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Abstract

Low-temperature germinability (LTG) is an important agronomic trait that can affect the planting time, planting area,
and grain yield of staple crops, such as rice. However, the genetic mechanism of LTG is still unclear. In this study, a
multi-parental permanent population with 208 single segment substitution lines (SSSLs) was used to conduct a
genetic dissection for LTG across four cropping seasons. LTG was a typical quantitative trait with a high combined
broad-sense heritability of 0.71. By comparison with the recipient parent, Huajingxian74, 24 SSSLs were identified

as carrying LTG QTLs, which were further merged into integrated QTLs with shorter genetic distances by substitu-
tion mapping. Finally, 14 LTG QTLs were mapped on ten chromosomes, including seven positive-effect and seven
negative-effect QTLs, with additive effect contributions ranging from 19.2 to 39.9%. qL7G3a, a main-effect and novel
QTL, was confirmed by bulk segregant analysis using an F, segregating population, and five key recombinants were
selected to develop F5 populations for progeny testing. Marker-trait association analysis fine mapped gLTG3a to a
332.7-kb physical region between markers M6026 and M6341. Within this interval, 40 annotated genes were revealed,
and three genes (050390213300, Os03g0214400, and Os03g0214600) were considered as pivotal candidate genes

for gLTG3a based on their sequence variations and expression patterns. Besides low temperature, gL7TG3a can also
enhance seed germination under standard temperature and osmotic stress. In summary, this study identified some
genetic factors regulating LTG and opened a new window for breeding elite direct-seeded rice varieties. It will help
reduce the climate risk in the production process of rice, which is of great significance to ensuring food security.

Keywords: Substitution mapping, Bulk segregant analysis, Low temperature, Seed germination vigor, Candidate
gene

Introduction

Seed germination, a critical step in the plant life cycle,
is a complex process coordinately regulated by internal
genetic factors and external environmental cues (Ma
et al. 2017; Rajjou et al. 2012). Low temperature is one
of the principal restriction factors that limit crop growth
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below 15 °C in high-latitude and high-altitude rice culti-
vation regions or early spring seasons, causing a severe
rice yield reduction due to low germination rates, delayed
seedling emergence, and abnormal seedlings (Liu et al.
2018). Recently, direct seeding cultivation techniques
were widely adopted in Asian countries, which increased
the risk of encountering cold stress during germination
(Mahender et al. 2015; Wang et al. 2018a). High low-
temperature germinability (LTG) of rice varieties can
extend rice planting areas and growing season to meet
the expanding food demand. Therefore, it is of consider-
able significance to fully understand the genetic basis of
LTG in rice.

LTG is a complex quantitative trait controlled by multi-
ple genes. In the past 20 years, researchers have identified
more than 100 QTLs for LTG on the 12 rice chromo-
somes using bi-parental mapping methods based on
phenotypic traits such as germination percentage and
germination index (Chen et al. 2006; Fujino et al. 2004;
Ji et al. 2009; Jiang et al. 2006, 2017; Miura et al. 2001;
Wang et al. 2011; Xie et al. 2014). Besides, as an alterna-
tive strategy, genome-wide association study (GWAS) has
increasingly applied for LTG genetic research to dissect
the variation of natural rice accessions (Fujino et al. 2015;
Sales et al. 2017; Wang et al. 2018b; Yang et al. 2020).

QTL analysis lays the foundation for fine mapping
and map-based cloning of some major LTG QTLs. For
example, gLTG-9 was fine mapped using a near-isogenic
line population between markers L9-25D and ID-1 to a
72.3-kb physical region on chromosome 9 containing five
candidate genes (Li et al. 2013). gSV-5¢, a major QTL of
radical length and germination rate under optimal and
low temperature, was located between SNP3 and CAPS2,
a genomic region of approximately 400 kb on chromo-
some 1 (Xie et al. 2014). By progeny test, gLTG6 was
delimited to a 45.8-kb physical interval between M002
and M008, and LOC_0Os06g01320 was considered as a
possible target gene (Jiang et al. 2020). Currently, only
two LTG-related genes, gLTG3-1 and OsSAPI6, have
been cloned in rice. gLTG3-1 (0s03g0103300) encoded
a glycine-rich protein of unknown function and was
strongly expressed in the embryo during seed germina-
tion (Fujino et al. 2008). Further genome-wide analysis
of gene expression and regulation revealed that gLTG3-
1 might induce programmed cell death to weaken the
tissues covering the embryo and reduce the mechanical
resistance of the coleoptile (Fujino and Matsuda 2010;
Fujino et al. 2008). OsSAPI6 was identified through
GWAS; it encodes a stress-associated protein contain-
ing two AN1-C2H2 zinc finger domains and acts as an
essential LTG regulator (Wang et al. 2018c). These find-
ings of LTG genes have brought some breakthroughs in
the genetic control of LTG in rice. However, extra efforts
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are needed to enrich our knowledge about this critical
agronomical trait’s genetic and molecular mechanisms.

Single segment substitution lines (SSSLs) contain a sin-
gle homozygous marker-defined chromosome segment
from a donor parent in a recurrent parent background
(Zhang et al. 2004). Unlike traditional segregated popula-
tions, SSSLs, a permanent advanced mapping population,
is a powerful tool for QTL mapping and gene clon-
ing because it can eliminate the interference of genetic
background and improve the accuracy of QTL mapping.
Recent studies have demonstrated that SSSLs play a cru-
cial role in understanding the genetic mechanisms of
important agronomic traits such as seed dormancy, grain
shape, and heading date in rice (Wang et al. 2012; Zhou
et al. 2017; Zhu et al. 2018).

In this study, the genetic dissection of rice LTG trait
was carried out using 208 SSSLs with abundant genetic
diversity conferred by 24 donor cultivars in the genetic
background of Huajingxian 74 (HJX74) (Li et al. 2021),
an elite indica recipient parent, in four cropping sea-
sons. The objects of this research were (1) to identify
QTLs controlling LTG using germination percentage at
15 °C as phenotypic data in a rice SSSL population; (2)
to integrate and narrow down the QTLs located at simi-
lar chromosome locations by substitution mapping; and
(3) to validate and fine map a novel major QTL, gLTG3a,
and predict the possible candidate genes by sequence
and expression analysis. These works will provide new
insights into the genetic architecture of LTG and estab-
lish the basis for map-based cloning of the casual gene
underline gLTG3a.

Materials and Methods

Plant Materials

Genetic analysis of LTG was conducted using 208
SSSLs, which were selected from a 1529 SSSLs library
constructed with HJX74 as the recipient and 24 varie-
ties from different countries as donors (Xi et al. 2006;
Zhang et al. 2004). Each SSSL contained only one sub-
stituted segment from 24 donors (including 14 Indica
and 10 japonica varieties) on the 12 chromosomes of
rice in the genetic background of HJX74 (Additional
file 1: Table S1). The length of substituted segments was
0.4-70.0 cM, the average length was 15.84 cM, and the
genome coverage was 68.0% (Additional file 1: Fig. S1).

Field Planting

Rice plants were grown in an experimental field in South
China Agricultural University, Guangzhou, China (at
approximately 113° E and approximately 23° N). Each
SSSL was grown in one block consisting of two rows
of 20 plants in 2015E, 2015L, 2016E, or 2016L. "E" rep-
resents the early cropping season from March to July,
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and "L" represents the late cropping season from July to
November. Depending on the number of SSSLs, the con-
trol line HJX74 was grown in several blocks, and the dif-
ferences among these blocks were evaluated by one-way
ANOVA to assess the effects of the field environment. All
rice materials were grown in a wide-narrow row method,
33.33 c¢m for the wide row and 16.67 cm for the narrow
row, with a completely randomized design and regular
management. One to two weeks after transplanting to
the paddy field, the fresh leaves of rice seedlings were
collected and used for genomic DNA extraction. Marker
genotyping was conducted with SSR markers to detect
the substituted segment of each SSSL in every growing
season.

Phenotypic Evaluation of LTG

LTG was evaluated as previously described by Cao et al.
(2017) with the following changes. Plants from the mid-
dle of each block were tagged for heading date when
the first panicle emerged. About 32-35 days after head-
ing, the main panicles of three to five individual plants
for each SSSL line were harvested according to the seed
maturity status. After threshing and cleaning, the seeds
were dried in an oven at 50 °C for seven days to break
seed dormancy. About 100-200 well-developed seeds
of each plant were randomly distributed into two 9-cm
Petri-dishes with 10 ml distilled water per dish. The
petri-dishes were then transferred to several large sealed
plastic boxes (34.7 x 24.5 x 12.5 cm) with two layers of
wet filter paper on the bottom and finally placed in a
15 °C chamber in the dark for ten days. A seed with radi-
cle length longer than 1 mm in 2015E, 2015L, and 2016L,
or 2 mm in 2016E, was counted as germinated from the
4th to 10th day after sowing (He et al. 2019). The ger-
mination percentages of the 7th day (2015E, 2015L, and
2016L) and 10th day (2016E) showed great variations in
the SSSLs and were accordingly used as the phenotypic
data of LTG. After germination at 15 °C, the seeds with
germination percentages less than 80% were moved into
a chamber of 30 °C to eliminate the secondary dormancy
induced by low temperature.

QTL Analysis and Substitution Mapping

QTL analysis was performed following the method as
previously described (Eshed and Zamir 1995; Zhou et al.
2017). To normalize the variance, the arcsine-trans-
formed germination data were used in the Student’s ¢
tests to calculate significant differences between SSSLs
and HJX74. When the germination percentage’s P value
was less than 0.001 in at least two cropping seasons, a
putative LTG QTL was considered on the substituted
segment of the corresponding SSSL. The nomenclature of
identified QTLs follows the general rules in rice. A QTL’s
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name consists of three parts: the abbreviation of the trait,
the chromosome number, and the QTL number, which is
sequenced from the short arm end to the long arm end
of the chromosome. Assuming that each SSSL carried
only one QTL, the additive effect (a) of a putative QTL
accounted for half of the phenotypic difference in germi-
nation percentages between an SSSL and HJX74; the per-
centage of additive effect contribution (R?) was calculated
as the additive effect divided by the mean phenotypic
value of HJX74. If a QTL was simultaneously detected in
multiple SSSLs with overlapping segments, then substitu-
tion mapping method was applied to reduce the region of
a QTL as previously described by Wissuwa et al. (2002)
and Zhou et al. (2017).

Bulk Segregant Analysis (BSA) Sequencing

In this study, a major QTL, gLTG3a, was simultaneously
detected on the overlapping substituted segments of S5,
S6, and S7 on chromosome 3. S6 contains a segment
derived from Katy, a japonica donor parent, and was
selected as a representative of gLTG3a in further analysis.
For validation of gLTG3a, S6 was backcrossed with the
indica recurrent parent HJX74 to produce an F, segregat-
ing population with 356 individual plants. Young leaves
of the 356 F, individuals were collected separately and
stored at -80°C. After evaluation of LTG, the same size
leave samples of 30 extremely low-temperature-tolerant
and 30 extremely low-temperature-sensitive plants were
bulked as LTG-pool and WT-pool, respectively. Total
genomic DNA of segregation pools was extracted using
the CTAB method. DNA quality was determined by Nan-
odrop (Thermo Fisher Scientific, Waltham, MA). The
two DNA pools, parental cultivars S6 and HJX74 were
sequenced with coverage of 30X using Illumina sequenc-
ing strategy at Genedenovo (Guangzhou, China). Fil-
tered reads were compared with the R498 (Shuhui498, an
indica variety) genome sequence to identify single-nucle-
otide polymorphisms (SNPs) and Insertion-deletions
(InDels) using Burrows-Wheeler Aligner (BWA, v0.7.12).
By calculating SNP-index and ASNP-index, the distribu-
tion of ASNP-index was fitted on 12 chromosomes. The
95% confidence level was selected as the threshold to
determine the linkage interval. Also, AInDel-index was
calculated for subsequent sequence variation analysis of
candidate genes.

Marker Development and Fine Mapping

New high-density markers were designed on the sub-
stituted segment of S6 flanked by RM231 and RM563
based on InDel variations identified by BSA sequencing
and the difference between the Nipponbare and 9311
genome sequences. Fourteen polymorphic InDel mark-
ers were used for genotyping the 356 F, individual plants
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to conduct frequency distribution analysis and select
recombinants for the gLTG3a locus. Based on the marker
genotypes, five recombinants, named S6_R1 to S6_R5,
were detected, and more than 70 progeny lines for each
recombinant were genotyped with a marker on the het-
erozygous region of gLTG3a and used to evaluate LTG.
The data of genotype and phenotype were employed in a
mark-trait association analysis to fine map gLTG3a. The
primer sequence used in fine mapping can be found in
supplementary data (Additional file 1: Table S2).

Marker-Trait Association Analysis and Estimation

of Genetic Effects

The marker-trait association and genetic effects of
qLTG3a on LTG were examined using the SAS program
(SAS Institute 2011), as previously reported by Ye et al.
(2015). Data from the recombinant-derived progeny
populations were analyzed by line correlation analysis
to determine the mark-trait associations at the gLTG3a
locus. Genotypes for a marker locus were coded as 1, 2,
and 3 for HJX74-like homozygote, heterozygote, and
S6-like homozygote, respectively, to correlate with the
trait value for LTG. Additive and dominance effects of
qLTG3a on LTG were assessed using the linear regression
model 1: y;=p+ax+dz+e¢; where y; is the phenotypic
value for the jth plant of the ith marker genotype; u is the
model mean; x is the dummy variable for the additive
component and was coded as -1, 0, and 1 when i=1, 2,
and 3, respectively; z is the dummy variable for the domi-
nance component and was coded as 0, 1, or 0 when i=1,
2, or 3; a and d are regression coefficients that estimate
the additive and dominance effects, respectively; and ¢;; is
the error term of the model.

Candidate Gene Identification

Fine mapping and BSA-seq data were comprehensively
used to dig the candidate genes underlying gLTG3a.
Firstly, the possible candidate genes in the QTL region
were chosen according to the functional annotations
from the Rice Annotation Project Database (RAP-
DB, https://rapdb.dna.affrc.go.jp). Then, based on the
whole genome resequencing data by BSA-seq, we fur-
ther focused on those candidate genes with nonsyn-
onymous SNPs, or InDel mutations in the upstream and
exonic regions between the two parents, S6 and HJX74.
Finally, those genes that are abundantly or predominantly
expressed in seeds were considered as key candidate
genes.

RNA Extraction and qRT-PCR Analysis

To verify the temporal and spatial expression patterns of
candidate genes, qRT-PCR was conducted with different
rice organs of HJX74, including developing seeds at 20
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and 30 DAF, mature roots, stems and leaves, and 3-day-
old seedlings. Total RNA was isolated from the above
tissues by using the RaPure Plant RNA Kit (Magen)
according to the manufacturer’s instructions. First-strand
c¢DNA was synthesized from the total RNA with the Evo
M-MLV RT Kit with gDNA Clean for qPCR (Accurate
biology). qRT-PCR was performed on a CFX 96 (Bio-
Rad) in a 20 pl system containing 2 ul of cDNA, 0.4 pl of
gene-specific primers (10 uM), 10 pl of SYBR Green Pro
Taq HS Premix (Accurate biology), and 7.2 pl of RNase-
free water according to the manufacturer’s protocol. The
PCR program was 95 °C denaturation for 30 s followed
by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. The speci-
ficity of the PCR amplification was checked with disso-
ciation curves (65-95 °C) following the final cycle of the
PCR. OsActinl (Os03g0718100) was used as an internal
reference for standardization of cDNA amounts. Primers
for qRT-PCR are listed in Additional file 1: Table S2. Data
represent three biological replicates and three technical
replicates.

Germination Assays

To investigate the role of gLTG3a responding to other
stresses, the germination performances of S6 and HJX74
were analyzed in various environmental stresses. Each
treatment was biologically repeated three times. About
50 seeds for each replicate were placed in 9-cm Petri
dishes and cultured under normal temperature (30 °C),
high temperature (38 °C), osmotic stress (3% mannitol,
30 °C), and high-salt stress (200 mM NacCl, 30 °C). The
germinated seeds were counted daily for one to seven
days, depending on germination profiles under different
stress conditions.

Results

Phenotypic Variation of LTG in SSSLs

The germination percentages at 15 °C of HJX74 and 208
SSSLs were investigated to evaluate the phenotypic vari-
ation of LTG in four growing seasons from 2015 to 2016.
The recipient parent HJX74 was planted in 10, 9, 9, and
11 blocks, and the average LTG value was 67.7+1.4,
57.4+1.3, 55.3+1.4, and 44.1+£1.2% in 2015E, 2015L,
2016E, and 2016L, respectively (Fig. 1). In addition, the
mean LTG values of HJX74 in different blocks of each
cropping season were analyzed by one-way ANOVA in
2015 and 2016. The results showed no significant differ-
ence in each cropping season, indicating the field envi-
ronment among different blocks was relatively consistent
(Additional file 1: Table S3). On the other hand, the LTG
values in SSSLs ranged from 2.8 to 98.1, 9.8-90.8, 12.7—
93.4 and 8.7-79.3%, with an average of 53.2, 60.3, 53.3
and 44.7% in 2015E, 2015L, 2016E and 2016L, respec-
tively (Fig. 1). Our data proved that LTG is a typical
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Fig. 1 Phenotypic distribution of LTG for 208 rice SSSLs in four cropping seasons. a 2015E, b 2015L, ¢ 2016E, d 2016L. Parameters are the number
of SSSLs (N) and mean (M) and standard deviation (S) for germination of the freshly harvested seeds at 15 °C. The arrow indicates the germination
percentage of the recipient parent HJX74. Broad-sense heritability (H?) of LTG was estimated by the germination rates of SSSLs in each cropping
season. 2015E, 2015L, 2016E, and 2016L represent the early (E) and late (L) cropping seasons in 2015 and 2016, respectively

T

N=155
35 1 M=60.3%
30 4 $=19.1%
o5 | H?=0.71

40 - HJX74
v

Number of SSSLs
N
o

0 10 20 30 40 50 60 70 80 90100
Germination percentage (2015L)

d HJIX74
60 1N=206
w 50 4 M=44.7%
2 S=14.9%
B 40 {H2=067
n
S 30 -
o
£ 20 -
=}
Z 10 -
0

0 10 20 30 40 50 60 70 80 90100
Germination percentage (2016L)

quantitative trait, as the low-temperature germination
percentages in SSSLs displayed wide variations and nor-
mal distributions in multiple environments. As shown in
Fig. 1, the broad-sense heritability (H?) of LTG was 0.68,
0.71, 0.73, and 0.67 in 2015E, 2015L, 2016E, and 2016L,
respectively; the combined broad-sense heritability was
0.71 across four environments. These data indicated that
genetic factors mainly contributed to the phenotypic var-
iations observed in SSSLs.

Identification of SSSLs with Putative LTG QTLs

For QTL analysis, the LTG values of each SSSL and the
recipient parent HJX74 were analyzed by Student’s ¢ test.
The results demonstrated that 24 SSSLs displayed sig-
nificantly different phenotypic values in comparison to
HJX74 (P<0.001), implying that these SSSLs carry puta-
tive LTG QTLs on their corresponding substituted seg-
ments (Additional file 1: Fig. S2; Table S4).

As shown in Table 1, the 24 SSSLs originated from
10 donor parents, including Tetep (WO01), Zihui 100
(W05), Katy (W06), IR64 (W08), Basmati 385 (W09),
Basmati 370 (W11), Lianjian33 (W14), Ganxiangnuo
(W17), Lemont (W23), and IAPAR9 (W27), of which
Katy contributed 12 or half of the SSSLs. The substituted
segments of the 24 SSSLs were distributed on ten chro-
mosomes except 10 and 12, and their lengths ranged
from 6.5 to 54.5 ¢cM (Table 1). It should be pointed out
that some of the 24 SSSLs shared overlapping seg-
ments, and they were therefore considered to contain
the same QTL of different alleles corresponding to their
donor parents. Accordingly, seven positive-effect QTLs,
qLTG2, qLTG3a, qLTGS, qLTG6, gLTG8a, gLTG8b, and
qLTGl11a, were identified on the substituted segments
of 14 SSSLs, with additive effects ranging from 0.06 to
0.18 and additive effect contributions ranging from 8.9 to
36.2% (Table 1). In contrast, seven negative-effect QTLs,
qLTG1, qLTG3b, qLTG4, qLTG7a, qLTG7b, qLTGY, and
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Table 1 Summary of the SSSLs detected with putative LTG QTLs in four field environments

SSSL code Donor code Chr Substituted segment? Length (cM) Putative QTL a* R? (%)* Cropping Detected
season season®

ST W14 1 RM246-RM297-RM212-RM315 16.7 qlLiG1 —0.184+002 286+70 abcd ab
S2 W14 1 RM5-RM237-RM212-RM315 342 qliG1 —0.17£0.10 2944118 abcd acd
S3 W09 2 RM106-RM263-RM530-RM240 30.2 ql7G2 0.104+£0.04 200+45 abcd bd
S4 W08 2 PSM122-RM263-RM166-RM213 545 qL1G2 011£006 189+£109 abcd bc
S5 W06 3 RM175-RM489-PSM428-PSM429  16.1 ql1G3a 0.164£0.02 330+10 acd cd
S6 W06 3 RM231-RM489-RM218-RM563 28.7 glTiG3a 0.16+0.01 298+78 acd acd
S7 W06 3 RM489-RM545-RM218-RM563 219 ql7G3a 018+£001 362+54 acd cd
S8 W17 3 PSM127-RM426-RM168-RM 186 16.4 qlTG3b —0.104£001 192+58 abcd ad
S9 W06 4 RM119-RM273-RM252-RM241 129 qlTiG4 —0.144+001 258+70 acd ad
S10 W06 4 PSM194-RM273-RM252-RM241 16.2 qliG4 —0.164+0.08 269+66 acd ad
S11 W06 4 PSM358-PSM196-RM252-RM241  47.0 qliG4 —020£0.13 3294138 acd ad
S12 W11 5 RM480-RM31-PSM386-End 84 qgliG5 0.15£002 280+15 abcd bcd
S13 WO01 5 PSM384-RM178-RM334-End 224 ql71G5 0.14£001 287+22 bcd cd
S14 W27 6 End-RM508-RM217-RM253 16.6 qlL7Gée 0.06£001 89405 acd ac
S15 W23 6 End-RM508-RM121-RM136 449 qliG6 0.15£0.02 299499 abcd bd
S16 W06 7 RM481-PSM142—-PSM143 10.0 qlTiG7a — 0224009 394+37 acd ad
S17 W05 7 PSM142-RM2-RM10-PSM353 454 qlTG7b — 0244008 399+89 abcd abc
S18 W06 8 PSM155-RM547-PSM393 6.5 qglLTG8a 0.15£0.02 269+44 abcd bc
S19 W06 8 RM284-RM556-RM210-RM80 9.1 qL7G8b 0.17+£003 336+13 abcd cd
S20 W06 8 PSM394-RM515-OSR7-RM447 364 qlTG8b 0.15£0.01 283424 abcd bcd
S21 W27 9 RM105-RM434-RM410-RM257 17.1 qlTG9 —021£001 342+60 abcd ac
S22 W06 11 PSM409-PSM412-PSM414 288 qllGlla 0.16£0.01 322443 abcd bd
S23 W06 11 PSM174-PSM175-RM536-PSM415  40.2 qliGlla 0.15£0.03 303498 abcd cd
S24 W17 11 RM21-PSM365-PSM417-PSM460 154 qL1G11b —0.194+007 341+£97 acd acd

*a =average additive effect of the QTL in different detected seasons; R? (%) = average additive effect contribution (%) of the QTL in different detected seasons

?The single lines in the middle of markers indicate substituted segments while the double lines on the border of markers indicate segments recombination might
appear. SSR markers labeled "RM" were selected from public resources, and those labeled "PSM" were developed in our laboratory

bThe letters a, c represent early cropping seasons in 2015 and 2016, and b, d represent late cropping seasons in 2015 and 2016, respectively. Detected seasons mean

the time when putative QTLs were detected on the SSSLs

qLTG11b, were detected on the substituted segments of
10 SSSLs. The additive effects were between — 0.10 and
— 0.24, and additive effect contributions were between
19.2 and 39.9% (Table 1).

Most of these QTLs can be simultaneously detected
at the early and late growing seasons, and gLTGI1 (S2),
qLTG3a (S6), qLTGS (S12), gLTG7b (S17), qLTG8b (S20),
qLTG11b (S24) were repeatedly detected in three sea-
sons, indicating that these QTLs were stable in different
environments. Nevertheless, gLTG6 (S14) and gLTG9
(S21) were only identified in the early cropping seasons,
while gLTG2 (S3), qLTG6 (S15), and gLTGlla (S22)
were specifically detected in the late cropping seasons
(Table 1).

Substitution Mapping of LTG QTLs

Five QTLs, gqLTG3b, qLTG7a, qLTG8a, qLTGY, and
qLTG11b, were detected on a single SSSL. They were
located on their corresponding substituted segments

with an interval of 6.5-17.1 cM (Table 2). The gLTG7b
was detected on a single SSSL (S17), but it was not
detected on S28 which overlapped with S17, implying
that gLTG7b was located in the non-overlapping interval
of S17 and S28 (Fig. 2; Table 2). However, the remaining
eight QTLs were detected simultaneously on multiple
SSSLs with overlapping fragments. Therefore, we con-
ducted substitution mapping to integrate these QTLs and
reduce their location intervals to smaller genetic regions
(Fig. 2; Table 2).

qLTG1 was detected simultaneously on S1 and S2; thus,
it was located in the overlapping region in the vicinity of
RM297-RM212 with an interval length of 16.7 cM. S3
and S4 carried gLTG2, which was delimited to a 30.2 cM
overlapping region flanked by RM263 and RMS530.
qLTG3a was detected simultaneously on S5, S6, and S7,
but not on S25 and S26, which shared overlapping frag-
ments with the three former SSSLs. gLTG3a was hence
located in the vicinity of RM545 with an interval length



Pan et al. Rice (2021) 14:103 Page 7 of 16
Table 2 Integrated LTG QTLs after substitution mapping

QTL Donor code Chr Interval (cM) Length (cM) a* R? (%)*
qlLiG1 W14 1 123.1-139.8 16.7 —0.17£0.01 29.0£0.6
qlTiG2 W08, W09 2 102.7-1329 30.2 0.11£0.01 19.5+£0.8
qliG3a W06 3 22.7-29.3 6.6 0.17£0.01 330+£32
qL1G3b W17 3 108.6-125.0 164 —0.10£0.01 192+58
qlLiG4 W06 4 67.7-80.6 129 —0.16£0.03 285+38
qLTG5 W01, W11 5 113.9-116.5 26 0.14£0.01 284+£05
qlL7Geée W23, W27 [§ 0.7-17.3 16.6 0.10£0.07 195+£15.0
gLiGza W06 7 18.5-28.5 10.0 —0.22£0.09 394+£37
qL1G7b W05 7 55.8-80.4 24.6 —0.24£0.08 399+£89
glTG8a W06 8 36.5-43.0 6.5 0.15+£0.02 269+44
qL7G8b W06 8 82.6-91.7 9.1 0.16£0.01 31.0£37
qlL7G9 W27 9 48.0-65.1 17.1 —0.21£0.01 342460
gLiGl1a W06 1 39.8-59.3 19.5 0.15£0.01 313£13
qL1G11b W17 1 81.9-97.3 154 —0.19+£0.07 341497

*a=average additive effect of the QTL from different SSSLs; R? (%) = average additive effect contribution (%) of the QTL from different SSSLs

of 6.6 cM. qLTG4 was detected simultaneously on S9,
S10, and S11. Thus, it was mapped in the overlapping
region in the vicinity of RM273 with an interval length
of 12.9 cM. qLTGS was detected simultaneously on S12
and S13, but not on S27, which shared an overlapping
region with the other two SSSLs, indicating that gLTG5
was located in the vicinity of RM480 and RM31 with an
interval length of 2.6 cM. gLTG6 was detected simultane-
ously on S14 and S15, and thus it was located in the over-
lapping region RM508-RM217 with an interval length of
16.6 cM. gLTG8b was detected simultaneously on S19
and S20, and it was located in the overlapping region in
the vicinity of RM210 with an interval length of 9.1 cM.
S22 and S23 were demonstrated to carry gLTGIIla on
their overlapping segments in the area of PSM410-
PSM412 with an interval length of 19.5 cM.

By substitution mapping, 14 integrated LTG QTLs were
mapped on ten chromosomes except on chromosomes
10 and 12 (Table 2; Fig. 3). Their locations were narrowed
down to shorter intervals ranging from 2.6 to 30.2 cM.
The additive effects changed from -0.24 to 0.17, and the
additive effect contributions varied from 19.2 to 39.9%.
qLTG2, qLTG3a, qLTGS5, qgLTG6, gLTGSa, gLTGSb, and
qLTGl11a were positive QTLs with excellent alleles for
LTG, while the other seven QTLs were detected with
negative effects. It is worth noting that the additive effect
contributions of qLTG3a, qLTG8b, and gqLTGlla are
higher than 30%, so they are the main LTG QTLs with
utilization values (Table 2).

Validation and Genetic effect of a Major QTL qLTG3a
It indicated that gLTG3a was a stable and major LTG
QTL, and S6 was selected as the representative SSSL of

qLTG3a for further study. During seed germination, S6
with the tolerant allele "A" exhibited significantly bet-
ter low-temperature germination performance than the
recipient parent HJX74 carrying the sensitive allele "a",
including higher germination rate, faster germination
speed, and stronger radicles and plumules (Fig. 4a, b).
Moreover, the role of gLTG3a on seed development was
investigated at the seed maturation stage. As expected,
the tolerant allele "A" could remarkably promote the
low-temperature germination ability of seeds develop-
ing for 25-40 days compared with the sensitive allele "a"
(Fig. 4¢).

To evaluate the genetic effect of gLTG3a, a 356-plants
F, population segregating at the QTL was developed
from a cross between S6 and HJX74. Normal distribu-
tion was observed in the segregating population (Fig. 4d).
The average LTG values of plants with genotypes AA,
Aa, and aa were 78, 65, and 52%, respectively, and were
significantly different. The numbers of plants with geno-
types AA, Aa, and aa were 85, 173, 98, respectively, which
accorded with the segregation ratio of 1:2:1 (y*=1.23 <
Xoos2=5.99) (Fig. 4d). A significant positive additive
effect of gLTG3a was detected in the segregating popu-
lation with a phenotypic contribution of 30.6%. How-
ever, the dominance effect of gLTG3a was not identified,
suggesting it is a purely additive allele for LTG (Fig. 4d).
Moreover, gLTG3a was further confirmed by BSA-seq
using the above F, segregation population (Fig. 4e). At the
95% significance level, only one QTL interval was identi-
fied on chromosome 3 by the ASNP-index method after
the whole genome screening. The corresponding position
on the R498 genome was Chr.3: 2800001-9600001 bp,
a 6.8-Mb region, which is completely located on the
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substitution segment of S6 (Fig. 4e). Therefore, this QTL  Fine Mapping of gLTG3a
detected by BSA-seq was considered as the same one of  Five recombinants selected from the F, population with
qLTG3a identified by the conventional method. crossovers between the flanking markers of gLTG3a were
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advanced to the F; generation to conduct a progeny test
(Fig. 5). The partial physical map was constructed with 14
new InDel markers, which were applied to determine the
recombinants’ points of crossovers. Progeny populations
(70-86) were genotyped by P1, P8, or P13 segregating in
the corresponding populations and phenotyped by test-
ing LTG.

Significant associations between marker genotypes
and trait values of LTG were only detected in S6_R1 and
S6_R3 progeny populations, with r=0.56 to 0.70 (Fig. 5).
Meanwhile, genetic analysis confirmed that the nar-
rowed gLTG3a-containing interval had significant addi-
tive effects in S6_R1 and S6_R3 progeny populations,
and also a minor dominance effect in the S6_R3 progeny
population, which together accounted for 33% to 53%
of the phenotypic variances (Additional file 1: Table S5).
Besides, the absence of marker-trait association and the
significant additive effect of gLTG3a was observed in
the progeny lines of S6_R2, S6_R4, and S6_R5 (Fig. 5;
Additional file 1: Table S5). According to the substitu-
tion mapping method, gLTG3a was narrowed down
to a 332.7-kb heterozygous region of S6_R1 and S6_R3
flanked by M6026 and M6341.

Candidate Genes Underlying gLTG3a

Within the 332.7 kb region of gLTG3a, 40 annotated
genes were identified based on the RAP-DB database
(https://rapdb.dna.affrc.go.jp) (Table 3). Among these
genes, 11 genes were predicted as hypothetical proteins
or genes which were excluded from the list of candi-
date genes, while the other 29 genes showed functional

annotations. In addition, BSA-seq data were used to
reveal the sequence variations, and only the nonsyn-
onymous SNPs and InDels (ASNP/InDel-index>0.8)
in the promoter and coding regions were selected for
further analysis. Under this standard, among the 29
genes, a total of 33 sequence variations were detected
between the two parents of S6 and HJX74, correspond-
ing to 16 candidate genes (Table 3, Additional file 1: S7,
S8). To further reduce the number of candidate genes,
we analyzed the temporal and spatial expression pat-
terns of the above 16 genes. Gene expression analysis
by RiceXPro indicated that four genes, Os03g0213300,
0s03g0214000, 0s03g0214400, and 0Os03g0214600,
were highly expressed in seeds (Table 3; Additional
file 1: Fig. S3). Moreover, similar expression patterns
were obtained after we investigated the expression of
eight genes by qRT-PCR (Fig. 6). In mature develop-
ing seeds (20-30 DAF), Os03g0213300, Os03g0214400,
0s503g0214600, and Os03g0216600 showed high expres-
sion levels, 0s03g0214000 and Os03g0215400 displayed
medium expression levels, while the expression levels of
0s503g0215700 and Os03g0217000 were low (Fig. 6). Since
0s03g0216600 has no sequence variation, Os03g0213300,
0s503g0214400, and Os03g0214600 were considered as
the final possible candidate genes responsible for LTG.

gLTG3a Enhances Seed Germination Vigor Under Optimal
Temperature and Osmotic Stress

To comprehensively reveal the role of gLTG3a, we ana-
lyzed the germination performance of S6 with tolerant
allele "A" and HJX74 with sensitive allele "a" responding to
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different environmental conditions in two cropping sea-
sons (Fig. 7). In addition to low-temperature stress, the
tolerant allele "A" also promoted seed germination ability
under optimal temperature (30°C) and osmotic pressure
(3% Mannitol) compared with the sensitive allele "a". At
30°C, the germination rates of S6_AA were significantly
higher than that of HJX74_aa at 1 to 1.5 d in 2016E and
1.5 d in 2016L (Fig. 7a, b). Similar germination behav-
ior was also observed after treatment with 3% Mannitol.
For example, the germination rates of S6_AA at 1.5 d in
2016E and 2016L were 45.3% and 44.6%, respectively. By
contrast, the corresponding germination rates of HJX74_
aa were only 19.0% and 23.3%, respectively (Fig. 7g, h).
However, S6_AA and HJX74_aa showed similar germina-
tion patterns under 38°C high temperature and 200 mM-
NaCl stress, indicating that gLTG3a did not work under
these two adversities (Fig. 7c—f).

Discussion

Low temperatures limit the geographical distribution and
planting time of crops, thus affecting food production.
Reduced freshwater resources and increasing labor costs
have driven the rise of direct-seeded rice in China and
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worldwide (Lv et al. 2020; Mahender et al. 2015). Genetic
improvement of LTG for current rice varieties is a crucial
strategy to ensure direct-seeded rice success. As previ-
ously reported, LTG is a typical quantitative trait influ-
enced by genetic factors and environmental cues, such as
temperature and heading stage (Fujino et al. 2008; Jiang
et al. 2017; Li et al. 2013; Wang et al. 2018b, ¢; Xie et al.
2014). An important prerequisite for QTL mapping is to
control environmental factors to improve the accuracy
of phenotypic identification. Due to the similar genetic
background, the SSSL population showed uniform head-
ing dates, and thereby the seeds can be harvested on the
same days after heading to keep the consistent maturity
state. Meanwhile, only those SSSLs that can repeatedly
detect QTLs in two or more seasons will be selected
for subsequent QTL analysis to reduce environmental
impact (Table 1).

In this study, 208 multi-donor-derived rice SSSLs
were used to conduct an integrated QTL analysis of
LTG by substitution mapping over four planting sea-
sons. As expected, a total of 14 LTG QTLs were identi-
fied (Table 2; Fig. 3), further demonstrating that SSSL is
a powerful tool for the analysis of complex agronomic
traits (Wang et al. 2012; Wu et al. 2020; Zhou et al. 2017;
Zhu et al. 2018). By comparing chromosome positions
and molecular markers, 11 LTG QTLs mapped in this
study were similar to those of previous QTLs, which
proves the reliability of this experimental system. Most of
the QTLs are stably identified in both early and late crop-
ping seasons, especially gLTG1 (S2), gLTG3a (S6), gLTG5
(812), qLTG7b (S17), gLTG8b (S20), gLTG11b (S24) that
were detected in three cropping seasons (Table 1). Inter-
estingly, some QTLs were identified only in early or late
cropping seasons, such as gLTG6 (S14), qLTG9 (S21),
and gLTG2 (S3), qLTG6 (S15), qLTGIla (S22) sepa-
rately (Table 1). The season-specific QTLs may correlate
with environment temperature and can be applied in
specific ecological areas. It is worth noting that gLTG6
derived from S14 or S15 was specifically detected in
the early or late planting seasons, respectively, showing
distinct expression patterns. This implies that multiple
alleles from different donor sources at the gLTG6 locus
have an apparent seasonal preference in expression. It
is generally believed that japonica rice, mainly distrib-
uted in temperate regions, is more tolerant to low tem-
peratures than indica rice widely distributed in tropical
and subtropical areas due to habitat adaptability (Jiang
et al. 2017; Yang et al. 2019). Consistently, a total of 14
SSSLs with positive-effect QTLs were identified, of which
eight SSSLs were derived from a japonica cultivar Katy
(W06), corresponding to four QTLs, gLTG3a, qLTG8a,
qLTG8b, gqLTGlla, respectively (Table 1, Additional
file 1: S1). This result indicates that Katy has abundant
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Table 3 Function annotation, sequence variation and gene expression of candidate genes in the gLTG3a region

Gene RAPID* Gene function ® Indel number* SNP number* Gene
expression
level in seeds €

050390213300  Phosphopantetheine attachment site domain containing protein; Hypothetical 1 3 High
conserved gene

0s03g0213400  Similar to RNA helicase Medium

050390213500  Conserved hypothetical protein High

050390213600 Conserved hypothetical protein 3 Medium

3

050390213700 DUF647 domain containing protein 1 Medium
050390213800 Mitochondrial substrate carrier family protein 2 Medium
050390213900  Conserved hypothetical protein; ROUGH SHEATH2-interacting KH-domain protein 3 3 Medium
050390214000  Diphosphonucleotide phosphatase 1 precursor; nucleotide pyrophosphatase 1 High
050390214050  Hypothetical protein no data
050390214100  Replication protein Al 1 Low
050390214200 Mediator of OsbZIP46 deactivation and degradation, Negative regulation of ABA Medium

signaling and drought tolerance; Ninja-family protein 1
050390214400  Digalactosyldiacylglycerol synthase 2 4 High
050390214600  26S proteasome subunit RPN9a; 26S proteasome non-ATPase regulatory subunit =~ 2 High

13
050390214900  Conserved hypothetical protein 4 2 Medium
050390215000  Integral membrane family protein High
050390215200  Putative transcription factor, Carpel specification, Midrib formation Low
050390215400 MADS-domain-containing protein, sexual reproduction 1 Medium
050390215600  Zinc finger, CCHC retroviral-type domain containing protein Very low
050390215700  Myosin Il heavy chain-like family protein 3 1 Very low
050390215800  Pyridoxal phosphate-dependent enzyme 1 Low
050390215900  67kD chloroplastic RNA-binding protein, P67 Low
050390216000  Zinc-finger protein KNUCKLES Very low
050390216300  Pentatricopeptide repeat domain containing protein; Hypothetical conserved 1 Low

gene
050390216400  Pentatricopeptide repeat domain containing protein Low
050390216500 Conserved hypothetical protein 1 Low
050390216600  Alpha-glucosidase (EC 3.2.1.20) High
050390216700  Citrate transporter, Efficient translocation of Fe 1 Medium
050390216733 Hypothetical protein no data
050390216766  Hypothetical gene no data
050390216800  Polygalacturonase B (Fragment) 1 1 Very low
050390216900  Prefoldin domain containing protein Low
0s03g0217000  Inhibin beta B chain precursor 1 Low
050390217200  Cyclin-like F-box domain containing protein Medium
050390217400  Conserved hypothetical protein Low
050390217801  Hypothetical gene no data
050390217900  Hypothetical protein Medium
050390218100 Sec63 domain containing protein no data
0503g0218200  F-box domain containing protein 1 Low
050390218300  Conserved hypothetical protein 3 Medium
050390218400  Similar to Hexose transporter Low

*Sequence variation analysis of candidate genes was derived from BSA sequencing data. The number of InDels was derived from the upstream and exonic regions of
the candidate genes, and the number of SNPs was derived from the nonsynonymous SNPs in the exonicregions. The ASNP-index and AlnDel-index were greater than
0.8

25RAP ID and gene function are based on the Rice Annotation Project Database (RAP-DB): http://rapdb.dna.affrc.go.jp
“The expression level of candidate genes in seeds was analyzed by the public tool RiceXPro (http://ricexpro.dna.affrc.go.jp/) and divided into four levels
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Fig. 6 Expression patterns of the candidate genes underlying gLTG3a in various tissues. Root, stem, and leaf were collected at the reproductive
stage, and seedlings were three days old. The root sample of Os03g0213300 was set as control sample for all genes. Transcript levels were assessed
by qRT-PCR using OsActin1 as an internal control. Data are means =+ SD (n =three biological replicates). DAF, days after flowering

cold tolerance genes, strengthening our understanding
that japonica varieties have excellent cold tolerance.

Four QTLs, gLTG7b, qLTG8b, gLTG9 and qLTG11b,
displayed large additive effect contributions of 39.9%,
31.0%, 34.2% and 34.1%, respectively (Table 2). However,
only gLTG8b had a positive additive effect, and it corre-
sponds well to gLTG-8-1 (Jiang et al. 2005), which were
linked to the same marker RM210. Li et al. (2013) fine-
mapped gLTG-9 to a 72.3-kb region between makers
L9-25d and ID-1, which was located on the segment of
RM105-RM434 of gLTGY identified in this study (Fig. 3).
Noticeably, three novel QTLs, gLTG3a, qLTG7a, and
qLTG11a, were identified for the first time in this study.
qLTG3a and qLTG11a displayed positive additive effects
and large additive effect contributions of 33% and 31%,
respectively (Table 2). Also, gLTG3a can be detected
repeatedly in different seasons and multiple SSSLs

(Table 1). According to the distinctly different chromo-
somal locations, it is evident that there is no correlation
between gLTG3a identified in this study and the first
map-based cloned gene gLTG3-1 reported by Fujino et al.
(2008). Because the former is located at approximately
25 cM of chromosome 3, closely linked to RM545 (Fig. 3),
while the latter is located near the end of chromosome 3
in the vicinity of GBR3001 (Fujino et al. 2004). Therefore,
qLTG3a represents a new, main-effect, stably expressed
LTG QTL, which can be used as a new candidate gene for
breeders to cultivate elite varieties with LTG traits.

To verify qLTG3a, we further examined whether
it could enhance LTG during seed germination and
development. As expected, S6 carrying the "AA" toler-
ance gene showed significantly improved seed vigor
under low-temperature conditions (Fig. 4a—c). Sub-
sequently, we estimated the genetic effects of gLTG3a
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through an F, segregating population and confirmed
the location of gLTG3a by BSA-seq (Fig. 4d, e). Finally,
qLTG3a was fine mapped to a 332.7-kb physical region
by the progeny derived from five recombinants (Fig. 5).
Forty candidate genes were revealed based on func-
tion annotation, and three most likely candidate genes
were identified by gene sequence and expression analy-
sis (Table 3; Fig. 6). 0s03g0213300 encodes a phospho-
pantetheine attachment site domain containing protein,
0s03g0214400 encodes a digalactosyldiacylglycerol
synthase 2, and Os03g0214600 encodes a 26S protea-
some subunit RPN9a. It lays a foundation for dissecting
the molecular basis underlying gLTG3a. Currently, only
two natural variations related to LTG, gLTG3-1 (Fujino
et al. 2008) and OsSAPI6 (Wang et al. 2018c), have
been cloned by map-based strategy and GWAS, respec-
tively. gLTG3-1 may reduce the mechanical resistance
during seed germination by inducing programmed cell
death in the covered tissues of the embryo (Fujino et al.
2008).

In addition to low temperature, gLTG3-1 also signifi-
cantly promoted seed germination at the optimal tem-
perature and responded to various stresses such as high
salt, high osmolarity, and high temperature (Fujino
et al. 2008). Similarly, we also found that gLTG3a iden-
tified in this study could also play a role under nor-
mal temperature and high osmotic stress, but did not
respond to high temperature and high salt stresses
(Fig. 7). Therefore, it is reasonable to speculate that
plant cells have established some conservative mecha-
nisms in response to low temperature and osmotic
stress. Previous studies have shown that rice accumu-
lates a large number of soluble sugars, including glu-
cose, fructose, sucrose, hexose, raffinose, and trehalose
under low-temperature stress, thereby improving the
ability of cells to cope with osmotic stress (Liu et al.
2018). In the future, we will explore the possible rela-
tionship between gLTG3a and soluble sugars to enrich
our understanding of the molecular mechanism of LTG.

In summary, we identified 14 QTLs for LTG by sub-
stitution mapping from 208 SSSLs in four seasons, fine
mapped gLTG3a and identified three key candidate
genes. All these results will help us dissect the genetic
mechanisms of LTG and provide elite candidate genes
to cultivate new high-vigor rice varieties with low-tem-
perature germination resistance.
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