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QTL Analysis of Germination Rate and Germination Coefficient of Velocity under Low
Temperature in Rice
Jinhee Kim', Youngjun Mo?, Su-Kyung Ha?, Ji-Ung Jeung®, and Jong-Min Jeong? '

ABSTRACT Asrice originates from tropical regions, low temperature stress during the germination stage in temperate regions
leads to serious problems inhibiting germination and seedling establishment. Identifying and characterizing quantitative trait loci
(QTLs) for low-temperature germination (LTG) resistance help accelerate the development of rice cultivars with LTG tolerance.
In this study, we identified QTLs for LTG tolerance (¢LTGS, gLTG9) and germination coefficient of velocity under optimal
conditions (OGCV) (¢qOGCV7, gOGCV9) using 129 recombinant inbred lines (RILs) derived from the cross between a
low-temperature sensitive line Milyang23 and a low-temperature tolerant variety Gihobyeo. gLTG9 and gOGCV9 were detected
at the same location on chromosome 9. At both LTG QTLs (¢L7G5 and ¢LTGY), the alleles for LTG tolerance were contributed
by the japonica variety Gihobyeo. At gOGCV7 and gOGCV9Y, the alleles for low temperature tolerance were derived from
Milyang23 and Gihobyeo, respectively. The RILs with desirable alleles at two or more QTLs, i.e., GroupVII: gLTG5+qLTG9
(qOGCV9) and GroupVII: gLTG5+qOGCV7+qLTGY (qOGCV9), showed stable tolerance under low-temperature stress. Our
results are expected to contribute to the improvement of tolerance to low-temperature and anaerobic stress in japonica rice, which
would lead to the wide adoption of direct-seeding practices.

Keywords : abiotic stress, direct seeding, germination coefficient of velocity, low-temperature tolerance, quantitative trait locus,
rice
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Table 1. Phenotypic data of seed germination characteristics
among parent and RIL population.

Traits  OTG (%) LTG (%) OGCV ~ LGCV

Milyang23 100+£0.0 48.7+1.5 54.2+5.8 8.9+0.39

Parents
Gihobyeo 100+0.0 76.0+3.6* 68.0+6.9* 9.1+0.59
Mean 96.6 34.1 45.5 9.2
Range 80-100 0.0-95.3 22.8-79.6 7.1-14.3
RILs Skewness -1.81 0.45 0.22 1.20
Kurtosis 2.44 -0.81 0.02 1.93
CV (%) 4.5 79.8 24.1 13.5

OTG: Seed germination after 7 days under optimal (30°C)
conditions

LTG: Seed germination after 14 days under low-temperature
(13°C) conditions

OGCV: Germination coefficient of velocity under optimal
(30°C) conditions

LGCV: Germination coefficient of velocity under low-temperature
(13°C) conditions

CV: Coefficient of variance.

* significant difference at p < 0.05 by t-test.
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Fig. 1. Comparison of germination rate and germination coefficient of velocity (GCV) between two parents (a) Changes in
germination rate of two parents during 14 days under low-temperature conditions (13°C). The open circles and black
triangles represent the cumulative germination rates of the ‘Milyang23’ and ‘Gihobyeo’ at survey days, respectively.
(b) Comparison of GCV of two parents under 30°C (OGCV) and 13°C (LGCV) conditions. * and ** significant

difference at p < 0.05 and p < 0.01 by t-test.
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UEtth(Table 1, Fig. la).
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L Hu=Qe = 120, % = 1.93) JERHTKTable 1,
Fig. 2b). 1297} RIL A5 % 31749] A5 A2ol4o] o
obgI} WolhEsl Bl ] Eu R} ol 2URs
L gloz aAbEgch

2oy W WOLAE QTL £

Z 327709 u}# (168 SSRs, 159 SNPs)E o|&s}o]
A EE 2 h GAA A Ee] AA Zolx 1564.0cM
ojal upA 7+ B+t A= 4.8cME AAE T Table 2).

A2 dbokgof ok QTL &A4143 5H, 9 FA Aol
A 270¢] QTL (¢LTGS, gLTG9)7} -4 =]tk Table 3). &=

7l QTLE] LOD 72 247 3.513} 4.130| o, #. 2o}
o QTLe| o3h sl BAF Wolt 22} 115%,
12.5%% A9stlct. gLTGS, gLTG9= % <7)13H 9]
Aol ofsto] A eutoleS F7bE: AoR Uekyt
th. gLTG5+= id5003662 (7.25 Mbp)2t RM289 (7.80 Mbp)
9] Alolof| A, gLTG9= RM434 (15.66)2} id9004978 (16.97
Mbp)2] Atolol 4 BH4 B9t} 2271x) AEU7E S A
2dtol HH QTLO| thgr BalE 1l QIthMiura et al., 2001;
Teng et al., 2001; Najeeb er al., 2020). Miura et al. (2001)
© 27} % Nipponbare’o] 4 23 #2320} QTL
2 4, 51 GAA| A R o, Teng et al. (2001)

Table 2. Summary of the molecular markers used for linkage map construction.

No. of markers used

Chr. Total nrie(:r.k(e)fs DNA No. ot;n};;)li};rslorphlc Polymorphism (%) for linkage. mzap Lengthy di?;r%;:e
construction (cM)* (cM)*
SSR SNP SSR SNP SSR SNP SSR SNP
1 83 44 63 34 75.9 77.3 16 20 190.0 53
2 80 37 32 32 40.0 86.5 19 15 159.0 4.7
3 68 41 43 23 63.2 56.1 21 19 182.5 4.6
4 50 35 28 20 56.0 57.1 12 10 138.4 6.3
5 72 28 28 13 38.9 46.4 11 8 137.3 7.2
6 36 35 27 20 75.0 57.1 10 16 110.3 42
7 44 30 37 26 84.1 86.7 12 18 120.9 4.0
8 54 29 41 21 75.9 72.4 15 11 137.8 53
9 40 23 36 18 90.0 78.3 14 12 85.4 33
10 38 24 26 14 68.4 58.3 9 11 75.1 3.8
11 53 30 34 18 64.2 60.0 16 11 108.3 4.0
12 53 28 29 15 54.7 53.6 13 8 119.0 5.7
Total (average) 671 384 424 254 (65.5) (65.8) 168 159 1,564.0 4.8)
“Markers selected for linkage map construction
¥ Chromosome length
* Average distance between two adjacent markers.
Table 3. QTL for germination rate identified from the Milyang23/Gihobyeo RIL population.
. Flanking markers CIM
Trait QTL Chr.
Left marker Right marker LOD? PVE’ (%) Add* Position"
LTG qLTGS 5 1d5003662 RM289 3.51 11.51 -8.75 57.5
qLTGY 9 RM434 1d9004978 4.13 12.5 -9.24 57.7

CIM : Composite Interval Mapping

“LOD experiment-wise p = 0.05 was equivalent to the critical genome-wide LOD score threshold of 3.07 by 1000 permutation

mapping
Y Percent phenotypic variation explained by the QTL

* Additive effect. = (mean of the lines carrying the Milyang23 allele — mean of the lines carrying the Gihobyeo allele)/2

“Marker position in ¢M on chromosome.
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Table 4. QTL for germination speed identified from the Milyang23/Gihobyeo RIL population

. Flanking markers CIM
Trait QTL Chr. - —
Left marker Right marker LOD* PVE' (%) Add* Position™
0GCY qOGCV7 7 RM1135 RM5793 4.08 9.8 0.04 60.0
qOGCV9 9 RM434 1d9004978 6.18 15.0 -0.05 57.7

CIM : Composite Interval Mapping

“LOD experiment-wise p = 0.05 was equivalent to the critical genome-wide LOD score threshold of 3.07 by 1000 permutation

mapping
Y Percent phenotypic variation explained by the QTL

* Additive effect. = (mean of the lines carrying the Milyang23 allele — mean of the lines carrying the Gihobyeo allele)/2

Y Marker position in ¢cM on chromosome.

Chr. 5 Chr. 7 Chr. 9
LOD 1L.OD
o © =N W A~ oo OaNWhUON
RM5693 — - 654 1
47000183 R
9001297~}
47000448 — RM444
Ri4s4~ |
— was001055 ]
 RM1245 — | 19002419
47000473 — RM3855—]
147000589 Ri296 —
RMS874 ] RM3769 —]
RM437 —3 § 49003183 —
\
RM3328 — RM180 —] RM524—
47001081
i 47001559 .
id9003830 —
ids003662 — ) 47002392 N {ds004148 —f 5
0548 = Rmazs—f
Rm289 8 | 47002701 —] —]
5003662 — RM1135 49005523 —@ | ,.*
id5006456 — RMS5793 RM257 |
RM3838 — id7002831 RM5519 —}
RM3743 RM3787 —4
f— 9007180 —4
e S S |
i —
o id9007784— W |
ruado —J1 ) RMSS08 RM205 —]
id5008667 —1 7R04e45 —1 \
—A A iaroossto —fll N}
iaso09967 —N [ ¢ 7005137 —
45010886 — RM118 ~]
7005423~}
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W id7o0s984 —8 |/
rmsss —8 \/
idso13799 — M ¥
RM31 —]
rm1054 —J ! ===0TG ---LTG —OGCV —LGCV

Fig. 3. Chromosomal position of QTLs for LTG and OGCV. LOD curves of each trait were generated using QTL IciMapping
ver. 4.1. The yellow marker on the left of each chromosome represents the flanking marker closest to QTL. Dotted line

indicates the threshold LOD value of 3.07.

AZY7E FF IX17 -2 Aol QTLE 431} 9 ¢
MR A HT3FT} 2 Najeeb er al. (2020)C 6K SNP
chipZ o] 83 £ BHL Bao] 1, 5, TH GAAIA A
2dfol W A2AEHA B 5719 28 QTL (LOD>7.0,
Av 7He EEP Y Blo]>15%)e K5It Redofia
& Mackill (1996)2 47]0] 27] 98 A4 QTLL 1, 4, 5,
9%l QA OIA Bs}sith Eg o Aol W] 2
) $8 gee] 9L Fe K07 aolsold 1%
(RAmy3A, RAmy3B, RAmy3C)o| Hidl= HoZ AdHA
QltH(Causse et al., 1994; Thomas et al., 1994).

ZApe] Apeo]Ale] dolswo] ofst QTL 244w 7, 9

W Aol 2719) QTLs (qOGCY7, gOGCY9)o] Tl
=] 9ltH(Table 4). QTLS] LOD Zre Z+zF 4.083} 6.180]%]
o, A9 7tset 2EP 9 Hol= 22 9.8%, 15.0%% .
qOGCV7= RM1135 (16.93 Mbp)2} RM5793 (17.49 Mbp)
o] Apolo| A qOGCY9= RM434 (15.66 Mbp)@} id9004978
(16.97 Mbp) & oA BHelE|glon, qOGCY79}F qOGCYI
27t o3 Eet sl En dgele] gfste] wolhw
7 F7bh Ao SRl gith ALEAG A ] Woldize
gt QTL #4123}, A-2dote} A3ke QTL? gOGCYILt
AT YA A] Aol £k e QTLo] EA =gl
©1} LOD ZHe 25602 1 Fro| tha WQItKFig. 3).
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Fig. 4. LTG and LGCV of the RILs carrying different allele combinations of ¢LTG5, gLTG9 (qOGCV7), and gOGCV7. Letters
from a to c indicate significantly different values according to the Duncan’s multiple range test (& = 0.05). Errors bars

indicate the standard errors of each category.

SAe] Wrop&m=rh W=, oo ~aF= A4t E
o} drol7} #U3sloj(Alhamdam et al., 2011; Pradhan &
Badola, 2012), 29| P&l A5o] 7ks3st7] wizof ¢t
A 27] JRE Sl e Fagt Sdolth Lier
al. (2013)& #&uo}(15°C)o]) T3k QTLEAS Ea}o] 7, 9,
128 AMA )N 379 QTL (¢LTG-7, gLTG-9, gLTG-12)
o Bk} 0% gLTG-9 (12.55-15.66 Mbp)k, & ot
ol o] el AR uHbolE(g0GCYY, 15.66-16.97 Mbp),
] L9018 (gLTGY, 15.66-16.97 Mbp), A 2Hrof&zo} o
H QTLY AAAS $1A7F frAFsEH: Li e al. (2013)
of olstH gLTG-9= A& Toto]| ke F== ¢Hg41Ql QTL
2 RuEI Qled, & A3 gOGCYV9 9 gLTGY E3E
AgofA Wols Y WolLeFrt JFE = A=
w45} 7)& A7 ATeL AT Hou ef al. (2004)
o ool Bl 34 QTLe] Tt £4& Bste] 79 o
QAN A, gLTG-7 (16.87-22.58 Mbp)S Rt 0, o]
L 2 A4 SAE qOGCY7 (16.93-17.49 Mbp)et 3
FE U qOGCY 7= A2 e B =R gl
ok Ao A Holg = F7tof| Hojsh= A o' UE
U Hou et al. (2004)0] Hi13t z2dtolo] HHE FQ
QTLSl A#eb= Apo]7h Utk

A eq} 7h-o v Y ESHE AEd 2 (Abiotic stress)2] -4
W BEY) WEL Thke BAH 2o 2A L @
o, el B4E thhel QLI fAA 28l o3 29
Flth(Shakiba et al., 2017; Zhao et al., 2017). watA *-&
o Afe] thokat B4 QTLIEY] iyt HAS 28 A~
WS FdA7IsE Fastth BA oofet Yos o
Sto] A AEF 204 9 Wof, £, {FHY|, $297] 5

f

et HeFet QTL A7 3=l e, 29 AtoA 5
8 QTLE R 35t th(Andaya & Mackill, 2003; Fujino ef
al., 2004; Lou et al., 2007; Jiang et al., 2017; Shakiba et
al., 2017). Z1eu} Aol HopL = o] Ao Ay 9l 3=
8 QTLe| tigt AEi= A glok 2 AFolA 2l
g, gLTGY (gOGCY9)E& AEY7} 71589 el &
B2 Ao} Buk oljet WolbEo| % Prolshs Zlow
I en, gOGCY7& IA | Halel A 2ofof 7
g 20 QTLI} FHslo] 2 A%o|A 2eldl QTLo| A&
2EH A WS NAA7I=H F-85HA ol8E AR 9
=g

QTL Z=&iof| U2 X2 AEY A LYAo| M35}

AI7HE] QTLO] §HA g} A2 Wopg 9 o= A}
o]9] Ao 7]Zsto] QTLY] %3tof| W& A aats ¢
sttt AI7He] QTLe b of 22 of ftof what 129
7§e] RIL Aehe 8719 217 o2 EFaltkFig. 4). A&
drolto] gt 87 1F9] Woh&2 22.28-59.44%9] £XE
Uelglon, QTLS Bf & =5 AL dolgo] s
Qith. Duncan H% A3 I, IV, V, VI, VIY AL &
obg2 TIFVI Bluwste] AL Wolgo] sfAe] ot
zpol7k ok, 25 1, M9 A& dokg 7fAilo] f2lst
A w3S Feletdlct A4 9 HopLE= 7.82-10.30
ol By g yehdon, 281, I+ ISV v|wsle] A
204 Wol&E g WA= o &bt e AR &
olE|Ql ot U] IF1I, IV, V, VI, VIS Z15VIat v
gt TAKHCRE {3t ztol7t glE AR FRIE
Az 70l A 2] Wolg, WolL e o] 72 QTLS 5 7t
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Table 5. Germination rate and germination coefficient of velocity of the RILs with different allelic combinations of the QTLs.

Germination rate and

LTG (OGCV) QTL combination AG QTL combination Germination coefficient Anaf:rob.ic
of velocity germination
Group qLTG5  qOGCV7 qLTGY qAG2.1  qAG2.2 No. Line  LTG (%) LGCV Survival rate (%)
(qOGCV9)

A + + + 2 93.0a 0.12a 45.0a
B - - - 2 35.7b 0.08ab 35.0ab
C + + + - - 3 50.2ab 0.09ab 17.8bc
D - - - - - 2 2.3b* 0.04b 6.7¢c
MG RIL (n = 129) Mean 34.1 0.09 27.3

*Result of Duncan’s multiple range test.

AESol =2 AR ERIHIT Bl W23 o=
SIS ERY QTL(gOGCY7)s, F3l 71aw)'= A
9 Akedtoli ke QTL[gLTGS, gLTGY (qOGCV9)]
Efrskal lglon, AL AEi’ﬂ*c’ﬂ et WS a1
[qLTG5+qLTGY (qOGCV9)], 3-& 1% 1 [gLTG5+qOGCV7+
gLTGY (qOGCV9)]9] AEES0] EAZ T §ojatA )
& 2Ed# 2] wigk o] Wi St she AR 2Rl
et

wo] Al Al T B, B w4 W A A A
Wokah g% A7) o] ALA % A AZdAz ol
go] "olx Yursl BkgslA ek HZ Kim er al
(2019) o] WY235/7| 5 RIL e 0§ T ol
W4 QTL #4< Fobo] w4 ol 4 Ang 2719
QTL (g4G2.1, gAG2.2) Rt} 7|1& BuE & 7)do}
YA SAR;ol9l B olof|A] EAlE Aedrol dT oA
A9} 2ol whE A EoA YRES ARG AL
ot # QTLJJF T oh wE QTLE) B of o ujet
RIL AL 4719 1502 EFE|QtTable 5). #]-24dto}
(d2dobs) ¥ QTL giol ¢ QTLS W 2
o ATSH(IEA)Y FrEdolre] drES 45.0%F
o2 Lol vl dEEo] 7HE w2 A oR A
o #E QTLERS ®galal #l&ol #al QTLS
B3 L ABE(IEB)O YRS 35.0%2 T4t
of 9 Al guto} QTLS WL HAT ABE(THA) Rk
W QEge vehigld) ol AuA BelAe)
o YR RS HOHHL FenE s A B of
% Aedolel FAH SAE gan 27w g
£ YA vtEA] " esitts A2 Hoj&tH(Table 5).
wEha] @7] wol U4 R A4k wok W $8A7E 23
FUREO) $4L F5 grAn E5 AUl 89

o rfo ox =

L oox A
Mo

il

)

A 0§48 ol

FHFAL (1) 4 QTLY 27 (2) SAAR 2he] 4
328 (3) 34t Az kg og) AAE Tt Wade ef al.,
2001). =

EF S40A QTLY] A3 28 9 pyramiding &
= MAsHL 4 Al71= dlofl Wi$- a5t

£3] QTL pyramiding> =3 54 7131 #A59] AE
GolstA Btk & Aol A= Aol B WolL e Th
FoAES FAskleH, &

GO A7 A] W] st
Mol AlsS et fFAdes Adskql
T 7\}:5‘47]’ TIEH oA e A=
3 Lmkage drag2 <Igh deot P29
Eg|2o] ¥t QTLY a3te R4
olgisl Ayt= A& "l T AEFA

= 7H*d'8P°4, F5 2tzyst A £35S %45

2 i oft o L by 1o go £ KL
%
lo
u

x fod
A7} Ble] Al e AEH A U] S31E 915t RIL A
52 o]gsto] A2 AEHA YA QTLS B8l o2

Foto] (1) 5, O XA 0| A A 2hotof ATt 7|5 H
el QTL, gLTG59} gLTG9E ERlstiem, 7, 9% A
Ao A A2 dotg o] T ‘UYg3s’ U T|TH &
@ QTL, gOGCV7, qOGCV9E &el1s}3i L) (2) Duncan A
AT}, 1BV [gLTGS+GLTGY (qOGCY9)], L2V [qLTG5+
qOGCV7+qLTGY (qOGCV9)|2] AZEo] A& AEH A
WAlol gl Ao Bl Hglth () A2 WiEE RIL 4
& HeliAd A vlagt A A AE Ao YAy
o] QeRA BEOlE Yol i Ao Sld %

2709} i FAAAE Adshaict.
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