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Abstract

Background:Anaerobic germination is one of the most important traits for rice under direct-seeded conditions.
The trait reduces risk of crop failure due to waterlogged conditions after seeding and allows water to be used as a
means of weed control. The identification of QTLs and causal genes for anaerobic germination will facilitate
breeding for improved direct-seeded rice varieties. In this study, we explored a BC1F2:3population developed from
a cross between BJ1, anindicalandrace, and NSIC Rc222, a high-yielding recurrent parent. The population was
phenotyped under different screening methods (anaerobic screenhouse, anaerobic tray, and aerobic screenhouse)
to establish the relationship among the methods and to identify the most suitable screening method, followed by
bulk segregant analysis (BSA) to identify large-effect QTLs.

Results:The study showed high heritability for survival (SUR) under all three phenotyping conditions. Although
high correlation was observed within screening environments between survival at 14 and 21 days after seeding, the
correlation across environments was low. Germination under aerobic and anaerobic conditions showed very low
correlation, indicating the independence of their genetic control. The results were further confirmed through AMMI
analysis. Four significant markers with an effect on anaerobic germination were identified through BSA. CIM analysis
revealedqAG1–2, qAG6–2, qAG7–4, and qAG10–1 having significant effects on the trait.qAG6–2 and qAG10–1 were
consistent across screening conditions and seedling age whileqAG1–2 and qAG7–4 were specific to screening
methods. All QTLs showed an effect when survival across all screening methods was analyzed. Together, the QTLs
explained 39 to 55% of the phenotypic variation for survival under anaerobic conditions. No QTL effects were
observed under aerobic conditions.

Conclusions:The study helped us understand the effect of phenotyping method on anaerobic germination, which
will lead to better phenotyping for this trait in future studies. The QTLs identified through this study will allow the
improvement of breeding lines for the trait through marker-assisted selection or through forward breeding
approaches such as genomic selection. The high frequency of the BJ1 allele of these QTLs will enhance the
robustness of germination under anaerobic conditions in inbred and hybrid rice varieties.
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Background
Direct seeded is increasingly becoming an important cul-
tivation method across rice growing areas. Particularly in
Asia, large areas traditionally grown under puddled
transplanted system are shifting to direct seeded sys-
tems. This is mainly due to the shortage of water and
labor in these areas. While, the cultivation shifts, the
varieties which are developed for transplanted systems
are used under direct seeded conditions and become
susceptible to challenges specific to the system. One of
the major traits required in rice varieties to be successful
under direct seeded systems is the ability to produce
good crop stand despite changing seasonal conditions at
early stages. In the absence of such an ability, farmers
are forced to use high seed rates as a risk management
strategy in case of poor germination. This is not only
costly in case inbred seeds are purchased but may also
leads to higher disease and pest pressure due to dense
and uneven planting. Further, such a risk practically
makes the use of hybrid technology impossible due to
high costs associated to the seeds. Of the several germin-
ation traits needed for direct seeded rice, anaerobic ger-
mination (AG) is the most important. AG refers to the
ability of plants to germinate and develop roots and
shoots under water. In rice, this becomes exceedingly
important in direct seeded environments where flooding
could occur immediately after seeding due to improper
field leveling and/or heavy rain fall. While most rice ge-
notypes fail to germinate under water, there exists con-
siderable genetic variation among landraces for AG. In
recent years, a series of linkage mapping studies identi-
fied many QTLs with major and minor effects on AG
[1–6]. Among the identified AG QTLs, qAG9–2 on
chromosome 9, has been fine-mapped to OsTPP7 which
was found to be responsible for starch mobilization, em-
bryo germination and coleoptile elongation [7]. While
several studies have attempted to study the trait, much
about the mechanism of AG remains unknown due to
the complex nature of the trait. Germinaiton to anaer-
obic conditions is known to have numerous physio-
logical processes involved these include seed longevity,
seedling vigor [4, 8–12], seedling growth and adjustment
of carbohydrate metabolism [13–15], fast coleoptile
elongation, fast leaf and root development [7, 16] and
high carbohydrate reserve of seed [17–19]. Further gen-
etic studies are thus required to better understand the
trait.
Modern-day plant breeding requires the identification,

validation, and rapid integration of large-effect QTLs
into breeding programs. While small-effect QTLs can be
efficiently managed through population improvement
methods such as genomic selection (GS), the rapid iden-
tification and deployment of large-effect QTLs may give
breeding pipelines a jump-start. This requires the

scanning of larger populations derived from different do-
nors and recipients to be able to identify the most robust
and consistent QTLs. Techniques such as bulk segregant
analysis (BSA) are applicable in working with several
mapping populations simultaneously and allow identifi-
cation of QTLs with consistency across recipient
backgrounds which is one of the major requirements for
a QTL to be useful in breeding programs. Apart from
this, the technique favors the detection of large-effect
QTLs, thus maintaining the focus on robustness and
consistency. While BSA has been used for QTL mapping
for several traits, identification of genomic regions
underlying AG has not been explored. Seedling-stage
phenotyping allows the screening of large populations
for AG at a time. If successful, this technique, combined
with high-throughput phenotyping, may allow the simul-
taneous scanning of several biparental or multi-parental
populations, thus leading to the rapid discovery of large-
effect QTLs underlying the trait. In this study, we aimed
to use a BC1F2:3 population, developed by crossing BJ1
with high AG potential as the donor parent with NSIC
Rc222 an AG susceptible but high yielding line as the re-
cipient parent, for BSA to identify QTLs related to AG.
The study also aimed to understand the interactions be-
tween the identified QTLs and determine complemen-
tary QTL classes that could be useful for breeding
activities. Moreover, we aimed to establish the relation-
ship among the different screening conditions used in
the study and determine the most stable breeding lines
and their QTL combinations in methods for AG QTL
detection.

Results
Phenotypic variation and correlation among traits
The population along with its parents was analyzed for
phenotypic performance under various screening condi-
tions, including anaerobic conditions in a screenhouse
and in trays and aerobic conditions in a screenhouse.
Table 1 presents the results of analysis of variance
(ANOVA) for survivability under both anaerobic envi-
ronments and germination under a non-stress aerobic
environment. Significant differences were observed
among the genotypes for all traits with broad-sense her-
itability (H2) ranging from 0.77 to 0.88. The average sur-
vival rates of the parents (BJ1 and NSIC Rc222) under
anaerobic conditions during germination in the screen-
house were from 39.6 to 50.9% and from 11.1 to16.2%,
respectively, in screenhouse conditions at 14 and 21 days
after seeding (DAS), while the population mean was 17.3
and 31.4%, respectively. The survival rates of the parents
in tray screening were slightly lower, with BJ1 and NSIC
Rc222 showing 29.7 to 41.2% and 3.7 to 11.2% for 14
and 21 DAS, respectively. The population mean, how-
ever, was slightly higher, with 18.3 and 32.0% survival

Ghosalet al. BMC Genetics           (2020) 21:6 Page 2 of 13



for 14 and 21 DAS, respectively (Table 1). Both parents
showed similar germination under control conditions,
with BJ1 and NSIC Rc222 having 92.9 and 91.0% ger-
mination, respectively. A continuous frequency distribu-
tion was observed for all traits, with survival recorded
with 21 DAS showing a more normal distribution than
with 14 DAS (Fig. 1). Highly significant positive correla-
tions were observed for survivability at different seedling
ages within environments. However, the correlation was
relatively lower across environments. Relatively higher
correlation (0.61 to 0.65) was observed for germination

under anaerobic conditions across screenhouse and tray
conditions compared with non-stress and anaerobic con-
ditions (0.14 to 0.24) (Fig. 1). A positive correlation,
however, was observed between survivability under AG
and germination under non-stress conditions, which in-
dicates the effect of viability on anaerobic germination.
However, the low degree of correlation between these
traits indicates the independent genetic control under-
lying the two traits. High heritability for survivability
was also observed for the trait, suggesting importance of
the population for QTL mapping.

GXE interactions and AMMI analysis
Multi-environment analysis revealed a significant effect
of the genotype and the genotype-by-environment
(GXE) interactions for germination at both 14 and 21
DAS across environments (Table 2). Due to the signifi-
cance of GxE interaction, further analysis with additive
main effects and multiplicative interaction (AMMI)
models was conducted to examine the relationship of
the different genotypes and environments. AMMI
showed that 66.6% of the sum of squares for interactions
was explained by PC1 while the remaining 33.4% was ex-
plained by PC2 (Fig. 2). Figure 2a presents the AMMI-1
biplot for mean germination across the three conditions
on the abscissa and PC1 scores of GXE interactions on
the ordinate. Both anaerobic environments had similar

Fig. 1 Phenotypic distribution and Pearson correlation coefficients between traits for survivability under screen house, tray and control conditions
of the BC1F2:3mapping population of BJ1/NSIC Rc222. *, **, **** = significant at 5, 1, 0.01%Plevels, respectively

Table 1 Analysis of variance for survivability (SUR) under
anaerobic conditions and germination (GER) under non-stress
condition for BJ1/2*NSIC Rc222 at 14 and 21 days after seeding
(DAS) for single experiments

SUR (Screenhouse) SUR (Tray) GER (Non-stress)

14DAS 21DAS 14DAS 21DAS 21 DAS

Population mean 17.3 31.4 18.3 32.0 84.8

BJ1 39.6 50.9 29.7 41.2 92.9

NSIC Rc222 11.1 16.2 3.7 11.2 91.0

H2 0.87 0.85 0.84 0.88 0.77

SED 7.3 8.1 8.4 9.1 8.1

P **** **** **** **** ****

H2 heritability (broad sense),SEDstandard error of difference, **** = significant
at 0.01%Plevels
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Table 2 Analysis of variance for germination across screen house and tray anaerobic conditions and aerobic non-stress condition

Sources of
variation

SUR (21DAS) SUR (14DAS)

Df SS MS Df SS MS

ENV 2 3,890,411 1,945,206 2 6,121,966 3,060,983

GEN 206 673,367 3269**** 206 545,763 2649****

ENV:GEN 1816 1,104,174 608**** 1816 878,617 484****

Residuals 1236 2472 2 1236 2472 2

ENVenvironment,GENgenotype,ENV:GENenvironment-by-genotype interaction,Df degree of freedom,SSsum of squares,MSmean squaresF F ratio, ****:
Significant at 0.01% level of significance

Fig. 2 (A) AMMI-1 biplot of mean germination across 3 conditions and PC-1 scores (B) AMMI- 2 biplot of survivability (SUR) at 21DAS showing
the stability of lines across screenhouse and tray screening for anaerobic germination and non-stress conditions in the screenhouse
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means while the mean of the aerobic environment
was much higher. The interaction patterns of all three
environments were different from each other. Geno-
types with PC score close to 0 are more stable across
environments while those with higher fluctuation on
either side of 0 have higher specificity for environ-
ments. Since stable germination across environments
is required in this case, lines with a high mean across
locations and PC value close to 0 are desirable. The
analysis revealed similar differences among the three
screening environments in terms of performance of
the lines. However, the two anaerobic environments
showed higher similarities to each other than that be-
tween anaerobic and aerobic screening conditions
(Fig. 2b). The means derived from single trial analysis
as well as those derived from the GXE and AMMI
analyses were used for the QTL analysis.

Bulk segregant analysis (BSA) and QTL mapping
A total of 102 clearly polymorphic markers were selected
and run with four bulks (two each for survival under
screenhouse and tray at 21 DAS) along with the two

parents, among which a total of seven markers showing dif-
ferences in banding patterns between bulks and the parents
were further selected and used to genotype the whole
population. Additional markers were added in each of the
regions to facilitate composite interval mapping (CIM). Out
of the seven markers, four showed clear polymorphism be-
tween bulks corresponding to the parent bands (Fig. 3).
RM490 showed heterozygote bands for high bulks and
NSIC Rc222 bands for low bulks. This was specifically clear
for bulks developed for tray conditions. Similarly, RM587
showed clear polymorphism for the bulks developed for
tray conditions. Contrary to this, RM481 showed a clearer
polymorphism for bulks developed for screenhouse condi-
tions. RM258 showed clear polymorphism for bulks devel-
oped for both conditions. Three other markers (RM148 on
chromosome 3, RM296 on chromosome 9, and RM332 on
chromosome 11) were also initially selected and used to
genotype the full population. However, correspondence of
the bulks to the parents was less clear for these markers
than for the previous ones.
Results of CIM analysis are presented in Table 3.

CIM showed the presence of four major QTLs

Fig. 3 BSA results for the identified peak markers, viz. RM490 (qAG1–2), RM587 (qAG6–2), RM481 (qAG7–4), and RM258 (qAG10–1) for high and low
bulks in two screening conditions along with tolerant (BJ1) and susceptible (NSIC Rc222) parents for survivability
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