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Abstract Higher crop productivity in a sustainable manner is

being perceived as one of the most crucial factors to ensure

food security in light of the shrinking arable land resources

and limiting fresh water resources. Soil salinity is the chief

climatic constraint to agricultural productivity, restricting the

suitability of agricultural land and affecting both biomass and

grain yields in crops, including rice. The objective of this

study was to screen a collection of rice mutants (O. sativaL. cv

IR64) produced by c-ray irradiation, for their higher yield and

biomass under saline conditions. The initial screening was

carried out at seedling stage employing hydroponics system,

followed by screening in saline microplots under standard

agronomic practices. Mircoplots were maintained at three

different saline levels i.e., low salinity (EC * 6 dS/m),

moderate salinity (EC * 10 dS/m) and high salinity

(EC * 14 dS/m). Based on screening carried out for various

yield and related parameters i.e., plant height, tiller number,

shoot and root weight, total biomass, panicle length, and

harvest index, four ideotypes were observed to be performing

significantly better than the wild type plants. Most impor-

tantly, selected mutants, such as D100-211 and D100-209

showed an increase of 18 and 34% in yield as compared to WT

plants under moderate saline conditions (EC = 10 dS/m).

These results suggest that regulated genetic modulation can

improve crops to get optimum biomass and yield despite

environmental vagaries. Further, detailed genetic and

molecular characterization of these mutants will help to

identify and characterize the key genes regulating the traits for

high biomass and yield under salinity stress in rice.
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Introduction

By 2050, the world’s population will reach 9.1 billion. To

keep pace with this situation, it is a great challenge to

increase the crop productivity by up to 70% (Joshi et al.

2016a). Globally, more than 80 Mha of agricultural land is

already salt affected to varying degrees, and 1.5 Mha of

arable land is expected to be further lost each year as a result

of salinization due to climate change and irrigation practices

(Kushwaha et al. 2012; Kumar et al. 2015; Joshi et al.

2016a). Soil salinity can impair cellular structures and dis-

rupt various physiological processes, thereby preventing

plant growth and development. In addition, osmotic stress

leads to inhibition of photosynthesis, metabolic dysfunction

and turgor loss resulting in membrane disorganization,

growth retardation, reduced fertility, premature senescence,

severe penalty of yield and harvestable biomass (Joshi et al.

2014; Soda et al. 2016). Salinity tolerance is a quantitative

trait governed by a complex gene network regulating various

physiological and biochemical processes (Zheng et al.

2015). Plants adapt several strategies to survive under salt

stress i.e., salt ion exclusion from the cytoplasm to extra-

cellular space, inhibition of ion uptake by the roots and their

active transport into the leaves, vacuolar compartmental-

ization of toxic ions, disruption of cellular membrane,
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proline accumulation and enhanced antioxidative enzyme

activity (Song et al. 2012; Soni et al. 2013).

Increasing population and fossil fuel-based energy

consumption have contributed to a great extent in envi-

ronmental pollution in developing countries (Ullah et al.

2015). However, to maintain uninterrupted energy demand

for sustainable development, renewable energy like bio-

mass is the need of the hour as the only greener sources of

energy (Ahmed et al. 2016; Mazzola et al. 2016). There is

currently an increasing demand in biomass based biofuels

as it is essentially carbon neutral and provides a convenient

way for energy storage (Chandra et al. 2012). In contrast to

first generation biofuels, second generation biofuels, solves

food versus fuel competition by processing lignocellulosic

biomass, which is a cheap, abundant, renewable and non-

edible residue of food crops (Ullah et al. 2015).

Rice is one of the major food crops of India in terms of

area and productivity and 15 Mt of rice straw is burnt alone

in Punjab every year (Singh et al. 2016a). In addition, rice is a

valuable source of feedstock for bio-refinery since it can

produce a lot of biomass (Kondhia et al. 2015). Thus, to

prevent environmental pollution and proper utilization of

renewable resources, it is desirable to ensure large scale

production of second generation bio-fuel to meet the global

energy demands by identifying high yielding rice varieties

outperforming under saline conditions. In addition, devel-

opment of salt tolerant lines can also provide a suitable way

to meet the growing food demand, even in unfavorable areas

(Song et al. 2012; Kondhia et al. 2015).

With several years of considerable efforts, almost 2000

trait genes including both single Mendelian loci/genes and

quantitative trait loci (QTLs) have been characterized (Kurata

et al. 2005). During the last decade, extensive progress made

in the rice genome mapping and sequencing has lend great

support to map-based cloning of novel trait genes (Soda et al.

2013). Analysis of mutations is the most effective strategy to

investigate gene function(s). Several mutant libraries have

been produced by using T-DNA insertions, transposon or

retrotransposon tagging, and chemical/irradiation mutagens

in various model species (Wu et al. 2005; Kuromori et al.

2009). Gamma rays and fast neutrons can generate several

allelic series containing small, as well as large (70–500 kb)

deletions in genomes in a very short time (Wang et al. 2013). A

twenty-one lesion mimic mutants were isolated earlier from

IR64 rice mutant populations to comprehensively study dis-

ease resistance pathways (Wu et al. 2008). Taken together,

these studies show the usefulness of forward genetics

approach to not only obtain desirable phenotypes, but also

provide a powerful tool to identify and isolate useful genes (s).

Screening under field conditions is important for identi-

fying tolerant genotypes. However, the true expression of

genotypes is hindered due to soil heterogeneity and inherent

spatial variability of salt concentration under natural

conditions. To avoid this limitation, specially designed

microplots are crucial for screening under controlled con-

ditions (Krishnamurthy et al. 2016). The present study, for

the first time, endeavored to study the simultaneous perfor-

mance of mutant lines of IR64 genotype under precisely

controlled non-stress and saline conditions, so that adapted

ideotypes having higher biomass and yield even under

unfavorable areas could be identified and characterized. In

addition, this study can generate basic information on high

biomass IR64 mutants which are important for the future

bioenergy related research activities.

Materials and methods

Plant materials

The high quality seeds of Oryza sativa L. cv. ‘IR64’ that

demonstrated high yield traits, along with moderate salt

tolerance were irradiated at Central Instrumentation

Facility, School of Life Sciences, Jawaharlal Nehru

University, with gamma-rays that were generated using a
60Co gamma-irradiator (240 TBq 60Co Model 4000 A). A

total of 1500 seeds were irradiated in three doses i.e.,

50 Gy, 75 Gy and 100 Gy to produce M1 seeds. These M1

mutant seeds and the controls were sown under field con-

dition at ICAR-Central Soil Salinity Research Institute

(CSSRI), Karnal. The M1 plants were harvested individu-

ally to obtain 1166 M2 generation mutant lines. These M2

generation lines were further multiplied under field con-

ditions at CSSRI, Karnal to obtain M3 generation seeds.

The genetically fixed mutant lines with excellent agricul-

tural characteristics were further used to screen for salt

tolerance (Fig. 1).

Screening for salinity tolerance in hydroponics

In order to determine the concentration of the 50% lethal

dose (LD50) under the salt concentration, the hulled seeds

of M3 generation mutant population were sterilized with

5% sodium hypochlorite and germinated in a hydroponic

system for 14 days (28 ± 1 �C; 12 h day/night) in half

strength Yoshida medium. Seedlings were exposed to

salinity stress (EC-10 dS/m; NaCl) in half strength Yoshida

medium for 4 days. After four days seedlings were

recovered in half strength Yoshida medium for 7 days.

Selected healthy mutant seedlings were further grown

under field conditions to obtain M4 generation seeds.

Testing mutant lines in saline microplots

IR-64 is salt-sensitive during the seedling stage and

moderately tolerant at maturity stage. Therefore, 18
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selected salt tolerant lines (based on hydroponics) were

screened for different levels of salt tolerance in micro-

plots (size 6 9 3 9 1 m under rainout shelter) at CSSRI,

Karnal, India (26�470 5800N, 80�460 2400E, 120 m above

MSL) in the kharif season (Fig. 2). The seeds of selected

18 lines of M4 generation were initially germinated in a

nursery bed under control conditions. After 20 days, the

seedlings were transplanted in three replications in a

randomized block design (RBD) in non-stress conditions

(Singh et al. 2016b). Each ideotype was planted as a

single row of 3.0 m length following row 9 plant spacing

of 20 9 15 cm. Fertilizer rate at 120–60–40–25 kg N–

P2O5–K2O–ZnSO4�7H2O ha-1 was applied uniformly.

Half N and full P2O5, K2O and ZnSO4�7H2O were

broadcasted as basal after puddling and the remaining N

was applied in equal splits at active tillering (30 days after

transplanting) and panicle initiation (60 days after trans-

planting) (Sharma et al. 2006). Three doses of salinity

stress (EC-6 dS/m, EC-10 dS/m and EC-14 dS/m) were

given after one month of transplanting and maintained.

Plants were brought to maturity under these stress con-

ditions until harvested for the analysis.

1500 seeds of Oryza sativa L. cv. ‘IR64’
60Co gamma-irradiator 
50Gy, 75Gy and 100Gy 

M1 mutant seeds
Field, control
ICAR-CSSRI , Karnal

1166 M2 mutant seeds
Field, control
ICAR-CSSRI , Karnal

M3 mutant seeds
Hydroponics, ½ Yoshida medium
EC= 10dS/m, 4D
JNU, New Delhi

18 M3 salt tolerant mutant lines

Nursery, control
CSSRI, karnal

M4 salt tolerant mutant lines

Transplanted seedlings to micro-plot/lysimeters 
randomized block design (RBD)

EC= 6, 10 and 14 dS/m, CSSRI, Karnal

Recovery, 7D
Hydroponics, ½ Yoshida medium

Physiological parameters
Plant Height

Chlorophyll content
Proline content

K+/Na+ ratio 
Electrolyte leakage %

Biomass content
Tiller No/plant

Shoot FW
Shoot DW
Root FW
Root DW
Total FB
Total DB

Yield traits
Panicle No/plant
Panicle length

Filled grain No/ panicle
Unfilled grain No/ panicle

1000 grain Wt
Harvest Index

Fig. 1 Schematic

representation of the

development and screening of

IR64 mutant lines. The mutants

were generated through three

doses of gamma irradiation. The

developed M1 population was

multipled further to obtain M2

and M3 generation seeds. The

genetically fixed mutant

population was screened in

hydroponics to standardize 50%

lethal dose under Ec = 10dS/m

salt condition for 4 days. The

screened M3 population seeds

were further screened in micro-

plot/lysimeters at CSSRI,

Karnal under three doses of

salinity stress (EC-6 dS/m, EC-

10 dS/m and EC-14 dS/m) to

obtain M4 generation mutants

and various physiological

parameters, biomass content and

yield traits were calculated. FW

fresh weight, DW dry weight,

FB fresh biomass, DB dry

biomass
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Physiological parameters, biomass and yield

attribute determination

To evaluate the agronomic characteristics of these mutant

lines for salt tolerance, the WT IR-64 plants were

employed as controls. The physiological parameters i.e.,

plant height, tiller number per plant, total cholorophyll

content, K?/Na? ratio, proline content and electrolyte

leakage were calculated as described earlier (Joshi et al.

2014; Kumar et al. 2013). Tiller count was gathered by

counting the tillers including the newly emerged tillers

with one fully expanded leaf. Free proline concentration

was measured using 100 mg of fresh leaf tissues of non-

stressed and salt stressed plants using samples from three

independent replicates and expressed as lmol g-1 FW.

Similarly, 100 mg young and fully expanded leaf material

from WT and mutant lines under control and salt stress was

used for pigment extraction in dimethyl sulfoxide and the

chlorophyll concentration was measured at A663 and A645

nm. For determination of endogenous Na? and K? con-

tents, 100 mg of leaf tissue (control and salinity stressed)

were taken and digested in 0.1% HNO3. Ions were

extracted in distilled H2O by boiling for 30 min twice and

the filtrate was used to measure specific ions in flame

photometer.

For biomass analysis, shoot fresh weight, shoot dry

weight, root fresh weight, root dry weight, total fresh

weight and total dry weight were observed (Kondhia

et al. 2015). The shoot and root weights were collected

by weighing the upper part of the plant and root (in-

cluding the node where the upper most roots originated)

after carefully removing soil. These samples were air

dried for 30 days to obtain the shoot and root dry

weights. To calculate yield parameters i.e. number of

panicles per plant, panicle length, filled grain number per

panicle, unfilled grain number per panicle, 1000 grain

weight, and harvest index at maturity (for all mutant

lines, and the WT IR64) were calculated (Tripathi et al.

2016).

Statistical analysis

All the collected data were subjected to an analysis of

variance (ANOVA) (Gomez and Gomez 1984). The least

significant difference (LSD) at 5% probability was used to

compare treatment means (Steel and Torri 1980). Data was

presented as means across experiments for all parameters

and main effects were reported as there are no significant

interactions between plant spacing and number of seedlings

hill-1.

Results and discussion

Induced mutants are an important resource to study specific

agronomic traits. We have carried out an initial screening

of 1500 M3 mutant lines at seedling stage under 200 mM

NaCl salt stress condition. Based on the germination rate,

survival rate, and seedling growth, we have selected 18 salt

tolerant mutant lines (data not shown). These 18 selected

lines were further grown under saline conditions in

microplots at CSSRI, Karnal. The present study was per-

formed in order to investigate the physiological responses

of the mutant lines under salt stress.

C
on

tr
ol

EC
= 

6 
dS

/m
EC

= 
14

 d
S/

m

EC
= 

10
 d

S/
m

A B

C D

Fig. 2 Rice mutant lines were

grown in micro-plot/lysimeters

at ICAR-CSSRI, Karnal in the

kharif season under control and

three saline regimes till

maturity. A control, B low

saline (EC = 6 dS/m),

C moderate saline

(EC = 10 dS/m), and D high

saline (EC = 14 dS/m). The

plants grown under normal

conditions were treated as

control. The experiment was

designed in RBD condition in

three replicates, EC electric

conductivity
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Physiological analysis of selected mutant lines

in field under saline conditions

Rice is very salt-sensitive during the seedling and flower-

ing stages. However, the salt tolerance in the early growth

stages does not always correlate with that at maturity level.

Therefore, we have screened 18 selected salt tolerant

mutant lines of IR64 for salt tolerance at different levels of

salinity stress throughout their development under field

conditions. The physiological characteristics of all the 18

mutant lines were evaluated under saline conditions in

microplots taking WT IR64 plants as control. The plant

height, chlorophyll content, proline content, K?/Na? ratio,

electrolyte leakage and tiller number per plant were

recorded for 18 mutant lines, and the WT IR-64 plants

under control and saline conditions as given in Fig. 3.

These physiological changes in salt-stressed plants are

directly co-related with their overall growth (Khan and

Panda 2008). A reduction in plant height was observed

with the increase in salt concentration. Under control

conditions, mutant lines D100-211, D100-204 and D75-16

attained more height than IR64 WT plants. In contrast,

D100-200, D100-51, D50-76, D50-33 and D50-11 attained

less height than IR64 WT plants. However, under saline

conditions, the plant height showed reduction drastically in

WT (82%) as well as all the mutant lines, but tolerant lines

showed least decrease in the plant height (45–56%;

Fig. 3A). Under stress conditions, mutant lines D100-211,

D100-209, D100-204 and D50-92 (these ideotypes were

termed as ‘tolerant’ in the following text) attain more

height than IR64 WT plants. In contrast, D100-51, D50-76,

D50-33 and D50-11 (these ideotypes were termed as

‘sensitive’ in the following text) attain less height than

IR64 WT plants. Plant height is a critical component in

rice plants to avoid lodging that may lead to lower biomass

harvest. However, reduction in plant height under salinity

stress may be due to osmotic stress which confines cell

elongation resulting in retardation of internodal length,

number of nodes and eventually plant height (Joshi et al.

2016a; Kondhia et al. 2015).

The total chlorophyll content was found to be signifi-

cantly higher in the tolerant lines (Fig. 3B). However the

chlorophyll content gradually decreased in WT (94%) as

well as mutant lines after the salt treatment, but the tolerant

mutant lines showed least decrease (68–76%) under

salinity stress in comparison to other lines. Reduction of

chlorophyll content due to salinity stress is a common

phenomenon in salt-sensitive plant species because of salt

toxicity which mostly causes burning of leaves or other

succulent parts and degradation of other pigments too

(Munns et al. 2006; Stępień and Kłbus 2006). Salinity can

also affect photosynthesis by decreasing intercellular

CO2 availability caused by confinement of diffusion due to

stomatal closure (Flexas et al. 2007; Stoeva and Kay-

makanova 2008). But tolerant species can protect them-

selves from such deterioration of salinity stress (Alam et al.

2015). Plant responses to salt stress are also related to

metabolic regulation, including proline accumulation,

which may counter the osmotic stress caused by salt stress

(Joshi et al. 2016b; Soda et al. 2016). In the present study,

salt stress resulted in an increase in the proline concen-

tration in leaves; however, tolerant mutant lines accumu-

lated drastically higher levels of proline than the WT IR64

plants (Fig. 3C).

The maintenance of the ratios of Na? and K? is considered

as a vital determinant of stress tolerance. Plants have to either

sequester or extrude excess Na? ions and thereby maintain

higher K? ions in order to survive under higher concentrations

of NaCl (Zhang et al. 2008; Kumari et al. 2015). Estimation of

K? and Na? in leaves of WT IR64 and mutant lines indicated

that WT IR64 plants were able to maintain its ratio under

control conditions indicating their unstressed physiological

status. However, tolerant mutant lines showed much higher

K?/Na? ratio under control as well as stress conditions

(Fig. 3D). In contrast, sensitive mutant lines showed signifi-

cantly lower K?/Na? ratio in comparison to IR64 WT under

control as well as stress conditions. Electrolyte leakage is

considered to be an indicator of cell membrane stability and

integrity under abiotic stress conditions (Kumari et al. 2015).

The electrolyte leakage of all the mutant lines and the IR64

WT plants were evaluated in order to study the degree of

membrane injury caused by salt stress. All the tolerant mutant

lines showed less decrease in electrolyte leakage under salt

stress conditions (17–22%) as compared to IR64 WT plants

(Fig. 3E) indicating higher cellular damage in WT IR64 plants

under high salinity levels.

Evaluation of biomass in selected mutant lines

in field under saline conditions

Dry matter content is a functional parameter used to assess

the plant strategy for resource acquisition (Duru et al. 2009).

The interaction of genotypes with environment is significant

for plant biomass determination indicating that genotypes

vary significantly depending upon the severity of stress

conditions (Tripathi et al. 2016). It has already been well

established that taller plant should have strong tillers to

produce higher biomass besides minimize lodging. The

mutant lines grown under control conditions had signifi-

cantly faster tiller emergence and the rate of increase in plant

height than those grown under saline conditions. In all the

mutant lines and IR64 WT, the tiller number per plant sig-

nificantly decreased under salinity stress (Fig. 4A). It was

reported earlier that plant height and tiller number per plant

were reduced under salinity stress conditions because plants

are unable to absorb soil water resulting in less availability of

Ind J Plant Physiol. (October–December 2016) 21(4):545–555 549

123



essential elements (Bunnag and Pongthai 2013). Both tiller

number per plant and spikelet number per panicle were most

significantly affected by salinity stress (Joshi et al. 2016a).

Moreover, salinity, during tillering, reduced shoot dry

weight twice as much as that during mature stages under field

conditions (Zeng et al. 2001). The fresh and dry weights of

shoot, root and total biomass were significantly higher in all

the mutant lines under control conditions than those obtained

under saline conditions (Fig. 4B–E). Among the 18 mutant

lines selected, tolerant lines were shown to have the highest

fresh and dry biomass under control conditions, whereas,

sensitive lines have the lowest fresh and dry biomass under

control conditions (Fig. 4F, G). The tolerant lines produced

37–63% higher biomass under control conditions, where as

sensitive lines showed 26–36% less biomass under control

conditions. Similarly, tolerant mutant lines were shown to

have the highest fresh and dry biomass under saline condi-

tions, whereas, sensitive lines have the lowest fresh and dry

biomass under saline conditions (Fig. 4F, G). Under severe

stress the tolerant lines showed 53–69% decline in biomass

in comparison to control conditions, where as sensitive lines

showed 66–97% decline in total biomass in comparison to

control conditions. The decrease in biomass under salinity

stress is either because of limited assimilates produced due to
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inhibition of photosynthesis (Joshi et al. 2016b) or it might be

due to the inhibition in hydrolysis of reserved foods and their

translocation to the growing shoots (Alam et al. 2015).

Yield analysis of selected mutant lines in field

under saline conditions

Soil salinity is a major environmental constraint for crop

productivity (Joshi et al. 2016a). Higher productivity and

grain weight under stress and control conditions are con-

sidered as qualitative trait for crop improvement. QTL

mapping and genetic engineering significantly contributed

in identification of genes for yield enhancement (Huang

et al. 2013; Li et al. 2013). Rice is a global food crop as

well as model cereal along with an excellent system for

studying stress signaling pathways for improved growth

and yield under saline conditions (Joshi et al. 2014). In our

study, number of panicles per plant substantially decreased

in IR64 WT and all the mutant lines under salinity stress

(Fig. 5A). The tolerant lines produced 16–39% more pan-

icle under saline conditions than IR64, where as sensitive

lines showed 44–58% reduction in panicle number under

saline conditions. However, panicle length was found to be

similar in IR64 WT and mutant lines, but it also reduces

significantly under salinity stress (Fig. 5B). The tolerant

lines produced 8–35% longer panicles under saline condi-

tions than IR64, where as sensitive lines showed 18%

shorter panicles under similar conditions. In addition, filled

grain number per panicle was also decreased significantly

under salinity stress in IR64 WT (48%) as well as mutant

lines i.e., 27–30% in tolerant lines whereas, up to 62% in

sensitive lines (Fig. 5C). However, unfilled grain number

per panicle increased significantly under salt stress in

comparison to the control (Fig. 5D). In contrast, 1000 grain

weight of the IR64 WT and mutant lines does not show any

significant variation under salinity stress as well as in

control conditions when compared to IR64 WT plants

(Fig. 5E). The tolerant lines showed 2–7% higher harvest

index under saline conditions (Fig. 5F). The grain yield or

economic yield is referred to as a complex character

resulting from multiplicative interactions of several yield

contributing components. Sink capacity is the capability of

plants to transport and utilize photosynthates for growth

and biomass production (Ainsworth et al. 2004). Under

salinity stress, biological yield and harvest index showed

significant positive association with grain yield (Krishna-

murthy et al. 2016). Across all salt stress environments, it

was observed that biological yield and harvest index were

generally important traits for salinity conditions. In the

present analysis both high yielding tolerant mutants and

low yielding sensitive mutants were scored (Fig. 5G). Two

very promising mutants viz. D100-211 and D100-209 were

found to show an average of 18% and 34% increase in

yield respectively over WT plants under moderate saline

conditions (EC = 10 dS/m). These results clearly indicate

that among all the traits recorded, taller plants with profuse

tillering and more productive tillers and higher grain yield

coupled with more harvest index appeared to be potential

traits for the selection in non-stress and salt stress condi-

tions to identify salt tolerant mutant lines. Similarly, sev-

eral other screening methods have been designed to

identify genotypes with high resilience and productivity

under various abiotic stresses (Thiry et al. 2016).

In the present study, it is likely that the WT plant did not

perform well under severe salt stress. Few reports are

available on selection of stable mutant populations for salt

tolerance at different growth stages and trait correlation

analysis. Our study indicates that selection based on salt

stress indices is likely to identify mutant ideotypes with

better performance across varying salt stress environments.

Based on the overall analysis, the tolerant lines (i.e., D100-

211, D100-209, D100-204 and D50-92) have been found to

be promising high-yielding and high-biomass containing

mutant salt-tolerant lines for a range of salt stress conditions,

molecular basis of which is under investigation.
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