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ABSTRACT

In the past three decades, global warming hasled to an increase in annual average temperature. This high temperature stressis
a serious threat to the growth and yield in rice. Therefore, scientists study hard to find heat-tolerance genes and breed heat-
tolerance rice lines. Ten years ago, a 100%-explaintion heat-tolerance gene was discovered in my salt-tolerance research on
screening, inheritance and linkage marker analyses of salt tolerance in mutated scented japonica rice, to develop elite salt-
tolerant varieties suitable for salinized aread? . In view of this, | began the first analysis of mapping tightly linked markers of
a single dominant heat-tolerance gene in indica variety, TCS17, explaining 100% of the phenotypic variation. | reported the
results of this heat-tolerance gene analysis, hoping to help scientists to find salt-tolerant genes and cultivate salt-tolerant
strains. The analyses can solve the problem of high temperature stressin rice and help humans deal with future food shortages.
Yen (2011) and Yen and Lin (2011) treated the seedlings of 1005 mutated scented japonicaricelineswith six true leaveswith 300
mM NaCl for three days. Only the salt-tolerant line, SM61, survived. We obtained F, popul ations from the cross between asalt-
tolerant and heat-susceptible japonicaline, SM61, and a salt-susceptibl e and heat-tolerant indica variety, TCS17. After culture
with 35/25°C (day/night) and 200 mM NacCl for five days, the heat-tolerant and salt-tolerant surviving (R) to heat-sensitive or
salt-sensitive non-surviving (S) ratio in 290 F, plants showed agood fit to the Mendelian 3 : 13 segregation ratio by aChi-square
test indicating that the heat-tolerance of TCS17 was governed by a single dominant gene. The heat-tol erance gene explained
closeto 100% of thetotal phenotypic variation, and wastightly linked to C61009 (marker) located on chromosome4. Thisisthe
first report of mapping tightly linked markers of a single dominant heat-tolerance gene. These linkage markers can efficiently
provide the fine mapping, cloning and sequence comparison, aswell asthe functions of the new heat-tolerance gene, answering
the question of how the gene controls heat tolerance.  © 2021 Knowledge Empowerment Foundation
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INTRODUCTION andyieldinrice. Next to drought and salinity stress,

heat stressisthethird abiotic threat to rice production

Ricefeedsmorethan hdf of theworld’s population.  and quaity. Therefore, scientistsaround theworld are
However, intheincrease of averagetemperaturedue  actively searching for hegt-tolerance genesand breeding
to globa warming, riceissufferingfromhightemperature  heat-tolerance rice strains!»>!%., In previous
stress, resulting inthreatsto the decrese of thegrowth  studieg”131521-232627 ' the |ocation of QTLs for heat


mailto:ye0919@ms21.hinet.net
https://dx.doi.org/10.47204/EESR.2.1.2021.087-094
http://www.kemfo.org

88 The analyses of mapping tightly linked markers

EESR, 2(1) 2021

Original Research Article

tolerance in rice was examined by using molecul ar
markers. Zhu et a. (2005) found three QT Lsinvolved
incontrolling heat tolerance of riceduring grainfilling
onchromosomes1,4and 7. Yeet al. (2011) mapped
two major heat tolerance QTLs, gHTSF1.1 and
gHTSF4.linreationto spikelet fertility a theflowering
stage on chromosomes 1 and 4. Yeet a. (2015) and
Yeet d. (2015) performed theidentifying, confirming,
fine-mapping and validating of qHTSF4.1 to increase
spikelet fertility under heat stressat floweringinrice.
Zhao et a. (2016) found eleven related QTLs were
detected, two QTLs for spikelet fertility on
chromosomes 2 and 4, four QTLsfor daily flowering
time on chromosomes 3, 8, 10 and 11, and the other
fivefor spikelet fertility and pollen shedding level on
chromosomes 1, 4, 5, 7 and 10, respectively.
Shanmugavadivel et al. (2017) identified five QTLs
involved in stress susceptibility and stresstolerance
indices (SSI and STI) of percent spikelet sterility and
yield per plant on chromosomes 3, 5, 9and 12. Kilas
et a. (2018) identified fifteen related QTLS were
detected, one QTL for root length under heat stresson
chromosome5, four QTLsfor root length under heat
stress as percent of control on chromosomes 1, 2, 3
and 4, threeQTLsfor shoot length under hegt stresson
chromosomes 3, 4 and 6, and the other seven for shoot
length under heat stress expressed as percentage of
control on chromosomes 2, 3, 4, 5, 6 and 10,
respectively. Nubankoh et al. (2020) detected QTLs
for spikelet fertility under heat stresson chromosomes
1,2and 3inrice. Most QTLsreated to heat-tolerance
werelocated in asimilar region on chromosome4i72%
232627 |dentification of new QTLs related to heat
tolerance through marker-assisted selection (MAS)
should be useful in rice heat-tolerant breeding
progr amg713.15.21-23,26.27]

The purpose of thisstudy wasto analyzelinkage
markers and heritage characters of theindicavariety,
TCS17, for asingle dominant heat-tol erance gene by
using F, popul ations derived from across between a
heat-tolerant and salt-susceptible indica variety,
TCS17, and a heat-susceptible and salt-tolerant
japonicaline, SM61. Theresultswill help begin map-
based cloning of the single dominant heat-tolerance
gene and e ucidate the mechani sm controlling the heat-

tolerancegene, and will be useful in breeding programs
of heat toleranceinrice.

MATERIALSAND METHODS

Plant materials

Yen (2011) and Yenand Lin (2011) performed the
experiments on screening of salt tolerance in 1005
mutated scented j gponicalinesoriginated fromthewild-
typejaponicacultivar, TNG674. TNG67 wastreated
with achemica mutagen, NaN, to producethe steady
genetic line of mutated scented rice, CNY 911303.
Then, CNY 911303 wastreated with EM Sto produce
the second generation of 1005 mutated lines that
developed to the sixth generation with superfine
agronomic traitsin thefirst season of 20061, These
1005 lines, at thethreetrueleaf growth stage, growing
intheNationad ChungHsing University glasshousewere
treated with 150 mM NaCl for threeweeks. According
to the procedureof Vermaet d. (2007), 11 salt-tolerant
linesweresdected, grown and devel oped to the seventh
generation. All 13lines, including the 11 sdected lines,
CNY 911303, and TNG67 seedlings with six true
leaves, weretreated with 300 mM NaCl for threedays
at a mean temperature of 30/20°C (day/night)!4.
SM61, wastheonly surviving linewhi ch produced seeds.
This salt-tolerant and heat-susceptiblejaponicaline,
SM61, washybridized with asa t-susceptibleand heat-
tolerant indica variety, TCS17, and F, seeds were
produced in the second season of 200718102425 The
F, plantswere self-fertilized to develop the F, seedsin
thefirst season of 2008.

Linkageanalysisof heat-tolerant plants

Yen (2011) and Yenand Lin (2011) performed the
experiments on linkage analysis, 290 F, plants
(SM61xTCS17) were cultured in a hydroponic culture
mediuminaplastictray (60 x 48 x 16 cm) under non-
shaded conditionsa Nationd Taiwan University during
July and August in 2008. The seedlingswere cultured
at amean temperature of 35/25°C (day/night). At the
four trueleaf stage, the F, plantswere cut at about the
5 cm leaf level and DNA was extracted. The plants
with six trueleavesweregrown inahydroponic culture
medium supplemented with 200mM NaCl for fivedays.
After the five-day culture, the 290 F, plants were
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transferred to the hydroponi ¢ culture medi um without
NaCl. 52 F, heat-salt-tol erant surviving plantswere
selected. TNG67 was heat-susceptible and salt-
susceptible, SM61 was heat-susceptible and salt-
tolerant, while TCS17 was heat-tolerant and salt-
susceptibl 819421, Among the 52 F, heat-salt-tol erant
surviving plants, 46 plants were screened for
congructing thelinkagemarkersmap of the salt-tol erant
genein SM61 and the heat-tolerant genein TCS17.

The 46 selected F, heat-salt-tolerant plantswere
used to construct alinkage map. The primer sequence
designs of the SSR marker, STS marker and Indel
marker, belonging to PCR markers, were carried out
onthebasisof theinformation offered by Harushimaet
al. (1998), Linet a. (1998), Temnykh et a. (2001),
McCouch et al. (2002), Shenet al. (2004), Linet a.
(2008). Intotal, 106 SSR markers, STS markersand
Indel markerswerediscovered. All markers covered
theentirericegenome, which revealed polymorphisms
between the parents, SM61 and TCS17, which are
represented by A and B, respectively, and were used
to determinethe genotypes of the sl ected F, heat-sdlt-
tolerant plants. The map spanning between the two
markerswasaround 20 centiMorgans (cM). We used
Microsoft Excel 2000 software to calculate the
genotypic frequency distributions of the F, heat-salt-
tolerant plants.

Inheritanceanalysisof heat tolerance

To confirm that the gene controlling heat-tolerance
inTCS17 wasasngledominant gene, | performed the
inheritanceanalysis. InYen (2011) and Yenand Lin
(2011)’s experiments on linkage analysis, the 290 F,
plants (SM61xTCS17) were grown in a hydroponic
culture medium supplemented with200mM NaCl at a
mean temperature of 35/25°C (day/night) for five days
(60 x 48 x 16 cm container). TCS17 was heat-tolerant
and salt-susceptiblewhile SM61 was heat-susceptible
and salt-tolerant®102421_ After thefive-day culture, the
290 F, plantsweretransferred to thehydroponic culture
medium without NaCl. After one week, their heat-
tolerant and sdt-tolerant surviving (R) and heet-sengitive
or sdt-sengtivenon-surviving (S) frequency digtribution
wascalculated. TheRto Sratio of F, populationswere
analyzedtofitaMendelian 1: 3 or 3: 13 segregation
ratio usingaChi-squaretest from SAS software.

RESULTSAND DISCUSSION

Results
Linkage analysisof a heat-tolerance gene

InYen (2011) and Yenand Lin (2011)’s experiments
onlinkageanaysis, the290 F, (SMI61xTCS17) plants
weretreated with 200 MM NaCl at ameantemperature
of 35/25°C (day/night) for five days under non-shaded
conditionsat Nationd Taiwan University during July and
August in 2008. After thefive-day culture, the 290 F,
plants were transferred to the hydroponic culture
medium without NaCl. The 52 salt-tolerant and heat-
tolerant plantsdevel oped new | eavesand rootsquickly
whilethesdt-sengitive or heat-sensitive plantsdid not
survive. We screened 46 of the 52 F, heat-salt-tolerant
surviving plantsto map thesalt-tolerant genein SM61
and the heat-tolerant genein TCS17. The genotypes
of TNG67, TCS17, and heterozygote are represented
byA, B, andH, respectively. TheA, H and B genotypic
frequency of the C61009 marker (8.7 cM) wasO0, 20,
and 26, respectively (TABLE 1) (Figurel). | predicted
that, the H and B genotypic percentage of the C61009
marker occupied 100 % of chromosome 4, the heat-
toleranceof TCS17 wasgoverned by asingledominant
gene. Based on thelinkage correl ation between the heet-
tolerant marker genotypes and phenotypes, the
phenotypic variancein the F, plantswas explained by
the C61009 marker on chromosome4. Since 290 F,
rice seedlingsweretreated with 200 mM NaCl for five
days at amean temperature of 35/25°C (day/night),
the heat-tol erance gene explained close to 100% of
thetota phenotypic variation, and wastightly linked to
C61009 (marker) located on chromosome4. Thus, the
heat-tol erance gene, HT4, which conferred the heat
tolerance of TCS17 was mapped on chromosome 4
flanked C61009 marker.

Inheritanceanalysisof heat tolerancein TCS17

Toexcludeheat stress, in Yen (2011) and Yen and
Lin(2011)’s experiments on inheritance, with 200 mM
NaCl in anet-house at amean temperature of 30/20°C
(day/night) for fivedays, SM61and F, (SM61xTCS17;
TCS17xSM61 ) plants survived (R) while TCS17 plants
didnot (S). TheRto Sratioin 513 F, plantsshowed a
good fittotheMendelian 3: 1 segregationratio by a
Chi-square test indicating that the salt-tolerance of
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SM61 wasgoverned by asingle dominant gene.

SinceYen (2011) and Yenand Lin (2011) indicated
that thesdt-toleranceof SM61wasgovernedby asingle
dominant gene, we needed to use salt-sensitive non-
aurvivastomapthelinkagemarkersof thesdt-tolerance
genein SM61. However, in Yen (2011) and Yen and
Lin (2011)’s experiments on linkage analysis, the 290
F, plantswere cultured under non-shaded conditions
at a high mean temperature of 35/25°C (day/night)
during July and August. Thescreened environment under
the salt-stress and heat-stress conditions at National
Taiwan University in the hottest season produced a
ma ority of dead plants preventing the sl ection of salt-
sengtivenon-survivasfor mapping. Therefore, theonly
52 heat-salt-tolerant F, plants survived. Among the 52
F, surviving plants, we selected 46 surviva plantsto
perform the mapping. The performancein eachtheF,
heat-salt-tol erant plants proved that the genotypes of
the46 sat-tolerant F, plantswerehomozygote dominant
(A), not heterozygote dominant (H). The number of
genotypeA of theRM223 marker (75.7 cM) inthe 46
F, salt-tolerant surviving plants were 46 (100%)
(TABLE 1). We predicted that, sincethe salt-tolerance
in the 46 F, plants was governed by a homozygote
dominant all el e, the salt-tolerance genein SM61 might
be semidominant.

Among 290 F, plantsgrownintheculturemedium
without NaCl for one week, the number of Rand S
plantswere52 and 238, respectively. Thehegt-tolerance
gene, HT4, which conferred the heat tolerance of
TCS17 was mapped on chromosome 4 flanked
C61009 marker; the salt-tolerance gene, ST8, which
conferred thesdlt tolerance of SM61 was mapped on
chromosome 8 flanked RM 223 marker. These two
geneswerelocated on diffreent chromosomes. TheR
to Sratios of the F, population fitted aMendelian 3 .
13 segregationratio by the Chi-squaretest, but didn’t
fital: 3 segregation ratio (TABLE 2). The results
indicated that R (the 52 heat-salt-tolerant F, survival
rice plants) was governed by asingledominant heat-
tolerant gene and ahomozygote-semidominant salt-
tolerant alele, not only governed by ahomozygote-
semidominant sdt-tolerant dlele. Morever, theA,H and
B genotypicfrequency of the C61009 marker (8.7 cM)
was0, 20, and 26, respectively. TheH and B genotypic

percentage of the C61009 marker occupied 100 % of
chromosome4 (TABLE 1) (Figurel). | predicted that,
sincetheinheritance and linkage marker analyses of
heat tolerancein TCSL17, the heat-tolerance of TCS17
was governed by asingle dominant gene.
Discussion

Sinceduring sat or drought screeninginrice, high
heet stress hasto be excluded during dry and hot season,
either heat sensitivity directly or raising tissue
temperatureby reducing transpiration under water deficit
conditions indirectly!¢24%1, Furthermore, the main
mechanisms of salt tolerance in crops include: ion
homeostasi s, osmotic homeostasis, and control and
repair of oxidative stress damage!*®. The high
temperaturetolerant indicavariety, TCS17 tendsto be
more heat-tolerant than a high temperature sensitive
japonicacultivar, TNG67%%, Morever, inYen (2011)
andYenandLin (2011)’s experiments on screening and
inheritance of sat tolerance, the 1005 mutated scented
japonicaricelines? were originated from the wild-
typejaponicacultivar, TNG674. Therefore, to exclude
high heat stress, we cultured thelinesin anet-house at
amean temperature of 30/20°C (day/night). However,
inYen (2011) and Yenand Lin (2011)’s experiments
on linkage analysis, the 290 F, plants were cultured
with 200 mM NaCl for five days under non-shaded
conditionsat ahigh mean temperatureof 35/25°C (day/
night) during July and August. Under thesdt-stressand

TABLE 1: Thegenotypesof markersin 46 heat-salt-tolerant
F, plantson chromosome 4 and chromosome 8.

Chr. L ocation (cM) Marke A H B N
4 8.7 C61009 0 20 26 O
4 28.6 9S189 5 15 25 1
4 77.9-78.2 RM252 16 16 14 O
4 87.1-94.4 RM303 12 20 14 O
4 108.2 S13714 10 23 13 0O
8 0.5 RM337 10 22 14 0
8 21.6-25.2 9S182 9 24 8 5
8 454 RM72 20 20 6 O
8 54.3 RM331 21 19 6 O
8 75.7 RM223 46 0 0 O
8 922 95188 15 23 8 O
8 105.7-106.1 CH0862 11 27 8 O

The genotypes of TNG67, TCS17, heterozygote, and non-
detection are represented by A, B, H, and N, respectively!242,
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C61009 (8.7 cM)

size: TNG67(A):210; TCS17(B):190

thefirst row

thesecond row

Figurel1: Thegenotypesof C61009 marker on chromosome4 intheparents, TNG67 (A, thefirst row, lanel) and TCS17 (B,
thefirst row, lane2), and the 46 heat-salt-tolerant F,rice plants(lane 3-24 of thefirst row and lane 1-24 of the second row)

heat-stresstreatment, theonly 52 salt-heat-tolerant F,
plantssurvived. TheH and B genotypic percentage of
the C61009 marker occupied 100 % of chromosome
4 and theA genotypic percentage of theRM 223 marker

occupied 100 % of chromosome 8, which ondifferent
chromosomes. Chi-squareva uesindicated that theF,
population had good fits to a Mendelian 3 : 13
segregation ratio for dominant heat-tolerant and
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homozygote-dominant salt-tolerant (R) and recessive
heat-sensitive or non-homozygote-dominant salt-
sengitive(S) traits. Theseresultsindicatethat the heat-
tolerance of TCS17 wasgoverned by asingledominant
gene. Thisisthefirst report that in F, heat-tolerant rice
plants, the heat-tolerance is governed by a single
dominant gene. By andyzingtheinheritanceof thesingle
dominant heat-tolerancegenein TCS17, | can confirm
thebest method for analysis of thelinkage markersin
TCS17 for the heat-tolerance gene.

| analyzed the selected 46 F, heat-salt-tolerant
plantsto map thelinkage markersof the heat-tolerance
gene, TCS17. | found that the TCS17 hesat-tolerance
gene, HT4, islocated on chromosome4, different from
those positions of previous QTL regions previously
discovered on chromosome 4172226271 By gpplying
MAS techniques to the gene | have identified as
responsiblefor conferring heat-tolerance, theresultsof
my study could be used to improve heat tolerancein
rice. Morever, the heat-tolerancein the 46 F, plants
was governed by asingle dominant gene. Dominance
would behd pful inthedeved opment of new ditevarieties
of plant that haveahigh-leve of hest tolerance. Sdected
heat-tolerant lineslike TCS17 and RIL will providethe
new breeding sourcesfor the production of heat-tolerant
lineswith superfineagronomictratsinthefield.

TABLE 2: Thefrequency distribution of salt-tolerant and heat-
tolerant survival (R) and salt-sensitiveor heat-sensitivenon-
survival () in F, population evaluated by Chi-squar ed values
tofitaMendelian 1: 3 segregation of asinglehomozygote-
dominant salt-tolerant genemode, or a3 : 13 segregation of
asinglehomozygote-dominant salt-tolerant geneand asingle
dominant heat-tolerant genemode. Thericeplantsat thesix
true-leaf stagewer e cultured in hydroponic culture medium
containing 200 MM NaCl at a mean temper atur eof 35/25°C
(day/night) for 5days, and then transferred toahydroponic
culturemediumwithout NaCl and grown for oneweek.

Rice  Observed Frequency Total ) i
population RY ) plants X
Fo 1a 52 238 290 7.7287 0.0054
F? 513 52 238 290 0.1277 0.7209*

Y salt-tolerant and heat-tolerant survival rice plants; 2 salt-
sensitive or heat-sensitive unsurvival rice plants, ¥ 290 F, rice
plants derived from the cross (SM61xTCS17); 9 * represents
valuestofit al: 3 segregation of a single homozygote-dominant
salt-tolerant gene model, or 3 : 13 segregation of a single
homozygote-dominant salt-tolerant gene and a single dominant
heat-tolerant gene model at P>0.05.

Based on the mapping results, | presumed that the
different location of the heat-tolerance gene, HT4, was
obtained in F, generations derived from a heat-
susceptibleand sdt-tol erant jgponicaparent, SM61 and
a heat-tolerant and salt-susceptible indica parent,
TCSL17. Themateriadsin my study weredifferent from
thosein the other reportsinvestigating RIL and DH
lineg"131521-22627 gincethel atter derived from across
between Nagina22, awell-known heat tolerant aus
cultivar and IR64, aheat sensitivepopular indicarice
variety"152-23 or from a heat-tolerant indica parent,
Habataki, and a heat-susceptible japonica parent,
Sasanishiki! or from aheat-tolerant parent, M9962,
and a heat-susceptible parent, Sinlek*3l. To my
knowledge, thisisthefira sudy usngmapping materids
originating from a heat-susceptible and salt-tol erant
japonicaline, and ahesat-tolerant and salt-susceptible
indica variety. The materials of screened heat-salt-
tolerant F, plants (SM61xTCS17) resulted in my
findingsof asingledominant hegt-tolerant genein TCS17
and ahomozygote-semidominant sdt-tolerant alelein
SM61 smultaneoudy.

Thelocationsof QTLsof heat toleranceinricehave
been reported”131521-23.2627 hyt they did not refer to
tightly linked markers for a single dominant heat-
tolerance gene. Inthesereports, QTLsexplained less
than 30% of thetotal phenotypic variancefor the heat-
tolerance 131521232627 and most QT L s accounted for
less than 20% of the heat-tolerance. My study was
thereforethefirst to map for tightly linked markersof a
singledominant heat-tolerance gene, explaining 100%
of the phenotypic variation. Only when these four
conditionsexist could | have an opportunity tofind a
explaining 100% heat-tolerant gene>29; (1) Under the
sdt or drought stress, high temperature stressis added,
thedamage of hightemperaturestresswill reachahigh
level. Therefore, it can be seen whether the plant is
extremely heat-tolerant under thestressof sdt or drought
treatment with heat stresssimultaneoudly. (2) The hesat-
tolerance propertiesof al heat-tolerance studieshave
been expressed in a continuous distribution (stress
susceptibility and stresstoleranceindices). Only my
study wasthesurviva or death of plantsasthejudgment
of heat tolerance, divided into two parts, expressedin
gualitative characters. (3) My researchisto cultivate
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plants by hydroponic cultivation, different from other
heat-tolerant gudieson plantingwith soil. Therearemany
interferencefactorsinthe soil, my study could deduct
many interferencefactorsintheenvironment. (4) Indica
variety, TCS17, hasa100%-explaintion heat-tolerance
genefor regulation and signaling. This heat-tolerance
geneislikely to regulate other heet-tolerance genesand
initiate the expression of all heat-tolerance traits of
mitigating damage for growth, yield, grain quality,
pikelet gerility, root length and shoot length under heet
stressin rice. It is urgent to directly clone the heat-
tolerance genewith a100% explaintion. Onthebreeding
of heat-tolerant strains, theided variety can becrossed
withindicavariety, TCS17, andtheRILsclosdly linked
with C61009 marker can be sel ected for breeding.

CONCLUSIONS

In response to climate change due to global
warming, there is an urgent need to find high-
explaination heat-tol erant genesintheworld. My study
will explain the 100% phenotypic variation of heat
toleranceinindicavariety, TCS17, whichisexpected
to be provided to global research and finemap of the
highly hesat-tolerancegene, to bring thefastest breeging
strategy of hightemperaturetolerant riceinthefuture.
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