non-irradiated control
genotype.



Table 1. The mean variations of the mutant rice lines on days to eatly flowering, 50% days to flowering, physical maturity (days to

85%), plant height and panicle length.

Rice line 50%
days to flowering

KR 27_1 95de 104c
KR 38_1 108ef 125d
CG14_16_1 74a 852
CG14_20_1 77abc 82a
CG 14_58_1 81cd 89ab
CG14_61_3 79abcd 87ab
CG14_63_1 77abc 88ab
CG 14_63_2 77abc 82a
WAB 56_104_36_1 81cd 89ab
WAB 56_104_141_1 81bcd 97b
WAB 56_104_141_2 78abcd 852
WAB 56_104_141_3 75abc 83a
WAB 56_104_150_2 77abc 84a
WAB 56_50_51_1 76abc 80a
WAB 56_50_56_1 80abcd 89ab
WAB 56_50_56_2 74a 82a
WAB 56_50_74_1 77abc 852
WAB 56_50_82_1 77abc 83a
WAB 56_50_85_2 79abcd 852
WAB 56_50_85_3 76abc 86ab
WAB 56_50_97_2 76abc 84a
WAB 56_50_97_3 77abc 84a
WAB 56_50_97_4 75ab 87ab
WAB 56_50_98_1 75ab 81a
WAB 56_50_98_3 77abc 91ab
WAB 56_50_123_1 75abc 84a
WAB 56_50_123_2 75ab 792
WAB 56_50_123_3 84d 86ab
WAB 56_50_127_3 78abc 82a
WAB 56_50_127_5 80bcd 852
WAB 56_50_135_1 75abc 81a
WAB 56_50_141_1 80abcd 852
WAB 56_50_141_2 79abcd 852
WAB 56_50_152_3 81cd 86ab
KR control 109f 122b
CG 14 Control 80bcd 91ab
WAB 56-104 Control 78abcd 84a
WAB 56-50 Control 76abc 83a
Grand mean 78 85

S.E 3.106 6.04
CcvV 4.0 7.1

Days to 85% Plant Panicle length
Maturi i
147d 130gh 23abcd
149d 131g 21abc
108abc 104abcde 21abc
104abc 105abcde 23abcd
109abc 113cdef 21abc
110abc 114ef 35bcd
100ab 100ab 20ab
107abc 952 22abcd
109abc 114ef 20ab
108abc 109bcdef 25abed
106abc 110bcdef 21abc
107abc 109bcdef 24abcd
107abc 108bcdef 24abcd
106abc 101abc 36d
108abc 113def 20ab
111bc 99ab 21ab
110abc 118f 25abcd
111bc 107bcdef 21ab
105abc 106abcde 23abcd
111bc 114ef 22abc
113c 106abcde 23abcd
110abc 110bcdef 21ab
98a 103abcde 21ab
111bc 104abcde 21ab
108abc 108bcdef 22abcd
106abc 103abcde 22abcd
104abc 104abcde 22abc
111bc 108bcdef 20ab
108abc 104abcde 22abcd
98a 108bcdef 21ab
109abc 101abced 21ab
105abc 112cdef 25abcd
109abc 104abcde 20a
108abc 103abcde 36cd
148d 127fg 109f
106abc 113cdef 21abc
107abc 110bcdef 23abcd
106abc 103abcde 22abc
107 107 23
6.131 6 7.3
5.7 5.6 31.6

*Figures followed by the same letter (s) in columns are not significantly different at P< 0.05 according to DMRT.

In contrast, days to early flowering, days to 50 % flowering,
panicle length, spikelets per panicle, unfilled grains per panicle,
bird loss and spikelet sterility parameters were observed to be
low in mutant rice lines when compared with the control lines.
The number of tillers per plant, panicle number per plant and
days to physical maturity values; however, were the same
among irradiated mutants and non-irradiated control lines
(Figure 6).

Principal Component Analysis

A Principal Component Analysis (PCA) was performed to
compare all the genotypes with their controls and to identify
the major traits which contribute to the variations observed for
heat tolerance in the lines tested (Figure 8). The first
component accounts for 47.76 % of the variation and the
second 20.68%, The cumulative variance accounting for 68.46
% of the total variation. The PCA plot is given in Figure 8; and
as it can be seen that most genotypes cluster are together. The
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outliers are: the KR lines (KR control and its mutant lines
KR27_1 and KR38_1), WAB56_50_74_1, WAB56_104_36_1
and CG14-63-1. The PC1 axis separates the three KR
genotypes from the rest of genotypes (mainly yield component
traits), whereas WAB56_50_74_1, WAB56_104_36_1 and
CG14_63_1 are separated from the More detailed
comparisons of mutants with their respective patents are made
in individual trait analyses (ANOVA). grown in several highly
populated countries including China, India, Indonesia,
Malaysia, Philippines, Taiwan and etc. Unlike Oryza sativa rice
species, Oryza glaberrima is grown in limited areas in the world.
However, this African rice species contains many unique and
useful traits such as heat and drought tolerance, pest and
disease resistance, weed competitiveness, and the ability to
grow under low input conditions (Sarla and Mallikarjuna,
2005). Furthermore, Oryza glaberrima is a potential source of
genes to enhance eating, cooking, and milling properties of rice
grain.
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Fig 1. Identified data for some of the growth components of the evaluated mutant rice lines (A) Number of days to 50% flowering,

(B) The average number of tillers, (C) filled grains, (D) spikelets, and (E) panicles of rice mutant lines ordered from the lowest to the

highest.
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Table 2. The mean summary for variations of mutant rice lines on grain yield (t/ha), 1,000 grains weight (g), spikelet sterility and bird

loss percentage.

Grain yield (t/ha)

KR 27 1 3.4a
KR 38_1 6.52
CG 14_16_1 Te

CG 14_20_1 3abc
CG 14_58_1 Te

CG 14_61_3 5cd
CG 14_63_1 8e

CG 14_63_2 6de
WAB 56_104_36_1 3abc
WAB56_104_141_1 3abc
WAB 56_104_141_2 4bc
WAB 56_104_141_3 3ab
WAB 56_104_150_2 2ab
WAB 56_50_51_1 3abc
WAB 56_50_56_1 2ab
WAB 56_50_56_2 3ab
WAB 56_50_74_1 3ab
WAB 56_50_82_1 3ab
WAB 56_50_85_2 3abc
WAB 56_50_85_3 3abc
WAB 56_50_97_2 3ab
WAB 56_50_97_3 2ab
WAB 56_50_97_4 3ab
WAB 56_50_98_1 2ab
WAB 56_50_98_3 3ab
WAB 56_50_123_1 3ab
WAB 56_50_123_2 3ab
WAB 56_50_123_3 22

WAB 56_50_127_3 2ab
WAB 56_50_127_5 2a

WAB 56_50_135_1 2ab
WAB 56_50_141_1 3abc
WAB 56_50_141_2 2ab
WAB 56_50_152_3 2ab
KR control 3.7a
CG14 Control 6de
WAB 56_104 Control 2ab
WAB 56_50 Control 3ab
Grand mean 3

S.E 0.92
CV 28.4

1,000 grain wt. (g) Spikeletsterility (%o)
25a* 50.7a
31b 43.6a
28abc 21abc
29abcd 26bc
28abc 18abc
30abcd 14abc
29abced 22abc
28abc 19abc
33d 14abc
30abcd 13ab
30abcd 14abc
30abcd 18abc
29abc 11a
31bcd 14abc
30abcd 15abc
26a 17abc
31lcd 13ab
30abcd 16abc
29abc 19abc
29abcd 17abc
30abcd 20abc
28abc 17abc
29abced 23abc
27abc 28c
30bcd 19abc
31bcd 20abc
31bcd 19abc
30abcd 15abc
29abcd 21abc
27abc 22abc
28abc 20abc
31bcd 9a
29abced 26bc
27ab 11a
27a 48.9a
29abcd 17abc
31cd 12ab
28abc 19abc
29 18
1.95 7.12
6.6 40.3

*Values followed by the same letter (s) in columns are not significantly different at P< 0.05 according to DMRT.

Oryza glaberrima and Oryza sativa breeding programmes resulted
in several positively inbreed lines including traits such as
adaptation to difficult West African conditions with high yield,
resistance to drought, and pest and diseases (Sarla and
Mallikarjuna, 2005). The main hindrance in the use of Oryza
Glaberrima as a germplasm is its incompatibility in pollination
with Oryza sativa; however, this obstacle has been overcome by
generating fertile progeny from Oryza sativa X Oryza glaberrima

crosses. Therefore, new inbreed lines presented a broader
range of germplasm for rice breeders (Dingkuhn et al., 1998).

Of the 34 mutant lines used in this study, 28 were generated
from Oryza sativa (two from KR, five from WAB 56_104 and
21 from WAB 56_50 genotypes) and six from Oryza glaberrima
(from CR 14 genotype) (Table 3). Comparison of the 12 yield
and yield component parameters of these mutant lines revealed
that Oryza glaberrima derived CR 14 genotyped mutant lines
showed better performance than the Oryza sativa derived KR
genotyped mutant lines, and almost the same performance
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with WAB 56_104 and WAB 56_50 genotyped mutant lines in
terms of days to early and 50 % flowering, days to physical
maturity, plant height, filled grains, 1,000—grain weight and
grain yield parameters (Figure 3, 4, 5 and 6). These mutant lines
trom Oryza glaberrima present a unique opportunity to African
breeders as novel germplasm for future breeding programmes.
Interestingly, the PCA plot (Figure 8) did not separate the O.
oryza genotypes from the O. glaberimaa genotypes (they
clustered together), however, the tall KR (O. Sativa) genotypes
were separated (Fig. 8).

Discussion

Differences between Oryza sativa and Oryza glabertima

Two main rice species, Oryza glaberrima and Oryza sativa, and
their four different genotypes, cv. Kihogo Red, WAB 56_50,
WAB 56_104 (Oryza sativa) and CG 14 (Oryza glaberrima) were
used as plant materials in the study.
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Fig 2. Yield and yield components of the evaluated mutant rice lines (A) 1,000 grain weight (g), (B) grain yield (t/ha), and (C)

spikelet sterility of rice mutant lines.

Eftects of induced mutations on growth performance of
the HT mutant rice lines

The evaluation of the effects of induction mutation on growth
performance of the HT mutant rice lines was accomplished by
assessing the parameters of plant height, panicle length, days
to early flowering, days to 50% flowering and days to 85%
physical maturity. Days to early flowering and plant height
parameters revealed significant differences; however, no
significant difference was observed for panicle length, days to
50 % flowering and days to 85 % physical maturity. The
induced mutations may have positive or negative effects on
plant growth characteristics. The results indicate that the
mutant lines had better field performances than their parental
lines in terms of growth.

The mutant rice lines flowered earlier than the control lines
indicating that they are adapted to short growing periods and
this adaptation may assist in overcoming high temperature
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stress. Thus, the flowering and fertilization processes will not
be affected by high temperature (Matsui et al., 2001). During
the reproductive stage, high temperatures negatively affect
flowering, pollination, grain filling and pollen production
leading to spikelet sterility and low grain yield (Matsui et al.,
2001; Ranga et al., 2011; Aghamolki et al., 2014). Jiang-lin et
al. (2011) and Norvie et al. (2014) stated that the plant growth
parameters of heat-susceptible-rice-genotypes can  be
negatively affected by high temperature at all growth stages as
compared to HT rice. High temperature stress (above
optimum levels) is also expected to affect development and all
growth stages of the heat susceptible genotypes, and to
decrease grain quality and yield (Shah et al., 2011). Therefore,
use of the HT rice may help to improve rice production.



Table 3. HT mutant upland rice lines with modified
expression of HSPs.

Sample ID  Mutant rice line Species ‘

1 KR 27_1 O sativa
2 KR 38_1 O sativa
3 CG 14 _16_1 O. glaberima
4 CG 14_20_1 O. glaberima
5 CG 14_58_1 O. glaberima
6 CG 14 61_3 O. glaberima
7 CG 14 _63_1 O. glaberima
8 CG 14_63_2 O. glaberima
9 WAB 56_104_36_1 O sativa
10 WAB 56_104_141_1 O sativa
11 WAB 56_104_141_2 O sativa
12 WAB 56_104_141_3 O sativa
13 WAB 56_104_150_2 O sativa
14 WAB 56_50_51_1 O sativa
15 WAB 56_50_56_1 O sativa
16 WAB 56_50_56_2 O sativa
17 WAB 56_50_74_1 O sativa
18 WAB 56_50_82_1 O sativa
19 WAB 56_50_85_2 O sativa
20 WAB 56_50_85_3 O sativa
21 WAB 56_50_97_2 O sativa
22 WAB 56_50_97_3 O sativa
23 WAB 56_50_97_4 O sativa
24 WAB 56_50_98 1 O sativa
25 WAB 56_50_98_3 O sativa
26 WAB 56_50_123_1 O sativa
27 WAB 56_50_123_2 O sativa
28 WAB 56_50_123_3 O sativa
29 WAB 56_50_127_3 O sativa
30 WAB 56_50_127_5 O sativa
31 WAB 56_50_135_1 O sativa
32 WAB 56_50_141_1 O sativa
33 WAB 56_50_141_2 O sativa
34 WAB 56_50_152_3 O sativa
35 KR Control O sativa
36 CG 14 Control O. glaberima
37 WAB 56_104 O sativa
Control

38 WAB 56_56 Control O sativa

40

35 BWAB 56_50 Non mutant

Fig 3. Comparison of growth yield and yield component
values of mutant lines with their non-mutant control rice line

both generated from the WAB 56_50 genotype (the Y axis is
the proportion of significant mean performance of each
variable derived from analysis of variance).
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Effects of induced mutations on number of tillers, panicle
number, number of spikelets, filled grains and grain yield
in mutant rice lines

The current study revealed that there were significant
differences (at P<0.05 level) among the parameters: number of
spikelets per panicle, number of dllers/plant, panicle
number/plant, filled and unfilled grains/panicle/plant among
lines (Table 2).

The results of HT mutant rice lines indicated that such
mutations were associated with increased number of tillers,
number of panicles, number of spikelets and number of filled
grains/plant. The Oryza glaberrima lines seemed to perform
better than Oryza sativa; however, Oryza glaberrima derived
genotypes used in mutation had undesirable logging
characteristics beside their higher vyields. Therefore, we
discarded them in the selection process.

These findings were in agreement with Cheema and Atta
(2003), where an increase in the number of reproductive
tillers/plants also resulted in an increase in panicle
number/plant and spikelets/plant, and thus grain yield.
Furthermore, De Datta (1975) findings confirmed that tillering
was a major factor determining rice yield. Surek and Beser
(2003) reported that there was a positive relation between grain
yield/plant and yield components; total spikelets/panicle, filled
grains/panicle and 1,000 grain weight. An increase in these
yield components also increased grain yield of the mutant rice
lines as well as their productivity under heat and drought
stresses. Surek and Beser (2003) also suggested that individual
yield components might contribute valuable information in
rice breeding for yield. In general, an increase in yield
components also resulted in increase for grain yield among all
the HT mutants as compared to control rice lines.

The eftects of induced mutations on grains yield, 1,000
grain weight and percentage spikelet sterility in mutant
upland rice lines

The results showed that there were significant differences
among all rice lines in terms of grain yield and spikelet sterility;
however, no significant difference was observed among lines
for 1,000 grain weight at P<0.05 level (Table 2). Surek and
Beser (2003) stated that effects of mutations may contribute
alterations in tye number of tillers/plant, number of
spikelets/panicle, number of panicles/plant and filled grains;
hence, they were directly associated with higher grain yield.
Similarly, our study revealed that the grain yield was higher in
all HT mutant rice lines than the parental control genotypes.
These outputs indicate that heat tolerant mutant rice lines are
better able to tolerate heat stress and they show higher
performance in terms of production capacity. The spikelet
sterility rates identified for both Omza sativa and Oryza
glaberrima driven mutants were observed to be very low among
all evaluated HT mutant rice lines as compared to controls
(Table 3). The main reasons to obtain these results are their
ability to sustain plant growth even under heat and drought
stress and to produce more filled grains than unfilled grains.
Hence, the selected mutant rice lines are highly tolerant to heat
and drought stress. Indeed, Porter and Semenov (2005) and
Mahmood et al. (2010) reported that both grain number and
grain yield in many temperate cereal crops, and as well as in
rice, seemed to be affected by heat stress, and the decline in
grain yield was directly proportional with increasing
temperatures during flowering and grain filling stage among
heat susceptible rice genotypes. The high temperature (35°C)
during panicle development, heading and flowering stages also
cause a high percentage of spikelet sterility in heat susceptible
rice varieties (Shah et al., 2011; Wopereis et al., 2008; Sheehy
et al,, 2005).
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Figure 4. Comparison of yield and yield component values of
mutant lines with their non-mutant control rice line both
generated from WAB 56_104 genotype (the Y axis is the
proportion of significant mean performance of each variable
detived from analysis of vatiance).
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Figure 5. Comparison of yield and yield component values of
mutant rice lines with their non-mutant control rice lines both
generated from CG 14 rice genotype (the Y axis is the proportion

of significant mean performance of each variable derived from
analysis of variance).
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Figure 6. Comparison of yield and yield component values of
mutant rice lines with their non-mutant control line both
generated from KR rice genotype (the Y axis is the proportion

of significant mean performance of each variable derived from
analysis of variance).

200

100

Temp. (0C), Rainfall (mm)

Dec, 2014 Jan, 2015 Feb, 2015 March, 2015

s IMonth .
@ Minimum (Oc) @ Maximum (oC) Rainfall (mim)

Figure 7. Climate trends of four months in SUA, Morogoro
2014/2015.  Soutrce; Tanzania Meteorological — Agency,
Morogoro-Weather Station, 2014/2015.
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BWABS56_104 non mutant

High temperature during booting and flowering stages lead to
abnormal pollen development (Jiang-lin et al, 2011) and
increase pollen sterility (Matsui et al., 2001), respectively. Thus,
it leads to a serious panicle infertility and decrease grain yield
in heat susceptible rice varieties. The current results indicated
that there were no significant differences in 1,000 grain weight
at 5% statistical interval among all lines including Oryza sativa
and Oryza glaberrima driven mutant rice lines. Even though the
mutant lines generated from CG 14 genotype of Oryza
glaberrima  presented similar data; however, there were
significant differences among the mutant lines generated from
WAB 56_50, WAB 56_104 and Kihogo red (KR) genotypes of
Oryza sativa. These results indicated that grain sizes were not
affected by the high temperature stress among all mutant rice
lines.

The selected HT induced mutants from both Oryza sativa and
Oryza  glaberrima  rice species also showed promising
performances in the field trials. Therefore, induced mutations
have a high potential to protecting the yield under heat stress
conditions.

Material and Methods

Plant material

Two main rice species, Oryza glaberrima and Oryza sativa, and
their four different genotypes, cv. Kihogo Red, WAB 56_50,
WAB 56_104 (Oryza sativa) and CG 14 (Oryza glaberrima) were
used as plant materials in the study. Uniform sized seeds (about
500 gr corresponding to 20,000 seeds for each genotype) with
12% moisture content of Oryza sativa Kihogo red, WAB 56_50
and WAB 56_104 genotypes were itradiated with 150 Gy dose,
and Oryza glaberimma CG 14 genotype was also irradiated with
250 Gy dose (a higher dose is required for O. glaberimma as
seeds were harder, lower water content than O. safiva) at
FAO/IAEA Plant Breeding and Genetics Laboratories at
Seibersdorf and shipped back to Tanzania. After the irradiation
process, the seeds were immediately planted for generation of
M; plants. The M; generation was grown in the experimental
field of the Sokoine University Farming area in Morogoro.
Following the M stage, single spikes were harvested from each
plant for M, generation, and selection of the best lines from
M; to M was carried out based on individual plants. Among
the 20,000 seedlings, a total of 160 M3 mutant lines from each
genotype, which were previously subjected to the heat stress
screening in growth chamber in seedling stage at 45° C, were
identified. The surviving individual plants were selected
following a complete growth recovery in the screen house after
the heat shock; maintained for seed production and were
considered as putative tolerant lines at the seedling stage.

Experimental design and field studies

The selected My lines were studied in a randomized block
design (RCBD) with three replications to evaluate the
petformance of 34 heat tolerant mutant upland rice lines. The
best lines were compared with their parents in order to select
the best improved mutants. Seeds of best mutants were
collected individually from each generation. The standard rice
agriculture practices were followed through all production
stages.

Field expetiments were conducted in 2014/2015 period
starting from December 2014 to February 2015 during ‘vulf’,
which was the short rainfall and hot season before the long
rainfall season called ‘Masika’. The experiment was designed at
the rice experimental plots of the Department of Crop Science
and Production of Sokoine University of Agriculture,
Morogoro, Tanzania, located at latitude 6° 50' 55" S latitude
and 37° 39' 22" E longitude. The daily average maximum and
minimum temperatures and rainfalls were recorded about three
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Figure 8. PCA plot of PC1 and PC2 showing the direction of
main influencing traits (1,000 grain weight, grain yield, days to
50% flowering, days to early flowering, days to 85% maturity,
panicle length and plant height) on all genotypes tested

months. These values were between 20°C and 35.5°C
temperature, and 32.7 mm and 155.5 mm rainfall in December
2014, January, February and March 2015, respectively. A total
rainfall and average minimum and maximum temperature for
the above-mentioned month periods was presented in Figure
7.

Performance of 34 heat tolerant mutant upland rice lines were
evaluated under natural and uncontrolled heat and scarce
rainfall stress parameters in field conditions (Table 3). These
lines were planted as single rows in 15 hill plots (20 x 20 cm)
and each mutant rice line was treated as one plot (0.2 m x 3 m).

Data collection

Data for growth, yield and yield components were measured
for the following parameters as described; number of
reproductive tillers per plant at the maximum tilling stage, days
to early and 50% flowering (days at which the first flowers
appeared and the day when at least half of the rice plants
exerted a fully opened panicle per plot), days to 85% physical
maturity (counted from the day of sowing until more than 85%
of rice grain turned from green to brown), plant height (cm)
from at least five plants per line (measured at maturity stage,
from the collar of the plant to the longest leaf and averages
calculated), panicle number (the number of panicles per plant
per plot), number of spikelets per panicle in each treatment,
panicle length, number of spikelets per plant and spikelet
sterility percentage (obtained through a relationship between
the number of unfilled grains and total number of grains per
panicle). The supplementary tables were also provided
regarding ANOVA results of each variables and for each
genotype of mutant lines identified (Supplementary Tables 1-
15). The plots were manually harvested at physiological
maturity using sickles when 90% of the panicles turned brown.
The panicles were sun dried for a period of 3 — 4 days to reduce
moisture content to approximately 12 — 13%. Yield data were
determined based on weight of 1,000 grains, and grain yield per
plot were measured using a seed counter, and then weighed
using a sensitive digital scale. Grain yield per plot was recorded
by weighing the filled grain per plant in per plot, and then were
converted to grain yields (t/ha). Apart from several yield and
yield components, bird loss was also recorded as an additional
parameter.
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Data analysis

Analysis of variance (ANOVA) was carried out on all traits (see
Tables 1 and 2). In addition, a principal component analysis
(PCA) was performed (Figure 8) on the measured variables,
based on Pearson correlation matrix and Euclidean distances.
Eigenvectors generated by the PCA were used to identify
parameters that best differentiated the genotypes in each
experiment.

Conclusion

Rice is a staple food and energy source for over half of the
world’s population. Climate changes, particularly, high
temperature may have negative impacts on rice production via
resulting in deleterious effects on almost all rice growth stages.
Hence, developing high temperature tolerant cultivars are
utmost importance. The HT rice mutant lines were previously
developed through mutation induction using Gamma
irradiation. The current study; however, evaluated these lines
in the field conditions. Several mutant lines representing two
main rice species; Oryza sativa (grown worldwide), and Oryza
glaberrima, which was grown in limited areas but contained
many unique and useful traits including heat and drought
tolerance, were analysed. Significant data among the
comparison of the mutants and parental lines were obtained in
terms of growth performance, yield and yield component
parameters. Regarding the growth performance, days to early
flowering and plant height parameters showed significant
differences. Regarding the yield and yield component
parameters; however, grain yield, spikelet sterility, number of
spikelets per panicle, number of tillers/plants, panicle
number/plant, filled and unfilled grains/panicle/plant
revealed significant differences. Hence, these variables were
proven to be used as criteria for selecting heat and drought
tolerant rice lines. The selected HT induced mutations from
both Oryza sativa and Oryza glaberrima tice species showed
promising performances in field experiments. Eight heat and
drought tolerant mutant rice lines showing high yields (over 3.5
ton/ha) were selected for further advancement in breeding
programmes. Therefore, the induced mutation technique has a
potent effect on generating rice lines to protect and even
increase yield under high temperature, heat and drought stress
conditions.
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Abstract

The present study aims at deciphering the response of Basmati rice mutants to high temperature stress. The work aims to find an eatly
screening method by correlating seedling and physiological response to yields. After rigorous screening in controlled environment
(growth chamber) and field conditions over a period of four years 16 mutants’ lines were selected: HTT-18, HTT-29, HTT-31, HTT-
39, HT'T-51, HT'T-53, HTT-74, HTT-81, HTT-92, HTT-97, HTT-98, HTT-104, HTT-114, HTT-119, HTT-132 and HTT-138. These
have been tested against standards: Super Basmati and IR-64. Field trials were conducted at three locations while early seedling-stage
traits and their biochemical analyses were studied in growth chamber experiments. Data of seedling traits were used to establish
correlations with paddy yield under hot field conditions. The temperatures were high at two sites: Multan and Bahawalpur ranging 24-
46 °Cand 25-45 °C respectively), and relatively lower at NIAB field station (26-45 °C. The paddy yield was significantly correlated with
eatly seedling-stage traits such as shoot length (0.79™), shoot fresh and dry weight (0.48" and 0.497), and cell membrane thermo-stability
(0.60™). Additionally, significant higher activities of antioxidants (SOD and APX) and lower stress indicators (MDA, Esterase and TOS)
were observed in the heat tolerant mutants. These mutants were classified for their heat tolerance by principle component analysis
(PCA) using yield-correlated early seedling-stage and other physio-biochemical parameters. As a result, the heat tolerance classification
of mutants based on PCA coincided with the yield of mutants grown under hot field conditions. The present study suggests that these
seedling parameters may be used as surrogates for field performance and used in the selection of thermo-tolerant Basmati rice. Our
next objective is to screen these thermo-tolerant lines for multiple weather adversities resistance by applying the strategy being reported
here.

Key Words : High temperature, Basmati rice, seedling trait correlations with yield, antioxidants, paddy yield.

Abbreviations: APX_Ascorbate Peroxidase, SOD_Superoxide Dismutase, CMTS Cell Membrane Thermo-Stability, POD Peroxidase,
TPC Total Phenolic Content, TSP Total Soluble Protein and CAT Catalase, HTT Heat Temperature Tolerant, PCA Principle
Component Analysis, NIAB Nuclear Institute for Agriculture and Biology.

Introduction

The global mean temperature is rising every year and it is
predicted that by 2100 it will be 3.7°C higher than present
(IPCC, 2013). The current global climate predictions are
expected to adversely affect rice production by up to 25-32%
(Wassmann et al., 2009; Ray et al., 2015; Van Oort and Zwart,
2018). Increased daytime temperatures of more than 34°C will
depress rice yield by 8% (Bahuguna et al., 2015; Shi et al., 2014).
In 2003, about 5.2 million tons of paddy rice was lost due to a
heat wave with temperatures above 38 °C for more than 20
days (Xia and Qi, 2004; Yang et al., 2004). Rice is differentially
sensitive to temperature stress at seedling to grain filling stages
, and 83, 53 and 11% losses in rice yield have been reported
when heat stress was imposed at panicle exertion, early grain
filling and late grain filling stages (Ali et al., 2018) whereas
Kumar et al. (2015) reported losses in yield (9-55%) in rice
genotypes when subjected to heat stress from anthesis to
maturity. A significant influence of high temperature has been
observed on seedling traits including a decline in shoot dry
mass, relative growth rate and net assimilation rate (Prasanth
et al., 2012). Sailaja et al. (2015) reported negative impacts of
cell membrane injury on yield in rice. High temperature
resulted in electrolyte leakage and ultra-structural modification
of the cell membrane system (Zhang et al., 2009; Liu et al.,
2013). Heat stress induced changes in membrane fluidity and
the production of free radicals resulting in the loss of
membrane integrity and ion leakage in different crop plants
(Wahid et al., 2007; Bita and Gerats, 2013; Ali et al. 2013; Sailaja
et al. 2015). The severity of reactive oxygen species (ROS)

induced damage depends on the antioxidant status of the plant
(Mohammed and Tarpley, 2009) and under environmental
stress, the increased production of active oxygen species
reduces the protective activity of antioxidants (Shah et al.,
2011; Shalata and Neuman, 2001). Thus, along with several
other factors, oxidative stress damage caused by high
temperature disrupts growth and development of rice plants
(Mohammed and Tarpley, 2011). Many studies demonstrate
that elevated temperature injury is caused by excessive
production of reactive oxygen radicals and consequent low
activities of antioxidant enzymes and membrane damage in
plants (Zhang et al., 2006; Zhu et al., 2005). Plants with the
ability to scavenge and/or control the level of cellular ROS
may be able to withstand heat stress (Almeselmani et al., 2006;
Bita and Gerats, 2013), and naturally higher levels of
antioxidant enzymes in a plant may be considered as an aid to
combat high temperature stress (Bahuguna et al, 2016;
Ramesh et al. 2017). Cao et al. (2009) suggested that the
relatively higher yields in heat tolerant rice genotypes under
high temperature are associated with high levels of activities of
ATPase and antioxidant enzymes.

Plant breeders strive extensively to find simple, quick and
reproducible screening methods to identify heat-resistant
plants from segregating populations and germplasm stocks.
Even if paddy yields are accepted as the most suitable trait for
identification of rice under high-temperature conditions, the
screening for thermo-tolerant rice in the field conditions is
labor intensive, time consuming and takes up valuable land.
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Therefore, pre-screening under controlled conditions with
rapid, efficient and reproducible approaches is required, e.g. at
early developmental stages. Higher temperature significantly
reduced the rice yield under field conditions (Ohe et al., 2007;
Shah et al., 2014; Jumiatun et al., 2016; Chaturvedi et al., 2017;
Yang et al., 2017). Screening for heat tolerance in the field
presents a challenge due to interactions with other
environmental factors and certain genotypes are required that
are adapted to that environment, thus precluding the screening
of exotic germplasm. Nevertheless, given these constraints, a
wide range of traits are available that may allow successful
selection in the field (Hall, 2011). However, attempts had been
made in different crop plants to identify thermo-tolerant
genotypes using yield-correlated early-stage traits (Demirel et
al., 2016). Heat tolerance to seedlings is critical for adequate
crop establishment. The aim of the study was to investigate
correlations between eatly morpho-physiological stage traits
and paddy field yield.

Results

Seedling stage screening in a growth chamber

The average maximum temperature for the whole growing
season (June-November) is presented in fig. 1. The average
temperature at NTAB, Faisalabad was 36.3°C, 36.9°C at Multan
and 37.5°C at Bahawalpur while minimum temperature at
NIAB, Faisalabad was 27.3°C as compared to Multan (28.9°C)
and Bahawalpur (24.9°C). The mean relative humidity at
NIAB, Faisalabad was 62.9%, 55.5% at Multan and 53.8% at
Bahawalpur. The total rainfall recorded during the growing
season at NIAB, Faisalabad was 585.2 mm, 170.2 mm at
Multan and 77.0 mm at Bahawalpur. The cell membrane
thermo-stability (CMTS) presented in Fig 2 at normal
temperature (28+2°C) ranged from 84.2 - 93.0% with a mean
of 88.4% among the mutants. The controls had high values:
Super Basmati (92.7%) and IR-64 (93.0%). However, CMTS
decreased 20-42% with a mean of 27% at high temperature
stress (4512°C). At high temperature, the CMTS ranged from
50.6 - 74.2% with a mean of 64.2% among the mutants as
compared to Super Basmati (55.7%) and IR-64 (42.0%).

The shoot length stress tolerance index (SLSTT) varied among
the mutants (Table 1) and the maximum value (87.2%) was
noted in Heat Temperature Tolerant (HTT) mutant HTT-18
whereas mutant HTT-29 maintained the minimum value of
73.9% as compared to Super Basmati (74.9%) and IR-64
(75.8%). For RLSTI, the values ranged from 80.9% (HTT-53)
to 108.9% (HTT-98) as compared to Super Basmati (86.5%)
and IR-64 (84.2%). The maximum values of STI for shoot
fresh and dry weights (76.4 and 80.4%, respectively) were
observed in HTT-132 and HTT-97 while the minimum STIs
of 72.6 and 73.9%, respectively were noted in HTT-31 and
HTT-29 as compared to Super Basmati (75.2 and 74.9%,
respectively) and IR-64 (75.0 and 75.8% respectively). For root
fresh and dry weights, the maximum STIs for root fresh and
dry weights were noted 87.3 and 64.6%, respectively in HTT-
97 and HTT-114 whereas HTT-31 and HTT-51 maintained
the minimum values of 82.5 and 54.8%, respectively as
compared to Super Basmati (85.8 and 57.8%, respectively) and
IR-64 (87.0 and 60.5%), respectively. The maximum CMTS
was observed in HTT-18 (80.1%) whereas the least was noted
in HTT-132 (58.5%) as compared to Super Basmati (60.1%)
and IR-64 (44.7%)).

Stress tolerance indices (Table 2) showed that mutant HTT-18
had the highest score (8.72) for shoot length while the
minimum score (7.39) was noted in HTT-29 as compared to
Super Basmati (7.49) and IR-64 (7.58). The maximum score
(18.15) for root length was observed in mutant HTT-98
whereas the minimum score (13.48) was obtained by HTT-53
as compared to Super Basmati (14.42) and IR-64 (14.04).
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Mutant HTT-98 obtained the highest score of 6.27 for shoot
fresh weight whilst HTT-31 had a score of 6.05 as compared
to Super Basmati (6.27) and IR-64 (6.25). For shoot dry weight,
the maximum score was noted in HTT-97 (8.04) whereas
HTT-29 had the minimum score of 7.39 as compared to Super
Basmati (7.49) and IR-64 (7.58). HTT-97 showed the highest
score (6.72) for root fresh weight and the minimum was 6.35
in HTT-31 as compared to Super Basmati (6.60) and IR-64
(6.69). The maximum (4.97) and the minimum (4.22) scores for
root dry weight were noted in mutants HTT-114 and HTT-51,
respectively as compared to Super Basmati (4.44) and IR-64
(4.65). The highest score (24.02) for CMTS was noted in HTT-
18 while the minimum was 17.56 in HTT-132 as compatred to
Super Basmati (18.03) and IR-64 (13.40). On a cumulative basis
of the scores, mutant HTT-98 obtained the highest score of
75.12 while the least was 71.10 obtained from HTT-97 and
these were higher than the standards, Super Basmati (64.74)
and IR-64 (60.20). Based on seedling growth traits, none of the
mutants were categorized as sensitive to heat stress (as
expected, as the mutants under study were selected after years
of testing (2012-14) and reported as having better responses to
heat stress, (Zafar et al., 2017). Ten mutants HT'T-98, HT'T-18,
HTT-51, HTT-29, HTT-97, HTT-39, HTT-92, HTT-119,
HTT-81, and HTT-31 exhibiting cumulative scores of 73 and
above showed tolerance to heat stress as compared to Super
Basmati (68.06) exhibiting moderately tolerant and IR-64
(62.82) showing sensitive behavior to high temperatures.

The correlation analysis (Table 3) among different seedling
growth parameters and yield under high temperature stress
indicated highly significant positive correlations of shoot
length with CMTS, shoot fresh weight with shoot dry weight,
and root fresh weight with root dry weight, however, CMTS
had negative associations with root fresh and dry weights.
Paddy yield exhibited highly significant correlations with shoot
length, shoot fresh and dry weights, and CMTS, however, root
dry weight showed negative cortrelation with paddy yield.

The principal component analysis (PCA) was performed to
reveal the pattern and clustering of data matrix for
determination and identification of selection criteria. The
results explained the genetic diversity among the rice mutants
(Table 4). From the PCA, first three principal components with
cigenvalue > 1 were selected, and these components accounted
for more than 90% of the cumulative variance. The remaining
components were eliminated and considered less significant.
Based on the component loadings after varimax rotation, the
first two components were extracted, and the other
components were eliminated. These two principal components
accounted for 82.8% of the total variance of the original data
and the communalities showed that all the variables had been
described to an acceptable level as communalities ranged from
0.722 to 0.959. The first component gave information on
variation in shoot length, root dry weight, CMTS and paddy
yield which described more than 53.1% of the variance. In this
component, shoot length, root dry weight and CMTS were
observed as more important for the improvement of rice
paddy yield. The second component described about 30%
variation, which originated mainly from shoot fresh and dry
weight. To classify the mutants for their heat tolerance, the
values of yield-correlated traits like shoot length, shoot fresh
and dry weight, root dry weight and CMTS were used in the
PCA. The first two vectors (PC1 and PC2) accounted for
82.8% of total variation. The mutants were classified into four
groups based on PC1 and PC2 values (Fig 3). The mutants with
+PC1 and +PC2 were graded as tolerant, with +PC1 and
—PC2 as moderately tolerant, with —PC1 and +PC2 as
moderately susceptible, and with —PC1 and -PC2 as
susceptible. According to this classification, the mutants HTT-
53, HTT-92, HTT-97 and HTT-98 were graded as tolerant,
and HTT-18, HTT-29, HTT-31, HTT-39, HTT-74 and HTT-



81 as moderately tolerant mutants. However, Super Basmati
and IR-64 exhibited moderately susceptible to susceptible
response.

Biochemical analysis

The enzymatic and non-enzymatic antioxidants along with
other important biochemical attributes were analyzed to
understand the mechanism of heat tolerance in rice mutants.

Stress biomarkers

The oxidative damage during peroxidation of membrane lipids
is often estimated by the quantification of malondialdehyde
(MDA) production. The MDA contents among the mutants
(Fig 4.A) generally increased under heat stress as compared to
control conditions, however, some of the mutants maintained
the MDA contents under the both conditions (HTT-31 and
HTT-138) or decteased under heat stress (HTT-18, HTT-97
and HTT-104). The increased MDA level indicated that the
production of reactive oxygen species (ROS) was greater under
heat stress than control conditions. The highest stress-induced
increase in MDA contents was observed in HTT-119. A
relatively higher MDA content was also observed in heat
sensitive mutants while the level was low in heat tolerant
mutants under normal conditions. It indicates that MDA
content can be simply used for potential heat stress tolerance
in normal conditions. The total oxidant status (TOS) decteased
under heat stress, however, some of the mutants showed
higher status of TOS as compared to their respective control
conditions (Fig 4. J). The highest TOS was observed in HTT-
18 under heat stress and also it showed the maximum value of
TOS among the mutants under heat stress whereas the highest
reduction of TOS was observed in mutant HTT-138. Based on
relative tolerance responses, five mutants HTT-104, HTT-97
HTT-98, HTT-31 and HTT-18 showed promise against heat
stress as compared to Super Basmati.

Enzymatic antioxidants

For scavenging ROS in plants, two types of antioxidant
systems (enzymatic and non-enzymatic) were deployed. The
peroxidase (POD) and catalase (CAT) are the key enzymes
along with superoxide dismutase (SOD) and others. The POD
activity (Fig 4.B) reduced as a result of heat stress in all the
mutants with varying degree of decrease. The highest POD
activity under heat stress was observed in HTT-39 with least
decrease (12%) as compared to control conditions whereas the
highest stress-induced increase in POD activity was exhibited
by HTT-98 and HTT-104. The CAT activity (Fig 4.C) generally
decreased under heat stress as compared to control conditions,
however, in some of the mutants, the CAT activity increased
with maximum value in HTT-18 followed by HTT-29 and
HTT-98. The SOD activity (Fig 4.D) increased slightly under
heat stress as compared to normal conditions, however, some
of the mutants showed lower levels of SOD activity as
compared to their respective controls. The highest SOD
activity under heat stress was observed in HTT-98 whereas the
lowest SOD activity was observed in HTT-114. Heat stress
enhanced the ascorbate peroxidase (APX) activity among the
mutants (Fig 4.F); however, some of the mutants (HTT-18,
HTT-29, HTT-53 and HTT-81) showed less APX activity as
compared to their respective control conditions. The highest
APX activity under heat stress was observed in HTT-51.

Non-enzymatic antioxidants

The total phenolic content (TPC) generally decreased under
heat stress (Fig 4.E), however, mutants HTT-18 and HTT-39
exhibited higher TPC contents, and mutants HTT-29 and
HTT-119 maintained the TPC contents under stress and
normal conditions. The highest stress-induced incline in TPC
contents was observed in HTT-132.
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Hydrolytic enzymes

Esterase activity decreased very slightly under heat stress (Fig
4.G), however, most of the mutants exhibited higher esterase
activity compared to their respective control conditions. The
highest stress-induced incline in esterase activity was detected
in HTT-51 and increase in HTT-114.The protease activity
generally decreased under heat stress (Fig 4.H). The maximum
protease activity under heat stress was observed in HTT-138,
however, HTT-81 exhibited the least decrease as compared to
other mutants under heat stress. Biochemical attributes

The total soluble protein (TSP) content decreased in all the
mutants except in mutants HTT-29 and HTT-31 where TSP
contents increased under heat stress (Fig 4. I). The highest
decrease in TSP contents under heat stress was obsetved in
HTT-132 whereas the least decrease was noted in HTT-119.

Principal component analysis based on biochemical
indices

For classification of the mutants for their heat tolerance, the
values of yield-correlated traits such as POD, TPC, CAT,
MDA, TSP, and TOS wete used in the PCA (Table 5). The first
four vectors (PC1-PC4) accounted for 85.5% of total variation.
The mutants were classified into four groups based on first and
second factor values (Fig 5). The mutants with +PC1 and
+PC2 were graded as tolerant, with +PC1 and —PC2 as
moderately tolerant, with —PC1 and +PC2 as moderately
susceptible, and with —PC1 and —PC2 as susceptible.
According to this classification, the mutants HTT-92, HTT-
114 and HTT-119 were graded as tolerant, and HTT-18, HTT-
29, HTT-74 and HTT-81 as moderately tolerant mutants.

Field experiments

The mutants along with standards were studied under field
conditions with varying temperatures at NIAB Faisalabad,
Multan and Bahawalpur. Although the temperatures at all the
locations were on the high side, those at Multan and
Bahawalpur were higher than at NIAB overall growth stages
(from vegetative to maturity). The analysis of variance showed
highly significant differences among genotypes for paddy yield
and other related agronomic traits at all locations except for
productive tillers plant! at Bahawalpur (Table 6). There was a
significant difference among different locations for paddy
yield. The mutants showed significant differences in paddy
yield. Paddy yield at NIAB was adversely correlated with other
locations (Fig 6) suggesting that high potential yield at NIAB
did not necessatrily result in improved yield under stressful
locations. Overall, 38% paddy yield reduced at Multan and
31% at Bahawalpur as compared to NIAB. The mean paddy
yields ranged from 2,583 to 4,567 kg ha-! at NIAB, 1,357 to
3,163 kg ha'l at Bahawalpur and 2,241 to 2,683 kg ha'l at
Multan. All the mutants produced lesser paddy yields at
Bahawalpur and Multan as compared to NIAB. Among the
mutants, the paddy yield declined 10-70% at Multan whereas
at Bahawalpur the decline was 4-57%. The high-yielding
mutants HTT-18 produced the highest paddy yield (4,567 kg
ha-1) at NIAB followed by HTT-74 (4,556 kg ha') and HTT-
29 (4,059 kg ha'l) as compared to standards Super Basmati
(3408 kg ha!) and IR-64 (3228 kg ha'). The mutant HTT-74
showed higher reduction in paddy yield (70%) followed by
HTT-29 (49%) and HTT-18 (38%) at Multan as compared to
Super Basmati (46%) and IR-6 (37%) whereas at Bahawalpur,
the mutant HTT-74 showed 35% reduction in paddy yield
followed by HTT-18 (31%) and HTT-29 (29%) as compared
to Super Basmati (23%) and IR-64 (54%)).



Discussion

High temperature stress is one of the major factors affecting
plant growth and development (Howarth, 2005; Sailaja et al.,
2014; Tayade et al., 2018). The crucial limitation for breeding
high-yielding heat tolerant rice cultivars is the lack of reliable
screening techniques. A multi-trait approach may be needed
owing to the nature of heat tolerance as a complex phenotypic
trait under the control of multiple physiological and genetic
factors (Wahid et al., 2007; Collins et al., 2008; Ainsworth and
Ort, 2010; Sailaja et al., 2015; Tayade et al., 2018). Screening
must reflect yield performance of genotypes grown under hot
field conditions. Screening at early developmental stages under
controlled environmental conditions is preferred due to its
advantages of applicability in the off-season and in a short
time, testing potential in non-adapted germplasm, saving land
space, labor and inputs. The identification of yield-related early
seedling/physiological traits at an eatly seedling-stage has been
of great interest to physiologists and breeders (Demirel et al.,
2016; Sailaja et al., 2015). Thus, we aimed at to develop an eatly
stage screening technique by investigating yield-related eatly
seedling-stage/physiological traits (shoot and root lengths,
their fresh and dry weights and cell membrane thermo-
stability), as well as biochemical attributes (enzymatic and non-
enzymatic antioxidants, stress biomarkers and hydrolytic
enzymes etc.). Principle component analysis was performed to
identify productive thermo-tolerant mutants.

The present study revealed that seedling traits were
significantly influenced by high temperature. In general, high
temperature treatment reduced shoot/root lengths and their
respective fresh and dry weights, and the cell membrane
thermo-stability (CMTS). The adverse effects of high
temperature on seedling growth traits and CMTS in rice has
been observed by other researchers (Prasanth et al.,, 2012;
Zhou et al,, 2012; Ali et al., 2013; Sailaja et al., 2014; Zafar et
al., 2017). All seedling growth traits significantly varied among
the mutants under both control and stress conditions.
However, only root dry weight (RDW) under high temperature
was adversely correlated with paddy yield grown under hot
field conditions. The study indicated that high temperature
decreased root dry weight. Similarly, early seedling growth
traits in rice had been negatively affected in response to high
temperature (Zhou et al., 2012), therefore, for pre-screening of
rice with high yield in hot field conditions, shoot length, and
its fresh and dry weight and CMTS may be evaluated together
with other yield-associated traits applying multi-level screening
approach.

Based on data sets of the previous studies conducted for Indica
seedling traits in 46 genotypes including 39 mutants, the
mutants were characterized as moderately tolerant to tolerant
(Zafar et al., 2017). Among these, 16 mutants that produced
higher paddy yield (2-31% higher than standard) were further
tested for seedling growth traits as well as for their yield
performance under field conditions at three locations. The
relative heat tolerance of the mutants was assessed based on
various  seedling growth/physiological traits and field
conditions. The data from seedling growth traits and yield data
obtained from the hot field conditions (see section on weather)
were used for correlation analysis. According to the correlation
analysis, shoot length and its fresh and dry weights, root dry
weight and CMTS were correlated with yield performance
under hot field conditions. Afterwards, the mutants were
classified for their thermo-tolerance by PCA using all yield-
correlated traits. PCA is considered as a useful statistical tool
for screening multivariate data which are highly correlated with
each other (Johnson, 1998). Use of PCA to classify rice
genotypes for heat tolerance has been recommended by several
researchers (Kakani et al., 2005; Liu et al.,, 2006). The PCA
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results showed considerable similarity to yield performance of
the mutants under hot field conditions with the performance
of seedling growth traits. The first component represented the
significance of this PC for heat related traits such as shoot
length and CMTS. The mutants having vigorous shoots and
higher CMTS may be considered as selection ctiteria under hot
field condition. The mutants HTT-18, HTT-29, HTT-31,
HTT-39, HTT-51, HTT-74 and HTT-81 exhibited larger
shoots as well as better yield under hot conditions. Based on
PCA results, mutants HTT-53, HT'T-92, HTT-97 and HTT-98
were classified as tolerant, HT'T-18, HT'T-29, HTT-31, HTT-
39, HTT-51, HTT-74 and HTT-81 as moderately tolerant,
HTT-104, HTT-119 and Super Basmati as moderately
susceptible. The remaining three mutants HTT-114, HTT-132
and HTT-138 along with standard IR-64 were classified as
susceptible. According to the productivity under hot field
conditions, the mutants HT'T-18, HTT-29, HTT-31, HTT-39,
HTT-51, HTT-74 and HTT-81 were considered as heat
tolerant. Interestingly, the classification of mutants based on
PCA using shoot length, and its fresh and dry weight and
CMTS coincided neatly with the heat tolerance level of
mutants grown in the hot field conditions. The important
characters coming together in different PCs tended to remain
together, which may be kept into consideration during
utilization of these characters in thermo-tolerance breeding
programmes to bring about rapid improvement for yield and
other associated traits. The leaf related traits are very important
in thermo-tolerance because the major part of the starch in rice
grains at harvest is the photosynthetic product of the leaves
(source), which is translocated from the leaves directly to the
growing grains (Venkateswatlu and Visperas, 1987).

Field screening for heat stress is difficult due to variation in
environmental conditions like humidity and temperature.
Alternatively, screening for heat stress tolerance may be done
on the basis of various biochemical parameters such as
malondialdehyde (MDA), SOD, CAT, POD, APX, TSP
content and protease (Kang and Saltveit, 2002; Maestri et al.,
2002; Igbal et al., 2010; Hameed et al., 2012; Ramesh et al.,
2017). Heat stress affects the biochemistry of the plants and
the activities of antioxidant enzymes increased significantly in
the heat tolerant varieties (Cao et al., 2009). High temperature
stress caused up-regulation of several heat responsive genes
which code for numerous heat shock proteins (Charng et al.,
2007). In the present study, the level of TSP fell under heat
stress in most of the mutants. TSP content was also reported
to be decreased under heat stress in wheat (Hameed et al,,
2012). An effective heat tolerance mechanism at sensitive
stages of plant growth can be adopted by protecting the
structural proteins, membranes and different enzymes from
damage by heat shock. HSPs and some other stabilizing factors
might play important role in these processes related to heat
tolerance (Maestri et al., 2002).

The PCA results showed considerable similarity to yield
performance of the mutants under hot field conditions with
the antioxidant activities. The first component represented the
significance of this PC for heat related traits such as TPC and
TOS. The higher activities of protective enzymes in the
antioxidant system in plants might be one of the physiological
mechanisms for heat tolerance in rice (Ramesh et al., 2017).
The mutants exhibiting higher TPC and TOS may be
considered in selection under hot field condition. The mutants
HTT-18, HTT-29, HTT-39, HTT-92 and HT'T-114 exhibited
higher levels of TPC or TOS as well as better yield under hot
conditions. Based on PCA results, mutants HTT-18, HT'T-29,
HTT-74, HTT-81, HTT-92, HTT-114 and HTT-119 were
classified as tolerant to moderately tolerant and rest of the
mutants were classified as susceptible to moderately
susceptible.



Table 1. Range (maximum and minimum) of different stress tolerance indices (ST1s) in Basmati mutants with respect to their responses

to high temperature stress in the growth chamber
Mutant

SL RL
HTT-18 87.2A 95.18
HTT-29 73.96 95.78
HTT-31 75.8FG 82.8GHI
HTT-51 74.76 94.78¢C
HTT-53 75.9FG 80.91
HTT-97 80.4¢P 95.18
HTT-98 76.0FG 108.8
HTT-114 TETHFE 93.68¢
HTT-132 75.9FG 107.6*
Super Basmati 74.96 86.6"
IR-64 75.8FG 84.2FG

Stress Tolerance Index (%)

SEFW SDW REW RDW CMTS
74.8ABCD 74.9CDE 86.5BCDE 59.0PE 80.14
[ESEEC 7594 85.9EF 55, 7! 78.6AB

72.6" 75.8BCD 82.5H 55.8GH 79.14AB

75.8ABC 74.8CPE 86.9ABC 54.8H 78.4AB
75.7ABC 75.8BCD 86.2PEF 57.78F 75.0€P
76,29 80.3A 87.3A 573G [PSREN
75.2ABCD 76.1BC 86.1PEF 64.0AB 79.94
76.14B 76.8B 87.14B 64.64 64.56

76.47 75.98CD 86.1PEF 63.4AB 58.5!
73,20 JEOCDE 85.8% 57.8EF 60.1HI
75.0ABCD 75.8BCD 87.0ABC 60.5¢P 45.2)

SL: Shoot length, RL: Root length, SFW: Shoot fresh weight, SDW: Shoot dry weight, RFW: Root fresh weight, RDW: Root dry weight,

CMTS: Cell membrane thermo-stability
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Fig 1. Mean temperature, rainfall and relative humidity for whole rice growing season at NIAB, Multan and Bahawalpur during 2016.

Table 2. Range (maximum and minimum) of scores obtained on the basis of different stress tolerance indices for different seedling

growth traits in Basmati mutants
Mutant Score - Total
SL RL SFW SDW REW RDW CMTS Score

HTT-18 8.72A 15.858
HTT-29 7.39G 15.948
HTT-31 7.58FG 13.79EFG
HTT-51 747G 15.78B
HTT-53 7.59FG 13.496
HTT-97 8.04¢D 15.858
HTT-98 7.60FG 18.134
HTT-114 7.67EFG 15.60B¢
HTT-132 7.59FG 17.934
Super Basmati 7.49G 14.43PE
IR-64 7.58FG 13.106

6_23ABCD
6.28ABCD
6.05E
GR)IEE
6.3148B
6.354B
6.27ABCD
6.3448B
6.364
6.27ABCD
6.25ABCD

7.49CDE 8.65BCDEF
7.39E 8.596
7.58BCD 8.25!
7.48CDE 8.69ABC
7.58BCD 8.62DEFG
8.034 8.734
7.61BC 8.61EFG
7.68B 8.71AB
7.598CD 8.61FG
7.49CDE 8.58G
7.58BCD 8.70ABC

5.90PE 24.037 76.9
557k 23.584B 74.7
5.58FGH 23.74AB 72.6
5.48H 251558 74.7
5.77EFG 22.49¢b 71.8
B, 7IFE 21.68PEF 74.4
6.40AB 23.907 78.6
6.464 19.366 71.8
6.34AB 17.56! 72.0
5.78EF 18.02H1 68.1
6.05€P 13.55 62.8

SL: Shoot length, RL: Root length, SFW: Shoot fresh weight, SDW: Shoot dry weight, REW: Root fresh weight, RDW: Root dry weight,

CMTS: Cell membrane thermo-stability.
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Fig 2. Cell Membrane Thermo-stability (CMTS) (%) in Basmati rice mutants.
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Table 3. Correlations among different stress tolerance indices of various seedling growth traits in Basmati rice mutants

Parameter Seedling growth traits

Shoot Root Shoot Fresh = Shoot Dry ~ Root Fresh =~ Root Dry Cell Membrane
Length Length Weight Weight Weight Weight Thermo-stability
Root length 0.291
Shoot Fresh Weight 0.424 0.128
Shoot Dry Weight 0.412 0.122 0.973%*
Root Fresh Weight -0.210 -0.202 0.247 0.182
Root Dry Weight -0.392 0.008 0.051 0.025 0.652%*
Cell Membrane Thermo- 0.536* 0.307 0.074 0.067 -0.639* -0.585*
stability
Paddy Yield 0.794%* 0.357 0.477* 0.487* -0.383 -0.560%* 0.595%*
*: Significant at 5-10%.
Variables (PC1 and PC2: 82.8%0)
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Fig 3. Classification of Basmati rice mutants based on yield-correlated early-stage seedling traits through PCA. Mutants that had +PC1
and +PC2, +PC1 and —PC2, —PC1 and +PC2, —PC1 and —PC2 scores were classified as tolerant, moderately tolerant, moderately
susceptible, and susceptible, respectively.

Table 4. Principal component Analysis in Basmati rice mutants based on seedling growth traits and yield.
Variable

Principal Component

PC1 RC2 RC3 PC4 5 PC6

Eigenvalue 3.186 1.779 0.467 0.384 0.157 0.026

% of variance explained 53.1 29.7 7.8 6.4 2.6 0.4

% of cumulative variance explained 53.1 82.8 90.5 96.9 99.6 100.0

Trait Factor loadings after varimax rotation Communality

F1 F2

Shoot Length 0.718 -0.464 0.732

Shoot Fresh Weight 0.050 -0.978 0.959

Shoot Dry Weight 0.057 -0.974 0.952

Root Dry Weight -0.836 -0.149 0.722

Cell Membrane Thermo-stability 0.856 0.005 0.733

Paddy Yield 0.795 -0486 0.869
Table 5. Principal component analysis in Basmati rice mutants based on biochemical parameters and yield.

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Eigenvalue 2.730 1.645 1.401 1.062 0.542 0.3006 0.190 0.125
% of variance explained 34.1 20.6 17.5 13.3 06.8 03.8 02.4 0.16
% of cumulative variance explained = 34.1 54.7 72.2 85.5 92.2 96.1 98.4 1.000
Trait Factor loadings after varimax rotation Communality
F1 F2 F3 F4

POD 0.038 -0.858 0.345 0.866 0.966
TPC 0.881 -0.186 -0.090 0.823 0.823
CAT 0.401 0.098 -0.796 0.804 0.804
MDA 0.178 0.054 0.834 0.740 0.740
TSP 0.006 -0.105 -0.972 0.964 0.964
TOS 0.874 0.135 0.249 0.852 0.852
Yield 0.163 -0.890 -0.262 0.050 0.890
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Fig. 5. Classification of Basmati rice mutants based on biochemical parameters. Mutants that had +PC1 and +PC2, +PC1 and —PC2,
—PC1 and +PC2,-PC1 and —PC2 scores were classified as tolerant, moderately tolerant, moderately susceptible, and susceptible,

respectively.

According to the productivity under hot field conditions, the
mutants HTT-18, HTT-29, HTT-39, HTT-92 and HTT-114
were considered as heat tolerant. Interestingly, the
classification of mutants based on PCA using POD, TPC,
CAT, MDA, TSP and TOS coincided with the heat tolerance
level of mutants grown in the hot field conditions. The
important characters coming together in different PCs had the
tendency to remain together, which might be kept into
consideration during selection for thermo-tolerance.

Materials and Methods
Screening for heat tolerance in the growth chamber

A total of 161 Basmati rice mutant lines and advanced mutants
of Basmati-370 along with standards Super Basmati and IR-64
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varieties were screened to study their physiological responses
at seedling stage against high temperature stress (45 12 °C) for
12 h along with controls (2822 °C) in the growth chamber
during the years 2012-14 at NIAB, Faisalabad, Pakistan. The
seeds were sown in the plastic pots filled with autoclaved
standard compost and in two sets and placed in the growth
chambert running at normal temperature (28£2 °C). Both sets
were placed in the dark till the initiation of germination (3-4
days). After germination, 12 h photoperiod was maintained
and one set of six days old seedlings after germination was
shifted to another growth chamber for high temperature stress
running at 4512 °C for 12 h. After high temperature exposure,
the seedlings were allowed to recover for three days by placing
them under normal temperature conditions (2812 °C) at 12
h photoperiod.



Table 6. Analysis of vatiance for different agro-morphological traits in Basmati mutants at NIAB, Multan and Bahawalpur during 2016.
Source of Degtee of Mean square

Fig 6. Relationship between paddy yield at NIAB and mean paddy yield under other locations in Basmati rice

Based on the performance of 161 Basmati rice mutants/lines
against high temperature stress duting the years 2012-14 trials
in the growth chamber, 16 mutants were finally selected
exhibiting promise to high temperature stress. During 2015,
after seedling emergence of the selected 16 mutants along with
Super Basmati and IR-64, 12 h photoperiod was maintained
for two weeks following a completely randomized design with
three replications. One set of seedlings was subjected to heat
stress for 6 h daily for 6 days in growth chamber running at
4512 °C while, the other set was kept at normal temperature
that served as control. After high temperature exposure, the
seedlings were allowed to recover for three days by placing
under normal temperature (2812 °C) in the growth chamber
and data on five random seedlings per replicate were recorded
on shoot and root lengths, seedling fresh and dry weights, cell
membrane thermo-stability (CMTS). Fresh weights were
recorded immediately after harvesting to avoid evaporation.
For dry weight estimations, pre-weighted seedlings were kept
at 72£2 °C till complete drying with no further decrease in
weight. For biochemical analysis, twenty seedlings (bulk
sample) were used. The cell membrane thermo-stability
(CMTS) was calculated as follows.

Percent Injury (P1)=[1— (@ — T«/T2)/(1— C1/C2)]x100
where  Tp: 15t conductivity measurement of heat stressed
leaf segments (45 °C).

Ty 20d conductivity measurement (after autoclaving) of heat
stressed leaf segments.

Ci: 1t conductivity measurement of control plant leaf
segments (28 °C).

Ca: 2nd conductivity measurement (after autoclaving) of control
plant leaf segments.
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CMTS = 100- Percent Injury

The stress tolerance indices (STIs) for the above-mentioned
traits were calculated as follows.

Value under stress
STl=——————X
Value at control

The scoring allocations of the mutants were carried out based
on cumulative STIs of the seedling traits. Based on cumulative
scores of the traits, the scoring was made, and the mutants
were ranked as 1, 2, and 3, and grouped as tolerant, moderately
tolerant and sensitive respectively.

Biochemical Analysis

For estimation of different stress biomarkers, enzymatic and
non-enzymatic antioxidants, hydrolytic enzymes and other
biochemical attributes, the methodologies are given below.

Stress biomarkers

The level of lipid peroxidation in the leaf tissue measured in
terms of malondialdehyde (MDA) content was determined by
the thiobarbituric acid (TBA) reaction using method of Heath
and Packer, (1968) with minor modifications as described by
Dhindsa et al. (1981). The MDA content was calculated by
using extinction coefficient of 155 mM-lcm-1. The esterase
activity was measured by Fast Blue BB method. The
absorbance of colour compound produced was measured at
590 nm using spectrophotometer (U-2800, 122-003 Hitachi,
Japan). Total oxidant status (TOS) was determined by using a
novel automated Erel's (2005) formulated method. The
absorption of colour compound produced was measured at
560 nm by using spectrophotometer (HITACHI U-2800).

variation freedom Days to Plant Productive Panicle Spikelet  Panicle Biomass Harvest
Flower Height Tiller Length Main Fertilit Yield Index
Plant! Panicle! y
Replicate
NIAB 2 1.685 0.079 0.305 0.087 5.766 1.633 13727.7 40477.384 2.586
Multan 2 0.241 2.848 0.745 0.574 73.803 4.496 12452.157 2396.487 0.099
Bahawalpur 2 2.296 0.127 26.271 0.662 60.539 0.145 35706.1 36941.7 1.409
Genotype
NIAB 17 104.9* 600.9" 7.8 6.1 1181.9* 32.6" 7976353.6" 820759.2 41.134~
Multan 17 151.6™ 450.7 8.3" 10.6™ 1158.6™ | 508.5* = 24518568.6™ 8660006.4™ 94.728"
Bahawalpur 17 166.1* 701.9* 44.4 6.2" 613.1* 280.6™ 4313296.5 1047760.7 69.7
Error
NIAB 34 1.215 0.373 0.180 0.124 22.227 0.000 41754.535 9761.109 0.766
Multan 34 1.319 0.758 2.355 0.665 111.603 6.008 18121.863 7504.564 1.186
Bahawalpur 34 0.963 0.982 30.143 1.053 72.925 2.540 14158.592 13974.615 1.275
*&*: Significant at p<0.01 and 0.01, respectively
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Enzymatic antioxidants

For estimation of enzymes, bulk samples of fresh leaves of
twenty-five seedlings (0.15 g) were ground in cold extraction
buffer specific for different enzymes. Samples were
centrifuged at 15,000Xg for 20 min at 4°C. The supernatant was
separated and used for the determination of different enzyme
activities and other biochemical assays.

The enzyme activities were expressed on a fresh weight basis.
The aactivity of peroxidase (POD) was measured using the
method of Chance and Macehly (1955) with some modification.
One unit of POD activity was defined as an absorbance change
of 0.01 min-'. The ccatalase (CAT) was estimated using the
method described by Beer and Sizer (1952). An absorbance
changes of 0.01 min-! was defined as 1 U of CAT activity. For
superoxide dismutase (SOD) activity, leaf extracts and analysis
are as described by Dixit et al. (2001). The activity of SOD was
assayed by measuring its ability to inhibit the photochemical
reduction of nitroblue tetrazolium (NBT) following the
method of Giannopolitis (1977). One unit of SOD activity was
defined as the amount of enzyme that caused 50% inhibition
of photochemical reduction of NBT. The ascorbate
Peroxidase Activity (APX) was measured using the method of
Dixit et al. (2001). The oxidation rate of ascorbic acid was
estimated by following the decrease in absorbance at 290 nm
after every 30 seconds (Chen and Asada, 1989).

Non-enzymatic antioxidants
Total phenolic content (TPC) was estimated as total phenolics
assay by micro colorimetric method (Ainsworth and Gillespie,
2007) which utilizes Folin-Ciocalteau (F-C) reagent. Phenolic
content (gallic acid equivalents) of samples was determined
using linear regression equation.

Hydrolytic enzymes

The protease activity was dictated by the casein digestion assay
described by Drapeau et al. (1974). By this method one unit is
that amount of enzyme, which releases acid soluble fragments
equivalent to 0.001 A280 per minute at 37°C and pH 7.8.
Enzyme activity was expressed on a fresh weight basis.
Esterase activity was measured by the Fast-Blue BB method.
The absorbance of color compound produced was measured
at 590 nm using spectrophotometer (U-2800, 122-003 Hitachi,

Japan).

Biochemical attributes

The estimation of total soluble proteins content (TSP) used the
method of (Bradford, 1976) using spectrophotometer
(HITACHI, U2800).

Evaluation under field conditions

Based on the performance of 161 Basmati rice mutants/lines
at the seedling stage against high temperature stress during the
years 2012-15 trials in the growth chamber, 16 mutants were
finally selected exhibiting promise to high temperature stress.
These mutants were further evaluated in the field following
randomized complete block design with three replications at
three locations (NIAB, Multan and Bahawalpur) during 2016
and the data were recorded on paddy yield and other agro-
morphological traits (days to 50% flower, plant height,
productive tiller per plant, panicle length, spikelets on main
panicle, panicle fertility, biomass, paddy yield and harvest
index).

Weather data

The weather conditions at NIAB, Multan and Bahawalpur
(temperature, relative humidity and rainfall) for the whole
growing season including vegetative and reproductive growth
periods during the season 2016 are presented in Fig 1. Both the
sites (Multan and Bahawalpur) had higher temperatures than
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NIAB at vegetative as well as reproductive stage and were
relatively hotter than NIAB which affected the productivity of
mutants at these locations. The average maximum temperature
for the whole growing season ranged from 26.0-45.0°C with
an average of 36.3°C at NIAB, Faisalabad, 24.0-46.0°C with an
average of 36.9°C at Multan and 25.0-45.0°C with an average
of 37.5°Cat Bahawalpur (June-November) while minimum
temperature at NIAB, Faisalabad ranged 22.0-31.5°C with an
average of 27.3°C as compared to 22.0-33.0°C with an average
of 28.9°C at Multan and 11.0-31.0°C with an average of 24.9°C
at Bahawalpur. The relative humidity ranged 33.5-86.0% with
an average of 62.9% at NIAB, Faisalabad, and 23.0-79.0% with
an average of 55.5% at Multan and 29.0-76.0% with an average
of 53.8% at Bahawalpur. The total rainfall recorded during the
growing season at NIAB, Faisalabad was 585.2 mm, 170.2 mm
at Multan and 77.0 mm at Bahawalpur.

During vegetative stage (June-August), the average maximum
temperature range was 31.0-45.0°C with an average of 37.9°C
at NIAB, Faisalabad, 30.0-46.0°C with an average of 38.9°Cat
Multan and 35.0-45.0°C with an average of 39.2°C at
Bahawalpur while minimum temperature at NIAB, Faisalabad
ranged 22.0-31.5°C with an average of 27.3 °C as compared to
22.0-33.0 °C with an average of 28.9 °C at Multan and 23.0-
31.0 °C with an average of 28.2°C at Bahawalpur. The relative
humidity ranged 33.5-86.0% with an average of 63.1% at
NIAB, Faisalabad, 23.0-79.0% with an average of 55.1% at
Multan and 29.0-76.0% with an average of 54.0% at
Bahawalpur. The total rainfall recorded during this stage at
NIAB, Faisalabad was 261.8 mm, 82.1 mm at Multan and 38.5
mm at Bahawalpur. At the flowering/grain-filling stage
(September-November), the average maximum temperature
range was 26.0-39.0°C with an average of 34.6°C at NIAB,
Faisalabad, 24.0-39.0°C with an average of 34.6°C at Multan
and 25.0-40.0°C with an average of 35.5°C at Bahawalpur
while minimum temperature at NIAB, Faisalabad ranged 9.7-
26.5°C with an average of 20.5 °C as compared to 11.0-29.0 °C
with an average of 22.2 °C at Multan and 11.0-27.0°C with an
average of 21.0°C at Bahawalpur. The relative humidity ranged
47.0-80.0% with an average of 62.6% at NIAB, Faisalabad,
33.0-71.0% with an average of 56.0% at Multan and 34.0-
66.0% with an average of 53.6% at Bahawalpur. The total
rainfall recorded during this stage at NIAB, Faisalabad was
30.8 mm, 3.0 mm at Multan and 0.0 mm at Bahawalpur.

Statistical Analysis

The analysis of variance (ANOVA) and correlations were
computed using MSTATC statistical programme to determine
differences among the mutants for different agronomic and
seedling growth traits. The significance of correlation between
yield and other agronomic/seedling growth traits was
determined at 0.01 and 0.05 levels of probability. Principal
component analysis (PCA) was performed using mean values
to find traits accounting for phenotypic variation as well as to
classify the mutants for heat tolerance using computer software
“Minitab 14” for Windows. For PCA, procedures of Chatfield
and Collin (1980), Mahloch (1974), Mazlum (1994), and
Mazlum et al. (1999) were followed. The component loadings
(correlation coefficients) and the variances (eigenvalues)
regarding the components were computed for all the
characters at the first step following a correlation matrix as all
the traits had equal importance with different scales. The
proportion of the total variance explained by each principal
component was additive, with each new component
contributing less than the preceding one to the explained
variance. According to Brejda et al. (2000), data were
considered in each component with eigenvalue >1 which
determined at least 10% of the variation. The higher
eigenvalues were considered as best representatives of system



attributes in principal components. Subsequently, the
components were selected whose eigenvalue () was >1, and
varimax rotations were performed until all the communalities
were ~0.7. The values of only yield-correlated seedling growth
traits (shoot length, root length, shoot dry weight, root fresh
and dry weights, and cell membrane thermo-stability) were
included in the PCA. The eigenvalues generated by PCA were
used to grade mutants for their heat tolerance. The first two
PC scores (PC1 and PC2), accounted for maximum variability
of the parameters tested, were used to classify the mutants. The
mutants that had +PC1 and +PC2 scores were classified as
tolerant, those with +PC1 and —PC2 scores as moderately
tolerant, those with —PC1 and +PC2 scores as moderately
susceptible, and those with —PC1 and —PC2 scores as
susceptible following Kakani et al. (2005).

Conclusion

Several studies revealed that high temperature damage to
plants was caused by the excessive production of reactive
oxygen radicals and consequent low activities of antioxidant
enzymes and the cell membrane damage (Zhang et al., 2006
and Zhu et al, 2005) and ultimately yield. The dectrease in
antioxidant activity under stressed conditions resulted in higher
levels of ROS that might contribute to cell injury (Fadzillah et
al., 1996). The present studies revealed that screening for
seedling growth related traits (shoot length, shoot fresh and dry
weight and cell membrane thermo-stability), and trends of
biochemical parameters at the seedling stage might support the
selection for thermo-tolerance in rice. The results of the
growth-related traits and biochemical parameters coincided
favourably with yield data under hot field conditions. In this
study, the levels and activities of MDA, SOD, APX and
esterase increased/maintained over control indicating higher
production of ROS under high temperature stress.
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