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Abstract To get rice varieties with specific germina-
tion activity (GA) suitable for production and breed-
ing, the genetic characteristics of GA were revealed
by measuring the seed weight (SW), germination rate
(GR), coleoptile length (CL) and radicle length (RL)
of seeds at 5, 6 and 7 weeks after heading with the
recombinant inbred line (RIL) as the material. A total
of 10 unconditional QTLs were detected, and the phe-
notypic variation explained by a single QTL ranged
from 3.97 to 14.16%. Among them, 10 unconditional
QTLs were detected at three different developmen-
tal stages, and the phenotypic variation explained by
a single QTL ranged from 3.97 to 14.16%. Among
them, qGR-7, gSW7-1, qSW7-2, gCL7-1, and gRL3-1
played an important role in seed activity. In addition,
a total of 295 epistatic QTLs were detected, of which
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4 were located in the qRL3-1 and qGR-7 intervals.
Three RIL lines (RIL18, RIL106, and RIL155) were
further screened through genotype and phenotype
identification. These three lines contain 3—6 additive
QTLs, which can aggregate 68 excellent alleles, and
have an important theoretical value of resistance to
pre-harvest sprouting breeding. In addition, a total
of 41 Mqtls was detected by meta-analysis, of which
15 Mqtls had physical intervals less than 1.0 Mb. And
qgSW2-2, gSW2-3, gSW2-1, qCL2-1, and gRL3-1 were
located in the Mqti2-2, Mqtl2-4, Mqtl3-3, and Mqtl4-
2 intervals. A further prediction of candidate genes,
expression level determination, and variation analy-
sis showed that Os01g0813100 was a candidate gene
affecting seed activity.

Keywords Germination activity - QTL mapping -
Rice - Meta-analysis

Abbreviations

GA Germination activity

RIL Recombinant inbred line

QTL Quantitative trait loci

SNP Single nucleotide polymorphisms

Meta QTL Meta-QTL

Introduction

The germination activity (GA) of mature seeds
is low, which can prevent the occurrence of
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pre-harvest sprouting, to ensure that crop yields are
unaffected. However, in the process of rice breeding
and domestication, varieties with rapid and uniform
germination characteristics were gradually selected,
which led to the partial or total loss of low GA dur-
ing the seed development stage (Gu et al. 2008;
Harlan et al. 1973). Therefore, the GA of rice seeds
should be maintained at a suitable equilibrium level,
that is, low GA in the development stage and high
GA in the sowing stage.

The variation of seed GA is controlled by many
genetic factors, called quantitative trait loci (QTL),
which are significantly influenced by the environ-
ment and continuous phenotypic variation dur-
ing seed development (Baskin and Baskin 2004).
About 220 QTL linked to the GA of rice seeds have
been detected, of which only four (¢gSdn-1, gSdn-5,
qSDI12, and Sdrl) have been investigated through
fine-mapping (Gu et al. 2010; Lu et al. 2011;
Takeuchi et al. 2003), and only three genes (Sdr4,
Sd7-1/gPC7, and gSDI-2) have been cloned that
is related to GA (Sugimoto et al. 2010; Xing-You
et al. 2011; Ye et al. 2015). These results enrich the
understanding of the genetic mechanism of seed GA
but fail to make a breakthrough in solving the trou-
ble of pre-harvest sprouting in rice.

According to developmental genetics, genes are
selectively expressed at different stages of seed ger-
mination. QTL analysis can be adapted to include
the effects of developmental stages (Zhu 1995).
Therefore, the QTL detected at specific growth
stages (Han et al. 2011) has conditional genetic
effects (Sen and Churchill 2001). Previous studies
have neglected the different gene roles of seed GA
at different developmental stages, but to develop
molecular marker-assisted breeding, conditional
and unconditional QTL require equal attention
(Han et al. 2011). GA is an important phenomenon
in the growth and development of plants. The rea-
sons for GA are complex and diverse. Seeds with
low GA must differentiate and grow before germi-
nation. In addition, the development of the embryo
will directly affect GA, and seed GA can be evalu-
ated by germination rate (GR), coleoptile length
(CL), and radicle length (RL). Moreover, when
mature rice seeds are exposed to adverse germina-
tion conditions, the seeds will be induced to enter
low germination levels (Graeber et al. 2012). There-
fore, when studying the genetic GA characteristics
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of rice, adverse germination conditions must also be
considered.

The purpose of this study was to investigate the
developmental behavior of GA in rice seeds, iden-
tify conditional and unconditional additive QTL, and
detect epistatic QTL of GA in rice seeds. In addi-
tion, meta-analysis was used to mine candidate genes
in meta-QTL (MQTL) with fine physical intervals.
Through genetic and phenotypic identification, the
lines with low GA levels at seed development stage
and high GA level at the sowing stage were screened
out. The screened recombinant inbred lines (RILSs)
and identified QTLs were used to predict the new
parental combination of rice GA. The candidate
genes obtained from the meta-analysis may be used
for marker-assisted selection (MAS) and pyramiding.
The results obtained from this research may provide
valuable information for improving seed GA in rice
breeding.

Materials and methods
Plant materials

Two rice (Oryza sativa L.) varieties, Dongnong422
(DN422) and Kongyul31 (KY131), and 190 RILs
derived from DN422x KY131 were used in this study
(Yang et al. 2018). All the experimental materials
were planted at the experimental station of North-
east Agricultural University (Heilongjiang Province,
China; 47° 98’ N, 128° 08’ E; 128 m above sea level).
When the main spike appears from the sheath of the
flag leaf, it is considered as the beginning of the head-
ing (Lu et al. 2011). At the onset of heading, nine
main panicles with the same flowering date as the
sample were selected from each line. Samples were
collected from the 5th, 6th, and 7th week after head-
ing. Three panicles of each line were used to identify
seed GA by storing them at 4 °C to maintain seed
dormancy.

Evaluation of germination activity

Fresh seeds of different maturity were weighed, and
were surface sterilized in 20% diluted bleach (5%
NaClO) for 15 min and then thoroughly rinsed with
water. The sterilized seeds were placed in a 9 cm
Petri dish with double filter paper, 10 ml of distilled
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water was added, and seed germinability was in
an incubator at 30 °C for 7 days. The GR, CL, and
RL of each line were measured. GR =accumulated
number of germinated seeds/total seeds tested. CL
and RL were measured using a standard ruler (Hsu
and Tung 2015), and seed maturity (SM) is evalu-
ated by the degree of seed filing, that is seed weight.

QTL mapping

A genetic linkage map with 155 markers (Yang
et al. 2018) was used for QTL analysis, which
was carried out in ICIMapping 4.2 (http://www.
isbreeding.net) with composite interval mapping
(ICIM) and selective genotyping mapping (SGM).
For each trait, the significant QTL, identified by
1000 permutation datasets (Churchill and Doerge
1994), was declared by genome-wide threshold
values of P=0.05, and QTL with LOD (logarithm
of the odds) values larger than 2.5 was considered.
Epistasis analyses were performed by analyzing
pair-wise QTL interactions (Wang et al. 2012).

Prediction for novel parental combination

In crop breeding, the varieties with the best pheno-
typic value and excellent alleles can be used in the
design of parental combinations (Niu et al. 2013).
According to the major QTL genotypes linked to
GA, we compared the genotypes of the RIL popu-
lation and investigated germination activity-related
traits in seed development stage and mature seed
germination stage. Lines with a low level of GA
during the developmental stage and a high level of
GA during mature seed germination were selected.
According to the Monte Carlo simulation experi-
ment, a cross combination was determined to
achieve the maximization of the number of excel-
lent alleles (Niu et al. 2013). In addition, to evaluate
the existence of secondary dormancy, after seven
weeks of flowering, the mature seeds were exposed
to 30 °C for 36 h to break dormancy. Then, these
selected target strains were identified to study the
germination of seeds under three biological stresses,
namely low temperature (15 °C), NaCl (100 mM),
and PEG (10%), to evaluate secondary dormancy.

Meta-analysis of seed GA-related traits in rice

The consensus QTL information of seed GA-related
traits, including name, chromosome, trait, LOD score,
phenotypic variance (R?), and position was collected
from a public database (http://www.gramene.org) and
detected in this study. Overall, the QTLs of 164 seed
GA-related traits were integrated into an individual
experiment (Table S4). Genetic maps were created
by integrating six maps (Table S5), on which the inte-
grated QTLs with different methods and backgrounds
were projected by BioMercator V4.2. To determine
the existence of consistent QTL and locate the accu-
rate and effective confidence intervals (CI) of original
QTLs, a meta-analysis for seed GA-related traits was
used. The Akaike information criterion (AIC) model
revealed the most likely model, and each model pro-
vides the physical location of the most likely consist-
ent QTL with the maximum likelihood estimation of
the Gaussian function. The nodulation traits consen-
sus QTL variance was calculated using the following
formula: Var(QTL)=1/Zc;, in which o, is the posi-
tion of the variance for each of the QTLs on the link-
age group. A 95% CI of the “real QTLs” was calcu-
lated from the var(QTL): CI=3.92 x var (QTL)"2.

Searching for proteins homologous to seed GA in rice

To obtain candidate genes related to seed GA, three
seed GA genes, DOGI (Bentsink et al. 2006), TRAB1
(Hobo et al. 1999), and Sdr-4 (Sugimoto et al. 2010)
were targeted for homologous alignment. We first
download all the protein sequences in the candidate
interval using batch download tools (http://www.plant
gdb.org/) and then upload a FASTA-format file con-
taining sequences to search for matching Pfam fami-
lies using the HMMER website (http://pfam.xfam.
org/search). Finally, the candidate genes in the target
region were obtained by homologous alignment.

RNA isolation and qRT-PCR analysis

Total RNA was extracted from KY131 and DN422
seeds at 7, 14, 21, 28, 35, 42, and 49 days after head-
ing, using the TRIzol method (Thermo Fisher Scien-
tific, Waltham, MA, USA) and treated with DNase [
to eliminate any DNA contamination. RNA quality
was assessed by electrophoresis and stored at — 80 °C
until use. First-strand cDNA (10 uL) was synthesized
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according to the instructions for the PrimeScript™
RT Master Mix (Takara Biomedical Technology
(Beijing) Co., Ltd., Beijing, China). Primers were
designed with Primer Premier v. 5.0 (PREMIER
Biosoft International, Palo Alto, CA, USA) and were
based on the candidate gene transcript sequence.
Primer amplification specificity was verified in the
rice genome database using BLAS from NCBI (Coor-
dinators 2017).

Results
Phenotypic evaluations

There was no significant difference in GR between
the two parents at 5 weeks after heading, but there
was a significant difference after 6 and 7 weeks. How-
ever, the GR of KY131 is faster than that of DN422
with the increase in seed growth and development,
which indicates that KY 131 has a better GA. The sta-
tistical results of SW, CL, and RL between the two
parents were similar to those of GR (Table 1). There
was continuous frequency distribution and transgres-
sive segregation among RILs in SW, GR, CL, and RL
(Fig. 1). In addition, there was a significant positive
correlation between SD, GR, CL, and RL in the 5th
week of seed development, while there was no sig-
nificant correlation between SW and CL or RL in the
6th week of seed development. In the 7th week after
heading, when the seeds were fully mature, the SW
was no longer the influencing factor of GR, CL, or

RL. In addition, there was a very significant positive
correlation between GR, CL, and RL (Table 2, Fig.
S1).

Additive QTL analysis based on ICIM

Ten unconditional additive QTL for seed GA-related
traits were identified at three developmental stages
(Table 3; Fig. 2). The phenotypic variance explained
by each QTL ranged from 3.97 to 14.16%. The posi-
tive alleles of five QTL (¢gSW2-1, gSW2-2, qgSW2-3,
gSW4-1, and gCL2-1) from DN422 and five QTLs
(gGR-7, qSW7-1, gSW7-2, qCL7-1, and gRL3-1) from
KY131 contributed to the increase in GA.

An additive QTL (¢gGR-7) linked to final germina-
tion percentage was located on RM1362-RM 1306 in
the early, middle, and late stages of development. The
mean phenotypic variation of the QTL was 10.76%.
This interval contains reported QTL, namely gPLLN7
(Yan et al. 2003) and S23(t)) (Sobrizal 2000) related
to fertility, and gDTH-7 (Fujino and Sekiguchi 2005)
and hd7a (Yu et al. 2002) associated with the head-
ing, but no QTL related to seed GA was found. It
is suggested that there may be new gene loci linked
to GA in this region. In addition, six additive QTLs
linked to seed weight were identified, namely ¢gSW2-
1, gSW2-2, gSW7-1, gSW2-3, gSW4-1, and qgSW7-2.
qSW2-2 and gSW4-1 were identified at two different
developmental stages, and the average phenotypic
variation of QTL between them was 7.54%. The
marker interval of gSW2-1 was a physical distance
of 113.6 Kb, and five rice spike-related QTL (Marri

Table 1 The variation of

] Traits Stages DN422 KY131 RILs
the phenotypic value of
the seed GA of rice in the Mean StdDev Min  Max  Skewness Kurtosis
parents and RILs
GR 5 Weeks 1.2 7.3% 422 1.80 0.00 836 -0.96 0.11
6 Weeks 19.6 47.3*%% 3310 6.62 12.75 48.53 -1.10 0.59
7 Weeks  20.3 54.8%*% 3727 9.65 16.10 60.17 -0.71 -0.12
Sw 5 Weeks 4.6 6.2% 5.10 2.05 027 945 -0.26 -0.50
6 Weeks 6.5 8.7* 7.55 225 329 1393 0.56 -0.11
7 Weeks 8.8 10.6 9.09 2.63 492 16.77 1.01 0.51
CL 5 Weeks 0.2 1.8%* 1.00 045 0.00 226 0.25 0.57
GR germination rate, SW 6 Weeks 0.9 2 4k 1.62  0.50 022 292 0.15 0.29
Seed weight, CL coleoptile 7 Weeks 1.1 3.3k 2.10 0.72 059 388 0.32 -0.32
length, RL Radicle length RL 5 Weeks 0.3 2.3k 1.25 1.06 0.00 4.60 098 0.20
** Showed the significance 6 Weeks 1.2 3.7 235 134 0.00 621 0.62 —0.06
at the 1% level according to 7 Weeks 1.8 55%% 345 229 000 7.69 0.15 -135

Student’s t test
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Fig. 1 Frequency distribution of seed germination activity-related traits in rice in RILs

et al. 2005; Wang et al. 2014; Xing et al. 2001; Yan
et al. 2003) and one heading date QTL (Yamamoto
et al. 2000) was reported, indicating that gSW2-1
might be a site that is related to the economical char-
acter of rice. In addition, gSW4-1 and gwtda (Lin
et al. 1995) are co-located, but gSW4-1 is located in
the physical interval of 24.9 Mb, so it is impossible
to determine whether gSW4-1 and gwt4a are the same

QTL. However, a seed GA QTL, ¢SD%-4 (Gu et al.
2004) was included in this interval. Two additive
QTL (gCL2-1 and gCL7-1) linked to coleoptile length
were identified, and gCL7-1 was located on RM1362-
RM1306 during the early, middle, and late develop-
mental stages. Two QTL related to CL were detected,
namely gCL2-1 and gCL7-1, but only gCL7-1 was
detected at different stages of seed development,
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Table2 The correlation analysis of rice seed GA related traits in three development stages

5 Weeks 6 Weeks 7 Weeks
GR CL RL GR CL RL GR CL RL
SW 0.613 0.491 0.368 0.265 0.179 0.0401 -0.0615 —0.0349 —0.0628
5.17E-21 7.12E-13 1.92E—07 0.00022 0.0137 0.583 0.399 0.632 0.389
GR 0.69 0.524 0.647 0.481 0.435 0.392
5.10E-28 9.87E—15 5.99E-24 2.28E-12 3.5E-10 2.21E-08
CL 0.821 0.798 0.761
2.25E-47 3.73E—43 3.29E-37

The font-bolded number represents the P-value of the Pearson correlation analysis, and the unbolded number indicates the correla-

tion coefficient of the pairs of variables

GR Germination rate, SW seed weight, CL Coleoptile length, RL Radicle length

Bold data represent the P value of the correlation analysis

while gCL2-1 was detected only in the early stage
of seed development, but not in the middle and late
stages. One additive QTL (qRL3-1) linked to radicle
length was detected during the middle and late devel-
opmental stages, and the interval of gRL3-1 has been
reported for six seed GA genes (Cai and Morishima
2002; Cheng et al. 2014; Long et al. 2013; Wan et al.
1997; Ye et al. 2010). The other QTL are newly found
sites related to seed GA.

However, only three conditional additives QTL
(gRL3-1, qCL6-1, and gSW6-1) were identified in
the 6th to 7th weeks after heading. The phenotypic
variance explained by each QTL ranged from 6.10 to
18.65%. The positive alleles of three QTLs in KY131
lead to an increase in GA. Furthermore, gRL3-1 was
detected in both conditions and non-conditions.

Additive QTL analysis based on SGM

By selecting genotypic mapping, 28 linkage mark-
ers were found in the three different developmen-
tal stages of the three traits (Table S1, Fig. S2), of
which eight markers (RM1267, RM12938, RM 1347,
RM1362, RM1306, RM20261, RM207, and RM417)
were detected 38 times, These eight markers were
also detected in ICIM mapping. Unfortunately, the
remaining 20 linkage markers were not detected in
ICIM.

Epistatic QTL analysis

Through the epistasis analysis of GA-related traits
in different development stages of rice seeds, it was

@ Springer

found that GR, SW, and RL had 295 QTL interac-
tion intervals (Fig. 3), of which 74 pairs of QTL
were derived from the results detected using geno-
typic mapping (Table S2). Only four pairs of epistatic
QTL were mapped by ICIM, SGM, and EPI, the main
effects of these four epistatic QTLs were 0.3148,
0.3101, 0.1570, and 2.1141, respectively. However,
there was no epistatic QTL identified for CL.

According to RAPD (http://rapdb.dna.affrc.go.
jp), 13 genes were mapped in four pairs of epistatic
QTL intervals, which had the same function as the
cloned seed germination activity-related genes in
three marker intervals (Fig. S3). Three and eight
genes were mapped in the major QTL gRL3-1 and
qGR-7 intervals, respectively. The co-expression rela-
tionship among these genes was further predicted
by http://expression.ic4r.org/, and it was found that
LOC_0s03g16480 and LOC_Os07g44950 (Pear-
son’s r=0.816594), and LOC_0s03g49730 and
LOC_0s05g32760 (Pearson’s r=0.902182) had co-
expression characteristics. It is suggested that the rea-
son why the additive QTL is involved in the epistatic
effect may be related to the existence of co-expressed
genes in the interaction interval.

Mining of excellent lines

Through genotype and phenotype identification, the
GA level of the three lines (RIL18, RIL106, and
RIL155) was low during the developmental stage
and high in the seed germination (Fig. 4A). The
selected lines had three to six QTL loci (Table S3),
and except for DN422, none of the three lines and


http://rapdb.dna.affrc.go.jp
http://rapdb.dna.affrc.go.jp
http://expression.ic4r.org/

1013

Genet Resour Crop Evol (2023) 70:1007-1022

$109JJ9 2ANIppR ppy ‘poure[dxe souerrea osrdKjouayd FA S ‘SpPpo oY) Jo wpLe3o[ O7 ‘STLO 2ANIPPE [BUONIPUOD ) ‘STLL) 2ANIPPE [EUOHIPUOI-UOU DN

6T S9T 800— 69 €ST 1T € OSYOOMILSISOM
6T  S9T SS0—  69S  €ST 1T € SYOOM L
(L661 Te 10 UBM) [15d
‘(700T PWIYSLIOIN PUE 18D) YO “(010T T8 10
oK) £ash “(¥10t 'Te 10 Suayd) [°£ashb ‘(#10¢
‘e 30 SuenH) ZXO750 ‘(€107 T80 SUOT) £XO7T  §ST  S91  0S0— 696  €5¢ 0SETINI-CTELINY 1T € SYOOM 9 g -ETHD
S'8ST  §'8TI LO0— LL9 ¥6T Y1 9 9SYOMILSNPM  (I-9TDP
SPST  STET €00—  9€TT 16F OVETINI-T19C0TINI-STTINY 34! 9 9SYOIMILSHOM  4T-9MSP
S0 0 00  L6E 95T 0 v SYOOM L
(#00T ‘Te 10 nD) - ASH (S661 T8 10 U vpIms ¢ 0 Y00  €0v  $9T 9Z99TINY-TLYINY 0 v SYOOM 9 ,T-#MSP
S¥be S0TE LOO 806 ¥TE 0SSINI-LYETINY (4% 4 SYOOM 9 ,E-ZMSP
§96T SOovT 900  TLY 99T 8T 4 SYOOM L
(S00T Te0 00T ZPs  $'SST  SOPT SO0 819 86T LOTTINYI-8E6TTINY L¥T (4 SYOOM S ,Z-ZMSP
g0z S8 910  vE€9 8T ! 4 SYOOM S ,I-TTOP
(#10T e 12 Suep) “(SO0T Te 19 LLIEA)
['zus ‘['Z1d *['zus “(100T 'Te 30 Surx) zss “(000T
Te 0 ojowrewex) /PH (€00T Te P UBK) ['ZTM5  G6T  SL 00  €LS  99C LOTINYE-SSTTING €1 (4 SYOOM S ,I-ZMSP
STET §'80I 60— 988  6£¢€ 911 L SYOOM L
$'6CT $'801 0T0— 8L9 16T SII L SYOOM 9
$0TT S60I 610— 898 LEE LTT L SYOOM S ,I-LTOP
SLET S0TI OT0— 9TVl €SF 8T1 L SYOOM L oC-LMSP
S6IT SEIT L00—  8FTI 6LS 811 L SYOOM S ,T-LMSP
$'6ZT STIT 600— 9801 8t¥ LTT L SYOOM L
SPCT  STIT 900— €401 SE¥ 911 L SYOOM 9
(Z00T T2 30 NX)
/Py <(000T 18Z11q0S) (2) £2S (€00T ‘T8 30 uek)
LNTIdD (S00T yonsmpg pue outlng) Z-HIaP 6921  STIT 110— 0011 IS+  OLINY-90S TINI-CIETINY LT L SYOOM S L HDD
pauoder snotaoxd IOWERY 10T PPV (%)AAd dOT [EAISIUI IONIR]Al UONISO  SWOSOWOIY) soseIs  D/,ON

JNIDI UO paseq S)ien) paje[al o) pads a9l o sisA[eue TLO €d[qeL

pringer

A's



1014 Genet Resour Crop Evol (2023) 70:1007-1022

GGR-7 gSW7-1
qsw7-2 gcL7-1
GDTH-7 gPLLN7

4 $23(t) hd7a
] qcLé-1
] qsp2.1 )
5 ] gw2.1 aswet
1 Ha7
] 552 A
1 gn2.1 |
4 4 pi2.1 Loxs ‘
1 sn2.1 OsLOX2
© 1 . GRL3-1
s ] qswz-1 sd2 qSW2-3  geps.g owtda |
Z 34 qcLz-1 qswz-2 903 gy
2 ] gof qsDs-4
) 1 f 911
= ]
2 4
1 Ji
i
1!
o1
0
Fig. 2 Genetic linkage map showing QTLs for seed germina- detected by previous studies, and the blue font represents the
tion activity. The black font represents the detected QTLs, the non-seed germination activity-related QTLs reported by previ-
red font represents the seed germination activity-related QTLs ous studies

5 Weeks GR 6 Weeks GR 7 Weeks GR 6 Weeks SW

EEoEEEEER
<)
3

5 Weeks RL 6 Weeks RL 7 Weeks RL
<

Fig. 3 Epistatic QTLs of seed germination activity related traits in rice. The dotted line in each circle diagram represents both a pair
of epistatic QTL

@ Springer



Genet Resour Crop Evol (2023) 70:1007-1022

1015

(A)
100
90
80
70
< 60
= —
& 50
O 40
30
20
o |\mmll n
o MM e =
RIL18 RIL106 RIL155 DN422 KY131
@5 Weeks GR @6 Weeks GR 117 Weeks GR Post-ripening stage
C
(©) .
* I
=7
g7 1 1
=61 I [
24
&3]
2
52
l B
0
DN422 KY131 RIL155 RIL106 RIL18

Fig. 4 Seed germination activity-related traits of selected
lines. A the GA level of the three lines (RIL18, RIL106, and
RIL155) was low during the developmental stage and high in
the seed germination; B Seeds of three selected RILs collected

KY131 had secondary dormancy under abiotic
stress (Fig. 4B), and their CL and RL performed
well (Fig. 4C, D). Using these three lines, it was
predicted that three cross combinations of six to
eight alleles could be pyramids (Table S3).

Meta-analysis

We then collected 164 QTL for rice GA-related
traits from 28 QTL maps (Table S4). Pre-consensus
maps for all 12 chromosomes suitable for meta-
analysis were created by the integration of six
genetic maps (Table S5). Meta-analysis showed that
136 QTLs of GA were projected on different chro-
mosomes (Fig. 5), chromosome 1 had the largest
number of QTLs (20) and chromosome 10 had the
least number of major QTLs (4) for GA. A total of
41 MQTL were detected based on meta-analysis,
and the physical distance of these MQTL varied
from 0.11 to 22.52 Mb. 15 MQTLs spanned physi-
cal intervals<1.0 Mb. Among them, six QTLs,

GR(%)

RIL18 RIL106 RIL155 DN422 KY131
®Cold =Drought mSalt »CK
(D)IZ b
10 I I
e s B
a I
)
g6
2
£ 41
<
~
2
0
DN422 KY131 RIL155 RIL106 RIL18

at 7 weeks after heading were used to evaluate seed germina-
tion activity after post-ripening stage under abiotic stress con-
ditions (cold, drought and salt); C, D three selected RILs per-
formed normally in coleoptile length and radicle length

namely gSW2-2, gSW2-3, gSW2-1, qCL2-1, qRL3-
1, and gSW4-1 were included in Mqti2-2, Mqti2-4,
Mqtl3-3, and Mgqtl4-2, respectively (Table 4). This
MQTL with fine genetic and physical intervals
might be regarded as important regions for MAS,
fine mapping, and candidate gene identification.

Putative GA genes in the MQTL regions

To ascertain whether some GA genes or their
homologous genes are located in the detected GA
MQTL regions, we searched the rice protein data-
base with BLASTP for proteins homologous to
DOGI (Bentsink et al. 2006), TRABI (Hobo et al.
1999), and Sdr-4 (Kazuhiko et al. 2010). The protein
sequences of 41 MQTL regions were downloaded
for homology comparison. A total of 46 loci had
homology with TRABI in the whole rice genome
(Fig. S4, Table S6), and six conserved domains of
zinc-finger proteins had homology with seed GA
TRABI in MQTL regions (Table 5, Fig. S4). Three
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Fig. 5 Meta-analysis
result for seed germination

activity-related traits. All I | |
the QTLs for the same color |||

on the left of the chromo- i |
some stick are defined as
the same MQTL, the infor-
mation of the original QTL i
is listed in Table S4 | | !
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of the candidate genes have been cloned and func-
tional verification, O0s02g0266800 plays a role in
the regulation of rice genes expressed in develop-
ing rice seeds (Izawa et al. 1994), Os01g0859300
and Os06g0211200 are two-locus associated with
ABRE-binding protein responding to ABA (Hong
et al. 2011; Tang et al. 2012).

gRT-PCR and Sanger sequencing

To further understand the expression pattern of can-
didate genes involved in seed GA in two rice varie-
ties, six differentially expressed genes were selected
for qRT-PCR analysis. First, cDNA was synthesized
from total RNA extracted from seeds at 7, 14, 21,
28, 35, 42, and 49d after heading and qRT-PCR was
carried out with the gene-specific primers shown in
Table S7. As shown in Fig. 6, the expression levels
of O0s01g0813100 and Os06g0211200 in DN422
were significantly higher than that of KY131 in dif-
ferent development stages. However, the relative
expression of the other four genes was low in dif-
ferent developmental stages of the seeds of the two
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varieties. The sequence analysis of two genes showed
that there were three SNPs (34568271-bp, 34568272-
bp, and 34568273-bp) in the CDS region of the
Os01g0813100 of DN422, resulting in a change in
two amino acids (GAG/GGC, CGG/GGG), on the
contrary, Os06g0211200 exhibited no significant
sequence differences between DN422 and KY131
(Fig. 7). We then referred to the data of the 3010 Rice
Genomes Project and found that those three SNPs
were not recorded in the RFGB v2.0 database at the
Minor Allele Frequency (MAF)>0.01 level. Thus
these three SNPs were a rare natural variation that
could be used as a molecular marker, and as a special
functional variation in DN422 to restrict the GA of
rice varieties.

Discussion

The GA characteristics of rice are regulated by
both genetic and environmental factors (Takahashi
1997). The level of GA in rice is strongly influenced
by the maturity of the seed (Takeuchi et al. 2003),
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Table 4 Summary of the detected Meta-QTL for seed GA

Maqtl AIC Value  Position/interval (cM)  Map dis- Original Leftmarker  Rightmarker  In our study
tance (Mb) QTL number

Mgtll-1 567.22 30.68 (30.54-30.82) 10.30 6 RM237 RM8079

Maqtli-2 34.97 (34.92-35.03) 6.93 5 RM23 RM1329

Maqtli-3 37.29 (37.1-37.51) 1.49 5 RM243 RM600

Maqtli-4 42.64 (42.57-42.72) 0.20 4 RM6685 RM5496

Maqti2-1 16.91 16.67 (16.27-17.07) 0.20 2 RM5345 RM3732

Mqti2-2 25.1 (24.35-25.85) 3.06 2 RM438 RM27 qSW2-2, gSW2-3

Mqti2-3 54.31 (53.88-54.73) 0.43 3 RM530 RM3275

Mqti2-4 60.62 (61.45-62.31) 13.27 3 RGI13 RG520 qSW2-1, qCL2-1

Maqti3-1 454.3 33.21 (32.63-33.79) 7.94 6 RM569 RM7

Mqti3-2 39.76 (39.49-40.04) 1.95 5 RM6229 R3156

Mqti3-3 49.97 (49.68-50.26) 2.59 4 RM520 RM504 gRL3-1

Mgtl4-1 20.31 33.95 (33.66-34.23) 2.85 2 orll RM564

Mqtl4-2 38.67 (34.94-43.45) 12.44 3 RM564 RM273 qgSW4-1

Mgtl4-3 43.21 (42.83-43.6) 9.86 3 RMo6441 RM3839

Mqtl4-4 47.68 (43.49-51.88) 6.41 2 RM226 RM6590

Maqtl5-1 78.87 17.53 (16.43-18.62) 0.43 5 S2136 E1455S

Mqtl5-2 33.48 (32.35-34.62) 5.35 3 RM548 RM3539

Maqtl5-3 48.71 (48.27-49.16) 2.19 3 RM169 RM3381

Mgtl5-4 75.85 (75.36-76.34) 0.19 4 R2117A RG470

Magtl6-1 64.68 11.56 (3.68-19.42) 2.09 3 RM1985 RM204

Magtl6-2 33.25(32.71-33.82) 5.79 4 RG213 RM5981

Mgtl6-3 45.96 (45.38-46.55) 1.68 4 RM6162 RM7311

Mgtl6-4 66.15 (65.9-66.39) 1.52 3 RM5509 RZ242

Maqtl7-1 292.25 6.72 (2.5-10.9) 22.52 5 RM&8023 C507

Mgtl7-2 65.93 (65.88-65.98) 0.23 7 RM234 RM18

Mqgtl7-3 69.51 (69.31-69.72) 0.17 6 RM429 RM118

Mqtl$-1 252 37.28 (44.69-52.91) 0.76 2 RM1376 RM3572

Mqgtl§-2 42.96 (55.57-56.48) 1.41 2 RM5432 RM6208

Mqgtl$-3 67.99 (67.95-68.03) 0.26 2 RM531 RM7556

Mqgtls-4 81.85 (75.68-88.01) 0.38 2 RM458 RG598

Mqgtl9-1 1.47 61.08 (63.21-64.41) 3.55 4 RM3912 RZ698

Mqgtl9-2 62.66(62.16-63.21) 0.86 3 RM257 C356A

Mqtl10-1 13.61 15.71 (12.25-19.21) 6.73 1 RM216 RG257

Maqtl10-2 22.31 (21.25-23.36) 11.09 2 R2577S RM258

Mqtl10-3 35.92 (31.72-40.15) 2.76 1 RM7300 RM228

Maqtlll-1 17.51 42.94 (42.59-43.3) 0.11 2 RM202 RM536

Maqtll1-2 57.11 (56.29-57.92) 0.54 3 G257 E3558S

Magrlli-3 68.88 (68.38-69.39) 222 3 RM330A RM4601

Maqtli2-1 12.98 12.56 (13.75-14.12) 0.51 2 RM6296 RM453

Maqtll2-2 15.76 (15.16-16.36) 1.86 2 RM3455 RM7003

Mqtl12-3 18.55 (17.92-19.17) 0.00 3 RM179 RM270

AIC akaike information criterion
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Table 5 Putative genes for seed GA in the detected MetaQTL regions

Chr Interval Chr Position (bp) Homologous to E-value %ID In our study
known GA genes
1 RM23-RM1329 10,873,481-3,946,854 0s01g0813100 7.60E—07 77.4 Mqtll-2
050180859300 6.10E—14 85.7
2 RM438-RM27 9,162,102-12,222,769 050250266800 1.90E-7 73.0 Mqti2-2,
qgSW2-2,
qSW2-3
3 RM569-RM7 1,889,728-9,829,299 050380144951 5.80E-08 82.6 Mqti3-1
3 RM6229-R3156 11,525,985-13,472,990 050380322700 3.10E-10 80.0 Mqgti3-2
6 RG213-RM5981 497,792-6,283,401 050680211200 9.60E—29 91.7 Mqtl6-2

Chr chromosomes, E-val Expected value of sequence comparison results, %D percentage identity of sequence comparison

0s01g0813100 050120859300 0s02g0266800
14 25 12
p 12 A g 2 2 1
107 s 2 08
£ £ 15 g
g 81 B g
: 1 3 0.6
=z 6 g 1 4
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Fig. 6 Expression pattern of candidate genes in two rice varieties for the different development stage

Therefore, by studying the dynamic characteristics
of seeds in different growth stages, the relationship
between GA and maturity can be revealed. In rice,
the heading date also affects the maturity level of the
seed (Cheng et al. 2014; Takeuchi et al. 2003), how-
ever, the opposite conclusion was observed in previ-
ous studies (Lin et al. 1998; Miura and Araki 1999).
In our previous research, a major QTL ge3HDI-7-2
of HD was reported in the RM1362-RM 1306 marker
interval, which was detected to be related to GA in
this study (Yang et al. 2018). Here, a RIL population
with 15 days difference in parent heading date (Yang
et al. 2018) was used to elucidate the GA characteris-
tics of seeds with different maturity levels. In Harbin

@ Springer

(Heilongjiang Province, China; lat. 47° 98' N, long.
128° 08" E; 128 m above sea level), the seed doesn’t
mature until seven weeks after heading, so the seeds
used for GA investigation are selected at the Sth, 6th
and 7th weeks after heading. According to the pheno-
typic data, the seeds without post-ripening treatment
had low GA, the germination rate of seeds from either
line did not exceed 70%, and only a few lines had
strong GA (Fig. 1). In addition, the maturity of seeds
determines their weight. During the middle and late
stages of seed development, there were no significant
correlations between seed weight and seed GA, but
there is a significant correlation in the early stage of
seed development (Table 2, Fig. S1), which indicates
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050120813100 05060211200

Fig. 7 Sequence alignment of genes Os01g0813100 and Os06g0211200 on DN422, KY 131 and reference genomes, respectively,

showing only the first 360 bp of the CDS region

that seed maturity is time-sensitive when determining
seed GA characteristics.

Generally, there are two possibilities to induce
seed GA, one is that the seed itself has not reached
physiological maturity i.e. embryo development has
not been completed, and the other is that the seed
still lacks the conditions required for germination
after reaching physiological maturity. To inves-
tigate the GA of rice seeds at different maturities,
the GR, SW, CL, and RL were measured. The phe-
notypic value of the seed germination-related traits
was very low during the developmental stages of
the seeds and the GA was significantly increased in
mature seeds treated with the post-ripening process
(Fig. 4). Finally, through the detection of uncondi-
tional, conditional, and epistatic QTLs, we found a
major QTL interval (RM1362-RM1306), in which
phenotypic variance explained more than 10%,
and it controlled the expression of GR, SW, and

CL. Phenotypic correlation analysis showed that
the phenotype and genetic correlation of GR, SW,
and CL were consistent. According to the theory
of developmental genetics, genes are selectively
expressed at different developmental stages (Cheng
et al. 2014). The number of QTLs detected at dif-
ferent stages of development was almost the same,
and five QTLs (¢gGR-7, qSW2-2, qSW4-1, qCL7-
I, and gRL3-1) were expressed at different stages
of development, indicating that the expression of
GA gene is highly correlated with different devel-
opmental processes of seeds. In addition, different
traits have a different genetic loci, and the detected
QTL that is linked to the RL is not coincident with
the position of the QTL detected for the other three
traits. Moreover, the QTL of RL was not detected in
the early stage of development. However, the epi-
static QTL was the least in the early stage of seed
development (77 pairs), followed by the late stage
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(106 pairs), and the highest in the middle stage of
development (112 pairs). Among these three devel-
opmental stages, the maximum phenotypic variance
explained, appeared in the middle stage of develop-
ment (0.98%), followed by the early stage (0.90%)
and the late stage (0.88%). These results suggested
that epistasis as a genetic factor was much more
important for GA.

Crops need to maintain low GA in equilibrium
(Graeber et al. 2012). If seeds have a low level of GA
in the development stage, they can avoid pre-harvest
germination, while mature seeds have a high level
of GA, which is very important to ensure the growth
of seedlings and yield formation. When some physi-
ologically mature seeds are in an environment that is
not conducive to germination, they can be induced
to a low level of GA again (Graeber et al. 2012).
Therefore, in the process of breeding and selection,
we should aim at retaining those varieties with low
GA levels in the development stage and increase GA
levels after external stimulation. Here, through phe-
notypic selection and genotyping, three GA QTL-
carrying lines were obtained during the seed devel-
opment. Before physiological maturity, the value
of GA-related traits of these three lines was lower
(Fig. 4A), but we found that the germination rates
of these three lines under three abiotic stresses had
no significant difference compared with the control
(Fig. 4B). Therefore, these three lines could be used
as our breeding materials. Although we haven’t found
the functional gene that controls GA in rice, the supe-
rior lines will produce isolates in offspring through
hybridization, and the recombinant lines will be iden-
tified by molecular-assisted selection. As long as the
phenotype meets the breeding objectives, we have
successfully applied this major QTL to breeding.

Moreover, we found that seven of the reported
additive QTL were mapped in or near QTL identi-
fied by meta-analysis (Tables 3 and 4). For exam-
ple, the gSW2-2 and ¢gSW2-3 identified here was
near the region of sd2 (Lee et al. 2005), gSW2-1 and
qCL2-1 was near the region of ¢gSD2.1 (Wang et al.
2014), gRL3-1 was near the region of gSD3.1 (Cheng
et al. 2014), ¢SD3 (Ye et al. 2010), DOR (Cai and
Morishima 2002), Pgi-1 (Wan et al. 1997), and gSW4-
1 were near the region of gSD5-4 (Gu et al. 2004).
Moreover, the epistatic QTL for GR-linked markers
RM7, RM21, and RM254 identified here were located
near the region of additive QTL ¢SD-3 (Wan et al.
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2005), gSdn-11 (JM Wan et al. 2006), and gSD115R
(Chen et al. 2006), respectively. However, there were
no seed GA QTLs previously reported to be close to
the major QTL, gGR-7, gSW7-1, gSW7-2, or qCL7-1,
which indicates that these four QTLs might be novel
loci. In addition, it would be beneficial to identify a
greater number of candidate genes from MQTL, as
six conserved domains of zinc-finger proteins had
homology with seed GA TRABI in five MetaQTL
regions (Table 5). As shown by qRT-PCR sequence
analysis, there were three SNPs in the CDS region
of the Os01g0813100 of DN422. This may be a
genetic reason for the low GA value of DN422 seeds.
However, this is not enough to assign a certain phe-
notype to a single SNP. On the contrary, we believe
that a favorable allelic variation in one key gene is
not enough to provide GA, the final GA phenotype
of the seed should be considered as the combined
result of favorable allelic variations from different key
genes. The biological functions of Os01g0813100
and its related genome variations need to be further
confirmed by gene editing and high-efficiency over-
expression transformation systems.
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