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Rising temperatures are proving detrimental for various agultural crops. Cool-season
legumes such as lentil lens culunarisMedik.) are sensitive to even small increases in
temperature during the reproductive stage, hence the needa explore the available
germplasm for heat tolerance as well as its underlying mechsms. In the present
study, a set of 38 core lentil accessions were screened for tet stress tolerance by
sowing 2 months later ( rst week of January; max/min temperéure >32/20 C during
the reproductive stage) than the recommended date of sowing rst week of November;
max/min temperature <32/20 C during the reproductive stage). Screening revealed
some promising heat-tolerant genotypes (IG2507, 1G3263,33297, 1G3312, 1G3327,
IG3546, 1G3330, 1G3745, 1G4258, and FLIP2009) which can be sed in a breeding
program. Five heat-tolerant (HT) genotypes (IG2507, IG336 IG3745, 1G4258, and
FLIP2009) and ve heat-sensitive (HS) genotypes (1G2821GR849, 1G4242, 1G3973,
IG3964) were selected from the screened germplasm and subg@ed to further analysis
by growing them the following year under similar conditionso probe the mechanisms
associated with heat tolerance. Comparative studies on reductive function revealed
signi cantly higher pollen germination, pollen viabilifystigmatic function, ovular viability,
pollen tube growth through the style, and pod set in HT genotyes under heat
stress. Nodulation was remarkably higher (1.8—-22-fold) iHIT genotypes. Moreover, HT
genotypes produced more sucrose in their leaves (65—73%) ahanthers (35—-78%) that
HS genotypes, which was associated with superior reprodudve function and nodulation.
Exogenous supplementation of sucrose toin vitro-grown pollen grains, collected from
heat-stressed plants, enhanced their germination abilityAssessment of the leaves
of HT genotypes suggested signi cantly less damage to membanes (1.3-1.4-fold),
photosynthetic function (1.14-1.17-fold) and cellular arlizing ability (1.1-1.5-fold) than
HS genotypes, which was linked to higher relative leaf watecontent (RLWC) and
stomatal conductance @S). Consequently, HT genotypes had less oxidative damage
(measured as malondialdehyde and hydrogen peroxide concération), coupled with a
higher expression of antioxidants, especially those of thescorbate—glutathione pathway.
Controlled environment studies on contrasting genotypesuirther supported the impact
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Sita et al. Heat Stress and Lentil Genotypes

of heat stress and differentiated the response of HT and HS getypes to varying
temperatures. Our studies indicated that temperatures 35/25 C were highly detrimental
for growth and yield in lentil. While HT genotypes toleratecemperatures up to 40/30 C

by producing fewer pods, the HS genotypes failed to do so everat 38/28 C. The

ndings attributed heat tolerance to superior pollen fundbn and higher expression of
leaf antioxidants.

Keywords: high temperature, reproductive growth, screenin g, tolerance, mechanisms, antioxidants

INTRODUCTION (Delahunty et al., 20)5In 2009, across southeastern Australia, a
heat wave (35C for 6 days) reduced the yield in lentil crops by

Global temperatures would probably increase signi cantly byz0o pelahunty et al., 2095

the end of the twenty-rst century due to anthropogenic  Heat stress can a ect the growth, development, metabolism

activities that will increase gases particularly carbonxidie, and productivity of plants ldasanuzzaman et al., 201Heat

methane, chloro uorocarbons, and nitrous oxideés{(nchez etal., stress causes various physiological changes in plants such

2019. This will have devastating in uence on the growth andas leaf and stem scorching, leaf abscission and senescence,

development of plants, further reducing their potential yialdd  shoot and root growth inhibition, reduction in the number of

quality of food products Pelahunty et al., 20)5 Moreover,  owers, inhibited pollen tube growth, pollen infertility, ahfruit

local increases in temperature are higher than the globallev damage, leading to catastrophic losses in crop yiekds: (and

and more damaging to crops grown in these regioksi(shal Gerats, 2013; Teixeira et al., 2013; Hemantaranjan etCdl4).2

et al., 2013; Kaur et al., 2015The elevated temperatures, Above-normal temperatures also aect membrane stability,

particularly in tropical and subtropical regions, are markedl water relations, photosynthesis, respiration and modulate

aecting the growth and yield of various winter and summer-the concentration of hormones, and primary and secondary

season crops. These crops need to be examined as to how heritabolitesiiemantaranjan et al., 20).4n leaves, the process of

stress a ects their vegetative and reproductive growth stagehotosynthesis is recognized as susceptible to high tempesatu

involving various morpho-physiological approaches. Variousand may get retarded because of chlorosis, impaired electron

studies on on legumes such as chickp&cé¢r arietinumL.;  ow, thermolability of photosystem Il (PSII), and decreased
Devasirvatham et al., 2012; Kaushal et al., 2013; Kumar.,et aarbon xation as well as assimilatioBihsawat et al., 2004
2013, pea Pisum sativum L.Guilioni et al., 199y, common Reproductive development ( owering and seed lling) is most

bean Phaseolus vulgaris;IGross and Kigel, 1994mung bean susceptible to high temperature stress; and rise in tempegatur
(Vigna radiatalL.; Tzudir, 2014 and cowpeaV\igna unguiculata during owering by a few degrees can lead to complete crop
L.; Ahmed et al., 1992have reported adverse e ects of heatloss {Vheeler et al., 2000; Asseng et al., 2011; Hat eld, R011
stress. Similar studies on lentil are limitede|ahunty et al., 2015; “At the time of reproduction, a brief phase of high temperature
Bhandari et al., 2016; Kumar et al., 2)Iwhere susceptibility may decrease the number of oral buds and augment abortion
of vegetative growth and reproductive function to heat stleas of owers abortion, signi cantly, though variations occun
been depicted. Hence, further investigation is needed inngl  the response within and amid plant species as well as their
a large number of contrasting genotypes grown under similagenotypes” Annisa et al., 2013; Kaushal et al., 2013; Sage et al.,
heat stress environment to understand the mechanism of heaD15. Investigations involving exposure to moderate heat stress
tolerance in this crop. at various reproductive stages have associated development a
Lentil is sown as a cool-season crop, and is highly susceptibierformance of pollen grains as being highly susceptible to
to rising temperatures. It needs low temperatures at the tifhe celevated temperature stre$s(ishal et al., 2013; Jiang et al., 2015;
vegetative growth, while maturity requires warm temperajr Sage et al., 20).3High temperatures may interrupt reproductive
the best temperature for its optimum growth has been foundunction by changing the concentrations of phytohormonéde li
to be 18-30C (Sinsawat et al., 2004; Roy et al., QJ0Lentil is  auxins (Teale et al., 20Q@nd abscisic acidlpdaka et al., 20)2
also grown in relatively warmer regions in central and sauth Heat stress also speeds up the production and reactions
parts of India, where the crop is exposed to supra-optimabf reactive oxygen species (ROS) including singlet oxygen,
temperatures that reduce its yield potentigle(ma et al., 20104 superoxide, hydroxyl radical and hydrogen peroxide thereby
Moreover, it has been observed that the chilling periods arenducing oxidative stress Mittler, 2002; Hasanuzzaman
becoming shorter and the heat periods are becoming longegt al., 201), which can signi cantly damage cell structure
further resulting in exposure of cool-season crops to heasstr (Chakraborty and Pradhan, 20)LZProlonged accumulation of
particularly in the reproductive stagedésanuzzaman et al., ROS is harmful and can inactivate enzymes, lipid peroxidation,
2013. Heat stress of 3& was vital in discriminating the protein degradation and damage DNACIliakraborty and
heat-tolerant and heat-sensitive genotypes in chickp@aef Pradhan, 2012 The plants have several enzymatic and non-
arietinum L.) and faba bean\cia fabal.) (Gaur et al., 2015 enzymatic systems, which detoxify the most toxic ROS to less
Temperatures above 32/2D (max/min) during owering and reactive molecules to limit oxidative damage under heatsstr
pod lling in lentil can drastically reduce seed yield and titya  (Sairam and Tyagi, 2004
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Enzymatic antioxidants, for example, peroxidase, catalasg? C/20 C) at the time reproductive development. A sandy
superoxide dismutase, ascorbate peroxidase as well ah@uagt loam soil (sand: 63.4%, silt: 24.6%, clay:12%) was mixed with
reductase work for the removal of superoxides and hydrogesand in a 3:1 ratio. The growth medium (soil) was prepared by
peroxide ittler, 2002). Non-enzymatic antioxidants like adding one part farmyard manure to three parts of the soil-
tocopherols, carotenoids, ascorbic acid, glutathionep a@st sand mixture. Ten mg kgt of tricalcium phosphate fertilizer
along with enzymatic antioxidants against oxidative fiesyer was also added. The mixture was used to Il earthen pots (300
and Noctor, 2008 Their higher expression has been linked withmm in diameter; 8 kg soil capacityP(vasthi et al., 2014 For
heat tolerance in some previous studies lentierfs culinaris inoculating the seeds, lentil-speciRhizobiumspp. was applied
Medik.; Chakraborty and Pradhan, 20)L soybean@lycine max prior to sowing. Initially, ten seeds were sown in each pot, upon
L.; Devi and Giridhar, 2015 pea Pisum sativumL.; Osman, emergence, plants were thinned to ve per pot, 15 days after
2015. sowing (DAS).

The mechanisms a ecting heat tolerance are not fully known
in lentil. The objective of this study was to (a) screen theeco \Weather Data

lentil germplasm for heat tolerance and (b) understand theiba The day time maximum/night time minimum and mean air

of heat tolerance using contrasting genotypes. temperatures Kigure 1) and day time maximum/night time
minimum and mean relative humidityKigure 1) were recorded

MATERIALS AND METHODS between 12 November 2014 and 5 May 2015. For normal-
) sown plants, temperatures ranged from 31.8 toQ.@day time
Screening for Heat Tolerance maximum) and 17.8 to 6.Z (night time minimum) during the

The seeds of 38 lentilLéns culinarisMedik.) genotypes were vegetative stage and from 33.6 to €{day time maximum) and
procured from di erent sources (Punjab Agricultural Univetisi  21.6 to 8.2C (night time minimum) during the reproductive
Ludhiana, India; Indian Institute of Pulse Research, Kanpurstage. For late-sown plants, temperatures ranged from 33.6
India; ICARDA, Morocco). The lentil genotypes were sown into 17 C (day time maximum) and 20.6 to 9.2 (night time
earthen pots (8 kg capacity) on two sowing dates: (1) rstweek aminimum) during the vegetative stage and from 39.2 to 26.6
November 2013 for normal sowing and (2) rst week of Januaryday time maximum) and 25 to 15.€ (night time minimum)
2014 for late sowing to impose heat stress at the reproductivfuring the reproductive stag&igure 1).
stage. For normal-sown plants, temperatures ranged from 27.3 Relative humidity (RH) for normal-sown plants ranged from
to 6.1 C (maximum) and 15 to 3C (minimum) during the 97 to 49% (day time maximum) and 90 to 19% (night time
vegetative stage and from 31.5 to 1Z4maximum) and 18.2t0  minimum) during the vegetative stage and from 98 to 68% (day
9.8 C (minimum) during the reproductive stage. For late-sowntime maximum) and 62 to 18% (night time minimum) during
plants, temperatures ranged from 33 to 1CAmaximum) and  the reproductive stage. In late-sown plants, the RH ranged from
18.2 to0 9.2C (minimum) during the vegetative stage and from 98 to 68% (day time maximum) and 71 to 31% (night time
38 to 27.5C (maximum) and 28-14C (minimum) during the  minimum) during the vegetative stage, and from 96 to 41% (day
reproductive stage. time maximum) and 47 to 12% (night time minimum) during the
Relative humidity for normal-sown plants ranged from 100 toreproductive stageMigure 1).
72% (maximum) and 82 to 21% (minimum) during the vegetative  Photoperiod ranged between 11.2 and 11.4 h under normal-
stage and from 95 to 77% (maximum) and 61 to 14% (minimum)owing conditions, while under late-sown condtions, it gaxdl
during the reproductive stage. In late-sown plants, the retat from 12.2 to 12.4 hRigure 1).
humidity ranged from 97 to 61% (maximum) and 78 to 14% Thermal accumulation units were 1,218.5 in normal-sown
(minimum) during the vegetative stage and from 93 to 42%plants and 2,336.2 in late-sown plants. “Thermal units were
(maximum) and 59 to 12% (minimum) during the reproductive calculated as the total of the average temperatures of aliquev
stage. days until the initiation or completion of a particular stage”

.. . (Awasthi et al., 2004
Raising of Contrasting Genotypes

Based upon the response of the 38 lentil genotypes to heat . .

stress in the 2013-2014 trial above, several genotypesigaryr N€nology, Biomass, and Yield

in heat sensitivity (ve heat-tolerant and ve heat-seigit) Components

were selected for further studies. These genotypes were sowhe observations on phenology (days to owering, podding and
on two sowing dates: (1) 12 November 2014 for normal sowingnaturity), biomass, ower number, pod set (%), pod number
and (2) 15 January 2015 for late sowing to ensure heat streasd seed weight were recorded from 10 plants per genotype
during reproductive growth. The plants were grown underin three replications (30 plants/genotype). “Observationsriro
natural outdoor environment at Panjab University, Chandlga replications for each genotype were pooled and averaged. The
India (30 44° 5.9994°N, 76 47 27.5994°E). In northern  owers were tagged and examined for pod set. Yield-relateitstr
India, lentils are normally sown in November, the temperatir such as pod number, seed number and seed weight were also
throughout reproductive development remain below @20 C  recorded at maturity. For yield data, mature seeds werecild,

(day time maximum/night time minimum); sowing in January oven-dried for 3 days at 4& and then weighed, with average
would ensure that plants were exposed to heat stress (abovalues expressed on a per plant basistésthi et al., 2004
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FIGURE 1 | Temperature prole ( C; top) and RH (%) and photoperiod (hourspottom ) during the normal sown and late sown experiments. Arrows dicate the
reproductive phase during both environments. Yellow linanithe below gure represents the photoperiod during both sowng environments.
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Reproductive Biology using a medium containing 10% sucrose, 1,640 mM boric acid,
For the analysis of reproductive function from contrasting1,269 mM calcium nitrate, 812 mM magnesium sulfate and 990
genotypes, owers from individual plants (three per pot) weremM potassium nitrate (pH 6.5). Pollen grains were treated as
collected randomly from ve pots (15 plants/genotype) in threegerminated when the size of tube exceeded the diameter of the
replications from normal-sown and late-sown plants. The budgollen grain. The percentage germination was determined from
or owers were harvested from normal-sown plants when theat least 100 pollen grains per replicatg€aishal et al., 20).3
average temperature for the previous 7 days was lower than

25/19C and from late-sown plants when the correspondingpg|ien Germination (In vivo) and Fate of Pollen Tube
temperature was above 32/Z0 Floral biology was examined as s q\wth

follows: “The pollen germination on the stigma and pollen tube growth

h hol through the style and in ovary was examined using Fluoreseenc
Anther Morphology microscopy. The owers were collected 1-3 days after anthesi

The morphology of anthers was evaluated using scanning,y yeq in acetic alcohol (1:3) for 24 h and then transferted
electron microscopy (SEM). The fresh owers were collecte@y NaoH for 6 h at 60C for clearing purposes. The complete
early in the morning on the day of anthesis, from control andgynoecium part was transferred to aniline blue (0.1%), whiel w
stressed plants. Anthers of _each genotype were collectedlftfom kept overnight, followed by mounting on a slide in a 1:1 (arglin
owers and put on a metallic stub. The anthers were observeg| o 100 glycerin) solution’Kaushal et al., 20)3The stained

under SEM to examine any structural changes. "Anthers wergy e ciym was observed under a uorescence photomicrograph
mountgq fresh. using double-stick tape, Wl'thout dehydrapon microscope (Nikon, Japanp@imas and Knox, 1993
and critical point drying, sputter coated with gold paladium

and scanned under SEM'Ppstek et al., 1980; Kaushal et al., .
2019. Stigma Receptivity

“To detect stigma receptivity, an esterase test was carti¢d o
Pollen Morphology using a-naphthyl acetate as the substrate in the azo-coupling

“The morphology of pollen grains was studied using SEM. Pollef¢action with fast blue B, as modi ed bylaitson et al. (1974)
grains were removed from the anthers (collected as destribetigmas were removed from ve owers per genotype in three
above) and observed under SEM to examine any structur&fPlications 1 day before ower opening, immersed in a solution
changes. On the day of anthesis, fresh owers were collect&®Ntaining a-naphthylacetate and fast blue B in phosphate bu er,
early in the morning from control and stressed plants. Anther &t 37 C for 15 min. The reddish brown color that developed on
from 10 owers were collected and teased on a metallic stufn€ surface of the stigma was scored on a 1-5 scal2 [dw
Samples were mounted fresh with double-stick tape, witholf€CePtivity and 3 high receptivity)” Kaushal et al., 20).3
dehydration, and critical point drying, sputter coated witbld

paladium and scanned under SEMPdstek et al., 1980; Kaushal Ovule Viability

etal., 2018 Ovule viability was assessed via a 2, 3, 5-triphenyl-2 H-
tetrazolium chloride (TTC) reduction test. The ovules were
Pollen Viability carefully removed from the ovary of ve owers per genotype in

“About 200 pollen grains were tested for pollen viability waghree replications 1 day before anthesis. The ovules were placed
tested on 200 pollen grains (5—10 microscopic elds) with 0.5%nto a drop of TTC solution (0.5% TTC in 1% sucrose solution)
acetocarmine/Alexander staink@ushal et al., 20).3The pollen  on a clean glass slide. The ovules were covered with a cgqver sl
grains were collected from owers, which opened on the samand kept in a petri-dish having moist ler paper (2 layers). The
day. The pollen grains collected from owers were pooled angetri-dish was covered by a black paper and kept in the dark for
tested for their viability Alexander, 1960 To select viable pollen incubation at 25C in chamber. Following incubation of 15 min,
grains, section was made on the basis of size and shape (il&ing the ovules were examined under the microscope for viability,
or spherical) of the pollen, and the concentration of the stainvhich was measured on the basis of intensity of red color due

taken up by the pollen{aushal et al., 20).3 to formazan formation, especially in the central region. Thd r
color in the ovules is because of high availability of oxygdre
Pollen Load and Pollen Germination intensity of the red color (ovule viability) was scored on &1—

“The pollen load and pollen germinatiorin( vivo) was tested scale (1D lowest intensity and ® highest intensity) Iaushal
from the owers (collected as above for pollen viability) it etal., 2013

fully-dehiscent anthers and pollen grains on the stigmald?ol To assess stress injury and biochemical traits, owers and
load on the stigma was scored on a 1-5 scal® (bw and 5 subtending leaves were harvested randomly from ve pots (15
D high; Srinivasan et al., 1999The number of germinated and plants/genotype) in three replications from normal-sown and
ungerminated pollen grains on the stigma surface were calintdate-sown plants. The owers or leaves were collected from
from normal and heat-stressed owersgushal et al., 20)3The  normal-sown plants when the average temperature for the
in vitro pollen germination was tested in pollen grains collectegreceding 7 days was 25/19 C, and from late-sown plants
from ve owers per genotype in three replications. Pollen were(when the corresponding temperature was above 32Z220The
germinated as per the method Bfewbaker and Kwack (1963) following tests were conducted:
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Stomatal Conductance and Leaf Chlorophyll Concentration
Temperature “To measure chlorophyll concentration, the fresh leave8 ).

Stomatal conductance and leaf temperature of top fully-expand Were homogenized in 80% acetone, followed by centrifugatio
leaves were assessed with a portable leaf porometer (model S&{15.701.89 for 10 min. The absorbance of the supernatant was

Decagon Devices, Pullman, WA, USA}ushal et al., 20)3 recorded at 645 and 663 nm, and total chlorophyll was caledlat

_ ) (Arnon, 1949 against 80% acetone as a blank@sthi et al.,
Leaf Photosynthetic Function 2019. The chlorophyll content was measured as:

“The photochemical e ciency of the intact leaves of the outdo

grown pants was measured as chlorophyll uorescence using ChlaD 12.9 (Ab 269 (Ab \4
the dark-adapted test of the modulated chlorophyll uoromete -9 (Abgsd 69 (Abgag) 1,000 W
OS1-FL (Opti-Sciences, Tyngsboro, MA, USA). With this system, \%
chlorophyll uorescence is excited by a 660 nm solid-stagéatli Chib D 22.9 (Abgss)  4.68 (Abge3) 1,000 W

source with lters blocking radiation longer than 690 nm. &h
average intensity of this modulated light was adjusted ffbio 1

mE. Detection was in the 700750 nm range using a PIN silicoghere V is volume, W is tissue weight, Agsis absorbance at
photodiode with appropriate Itering to remove extraneous ltgh 663 nm and Abgsis absorbance at 645 nm. The total chlorophyll
The clamps of the instrument were installed on the leavesépke content was expressed as mg W.

them in the dark and to stop the light reaction of photosyntises  Fresh tissue was collected for measuring chlorophyll
for 45 min. After this, the clamps were attached to the opticrbe concentration and other biochemical traits but the caltiolas

of the device and the valves of the clamps were opened. Aftgfere made on dry weight (DW) basis. The dry weight of the
Starting the device, the 695 nm modulated |Ight was radiaIEQ'esh material was recorded by drymg at @5for 2 daysl The
through the optic ber toward the leaf. Subsequently, the Fw/F fresh weight was divided by the dry weight, the resultaneval

ratio was recorded. The leaves tested for chlorophyll uceege \was multiplied with the calculated units of any biochemical
were also used for measurement of chlorophyll concentrationparameter.

(Kaushal et al., 20).3

Totalchl D ChlaC Chlb

Relative Leaf Water Content (RLWC)

Membrane Damage (As Electrolyte RLWC was deterimined using the method dfarrs and
Leakage) Weatherley (1962)Leaf tissue (100 mg) was collected from
The leaves subtending the owers were harvested from plantsontrol and stressed plants. The leaves were immersed itietisti
grown under normal-sown and late-sown conditions (detaiés water for 2 h in a petri dish, removed, followed by surface agyi
above). Electrolyte leakage was used to assess the peitpeabilith blotters, and re-weighed (turgid weight, TW). The leav
of the cell membrane as described bytts et al. (1996)Leaf were then oven-dried at 11Q for 24 h and weighed again for

segments after washing with deionized water were placed
closed vials containing deionized water (10 mL) and incebat
overnight at 25C. Electrical conductivity of the bathing solution
(C1) was determined after 24 h. Samples were then put in

iy weight (DW) The relative leaf water content was calcdat
as follows:

a

Freshwt Dry wt.
Turgidwt  Dry wt.

boiling water bath for 10—15 min and nal conductivity reaudj
(C,) was obtained upon equilibration at 26 (Kaushal et al.,
2013. The electrolyte leakage (EL) was de ned as follows:

Relative leaf water content (RLWO)

Soluble Protein

The soluble protein concentration was estimated using a netho
devised by owry et al. (1951)The plant material (100 mg) was
macerated in 0.1 M phosphate bu er (pH 7.0) and centrifuged
The cellular oxidizing ability was measured as the 2, 3iwmyl at 513.16 g for 15 min to obtain a supernatant. Five mL of TCA
tetrazolium chloride (TTC) reduction ability Steponkus and (trichloroacetic acid; 15%) was added to the supernatant apd k
Lanphear, 1967 One hundred mg of fresh leaf sample wasat 4 C for 24 h. The mixture was then centrifuged at 513.16g
cut into small strips, immersed in incubation solution (50 mM for 15 min to separate the precipitates. The supernatant was
sodium phosphate, pH 7.4) containing TTC (500 mg 100 rhL discarded and the precipitate dissolved in 0.1 N NaOH (1 mL),
solution) and incubated at 2& in the dark. Since the TTC kept for 18 h for complete dissolution, and treated as an extract
reduction is sensitive to excessive oxygen, the incubatidimC To 1 mL of the above extract, copper sulfate reagent
was carried out without shaking. After two extractions weth%  containing 2% NaCOs (in 0.1 N NaOH) and 0.5% CuS(bH,0
ethanol (5 mL each), the extracts were pooled up to 10 ml(in 1% sodium potassium tartrate) was added, allowed to stand
Formazan, which forms in green tissues, was measured at 58% 15 min, before adding 0.5 mL of Folin-phenol Ciocalteu's
nm instead of 485 nm to avoid intervention by pigments suchreagent (1:1 ratio) (1 N). This mixture was kept for 30 min for
as chlorophyll Eteponkus and Lanphear, 1967; Kaushal et alcolor development before the absorbance was read at 570 nm.
2019. The observations were expressed as absorbance per glbie total protein content (mg gt DW) was expressed using a
fresh weight (FW). standard curve plotted with bovine serum albumin.

EL%D C;=C, 100

Cellular Oxidizing Ability

Frontiers in Plant Science | www.frontiersin.org 6 May 2017 | Volume 8 | Article 744


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Sita et al. Heat Stress and Lentil Genotypes

Sucrose an ice bath. After centrifugation at 5,701.8g for 15 min, the
“The sucrose concentration was estimated as per the enzymatibsorbance was measured at 532 nm. The value for non-speci ¢
method given bylones et al. (197.1)eaf tissue was homogenizedabsorption at 600 nm was subtracted. MDA concentration was
three times with 80% ethanol at 8D for 1.5 h for each extraction. calculated using its absorption coe cient of 155 mmdlcm *

The extracts were pooled followed by evaporation atG4h  and expressed as nmol yDW” (Kaushal et al., 20).3

an air-circulating oven. These were subsequently used tyass

sucrose concentration. Aliquots of 260 from standard sucrose Hydrogen Peroxide (H 205)

and the samples were added to 1 mL of reaction mixturdhe concentration of hydrogen peroxide £B,) was estimated
consisting of imidazole bu er 100 mM (pH 6.9; 40 mM imidazole using the method oflukherji and Chaudhari (1983Plant tissue
base, 60 mM imidazole-HCI), 0.4 mM NABR 1 mM ATP, 5 (500 mg) was homogenized in 5 mL chilled acetone (80%) and
mM MgCl,, 0.5 mM dithiothreitol, 0.02% (w/v) bovine serum ltered through Whatman Iter paper 1. Four mL of titanium
albumin (BSA), 20rg mL 1 yeast invertase (E.C. 3.2.1.26jg reagent was added followed by 5 mL of ammonia solution. The
mL 1 yeast hexokinase (E.C. 2.7.1.1) anddlmL ! yeast P- mixture was centrifuged at 5,031 g for 15 min and the supemtata
glucoisomerase (E.C. 5.3.1.9). The mixture was incubagsi@ was discarded. The residue was dissolved with 1 M8® and

for 30 min to allow conversion of glucose and fructose to gkee  absorbance was recorded at 410 nm. The calculations were mad
6-P. The absorption was meaured at 340 nm. Subsequently, 88h a standard curve plotted with pure 3@, and expressed as
mL of glucose 6-P dehydrogenase (@D 1) was added, the mmolg 1 DW.

mixture was re-read after 5 min when absorbance became

constant. Blanks were run with 206L of extract and 1 mL of Antioxidants (Enzymatic and

the reaction mixture without invertase. The readings froatk Non-enzymatic)

sample were changed to sucrose concentration with a standaglperoxide Dismutase

curve” (Kaushal etal., 20).3 The activity of superoxide dismutase (SOD; E.C. 1.15.1.1) was
measured following the method obhindsa et al. (1981)
Sucrose Phosphate Synthase Fresh plant tissue was homogenized in 50 mM chilled/ice cold

To assay this enzyme, enzymes, the leaf tissue was home@eniéhosphate bu er (pH 7.0) and centrifuged at 5,031 g for 15 min
in a chilled HEPES bu er-NaOH (50 mM) pH 7 containing 2 at 4 C and the supernatant was treated as an enzyme extract.
mM MgClz, 1 mM EDTA and 2 mM DTT as per the method The reaction mixture (3 mL) contained 13 mM methionine,
of Dejardin et al. (1997)The desalting of the supernatant wasos mM nitro-blue-tetrazolium (NBT), 0.1 mM EDTA, 50 mM
done at 4C by passing it through 4 mL Sephadex G-25 columnggdium bicarbonate, 50 mM phosphate bu er (pH 7.8) and 0.1
pre-equilibrated with bu er containing 20 mM HEPES-NaOH 13| of enzyme extract. The reaction was started by adding 2 mM
(pH 7.5), 0.25 mM MgGl, 0.01% 2-mercaptoethanol, 1 mM yiho avin and exposing to 15 W uorescent light for 10 min.
ethylenediaminetetraacetic acid (EDTA) and 0.05% BSAOSEC The apsorbance was recorded at 560 nm. SOD activity of the
phosphate synthase (SPS) activity was assayed from thi1~:textr§1an~,p|eS was assayed by recording its capacity to decrease the
following the anthrone testHuber et al., 1980 During this  pnotochemical reduction of NBT. One unit of SOD activity was
process, 70 mL of the reaction mixture including the extra@sw ge ned as the amount of enzyme which causes 50% inhibition of

adjusted to a nal concentration of 4 mM Fru 6-P, 20 mM Glc 6-P, the photochemical reduction of NBT. It was expressed as Units
3 MM UDPG, 50 mM HEPES—KOH (pH 7.5), 5mM Mg@nd  mg 1 protein.

1 mM EDTA. The reaction mixture was incubated at &7for

15 min, and subsequently 70 mL of 30% (w/v) KOH was adde@ atalase

followed by heating for 10 min at 9&. To this, 1 mL of 0.14% Catalase (CAT; E.C. 1.11.1.6) activity was estimated ukiag t
(wiv) anthrone (in 95% HSQy) was added. The mixture was method of Teranishi et al. (1974with some modi cations.
incubated for 20 min at 37, and absorbance recorded at 650The reaction mixture (3 mL) was prepared by mixing 50 mM
nm. The sucrose concentration was calculated from the stethd phosphate bu er (pH 7.0), 200 mM kD, and 0.1 mL of enzyme
graph prepared with sucrose as the standard. The enzyme gctivixtract. The reaction was initiated by adding 200 mMQ4.

was expressed ag sucrose min* mg * protein. The decrease in absorbance was recorded at 410 nm for 3 min.
. . Catalase activity was measured using the extinction co@c#d

Oxidative Molecules mM Lem L1

Malondialdehyde

The damage to membranes was assessed on the basisAstorbate Peroxidase

a malondialdehyde (MDA) estimation, which indicates lipid Ascorbate peroxidase (APO; E.C. 1.11.1.11) activity was
peroxidation of the membranes, using the method described bgletermined by following the oxidation of ascorbate as a
Heath and Packer (1968 eaf tissue (1 g) was extracted in 10 mLreduction in absorbance at 290 nm, using the methodlakano

of 0.1% trichloroacetic acid (TCA), followed by centriftiga at and Asada (1981)Plant material was homogenized in ice cold
11,319.75 g for 15 min. Subsequently, 4 mL of 0.5% thiohaibit 50 mM phosphate bu er, centrifuged at 5,031g for 15 min at
acid (in 20% trichloroacetic acid) was added to a 1-ml aliquo4 C and the supernatant was kept for assay. The reaction was
of the supernatant. The nal volume was 5 ml. Thereafter, thecarried out at 20C in 3 mL of reaction mixture containing 50
mixture was heated for 30 min at 95, and rapidly cooled in mM phosphate bu er (pH 7.0), 0.1 mM EDTA, 0.5 mM ascorbic
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acid and enzyme extract. Ascorbic acid (2 mM) was added teecorded. The plants were tested for reproductive functiod an
the reaction mixture to prevent inactivation of the enzyméeT damage to leaves using various tests.

change in Agp was recorded at 30 s intervals after addition of

H»0, for 3 min. The rate constant was calculated using thé=ffect of Sucrose on Pollen Germination ( In vitro)

extinction coe cientof 2.8 mM 1cm 1. Pollen grains from heat-stressed owers of two HT and two
HS genotypes were collected and germinated in a controlled
Glutathione Reductase environment (method described above in reproductive biglog

Glutathione reductase (E.C. 1.6.4.2) was measured usiag ti a growth medium supplemented with 1.0 and 21 sucrose.
method of Mavis and Stellwagen (1968he reaction mixture The e ects of sucrose concentration were tested on pollen
contained deionized water (0.65 mL), 100 mM phosphate bu ergermination.

pH 7.6 (1.5 mL), glutathione oxidized (GSSG; 0.1 mi),

NADP (0.35 mL), BSA (0.20 mL) and enzyme solution (0.Z5tatistical Analysis

mL). The glutathione reductase enzyme solution was preparethere were 10 pots per genotype having 3 plants in 3 replications
immediately before use and contained 0.30-0.60 units haf ~ for screening experiments, which were randomized following
glutathione reagent in cold reagent, i.e., 1% BSA. The otste RBD. For observations on contrasting genotypes too, 5 HT
of the reaction mixture were immediately mixed by inversionand 5 HS genotypes were grown using RBD under normal and
and the reduction in absorbance was read at 340 nm folate-won situations in 10 pots per genotype having 3 plants
approximately 3 min. The rate constant was calculated usieg tHn 3 replications. For CE studies, 3 pots having 3 plants were
extinction coe cient of 6.2 mM 1 cm 1. The enzyme activity used for each genotype using CRBD. Data were analyzed as

was expressed as mmol oxidized donor mfimg ! protein. two factorial (temperature and genotypes) experimental desig
using AGRISTAT statistical software (ICAR Research Complex,
Ascorbic Acid Goa, India). Standard errors and least signi cant di ereadP

Ascorbic acid (AsA) was estimated according to the method of 0.05) for genotypes, treatments and their interaction were
Mukherji and Chaudhari (1983)Plant tissue was homogenized computed.

in 6% TCA, and the homogenate was centrifuged at 3,649.15 g fo

15 min. The supernatant was used as an extract for estimatioRESULTS

Two mL of 2% DNPH (Dinitrophenylhydrazine) was added to

4 mL of extract, followed by one drop of 10% thiourea. TheField Experiment

mixture was boiled for 15 min in a water bath and then cooled tdn the initial experiment, 38 core accessions of lentil were
room temperature; subsequently 5 mL of chilled sulfuric acéw screened for heat tolerance at the reproductive stage on tis ba
added at OC. The absorbance was read at 530 nm, and ascorbaf biomass, lled pods per plant, seed weight per plant and
acid concentration (mg gt DW) was calculated from a standard 100-seed weight in 2013—-2014.

curve prepared by using known concentration ascorbic acid. Observations revealed that in normal-sown (NS) plants the
biomass ranged from 3.1 to 7.5g plahtacross the screened
Glutathione genotypes, but only 1.0-3.1g plaftin late-sown (LS) plants

Reduced glutathione (GSH) was estimated following the methodue to heat stressTéble 1). Among all the genotypes, 1G3327,
of Grith (1980) . “Fresh leaf tissue was homogenized in 2 mUG3312, 1G3263, 1G2507, IG3641, 1G2458, 1G4318, IG5146, an
of metaphosphoric acid followed by centrifugation at 14,599  FLIP2009 produced the most biomass (2.6-3.1 g pBninder

for 15 min. The aliquots of the supernatant were neutralizgd b LS environment while IG2519, IG3568, 1G4221, ILL6002, DPL15
adding 0.6 mL of 10% sodium citrate to 0.9 mL of the extractproduced the least (0.84-1.12 g plaht

A total volume of 1 mL of assay containing 768 NADPH Late-sown plants produced fewer lled pods (5.1-54.4
(0.3 mM), 100m 5,5-dithio-bis-(2-nitrobenzoic acid (DTNB; plant 1) due to heat stress than NS plants (25-127 plént

6 mM), 100m distilled water and 100n of the extract was (Table 1). Under LS conditions, the genotypes 1G2507, 1G3263,
prepared and allowed to stabilize at Z5for 3—4 min. Thereafter, 163312, 1G3327, 1G3330, 1G3546, 1G3745, 1G4258, 1G5146,
10 m of glutathione reductase (Sigma, USA) was added anand FLIP2009 produced the most lled pods (43-54.4 pldht
the absorbance recorded at 412 nnRafishal et al.,, 20)3 while IG2506, 1G2510, IG2519, 1G2802, 1G2820, 1G2878,9G,32
Glutathione was calculated from a standard graph as destribéG3364, and 1G4221 produced the least (5.1-9.4 pfnt

by Gri th (1980) and expressed as nmol §DW. Seed weight in NS plants ranged from 1.13 to 4.61 g pfant
while LS plants ranged from 0.57 to 2.49 g pldn¢Table ). In
Controlled Environment Studies LS plants, genotypes 1G2507, 1G3263, 1G3297, 1G3312, 1G3327,

The contrasting genotypes of lentil (two heat-tolerant andG3330, 1G3745, and FLIP2009 produced the heaviest seeds
two heat-sensitive) were grown outdoors and, at the onsg®.13-2.49g plant) while 1G2506, 1G2510, 1G2802, 1G2820,
of owering (110-112 DAS) were subsequently subjected t6G2878, 1G3290, 1G3364, 1G3568, 1G4221, ILL6002, DPL15, and
controlled environment conditions at varying heat stress©PL315 produced the lightest seeds (0.57—0.91 g pkant

[(35/25 C, 38/28C, 40/30C; day time/nighttime); (RH: 65-75% In NS plants, 100-seed weightable 1) ranged from 0.96
{day time}/45-55% {night time}] in a growth chamber (Meterx,to 3.85g plant® but only 0.49-2.469 plant in LS plants.
New Delhi, India). Pod number and seed weight per plant wer&enotypes IG2507, IG3263, IG3312, IG3546, 1G4258, FLIP2009
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TABLE 1 | Biomass and yield components in normal-sown (NS) and la  te-sown (LS) lentil genotypes (Mean SE).
Genotypes Biomass g/plant Filled pods/plant Seed weight/pl ant 100 seed weight
NS LS NS LS NS LS NS LS

1 1G2506 43 0.8 0.87 0.18 389 3.9 51 13 151 0.24 0.57 0.16 1.22 0.3 0.65 0.11
2 1G2507 6.8 09 29 021 110 6.6 69.7 82 389 078 231 019 367 0.32 23 021
3 1G2510 54 0.8 1.8 013 494 53 94 19 181 067 076 016 161 0.29 1.1 017
4 1G2519 49 07 081 011 363 438 73 18 15 034 061 011 119 028 049 0.13
5 1G2802 58 09 1.7 013 415 44 75 19 183 023 081 013 165 017 097 0.15
6 1G2820 59 09 1.8 0.18 456 4.8 91 15 1.78 0.22 0.88 0.12 1.7 0.20 1.13 0.12
7 1G2821 6.1 0.8 21 0.15 835 55 189 22 3.88 0.26 1.09 0.14 1.97 0.23 0.7 0.11
8 1G2849 6.2 0.9 23 017 86.3 6.1 204 25 3.78 0.27 0.92 0.13 1.89 0.24 0.54 0.09
9 1G2878 57 08 1.7 0.13 414 45 93 13 1.76 0.24 0.77 0.14 1.66 0.21 094 0.17
10 1G3263 71 09 31 014 104 5.8 623 33 381 0.25 246 0.15 3.28 0.24 2.18 0.22
11 1G3290 58 0.8 1.6 0.16 443 4.9 93 14 1.71 0.22 0.78 0.15 1.63 0.26 089 0.21
12 1G3297 6.4 0.8 23 013 785 59 305 1.6 404 087 212 016 311 0.24 156 0.18
13 1G3312 73 09 28 024 111 8.9 438 15 432 082 211 019 346 0.28 201 0.23
14 1G3326 6.4 0.8 25 021 563 6.3 246 23 231 036 178 0.17 184 0.26 094 0.23
15 1G3327 72 08 27 0.19 121 6.8 483 2.3 414 038 219 018 344 025 191 0.29
16 1G3330 73 09 21 0.16 117 8.8 492 2.4 431 042 2.16 0.15 3.57 0.36 1.87 0.26
17 1G3364 53 09 14 014 532 6.6 94 18 1.79 0.24 0.81 0.14 1.68 0.27 1.9 0.29
18 1G3520 6.3 0.9 27 0.15 70.3 8.2 26.7 1.9 4.12 0.33 201 0.16 3.01 0.22 1.49 0.24
19 1G3537 6.1 0.8 28 0.16 734 84 287 15 4.08 0.37 209 0.17 3.09 0.28 1.67 0.28
20 1G3546 74 0.8 25 0.22 120 9.8 439 22 411 0.38 211 0.21 3.61 043 201 0.26
21 1G3568 48 0.8 0.84 0.13 356 6.8 6.1 1.3 159 0.28 0.65 0.14 1.17 0.26 0.56 0.19
22 1G3641 62 0.8 29 021 703 73 273 1.8 406 0.78 214 0.18 298 048 173 0.22
23 1G3745 75 09 26 023 127 95 745 54 379 082 249 016 379 062 221 024
24 1G3803 6.4 09 25 022 762 85 264 34 414 088 219 0.23 314 048 167 0.19
25 1G3964 514 08 145 011 784 94 28.7 35 298 063 089 0.18 234 043 0819 0.22
26 1G3973 54 0.8 1.13 0.10 804 83 30.7 25 3.01 071 0.95 0.16 2.67 0.35 1.04 0.19
27 1G3984 6.6 0.8 26 024 66.4 9.2 289 35 411 091 211 024 3.06 0.56 1.71 021
28 1G4221 49 0.8 0.78 0.21 413 6.4 94 14 1.67 0.23 0.72 0.18 159 0.34 0.93 0.18
29 1G4242 54 08 1.78 0.18 81.7 5.9 246 25 3.67 0.31 1.11 0.7 1.79 0.44 0.71 0.19
30 1G4258 69 0.7 24 0.22 103 8.9 60.6 5.5 386 0.42 233 0.19 346 0.51 204 021
31 1G4318 6.2 09 268 0.25 803 7.4 345 43 4.02 0.46 213 0.21 3.13 0.48 1.77 0.22
32 1G5146 66 08 272 028 98 8.3 48.6 3.6 457 048 221 0.18 36 051 211 024
33 FLIP2009 6.8 0.8 24 022 103 6.3 489 3.2 3.83 051 23 018 385 046 248 0.25
34 DPL58 69 09 24 024 914 81 40.3 3.9 461 066 216 019 357 054 205 0.21
35 DPL315 52 06 167 019 403 45 194 35 217 035 095 016 181 051 085 0.18
37 DPL15 48 0.6 1.1 011 424 3.3 174 24 2.33 045 091 0.18 1.92 043 0.84 0.18
37 ILL-6002 3.04 0.7 098 0.14 253 23 134 15 1.13 0.24 0.82 0.17 0.96 0.21 0.77 0.19
38 DPL-15 4.7 0.7 1.12 0.12 486 2.7 316 26 223 0.27 1.11  0.20 201 0.38 0.89 0.17
LSD (P < 0.05; genotype 0.84 3.8 0.32 0.25

date of sowing Interaction)

LSD, least signi cant difference.

and DPL58 had the highest 100-seed weights (2.04—-2.46@3290, 1G3326, 1G3568, 1G3973, 1G3964, 1G4221, 1G4242,
plant 1) while 1G2506, 1G2519, 1G2802, 1G2878, IG3290DPL315, and DPL15 were relatively heat-sensitive.
1G3326, IG3568, 1G4221, 1G4242, DPL315, and DPL15 had the Of the 38 genotypes screened for heat tolerance, the ve
lowest (0.64-0.97 g plant). most-tolerant (IG2507, 1G3263, 1G3745, 1G4258, and FLIBR00
Based upon this screening, genotypes 1G2507, 1G3268nd the ve most-sensitive (1G2821, 1G2849, 1G4242, 1G3973
1G3297, 1G3312, 1G3327, 1G3546, 1G3330, IG3745, 1G425R;53964) to heat stress were selected for further studies to
and FLIP2009 were relatively tolerant to heat stress, vesereprobe the possible mechanisms related to heat tolerance. These
genotypes 1G2506, 1G2519, 1G2802, 1G2821, 1G2849, 1G28¢fnotypes were subsequently grown in 2014—-2015 and tested for
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growth, yield, stress injury to leaves, and reproductivecfiom Late-sown plants of HT genotypes produced 68—78 owers per
using various tests. The weather parameters (temperature, Rbant compared to 106—140 in NS plan®ble 3. On the other
and photoperiod) are detailed in the Materials and Methodshand, late-sown plants of HS genotypes produced 35-49 owers

(Figure D). per plant compared to 109—-117 in NS plants. Pod setin LS plants
was 71-78% in HT genotypes and 32—41% in sensitive genotypes
. (Table 3.
Growth and Yield Late-sown HT genotypes produced 47-53% less biomass

Flowering occurred in 108-112 DAS in NS plants and 51.2-53#han NS plants while HS genotypes showed produced 72-74%
DASin LS plantsTable 2. Podding took 112-116 daystoinitiate |ess Table 4. Similarly, the number of lled pods was 35—
in NS plants and 54-59 days in LS plarfalfle 2. The NS plants  40% less in late-sown HT genotypes and 60-66.8% less in
matured in 140-145 days while the LS plants matured in 91-94S genotypes than NS plants. Seed weight per plant was 36—
days ([able 2. 41% less in HT genotypes and 55-70% less in HS genotypes.
The owering duration in LS plants was shorter than in NS One-hundred seed weight was 33-41% less in HT genotypes
plants; by 10-11 days in heat-tolerant (HT) genotypes and 14and 61-70% less in HS genotypes. Genotype 1G3745 produced
18 days in heat-sensitive (HS) genotypEaie 3. Similarly, the the highest biomass, pods/plant and seed weight/plant while
podding duration was 9-11 days shorter in HT genotypes and00-seed weight was highest in FLIP2009 under heat stress
16-19 days in HS genotypeRabple 3. environment {Table 4).

TABLE 2 | Phenology of various genotypes under normal-sown (N S) and late-sown (LS) plants (Mean SE); T, heat-tolerant, S, heat-sensitive.

Genotypes Days to owering Days to podding Days to maturity
NS LS NS LS NS LS

1G2507 (T) 106 3.la 53.2 2.4a 111 2.6a 55 1.5a 141 4.6a 91 6.9a
1G3263(T) 109 2.8a 51.3 23a 112 2.8a 57 1.9a 143 5.1a 90 8.9a
1G3745(T) 108 2.5a 524 2.la 114 2.4a 58 1.5a 140 4.5a 94 9.2a
1G4258(T) 108 2.4a 532 23a 116 2.9a 54 1.6a 142 5.6a 92 8.4a
FLIP2009(T) 109 2.9a 51.2 24a 112 24a 56 1.8a 142 5.8a 91 9.la
1G2821(S) 107 2.3a 53.3 2.2a 113 2.1la 57 1.4a 141 5.9a 93 6.5a
1G2849(S) 109 2.5a 52.3 2.5a 111 2.0a 59 1.3a 140 4.9a 94 5.8a
1G4242(S) 108 2.3a 534 23a 112 2.3a 56 1.5a 142 8.5a 92 5.9a
1G3973 (S) 107 2.2a 51.3 28a 114 2.5a 58 1l.4a 140 9.3a 91 4.09a
1G3964 (S) 109 2.8a 52.2 2la 113 2.2a 56 1.6a 143 8.8a 93 b5.la
LSD P < 0.05; genotype 3.4 2.9 3.3

date of sowing Interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference.

TABLE 3 | Flowering and podding duration, number of owers and pod set (%) in normal-sown (NS) and late-sown (LS) plants of he  at-tolerant (T) and
heat-sensitive (S) genotypes (Mean SE).

Genotypes Flowering duration (days) Podding duration (day  s) Number of owers Pod set (%)

NS LS NS LS NS LS NS LS
1G2507 (T) 28 2.3a 18 2.7a 30 2.6a 20 1.5a 123 4.6ab 78 6.9a 89.4 6.8a 784 8.4a
1G3263(T) 30 3.1la 20 2.1la 28 2.8a 19 1.9a 118 5.1ab 71 8.9a 88.4 8.7a 77.7 8.3a
1G3745(T) 31 23a 20 1.9a 30 24a 20 1.5a 140 4.5a 82 9.2a 90.7 9.3a 71.2 8.1a
1G4258(T) 29 2.5a 18 2.5a 30 2.9a 19 1l.6a 106 5.6¢ 68 8.4ab 84 7.7a 76.1 8.3a
FLIP2009(T) 30 3.3a 20 2.2a 29 24a 18 1.8a 131 5.8a 69 9.lab 88.9 8.4a 778 8.2a
1G2821(S) 29 2.5a 14 1.1b 28 21la 12 1.4b 117 5.9ab 37 6.5¢c 713 9.4b 41 5.6b
1G2849(S) 31 2.8a 13 1.6b 29 2.0a 11  1.3b 124 49ab 35 5.8c 69.5 8.6b 40 4.5b
1G4242(S) 28 2.6a 12 1.7b 29 2.3a 10 1.5b 115 8.5ab 40 5.9c 71  9.5b 38 4.1b
1G3973 (S) 29 23a 11 1.3b 30 25a 12 1.4b 113 9.3ab 48 4.9c 71  9.2b 32 4.8b
1G3964 (S) 30 3.2a 12 1.2b 26 22a 10 1.6b 109 8.8c 49 5.1c 715 8.9b 37 4.3b
LSD (P < 0.05; genotype 3.4 2.9 10.3 10.5

date of sowing Interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference.
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TABLE 4 | Yield components in normal-sown (NS) and late-sown (L S) plants of heat-tolerant (T) and heat-sensitive (S) genot  ypes (Mean  SE).

Genotypes Biomass/plant Filled pods/plant weight Seed weig ht/plant 100 seed weight

NS LS NS LS NS LS NS LS
1G2507 (T) 6.4 0.43a 3.07 0.35a 110 4.8b 69.7 8.5a 3.89 0.68a 2.31 0.36a 3.67 0.32a 2.3 0.14a
1G3263(T) 69 036a 32 04la 104 509b 62.3 9.2b 381 0.7la 246 0.33a 3.28 0.36c 2.18 0.18b
1G3745(T) 7.2 04la 38 037a 127 83a 745 7.8a 379 073a 249 036a 379 042a 221 0.15b
1G4258(T) 7.3 045a 32 0.38a 90 9.1c 58.6 8.3b 386 0.74a 233 0.37a 346 0.35b 2.04 0.15b
FLIP2009(T) 7.1 044a 34 042a 103 9.4b 60.6 7.7b 3.83 0.8la 23 03la 385 037a 246 0.13a
1G2821(S) 6.7 048a 1.9 0.23b 835 87c 189 3.2c 321 0.78a 1.09 0.35b 197 0.28f 0.7 0.14cd
1G2849(S) 65 054a 1.8 0.35b 86.3 9.lc 204 2.7c 3.11 0.8la 092 0.23b 189 0.21f 0.54 0.10cd
1G4242(S) 6.1 0.47a 16 025b 817 89c 246 4.3c 3.26 0.68a 111 0.21b 1.79 0.24f 0.71 0.11cd
1G3973 (S) 59 0.51ab 1.3 0.28b 80.4 9.3c 30.7 3.1c 3.01 0.63a 0.95 0.27b 2.67 0.23d 1.04 0.12c
1G3964 (S) 6.2 0.42a 1.8 0.29b 784 8.4cd 28.7 2.8c 3.19 0.71a 0.89 0.18b 2.34 0.25e 0.82 0.12d
LSD (P < 0.05; genotype 1.2 10.5 0.46 0.21

date of sowing Interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference.

The number of nodules ranged from 10.8t0 13.1in NS plan'['SFABLE 5 | Number of nodules in in normal-sown (NS) and late-sown (LS)
(Table 3 Late-sown plants produ_ced 38-44% fewer nodules IE'Iants of heat-tolerant (HT) and heat-sensitive (HS) genot  ypes (Mean
HT genotypes and 68—75% fewer in HS genotypes. HT genotypes).

1G4258 and 1G3745 produced the most nodules (7.4) whereas HS

genotypes 1G3973 and 1G2849 produced the least (2.9). Genotypes Nodule number
Status of Damage to Leaves Due to Heat NS -
Stress 1G2507 (T) 113 2.1la 6.4 0.67a
Leaf temperatures ranged from 29 to &Llin NS plants, while 1G3263(T) 125 18a 6.9 07la
in LS plants, leaf temperatures varied from 32.9 to 33.in HT  1G3745(T) 131 16a 7.2 0.64a
genotypes and 37.5-38Fin HS genotypes Genotype FLIP2009/G4258(T) 121 1.9a 7.4 058
showed the lowest leaf temperature (3ZPunder heat stress FLIP2009(T) 11.8 15a 6.8 0.66a
(Table 6. 1G2821(S) 10.8 1.8a 34 0.62b
The stomatal conductancg$ of leaves ranged from 319 to 1G2849(s) 124 1.7a 2.9 069
424 mmol m 2s 1in NS plants. It was 205-313 mmol rAs 1 1c4242(s) 126 1.9 36 061b
in LS plants of HS genotypes and 390-497 mmoPm 1in HT 163973 () 119 17a 29 0.71b
genotypes Table 6. Genotype FLIP2009 had the highgSin 163964 (s) 123 18a 31 062b
the LS environmentTable 6). LSD P < 0.05; genotype 2.1

Leaf water status was measured using relative leaf watdite of sowing Interaction)
content (RLWC)’ which varied from 78.3 to 86.4% in N.Ssimilar letters in a vertical column indicate no signi cant differexe from each other. LSD,
plants (Table 6. Late-sown plants had lower RLWCS, but it igast signi cant difference.
was relatively higher in HT genotypes (73.4-82.6%) than HS
genotypes (62—65%). A HT genotype 1G4258 had the highest
RLWC (74.6%) when late-sown, while an HS genotype (1G4242) Stay-green trait was measured as the loss of total chlorbphyl
had the lowest (62.8%). (chl) in leaves Table 7). Total chlorophyll concentration in LS

Membrane damage was recorded as electrolyte leakage (Epjants was lower (4.8-13.1 mg’gDW) than NS plants (13.8—
which ranged from 12.5 to 15.3%4dble 7). In LS plants, EL 15.6mg g DW). In LS plants, HT genotypes retained more
increased due to heat stress; HT genotypes had less damate (18otal chlorophyll (10.8-13.1mg ¢ DW) than HS genotypes
20.3%) than HS genotypes (21.3-25.5%). Genotypes 1G3263 g4d-9.3mg g DW). Under heat stress, HT genotype 1G3263
FLIP2009 had the least damage while 1G2821 and 1G4242 had thad the most chl (13.1 mg ¢ DW) while HS genotype 1G4242
most. had the least (4.8 mg ¢ DW) chlorophyll.

Photosynthetic e ciency was measured as PSII function Cellular oxidizing ability was measured in a TTC reduction
(Fv/Fm ratio). In LS plants, HS genotypes showed moreassay Table 7). Late-sown plants had signi cantly less cellular
reduction (21-26%) in PSII function than HT genotypes (10-oxidizing ability (14-54%) than NS plants. HT genotypes
15% reduction)Table 7). AHT genotype 1G3263 had the highest maintained higher oxidizing ability values (0.17-0.2 ghithan
PSII function (0.71) while the HS genotype 1G3964 had thédS genotypes (0.11-0.13 units) under heat stress. Genotype
lowest (0.58). IG2507 maintained highest respiration ability under heaess.
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TABLE 6 | Leaf temperature, stomatal conductance ( gS) and relative leaf water content (RLWC) in normal-sown (NS) a  nd late-sown (LS) plants of
heat-tolerant (HT) and heat-sensitive (HS) genotypes (Mea n  SE).

Genotypes Leaf temperature ( C) Stomatal conductance (gS) mmol/m 25 1 RLWC (%)

NS LS NS LS NS LS
1G2507 (T) 30.6 0.35a 33.4 0.23b 319.4 9.7b 390.5 10.9d 79.4 3.2b 734 3.3c
1G3263(T) 314 0.23a 34.7 0.18b 3235 11.3b 4104 12.5c 835 4.2a 80.4 4.la
1G3745(T) 29.8 0.21a 335 0.17b 420.6 12.6a 489.3 12.5a 86.4 2.9a 82.6 3.8a
1G4258(T) 30.4 0.24a 34.7 0.20b 327.2 135b 4435 11.9b 79.5 3.1b 748 3.5¢
FLIP2009(T) 29.6 0.22a 329 0.19bc 4211 11.9a 4975 13.9a 82.3 28a 784 3.7b
1G2821(S) 30.9 0.15a 384 0.23a 3174 12.8b 2213 12.7f 825 4.2a 63.2 2.8d
1G2849(S) 315 0.18a 37.4 0.25a 319.4 13.6b 205.6 11.9f 80.4 3.8b 65.1 3.1d
1G4242(S) 29.6 0.19a 37.6 0.26a 4245 14.3a 3135 14.5e 83.4 45a 62.8 4.2d
1G3973 (S) 30.8 0.20a 38.7 0.21a 326.5 12.3b 2105 13.8g 78.9 3.7b 63.2 3.6d
1G3964 (S) 29.7 0.22a 375 0.25a 320.5 13.1b 2245 16.7f 81.3 4.2b 64.2 4.1d
LSD P < 0.05; genotype 1.3 19.5 3.9

date of sowing Interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference.

TABLE 7 | Electrolyte leakage, Photosystem (PS) Il function, Chlorophyll (Chl) concentration and 2,3,5-Triphenyl tetr ~ azolium chloride (TTC) reduction

ability in normal-sown (NS) and late-sown (LS) plants of heat -tolerant (HT) and heat-sensitive (HS) genotypes (Mean SE).
Genotypes Electrolyte leakage (%) PS Il (Fv/Fm ratio) Chlor  ophyll (mg/g DW) TTC reduction ability
(Absorbace 530/g FW)

NS LS NS LS NS LS NS LS
1G2507 (T) 13,5 25a 19.4 2.6b 0.8 0.04a 0.68 0.06a 156 1.9a 124 19a 0.23 0.03a 0.19 0.03a
1G3263(T) 12.8 2.9a 184 2.1b 0.79 0.03a 0.71 0.07a 16.8 2.la 13.1 1l.7a 0.21 0.04a 0.17 0.03a
1G3745(T) 14.3 2.6a 195 1.8b 0.8 0.05a 0.69 0.05a 14.7 1.8a 11 17a 0.25 0.05a 0.18 0.02a
1G4258(T) 153 2.8a 20.3 1.6b 0.78 0.04a 0.7 0.06a 149 17a 10.8 1.6a 0.24 0.03a 0.2 0.02a
FLIP2009(T) 12.4 1.8a 18.4 1.5b 0.8 0.05a 0.68 0.08a 151 1.8a 11.7 1.8a 0.21 0.03a 0.18 0.02a
1G2821(S) 13.2 2.5a 243 22a 0.8 0.06a 059 0.08b 149 1.9a 79 1.3b 0.23 0.04a 0.11  0.03b
1G2849(S) 12.7 2.4a 234 28a 0.8 0.05a 056 0.07b 156 1.7a 83 1.5b 0.22 0.05a 0.13  0.02b
1G4242(S) 14.1 2.8a 255 2.9a 0.78 0.05a 0.58 0.08b 145 1.7a 48 1l1.2d 0.24 0.03a 0.13 0.02b
1G3973 (S) 125 2.9a 213 27a 0.79 0.07a 0.52 0.06b 16.3 1.8a 9.3 1.2b 0.21 0.05a 0.12 0.03b
1G3964 (S) 13.2 25a 234 2.6a 0.8 0.08a 0.58 0.08b 13.8 1.6ab 6.9 1.3c 0.24 0.03a 0.11  0.02b
LSD (P < 0.05; genotype 3.1 0.084 1.92 0.04

date of sowing Interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference; Fv, varide uorescence; Fm, maximum uorescence.

TEM studies of leaves from heat-stressed plants showed cefl NS and LS plants. MDA concentration is an indicator of
wall thickening, severe damage to chloroplasts (as indicateoxidative damage to membranes, which was 1.6-2.7-foldehigh
by their shrinkage), fewer and smaller starch grains in theén LS plants thanin NS plants; HT genotypes showed signi cantly
chloroplast, the disintegration of the chloroplast envelogred less damage (1.64-1.8-fold) than HS genotypes (2.1-2i)-fol
damage to granal thylakoids, more so in HS genotypégufe 2, Hydrogen peroxide followed a similar trend in LS plants and
arrows). Late-sown HT genotypes had fewer mitochondria thashowed 1.4-1.7-fold increase in HT genotypes and 2.1-2.8-
late-sown HS genotypésigure 2n arrows. The mitochondria fold increase in HS genotypes. Genotypes 1G2507 and FLIP
also swelled under heat stress from (recorded as increase 2009 exhibited lowest damage as MDA and hydrogen peroxide
size from 0.5 to 1.60nm) as shown inFigures 2m,narrows, concentrations, respectively.
while the nucleus contracted and the nucleus showed disgerse Various antioxidants (enzymatic and non-enzymatic) were
chromatin, with more damage to HS genotypeSiglre 2  tested in leaves. Late-sown plants produced 25-47% more
arrows). superoxide dismutase (SOD) than NS planig(re 4). Two

Oxidative damage was measured as malondialdehyde (MDAJS genotypes (IG2849 and 1G3964) produced signi cantly
and hydrogen peroxide concentratiofriure 3) in the leaves more SOD (47-48%) than the other genotypes. The di erences
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FIGURE 2 | Comparative TEM observations of the ultra-structu re of leaves in normal sown (NS) and late sown (LS) plants.  Cell organelles from(a,b) NS
and (c,d) LS plants; chloroplast from(e,f) NS and (g,h) LS plants; nucleus of(i,j) NS and (k,l) LS plants; mitochondria(m,n) from LS plants; cell wall(o,p) from LS
plants. Arrows indicate(b,d) disrupted cell organelles(p) thickened cell wall,(f,h) disrupted chloroplast, (m,n) damaged and increased number of mitochondria(p)
dispersed chromatin in nucleus,(d,p) shrinkage of vacuoles, and(d,h) fewer and smaller starch granules in the chloroplast in a hésensitive genotype under LS
conditions.
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FIGURE 3 | (A) Malondialdehyde (MDA) andB) hydrogen peroxide (HO5) concentration in normal-sown (NS) and late-sown (LS) lehgenotypes. Small vertical bars
represent standard errors. LSDR < 0.05; represented as small vertical line close to y-axis) f0MDA (2.9) and B O, (0.83); T, tolerant; S, sensitive.

between HT and HS genotypes for SOD activity wereyenotypes Kigure 4). Genotypes 1G4258 (HT) and FLIP2009
small. (HT) produced the most APX under LS conditions.

Catalase increased more (31-95%) than SOD (25-47%) in LS Late-sown HT genotypes produced 23-44% more glutathione
plants Figure 4). The genotypes 1G2507 (HT) and IG3964 (HS)reductase than NS plants, while HS genotypes produced 22—-43%
had the most enzyme activity while genotype 1G2821 (HS) hakkss Figure 4. GR activity showed highest increase in a HT
the least. genotype 1G2507 under heat stress.

Ascorbate peroxidase activity was 27-40% higher in LS Late-sown HT genotypes produced 15-22% more ascorbate
plants of HT genotypes while it was 25-32% lesser in HEASC) than NS plants, while it was found to be 13-21% less in
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FIGURE 4 | (A) Superoxide dismutase (SOD)(B) catalase (CAT)(C) ascorbate peroxidase (APX), angD) glutathione reductase (GR) in normal-sown (NS) and
late-sown (LS) genotypes. Small vertical bars on histograsrepresent standard errors. LSDR < 0.05; represented as small vertical line close to y-axis) fOD (1.2),
CAT (1.6), APX (1.4), and GR (1.8); T, tolerant; S, sensitive
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HS genotypesHigure 5). A HT genotype 1G3745 had the highest 17.9—-21.5 mg ¢' DW in anthers compared with LS plants which
increase in ASC concentration (22%) under LS conditions. had 10.6-21.6 mg ¢ DW in leaves and 7.5-13.4mg §DW

Reduced glutathione (GSH) concentration increased mora anthers. Late-sown HT genotypes had signi cantly higher
than ASC concentration under heat stress. Late-sown HEucrose concentrations in leaves (18.4—-21.3my BW) and
genotypes produced 38-53% more GSH than NS plants, while H@ithers (11.8-13.4 mg § DW) than sensitive genotypes (leaves
genotypes produced 27-35% leBig(re 5. Highest GSH was 10.6—-13.2 mg gt DW; anthers 7.5-9.1 mg ¢ DW).

found in Genotype 1G3745 under heat stress environment. The leaves and anthers of NS plants had 3.1-4.2 units
and 2.2-2.9 units of sucrose phosphate synthase (SPS) activity,

Sucrose and Sucrose Phosphate Synthase respectively Kigure 6), but the activity was signi cantly less in

Activity in Leaves and Anthers LS plants (1.4-3.1 units in leaves; 1.1-2.2 units in anth8R%

Late-sown plants signi cantly had less sucrose conceminaiti ~ activity was signi cantly higher in HT genotypes, especiafly i
both the anthers and leaves than NS plarfigygre 6). Normal-  the anthers, which had 50-75% more SPS activity than those of

sown plants had 24.3-31.3mggDW sucrose in leaves and HS genotypes. No signi cant di erences were noticed among the
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FIGURE 5 | (A) Ascorbate (ASC) and(B) reduced glutathione (GSH) in normal-sown (NS) and late-saw(LS) genotypes. Small vertical bars on histograms represé
standard errors. LSD P < 0.05; represented as small vertical line close to y-axis) fAASC (4.7) and GSH (4.9); T, tolerant; S, sensitive.
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FIGURE 6 | (A) Sucrose phosphate synthase (SPS) an@B) sucrose (SUC) in leaves and anthers of normal-sown (NS) anaté-sown (LS) lentil genotypes. Small
vertical bars represent standard errors. LSDR < 0.05; represented as small vertical line close to y-axis) fGPS (leaves: 0.43; anthers: 0.39) and SUC (leaves:1.9,
anthers: 1.7); T, tolerant; S, sensitive.

tolerant genotypes for sucrose concentration and SPStydtivi Late-sown plants had signicantly less pollen viability
leaves and anthers. (41.7-66.9%) than NS plants (78.4-83.4%able §. Under

LS conditions, HT genotypes had more viable pollen (62.4—
Reproductive Traits 70.3%) than HS genotypes (40.9-45.3%) when late-sown.
The owers of LS plants showed signi cant damage to theirHT genotypes had 13.3-23.9% less pollen load compared
morphology due to heat stressmigure 7). The structure of with 36.6—-42% less in HS genotypdsilfle §. In vitro pollen
anthers and pollen grains was adversely a ectéijifres 8§ 9).  germination ranged from 70.3 to 78.2% in NS plants, but
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FIGURE 7 | Effects of normal sown (NS) and late sown (LS) environ  ment in lentil genotypes grown in the eld. Biomass of (A) NS heat tolerant (HT) and
heat sensitive (HS) genotypes(B) LS (HT&HS genotypes); owers ofC) NS and (D) LS plants; (E) seeds of NS and LS plants. Note the(B) reduced biomass in HS
genotype, (D) damage to owers, and (E) reduced seed size in LS plants.

only 28.6-53.4% in LS plantsTgble 8. Under heat stress, germination was maximum in 1G3745 under heat stress
HT genotypes maintained 48-50% pollen germinatiorenvironment.

compared to 28-33% in HS genotypes. In late-sown HS Late-sown plants had 20-51% less stigma receptivity than NS
genotypes, pollen tube growth through the style was stronglglants (Table 8 but was less inhibited in HT genotypes (20—-26%)
inhibited (Figures 8 9) unlike HT genotypes, which impaired than in HS genotypes (41-51%). Similarly, LS plants had less
fertilization and caused pod abortion. Genotype 1G3263 wasevule viability (19-56%) than NS plants, with less damage to HT
found to have highest pollen viability (70%) while pollengenotypes (19-27%) than to HS genotypes (47-58%%)l¢ 8.
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FIGURE 8 | Comparison of reproductive biology attributes in n ormal sown (NS) and late sown (LS) lentil plants.  Pollen load in(a,b) NS and (c,d) LS plants.
Pollen viability [viable (V) and non-viable (NV) pollen s from (e,f) NS and (g,h) LS plants. In vitro pollen germination in(i,j) NS and (k,I) LS plants. Stigma
receptivity in(m,n) NS and (o,p) LS plants. Ovule viability irf{g,r) NS and (s,t) LS plants. Note marked reduction in(d) pollen load, (h) pollen viability,(i) pollen
germination, (p) stigma receptivity, and(t) ovule viability in LS heat-sensitive genotypes compared i heat-tolerant genotypes.
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FIGURE 9 | SEM observations under normal (NS) and late-sown (L S) environment on reproductive components in lentil genotype s. Pollen morphology in
(a,b) NS and (c,d) LS plants. Anther morphology in(e,f) NS and (g,h) LS plants. Note damage to(d) pollen morphology and(h) anther morphology in LS
heat-sensitive genotypes. Fluorescent microscopic stuéis showing the effects of heat stress on pollen load, pollerube growth (marked as arrows) in the stylar region
and ovular region in(i,j) NS and (k,l) LS plants. Note the(l) lack of pollen tube growth in the stylar region of LS heat serive genotypes compared with(k)

heat-tolerant genotypes.
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TABLE 8 | Pollen function, stigma and ovular function in normal-s own (NS) and late-sown plants of heat-tolerant (HT) and heat  -sensitive (HS) genotypes
(Mean  SE).

Genotypes Pollen viability (%) Pollen load (1-5 scale) Poll  en germination (%) Stigma receptivity (1-5 scale) Ovule viabi lity (1-5 scale)
NS LS NS LS NS LS NS LS NS LS

1G2507 (T) 834 6.3a 647 6.7a 46 0.85a 35 0.77a 734 26a 479 4.1b 46 0.8la 3.5 0.67a 43 0.67a 3.1 0.71a
1G3263(T) 814 6.1a 70.3 6.3a 48 0.78a 3.8 0.7la 779 28a 453 38b 4.6 0.76a 3.4 0.71a 42 0.71a 33 0.70a
1G3745(T) 825 6.8a 66.1 59a 4.9 0.67a 3.8 0.63a 782 3.la 534 33a 48 0.72a 3.6 0.72a 45 0.68a 3.7 0.78a
1G4258(T) 80.3 6.3a 624 6.1a 46 0.7l1a 3.8 0.6la 753 29a 434 28b 46 0.79a 36 0.73 47 0.69a 33 0.73a
FLIP2009(T) 816 58a 639 7.3a 45 0.82a 39 0.58a 713 3.3a 50.3 32a 4.8 0.80a 3.8 0.70a 42 0.7la 34 0.72a
1G2821(S) 81.8 7.3a 448 59b 47 0.6%9a 2.6 058b 724 3.7a 314 28c 4.2 0.75a 2.1 0.70b 46 0.72a 23 0.71b
1G2849(S) 83.2 6.4a 40.9 6.1b 41 0.72a 2.4 0.6b 703 3.8a 286¢c 31 44 0.71a 23 0.73b 48 0.7la 21 0.73b
1G4242(S) 79.5 5.9a 41.7 4.6b 43 0.74a 25 0.71b 734 41a 308 28c 4.1 0.72a 2.1 0.76b 44 0.73a 23 0.74b
1G3973 (S) 80.1 6.la 453 3.6b 45 0.8la 23 0.70b 781 3.8a 364 26c 4.3 0.79a 25 0.72b 48 0.74a 23 0.67b
1G3964 (S) 784 59a 429 38b 47 0.83a 24 058b 734 39a 332 24c 4.2 0.71a 23 0.71b 44 0.75a 2.1 0.61b
LSD P < 0.05) 8.1 0.85 4.1 0.83 0.81
(genotypes

sowing interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference.

No signi cant di erences were observed for stigma receptivit
and ovule viability among di erent tolerant genotypes undesth
stress environment.

Late-sown HS genotypes had impaired pollen tube growtigenotypes Control 1uM 2.5UM
through the style leading to failure of fertilizatiofigures 8 9)
due to heat stress, while the pollen tubes in HT genotypes welg3745 (D %89 59a 658 49a 684 5.3a
clearly visible suggesting a normal fertilization process. FLIP2009 (T) 613 58 784 5la 769 6la

Pollen grains harvested from owers of NS and LS plants wer&*2849 () 8.7 47b 605 60ab 624 Sdab
grown in a sucrose-supplemented medium (1.0 and ra\g).  'G4242(S) 403 53b 632 54ab 643 5.2ab
Germination of pollen grains collected from owers of LS plgnt -SP € < 0.05) (genotypes 7.3
especially those from sensitive genotypes, improved signilga ~ "eament Interaction)
with sucrose supplementation compared to untreated polleRimilar letters in a vertical column indicate no signi cant differar from each other. LSD,
grains (rab|e 9 least signi cant difference.

TABLE 9 | Effect of sucrose supplementation in growth medium on p ollen
germination (%) in tolerant (T) and sensitive (S) germination (Mean SE).

Controlled Environment Studies some viability and germination. Similarly, stigma recejpyiand
Two HT genotypes (IG3745, FLIP2009) and two HS genotypesvule viability were severely a ected in sensitive genotypes ev
(1G2849, 1G4242) were subjected to heat stress (3&8/25 at 35/25C. At 38/28C and 40/30C, these traits were severely
38/28C, 40/30C) at owering stage in a controlled- aected in sensitive genotypes due to ower damage, while
environment growth chamber and data for various traitstolerant genotypes retained stigma and ovular function, tjou
recorded to validate observations from the outdoor experitne to a lesser extent.

Compared to the plants grown at 25/15 (control), the Membrane damage (as electrolyte leakage) increased
number of pods/plant in HT genotypes exposed to 35@25 markedly with increasing temperatureBaple 12. HS genotypes
decreased by 29-35% and 48-52% in HS genotylfadde(1Q. showed more injury ¥ 30%) at 38/28 and 40/3CQ than HT
The pods decreased further with increasing temperature; by 38yenotypes< 20% injury).

39% and 76—81% at 38/28 and 40/30C, respectively, in HT Water status, measured as RLWC, decreased with increasing
genotypes while no pods were formed in HS genotypes at thesemperature more so in HS genotypes than HT genotypes
temperatures. (Table 19. For example, compared to control (25/1%), RLWC

Seed weight per plant in HT and HS genotypes grown atlecreased to 53-56% in HS genotypes at 3&2&hile HT
35/25C was 29-35% and 61-63%, respectively, less than tgenotypes retained higher values (68—71%) at this tempetrature
control plants Table 10. At 38/28 C, HT genotypes had 62-65%  Stomatal conductanceg§ increased in HT genotypes with
less seed weight, while HS genotypes did not produce any seedscreasing temperature up to 38/28 but decreased, remarkably

Pollen viability and germination were inhibited strongly in HS genotypes at all the heat stregalfle 12.
in sensitive genotypes at 35/Z5 (Table 11). At higher The leaves in HS genotypes had more chlorosis than HT
temperatures, HS genotypes had few viable pollen grains and genotypes at all the higher temperatures due to a severe ieduct
germination, while pollen grains of HT genotypes maintainedn total chlorophyll (Table 12. At higher temperatures (38/28
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TABLE 10 | Effect of varying heat stress on pods and seed weight  /plant in were frequently watered to avoid any confounding e ects of

healt—tolerant (T) and heat-sensitive (S) genotypes grown u nder controlled dehydration. Nevertheless, the relative leaf water cdnten
environment. LS plants declined signi cantly, especially in HS genotypes, an
Temperature Pods/plant Seed weight/plant indication of water de cit stress which added to the e ectsloé
high-temperature stress.
25115 ¢ There was a marked reduction in biomass, pods, seed yield and
1G3745 (T) 117.4 6.9a 3.98 0.67a 100-seed weight in LS plants due to heat stress. Observaitions
FLIP2009 (T) 1234 7.la 411 0.73a these traits revealed that genotypes which maintainedivelst
1G2849(S) 805 7.7c 2.84 0.76b higher biomass, seed yield and 100-seed weight under hreasst
1G4242(S) 78.4 6.0d 276  0.72b could be termed heat-tolerant (IG2507, 1G3263, 1G3297 3123
35/25 C 1G3327, 1G3546, 1G3330, 1G3745, 1G4258, and FLIP2009) while
1G3745(T) 89.4 7.3b 2.56 0.58b those with low values of these traits were termed heat-deesit
FLIP2009(T) 93.2 6.8b 2.88 0.61b (1G2506, 1G2519, 1G2802, 1G2821, 1G2849, 1G2878, 1G3290,
1G2849(S) 385 5.8e 1.13  0.56¢C 1G3326, IG3568, 1G3973, 1G3964, 1G4221, 1G4242, DP315, and
1G4242(S) 404 4.7e 1.02 0.34c DPL15).
38/28 C Based on this screening, we selected ve HT genotypes
1G3745 (T) 72.4 6.7c 156 0.34c (1G2507, 1G3263, 1G3745, 1G4258, and FLIP2009) and ve HS
FLIP2009 (T) 752 7.2¢ 143  0.42c genotypes (1G2821, 1G2849, 1G3973, 1G3964, and 1G4242) for
1G2849(S) 0 0 subsequent studies to determine the mechanisms relateddb h
1G4242(S) 0 0 tolerance. Biomass decreased markedly in LS plants due to heat
40/30 C stress which inhibited vegetative growth, hastened repctde
1G3745(T) 275 6.9f 0.78 0.21d growth, and reduced ower and pod numbers, which reduced
FLIP2009(T) 226 6.1f 0.64 0.25d seed yield markedly, more so in HS genotypes. The production of
1G2849(S) 0 0 fewer owers appeared to be more detrimental in in uencing pod
1G4242(S) 0 0 number than pod set, though the latter also contributed matied
LSD @ < 0.05) 8.2 0.79 toward decrease in yield. Similar e ects of high temperature
(genotypes stress have been found in some other legume crops too, for
treatment example, chickpeak@ushal et al., 20)3and mungbean Kaur
Interaction) et al., 201} A drastic reduction in the duration of owering and

The plants were initially grown under outdoor conditions and moved to contrigld pOdding appeared to reduce pOd numbers and seed yield in the
environment at the time of owering initiation (Mean SE). Similar letters in a vertical ~present StUdy, which agrees with previous ndings on othepsro
column indicate no signi cant difference from each other. LSD gast signi cant difference. (Kaushal et a|., 2013; Prasad et a|., 3017
Nodule numbers decreased under heat stress in all genotypes,

and 40/30C), HS genotypes exhibited 40-50% more chlorophyl0re SO in HS genotypes than HT genotypes. The reduction in
loss than HT genotypes. nodule number agrees with a previous study on soybé&ae(io

Photosynthetic e ciency (as PSII function) declined more €t @l 200), where nitrogenase activity also decreased. In our
in HS genotypes at all higher temperatures. For example, study, the |nh|b|t|on of sucrose production in leaves due. to
38/28 C, in HT genotypes, it decreased by 12—-13% while in H&eat stress might have a ected its supply for nodule formation,

genotypes, it declined by 46-50%, compared with the contrd¥hich needs to be examined further in nodules. HT genotypes
(25/15 C). produced more nodules, which is in accordance with earlier

ndings (Keerio, 200}, and may be attributed to their ability to

produce more sucrose in leaves under heat stress, as we found i
DISCUSSION the present study.

Heat stress damaged the leaves causing chlorosis, scorching,

We exposed 38 lentil genotypes to heat stress during thend mild to severe burning of leaves, which a ected the overal
reproductive stage by sowing them outdoors 2 months laten thaperformance of plants by inhibiting ower production and pod
recommended. As a result, LS plants experienced the impasét which substantially reduced seed yield. These reports are
of higher temperatures>35/20C; RH: 93-42% (max; day matching some previous ndings on chickpe&umar et al.,
time)/59-12% (min; night time)] during the reproductive g 2013 and mungbean Kaur et al., 2016 Our results indicated
compared with NS plants>[35/20 C; RH: 95-77% (max; day that the leaves of LS plants under heat stress were adversely
time)/61-14% (min; night time)]. Typically, sowing cropsdain  a ected and responded by increasing their temperature, reuyci
the growing season is a technique used for screening gerotydeaf water status and inhibiting stomatal conductance, cwhi
for high-temperature tolerance, e.g., chickp&aighnamurthy agrees with previous reports on other cropsdsad et al., 20).7
et al., 2011; Upadhyaya et al., 2011; Awasthi et al.,)2aid  Heat stress results in decrease in water content of the cells,
mungbean Eharma et al., 20).6Since high temperature stressreducing cell size and, in due course, restricting plant ghow
combined with low RH increase the rate of transpiration and(Rodriguez et al., 2005; Sharma et al., J0Heat negatively
may generate water stress in a late-sown environment, thggpla impacts leaves by reducing leaf water potential, reducing leaf
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TABLE 11 | Effect of varying heat stress on pollen function, sti gma and ovular viability in heat-tolerant (T) and heat-sensi tive (S) genotypes grown under
controlled environment (Mean SE).

Temperature Pollen viability (%) Pollen germination (%) Stig ma receptivity Ovule viability
(1-5 scale) (1-5 scale)
25/15 C
1G3745 (T) 78.3 7.8a 81.2 7.8a 4.3 0.56a 46 0.37a
FLIP2009 (T) 81.3 8.2a 76.8 8.2a 4.6 0.63a 4.4 0.49a
1G2849(S) 76.9 8.8a 749 8.9a 4.2 0.67a 44 0.3la
1G4242(S) 824 7.5a 835 7.1a 46 0.6la 4.2 0.49a
35/25 C
1G3745(T) 67.4 8.2b 60.6 6.8b 39 051la 3.8 0.31b
FLIP2009(T) 72.4 7.6b 68.6 7.2b 3.6 0.58a 3.2 0.43b
1G2849(S) 56.3 5.8bc 43.4 4.7c 1.8 0.35c 1.5 0.38d
1G4242(S) 43.2 4.8c 39.6 3.8c 1.4 0.31lc 1.9 0.48d
38/28 C
1G3745(T) 61.5 6.8b 535 5.7b 2.7 0.16b 2.8 0.33c
FLIP2009(T) 68.3 7.3b 58.9 6.4b 29 0.18b 2.6 0.48c
1G2849(S) 26.6 3.3e 0 0 0
1G4242(S) 18.9 3.1le 0 0 0
40/30 C
1G3745(T) 35.6 2.5cd 324 3.7cd 1.3 0.15c 14 0.32d
FLIP2009(T) 38.2 2.7cd 35.6 4.3cd 15 0.17c 15 0.45d
1G2849(S) 0 0 0 0
1G4242(S) 0 0 0 0
LSD P < 0.05) 8.2 8.9 0.67 0.57
(genotypes

treatment Interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference.

area and causing premature leaf senescence, all of whigbquire leaves to obtain sucrose as well as other macromek&cul
aect a plant's total photosynthesis performanceréer and (Hanumantha Rao et al., 20)L6Therefore, protection of the
Weedon, 2012; Sharma et al., 216onsequently, heat stress photosynthetic mechanism of leaves is imperative at the tifne o
increased membrane damage, which inhibited photosynthetiexposure to supra-optimal temperature to continue the synghesi
function and chlorophyll concentration, a nding similar to and transport of sucrose to pods and seetlsz§sthi et al., 2014;
heat-stressed plants in chickpeka(shal et al., 20)3Leaf Hanumantha Rao etal., 20)L6
damage under heat stress correlated with increased oxa&lati Our study highlights a strong negative impact of high
stress indicators (malondialdehyde and hydrogen peroxiae) temperature on reproductive function in genotypes of lentil,
reduced antioxidative capacity, particularly in HS genotypesvhich could be due to the direct e ects of heat stress on
which correlates with earlier ndings in mungbealimar etal., oral organs or to a marked reduction in sucrose synthesis
201). and/or transport to owers Kaushal et al., 20)3aggravated
Sucrose production in the leaves and anthers is vital foby chlorotic leaf tissue damage. These impairments are likely
their function. In LS plants, sucrose concentration dedline hamper the function of oral components and the development
markedly in both organs due to heat stress, which correlatedf new owers; causing less pods and seeds, as well as small-
with an inhibition of the activity of the sucrose-syntheésig sized seeds. In the present study, heat stress drasticatiyated
enzyme sucrose phosphate synthase. Heat stress negatiymilen viability, pollen germination and pollen tube growth
a ects sucrose metabolism due to the inhibition of carbonin the style, which may have impaired fertilization leading
xation and assimilation Awasthi et al., 20030 in uence seed to ower abortion (Kaushal et al., 2013; Prasad et al., 3017
yield. Reductions in sucrose concentrations in the leavebs anThis was associated with loss of stigma receptivity and ovule
anthers exposed to heat stress may be linked to decreaseviiability, which contributed toward loss of ower fertilit
RuBisCo activity (or increased photorespiration) and sucroseand the number of lled pods. Flower function requires the
synthesizing enzymesRfay et al., 2003; Awasthi et al., 2014 transport or synthesis of optimum sucrose concentrations,
“Shortened growth (biomass) may be due to reduction inwhich were inhibited in leaves and anthers of lentil in
leaf expansion and elongation and, consequently, the yielsur study due to its reduced synthesis resulting in oral
contributing components (owers, pods and seeds), whichabortion.
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TABLE 12 | Electrolyte leakage (EL), relative leaf water con  tent (RLWC), chlorophyll (Chl), Photosystem (PS) Il functio  n and stomatal conductance (gS) in

heat-tolerant (T) and heat-sensitive (S) genotypes grown u nder controlled environment (Mean SE).

Temperature EL (%) RLWC (%) Chl (mg/g dw) PS Il (Fv/Fm ratio) gS( mmol/m 2s 1)
25/15 C

1G3745 (T) 8.9 1.4a 834 b5.7a 149 1.4a 0.8 0.056a 3245 12.5b
FLIP2009 (T) 7.6 1.8a 846 5.9a 16.7 1.6a 0.8 0.06la 3189 14.8b
1G2849(S) 6.9 1.7e 826 6.l1a 146 1.3a 0.8 0.065a 3456 15.8b
1G4242(S) 9.9 1.6e 84.1 5.8a 16.1 1.3a 0.8 0.064a 318.5 16.8b
35/25 C

1G3745(T) 145 1.8cd 76.4 6.3a 13.2 1.8a 0.76 0.061a 398.5 18.4b
FLIP2009(T) 12.8 1.9cd 789 6.9a 153 1.7a 0.72 0.068ab 410.7 0.19.1a
1G2849(S) 235 1.8c 63.2 5.8b 9.8 1.3cd 0.61 0.063b 2679 17.9d
1G4242(S) 21.8 1.8c 60.5 6.2b 83 1.4d 0.56  0.061bc 275.4 18.1d
38/28 C

1G3745(T) 17.3 1.6cd 71.3 6.6a 11.2 1.2bc 0.7 0.061b 401.3 15.9a
FLIP2009(T) 195 2.2c 68.4 5.9b 125 1.4b 0.64 0.068b 4134 17.3a
1G2849(S) 30.2 2.7b 53.2 6.3d 8.2 1.1d 0.43 0.069d 2204 18.1e
1G4242(S) 30.8 2.9b 56.2 5.8d 7.3 1.1d 0.4 0.064d 2246 19.3e
40/30 C

1G3745(T) 205 2.2c 60.4 5.4c 89 1.3d 0.58 0.066bc 298.5 20.5c
FLIP2009(T) 225 2.5c 60.8 4.9c 9.3 1.5cd 0.61 0.069b 280.6 22.4c
1G2849(S) 345 3.1la 40.3 4.le 56 1l.4e 0.32  0.060e 71.9 24.5f
1G4242(S) 35.8 3.4a 422 4.5e 48 1l.le 0.28 0.063e 76.3 27.8f
LSD P < 0.05) 3.7 7.4 1.8 0.070 26.6
(genotypes

treatment Interaction)

Similar letters in a vertical column indicate no signi cant diffence from each other. LSD, least signi cant difference.

Pod set relies on the performance of the male and femalelectrolyte leakage, PSII function, chlorophyll concetidraand
components of owers that are susceptible to high temperatureellular oxidizing ability. Moreover, the anthers and leawés
stress in crops like cottorSnider et al., 20Q9chickpea Kumar  tolerant genotypes had higher sucrose concentrations, pgssibl
etal., 201B tomato (i et al., 201§, and mungbeaniaur et al., due to less damage, which contributed toward the production
2019. The reduction in pod set as a result of heat stress imf more biomass, owers, pods and seeds under heat stress,
LS plants in our study is similar to observations in soybearrompared with sensitive genotypes. In some previous studies,
(Djanaguiraman et al., 20},3chickpea Kaushal et al., 20)3 sucrose production and utilization was associated with thikitg
and mungbean Kaur et al., 201p The restricted availability to yield better under heat stresgwfasthi et al., 2004 The
and transport of sucrose have been implicated in reduced pogkproductive function was also superior in HT genotypes, which
numbers in heat-stressed plantsgur et al., 2016 Moreover, correlated with higher sucrose concentrations and SPS gdiivi
pods and seeds were smaller in heat-stressed lentil plants theeaves and anthers. Moreover, improved germination of pollen
the controls, which indicated a reduction in sucrose tragsltion  grains from heat-stressed plants, by the exogenous application
to developing seedsLi( et al., 2012; Awasthi et al., 2014 sucrose, further linked the possibility of sucrose depletiomf
Measuring sucrose concentration in pods and seeds may proviéathers as a reason for the loss of pollen functi@itg and
better insight and shall be part of our next study on thisGerats, 2013

aspect. One adverse e ect of heat stress is increased production of
] ) ROS and hydrogen peroxide, which may damage membranes
Putative Mechanisms of Heat Tolerance and macromolecules to severely inhibit growthwasthi et al.,

Observations on contrasting genotypes revealed that le@b15. The leaves of HT genotypes suered less oxidative
temperature did not rise appreciably in tolerant genotypesiamage than HS genotypes, which was associated with higher
under heat stress, compared with sensitive genotypes, whiehxpression of antioxidants, especially the components of the
protected the plants from the adverse e ects of heat stresascorbate—glutathione cycle (ascrobate peroxidase, Igjlomet
This was attributed to higher stomatal conductance andtida reductase, ascrobate and reduced glutathione), to scarR@&e
leaf water content resulting in transpirational cooling andand hydrogen peroxide Hasanuzzaman et al., 20Q13Thus,
matches observations in tolerant genotypes of other cropiepec our ndings in this regard in contrasting lentil genotypesear
(Annisa et al., 2013; Awasthi et al., 2)J@onsequently, tolerant in agreement with observations in some other crop species,
genotypes had much less leaf damage, in terms of tissimcluding brassicaW/ilson et al., 201} Kentucky bluegras$pa
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pratensis L).(Li et al., 201} and chickpeakaushal et al., 20).3
Though, there were variations in oxidative defense in nalizing

(Devasirvatham et al., 20L2CE studies clearly demonstrated
that temperatures> 35/25 C would be highly detrimental for

hydrogen peroxide in some genotypes, considering the highéentil genotypes
expression of components of ascorbate/glutathione pathway in

HT genotypes, the heat tolerance in the present study might bEONCLUSIONS
partly related to this pathway. This concurs with previous &gd
on cerealsumar et al., 201pand chickpeal{umar et al., 20133

- Our study identi ed some heat-tolerant lentil genotypes (B&Z,
subjected to heat stress.

1G3263, 1G3297, 1G3312, 1G3327, 1G3546, 1G3330, 1G3745,
IG4258, and FLIP2009), which could be used as potential parents
in a breeding program. In contrast, genotypes 1G2821, 1G2849,
1G4242, 1G3973, 1G3964 were found to be most heat-sensitive.
. . .Studies in outdoor and controlled environments on HT and
temperatures. These studies validated the adverse e ecgbf hi HS lentil genotypes indicated that heat tolerance in lentisw

temperature _at the time of JOwering on various comp_onentsmainly determined by pollen function, which depended upon the
of yield, which was associated with leaf damage in termé

Controlled Environment Studies
Controlled environment (CE) studies were performed to can r
the ndings from the outdoor studies and to quantify the sésful

f reduced b intearity. | ¢ ohl il and PSI vailability of sucrose to anthers and pollen grains. Moreove
ot reduced membrane integrity, 10ss of chiorophylh and olerant genotypes exhibited multiple tolerance mechanisrok su
function. While HT genotypes selected from our screenin

. %s the protection of leaf tissues by limiting oxidative damag
StUd"taS were partly ablelto beatr tgmperatt:rg;gntg ?@ngts which consequently maintained optimum photosynthetic and
genolypes were severely a ecled even a ) aled to r%spiratory function, and produced more nodules.
produce any pods at further temperatures. This was associate
with the superior reproductive function of tolerant genotypes

at all the tested temperatures, compared with the sensiivBUTHOR CONTRIBUTIONS

genotypes. The leaves of HT genotypes also su ered less damage i
in terms of membrane injury, chlorosis and photosynthetic' "€ experimental work was done by KS and AS. The germplasm

function, which was ascribed to the maintenance of highe}"’a}s provided by JK, SK, and ,SS' The data analysis and Ms. was
stomatal conductance and hence leaf water content, relatiVViteen by HN. The Ms. was edited by KHMS.

to HS genotypes.. Our observations are supported by previous

similar studies on contrasting genotypes of chickpgargar FUNDING

et al., 201} brassica\(Vilson et al., 201 and wheat $airam

et al., 2000; Dhyani et al., 2QlWhere heat-tolerant lines The authors are thankful to UGC, DST New Delhi, ICARDA,

su ered less damage to their leaves and reproductive functiolylorocco for nancial assistance to carry out this work.
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