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Abstract Grain weight and grain length are the most
stable components of rice yield and important indica-
tors of consumer preference. Considering the poten-
tials of wild rice and to enhance the rice yields to meet
the increasing demands, 185 Backcross Inbred Lines
(BILs) in the background of O. sativa ssp. indica cv.
PR114, including 63 rufi-BILs derived from O.
rufipogon IRGC104433 and 122 glumae-BILs from
0. glumaepatula IRGC104387 were evaluated for
mapping QTLs for yield and yield component traits
using Genotyping by Sequencing (GBS). Phenotypic
evaluation of BILs in three seasons spanning two
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locations revealed significant differences compared
with recurrent parent. BILs which did not show
significant differences for any trait under investiga-
tion, or similar based on pedigree, were excluded from
GBS. Some glumae-BILs had to be excluded from
mapping QTLs due to less sequence information. A
custom designed approach for GBS data analysis
identified 3322 informative SNPs in 55 rufi-BILs and
3437 informative SNPs in 79 glumae-BILs. QTL
mapping identified one QTL for thousand grain weight
(gtgw5.1), two for grain width (ggw5.1, ggw5.2) and
one for grain length (ggl7.1) in rufi-BILs. In the
glumae-BILs, three QTL for thousand grain weight
(qtgw2.1, qtgw3.1, qtgw6.1) and two for grain length
(qgl3.1, qgl7.1) were identified. Most of the grain
weight and width QTL showed positive additive effect
contributed by wild species allele, whereas the grain
length QTL showed positive additive effect con-
tributed by recurrent parent allele. Based on their
physical position, none of the QTLs were found
similar to previously cloned QTLs. QTLs for grain
traits identified from low yielding wild relatives of rice
reveals their significance in improving further the rice
yields and widen the genetic base of cultivated rice.

Keywords Backcross inbred lines (BILs) - O.
rufipogon - O. glumaepatula - Grain weight - Grain
length - Genotyping by sequencing (GBS) -
Quantitative trait loci (QTL)
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Introduction

Increasing the yield potential of rice is one of the
prime objectives to overcome impending food crises
caused by a large increase in the world population. A
quantum jump in the rice yields was observed during
the 1960-1970s with improvements in harvest index
and plant architecture through the use of semi-
dwarfing genes, known as era of “Green Revolution”.
Thereafter, significant improvement in rice yield came
from incorporating resistance to diseases, insect pests
and better agronomic practices. However, rice yield
growth has fallen by 2.3% per year during 1970s—
1990s to 1.5% during the 1990s and to < 1.0% during
the first decade of present century (Khush 2013). To
further enhance the yield potential of rice over that of
existing high yielding cultivars, there is a need to
unfold the genetic determinants of grain yield. How-
ever, because grain yield is a complex trait and is the
outcome of many processes and factors, direct analysis
of grain yield has not given ideal results. Therefore, it
is necessary to conduct a proper dissection and
focused studies on yield components instead of yield
itself as a whole.

The grain yield of rice can be dissected into four
major components: productive tiller number per plant,
spikelets per panicle, percent spikelet fertility, and
grain weight. All these yield components express
continuous phenotypes and are governed by number of
genes called quantitative trait loci (QTL). Out of these,
grain weight is mainly determined by grain width,
grain length and degree of grain filling. Grain weight
and grain length are are the most stable components of
rice yield and important indicators for consumer
preference. Both grain weight and grain length are
highly heritable, thus making them useful for genetic
analysis (Chauhan 1998).

Due to limited variability in the germplasm with
which breeders are working, a major source of genetic
variability for these traits can come from its wild
relatives. In the recent past, a common wild rice
accession, O. rufipogon IRGC105491, has been
utilized to improve the yield component traits of
cultivated rice (McCouch et al. 2007; Cheema et al.
2008; Jin et al. 2009; Imai et al. 2013). However,
immense genetic variability is still not characterized in
thousands of accessions of the twenty-two wild
species of rice. In this case, interspecific backcross
inbred lines (BILs), derived through limited

@ Springer

backcrossing a wild-by-cultivated cross with the
cultivated parent, are useful tools to introgress and
map QTLs for yield component traits. Since BIL
carries only a small fraction of the wild species
genome, most fertility problems are eliminated and
yield-associated traits can be measured more precisely
(Eshed and Zamir 1995). BILs might get an advantage
over advanced backcross-QTL (AB-QTL) mapping
populations, because (1) utilization of large number of
wild species accessions using limited backcross strat-
egy (Bhatia et al. 2017); (2) the presence of fairly
uniform background between lines and relatively
rapid and straight forward utilization for commercial
plant breeding (Jeuken and Lindhout 2004).

In rice, numerous studies have been conducted to
genetically map QTL for grain traits, and thousands of
QTL have been detected over the past several decades.
Among these, more than 300 QTL that control grain
length, grain width and grain weight have been
identified (www.grameme.org). A large number of
QTL have also been identified from O. rufipogon
IRGC105491, where O. rufipogon alleles have shown
to contribute to increased grain weight (Xiao et al.
1998; Moncada et al. 2001; Thomson et al. 2003;
Septiningsih et al. 2003; Xie et al. 2006, 2008;
Wickneswari et al. 2012). A few major grain weight
and grain length QTL have also been cloned (Fan et al.
2006; Song et al. 2007; Shomura et al. 2008; Li et al.
2011). For example, gw3.1,a QTL for grain length and
grain weight was identified in ten independent studies
involving different bi-parental populations, and was
later cloned as GS3 (Fan et al. 2006) which suggest
that QTL for these traits are stable in different genetic
backgrounds and environments, and are suitable tar-
gets for grain yield improvement (Li et al. 2004).

Conventional QTL analysis remains time-consum-
ing and labour-intensive, mainly because it requires
the development of polymorphic markers for linkage
analysis. With recent developments in next-generation
sequencing (NGS) technology, genome complexity
reduction methods such as genotyping by sequencing
(GBS), have emerged as powerful genotyping plat-
forms. For example, GBS can be used to discover
thousands of markers across almost any genome of
interest in number of individuals in a population in a
single and simple experiment (Davey et al. 2011).
Many plant breeders and geneticists are still using
sparse molecular marker data due to extremely
resource limited programs (Rosyara et al. 2009). The
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low coverage sequencing and multiplexing of samples
in GBS lowers the genotyping cost and the resultant
NGS data provide large number of markers for
immediate applications in gene/QTL discovery and
genomic-assisted breeding (Thomson et al. 2012).
Flexible, rapid and low cost GBS protocols have
proved its worth in many applications ranging from
marker discovery to linkage/association mapping in a
number of crops to address many questions of plant
breeding and genetics (Poland and Rife 2012; Bhatia
et al. 2013).

The present study was conducted for mapping
QTLs for yield and yield component traits using a
GBS approach for genotyping BILs derived from two
different wild species, O. rufipogon IRGC104433 and
O. glumaepatula IRGC104387, in the background of
recurrent parent O. sativa ssp. indica cv. PR114.

Materials and methods
Experimental material

A set of 185 PR114-BILs were selected based on
agronomic performance and variation for yield and
yield component traits (Bhatia et al. 2017). Of the 185
PR114-BILs, 63 were derived from O. rufipogon
IRGC104433, and 122 were from O. glumaepatula
IRGC104387 using O. sativa ssp indica cv. PR114 as
common recurrent parent for both crosses (Table S1).
The PRI114-BILs derived using O. rufipogon
IRGC104433 and O. glumaepatula IRGC104387 are
referred as rufi-BILs and glumae-BILs, respectively,
and aggregate as BILs further in the manuscript.

Experimental design

Field trials to evaluate the phenotypic performance of
the BILs and recurrent parent PR114, were conducted
in three growing seasons in two different locations.
The two locations were Punjab Agricultural Univer-
sity (PAU), Ludhiana, India situated at 30.91°N,
75.85°E longitude and latitude (North-West of India),
and National Rice Research Institute (NRRI), Cuttack,
Odisha at 20.27°N, 85.52°E longitude and latitude
(South East of India) respectively. The three growing
seasons consists of two main rice growing seasons
(April-September) of 2011 and 2012 at PAU, and an
off-season (November—April) of year 2011-12 at

NRRI. All BILs were evaluated in a square lattice
(14 x 14) design with two replications and plot sizes
of 1.95 m? at PAU, and 1.275 m” at NRRIL. BILs were
planted with a plant-to-plant and row-to-row distance
of 15cm x 20 cm, and cultivated following the
recommended package of practices of each region. A
high yielding variety of PAU named as PAU201 was
also included as check, but comparisons of phenotypic
performance of BILs were made with recurrent parent
PR114. Details of the pedigree of each BIL are given
in Table S1.

Evaluation of BILs for yield component traits

Observations on plot yield and twelve yield compo-
nent traits were recorded for each BIL as well as the
check. Yield component traits included: days to 50%
flowering (DF), plant height (PH), tillers/plant (TL),
panicle length (PL), flag leaf length (FLL), flag leaf
width (FLW), spikelet/panicle (SP), percent fertility
(PF), thousand grain weight (TGW), grain length
(GL), grain width (GW), along with plot yield (PY).
Briefly, DF was evaluated as the average number of
days when 50% of the tillers of each plot flowered; PH
was measured on ten random plants from ground level
to the tip of the tallest panicle and averaged; TL were
counted from ten competitive plants; PL was mea-
sured from panicle base to the tip of the panicle; FLL
was measured from base to tip of the flag leaf after
booting stage, while FLW was taken from the middle
of flag leaf; SP was recorded by counting the total
number of grains (including sterile spikelets) from ten
panicles taken from ten random plants; PF was
estimated by dividing fertile grains with SP; TGW
was recorded by weighing 1000 fully filled grains
counted from a bulk of ten panicles; GL and GB was
measured with a Dial Thickness Gauge (Baker
Mercer, India), and plot yield (PY) was recorded on
a whole plot basis. Analysis of Variance (ANOVA)
and least square difference (p < 0.05) for all the traits
was calculated with SAS version 9.2 (SAS institute,
Cary, NC) using Proc Lattice. Differences between
adjusted means of the recurrent parent and each BIL
was compared with LSD values to identify the BILs
that were significantly different for the target traits.
Significant BILs from each season were manually
compared to identify consistent performing BILs for
each trait.

@ Springer
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GBS library preparation

BILs which did not show significant differences with
the recurrent parent for any trait under investigation,
or were very closely related based on pedigree, were
excluded from GBS library construction. A total of 55
rufi-BILs and 101 glumae-BILs along with the
parents, each replicated eight times, were used for
GBS. We used a modified GBS method with two
restriction enzymes. Briefly, total genomic DNA of all
the BILs and their corresponding parents were isolated
from leaf tissue using a CTAB (cetyl trimethyl
ammonium bromide) extraction method (Murray and
Thompson 1980), with the chloroform-isoamyl alco-
hol purification step repeated twice to assure good
quality DNA. DNA fragments were generated by
restriction enzyme digestion with HindIII and Mspl,
followed by ligation with dual-indexed Illumina P5
and P7 adapters (5 bp index sequences for PS5 and 6 bp
index for P7 adapter). A set of 24 P5 (HindIII digested
end) and 16 P7 (Mspl digested end) Illumina adaptors
containing different index sequences were designed,
which in combination is sufficient to tag 384 different
DNA samples in a GBS library (Table S2). Adaptor
specific primers were used to amplify the GBS
fragments. Fragments which had P5 adaptor sequence
ligated at one end, and P7 adaptor sequences at other
were the only ligation products that could be ampli-
fied. After quantification, equimolar concentration of
each PCR amplified sample was pooled into one tube.
Smaller fragments (primer dimers or with less infor-
mation) were removed from the pooled GBS library
using 1:0.7 x AmpureXP Beads (exclude < 200 bp
GBS constructs) before sequencing. The Agilent High
Sensitivity DNA assay kit was used for analysis of
DNA fragments with a Bioanalyzer (Agilent Tech-
nologies), and qPCR was used to determine the
concentration of each pooled library. After quantifi-
cation, each DNA pool was diluted to 2nmoles/pl and
loaded onto two lanes of an Illumina Hlseq 2500.

High-throughput genotyping of BILs

GBS data was analysed individually for each BIL
population with a custom designed method (Fig. S1).
Pair end reads of 100 nucleotides of each individual
were sorted by unique index combination. The adaptor
sequence including index sequences were trimmed by
custom script. The updated genome sequence of O.

@ Springer

sativa ssp. indica cv 93-11 (Gao et al. 2013) was used
as the reference indica genome in this study. Pair end
reads of each parent were aligned to the reference
genome using BWA with a threshold quality score of
20 (Li and Durbin 2009). SNPs were called using both
Samtools (Li et al. 2009) and GATK (McKenna et al.
2010) and SNPs common in both algorithms were
identified. SNPs were then filtered based on read
depth > 2 and associated quality scores > 30. Final
SNPs called in the parents after this step were replaced
in the 93-11 genome sequence using a Perl script,
PseudoMaker, implemented in SEG-Map (Zhao et al.
2010) to construct the fake pseudomolecules of each
parent. Parental SNPs were compared to identify SNPs
polymorphic between two parents of each BIL pop-
ulation. Thereafter, short reads of each individual BIL
in the population were aligned to fake pseudomolecule
of each parent and SNPs were called with the same
procedure as with the parents. Here, BIL SNPs that did
not corresponds to polymorphic parental SNP posi-
tions, were rejected as these were with 93-11
sequence. BIL SNPs were then filtered with < 8%
missing data points and the final SNPs obtained at this
point were called informative SNPs. Any heterozy-
gous SNP was considered as missing data point due to
low confidence SNP call in low coverage GBS data.
Informative SNPs were provided genetic positions on
each chromosome using the Kosambi mapping func-
tion, and plotted based on their physical and genetic
distance on the twelve linkage groups. Graphical
genotypes was prepared using informative SNPs to see
the extent of introgression of the wild donor species in
the background of recurrent parent, and recovery of
the recurrent parent genome after two backcrosses. To
identify the position of QTL for yield and yield
component traits, QTL mapping was conducted using
inclusive composite interval mapping implemented in
QTL IciMapping software version 3.1 (Meng et al.
2015) with population code 11, informative SNPs and
phenotypic data of target traits across all the seasons.
Significant thresholds were found with 1000 permu-
tations in stepwise regressions with p < 0.001. Loca-
tion of QTL was described according to LOD
(logarithm of odds) value. The contribution rate
(PVE) was estimated as the percentage of variance
explained by each QTL in proportion to the total
phenotypic variance. Additive effect was estimated to
find the positive or negative effect on the target trait.
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Results
Phenotypic evaluation of BILs

ANOVA revealed significant differences in the BILs
for yield and yield component traits as compared with
recurrent parent in all the seasons (Tables 1, 2;
Fig. 1a, b; Fig. S2). However, the observed pheno-
typic evaluation featured variations for different yield
components in rufi-BILs and glumae-BILs. Desirable
variations for DF (short duration) and SPP were
observed in glumae-BILs (Fig. 2a, b), while no
desirable variation for these traits were observed in
rufi-BILs. Increase in GW accompanied by a decrease
in GL was observed in the rufi-BILs, while both
positive and negative variation for GL and GW were
present in glumae-BILs (Fig. 2c). Variation for FLL
was more prominent in the glumae-BILs as compared
with rufi-BILs (Fig. 2d), while variation for FLW was
observed in both rufi-BILs and glumae-BILs.

Correlation of traits among seasons

Correlation coefficients (r) was calculated for eight
different traits evaluated in three seasons to find
associations among seasons (Table S3). There were
significantly positive correlations among the seasons
for almost all yield component traits. The magnitude
of correlations were higher in the two different seasons
at PAU than between seasons at two locations (PAU
and NRRI). The highest magnitude of significant
positive correlation was estimated for TGW ranging
from 0.84 to 0.91, while lowest was estimated for PF
ranging from 0.05 to 0.23. There was no significant
correlation for PF between season 1 and 3.

High throughput genotyping of BILs using GBS
Identification of parental SNPs

A total of 78.3 GB of raw sequence data in form of 100
nucleotide pair-end Illumina reads was generated with
an average of 0.08X genome coverage and 14.5X
allele depth per base for the BIL parents; 0.05X
genome coverage and 7.07X allele depth per base for
the BILs. More than 80% of the reads of the BIL
parents aligned to 93-11 genome, with highest being
O. glumaepatula. With two different SNP calling
algorithms, GATK and Samtools, a total of 41,180

SNPs including 35,708 homozygous SNPs with
PR114; 146,848 SNPs including 57,090 homozygous
SNPs with O. rufipogon; 100,681 SNPs including
93,354 homozygous SNPs with O. glumaepatula were
identified using 93-11 genome as reference (Table 3).
In order to identify SNPs from BILs, we first had to
generate fake pseudomolecule of each parent. For
making fake pseudomolecules, homozygous SNPs
identified between each parent and reference molecule
were used.

Identification of informative SNPs

More than 75% of 0.2— > 2 million short reads
generated for each BIL aligned to the parental fake
pseudomolecules (Fig. S3). For the rufi-BILs, a total of
85,483 SNPs were identified with PR114 pseudo-
molecule, and 97,130 SNPs with the O. rufipogon
pseudomolecule. Similarly, for the glumae-BILs, a
total of 149,367 SNPs were identified with PR114
pseudomolecule, and 154,049 SNPs with the O.
glumaepatula pseudomolecule (Table 4).

SNPs identified with each parent fake pseudo-
molecule contains a number of SNPs called between
BILs and 93-11 genome. In order to identify the
informative SNPs (SNPs that belong to BIL popula-
tion), only those SNPs were kept, which corresponded
to the parental polymorphic SNPs positions. Out of
101 glumae-BILs, 22 could not be used for identifi-
cation of informative SNPs and genotyping due to
very less sequence information resulting in large
amount of missing data points. Thereafter filtering
based on missing data points, a total of 3322
informative SNPs in the rufi-BILs and 3437 informa-
tive SNPs in the glumae-BILs were identified. Infor-
mative SNPs for both rufi-BILs and glumae-BILs were
uniformly distributed across their genomes, with few
major gaps as on chromosomes 1 and 6 based on their
physical positions (Fig. S4a, b). Informative SNPs of
both the rufi-BILs and glumae-BILs were given
genetic position using “Kosambi” mapping function
(Fig. 3a, b). The total genetic map length was
2225.14 cM in rufi-BILs, whereas 3076.11 cM in
glumae-BILs.

Percent wild genome introgression in BILs

Graphical genotyping using informative SNPs
(Fig. S5a, b) indicated O. rufipogon genome

@ Springer



Euphytica (2018)214:41

Page 6 of 16

41

10°0 > d se [[om se GO0 > d Je JuedoyIuSIS punoy Jrel) Yora 10j sanfea drenbs uespy 2dA1ousn, 2omre| dxenbs jo suedw paisnlpe uo paseq SIN[EA .,
preif jo1d 14 “yStom ureid puesnoyy M7 ‘AmIaj 1ereyids jusorad g ‘ororuedpereids 4§ ‘qSuor oporued 74 “uerd/sioqm 77 ySey jueld g ‘Surromoy 9,0S 01 sAep JJ

Yoenn)) ‘eymnsuy
[OIBasay] 901y [eUONEN] 18 Z]—] [0 T8k 0] s3uo[oq uoseas [[S pue euelypnT ‘AJSIOATUN) [eI[noudy qelund Je 7107 pue 10T T894 JO suoseas JuImoId JUaIJjIp om) aIe IS ‘IS

433! 6T L8 L'1e 91 e 9 e (00 > d) as1
5019681 ,0'6CEEl 207265651 50°6CSSIE 556961 NS 5068561 -0'8¥7881 SN 2dKiouen
YT €9L-09CST §'6¢0°0¢ 6v6—1'SL EVvrI=C9oL 0'8¢-0°0C €LI=6'8 S eTI-I'e8 S'LTI=09L ofuey
0eeys 8'€C 988 I'O11 L€t 41! 0101 L 001 yi1dd IS
8C6S1 I'e I'L 0¢ Sl V'l €8 (4% (00 > d) as1
50'6£691 NATIA! 20°S0SPST 2§°66€S R AN L1'¥Ce -7'6919 SVLITY SN 2dKjouan
$8°6SL=C1°00¢ re=¢ol 0°$6—8'9L 8'00C=¢C'I6 Sve-1'0¢ £01-89 66699 0°6€1-9°801 oguey
€9°0LY gee 7’88 6'vSI €T 7’8 Ges 8'1¢CI yi1dd JIN
g6l e €9 LTt [ 91 9 Ly (00 > d) as1
50°61081 269171 5C'8IL9 S0 1Tr8¢ L1'09L 29'61¢C 50'685S1 S0°€LE6I SN 2dKioudn
£8°6YL—£8'¢CC Loev6l L06-1'vL 9LSI=C16 L8C0'1¢ Iel-rL G'eTI-0°¢8 S'LTI=S'T8 Qo8uey
0991¢ e ce8 6°¢el 1YY £6 101 8'86 FITdEd IS
@Um Ad () mOL dd ddS (wo) 1d 1L (wo) H 4d 90Inog uoseag

SUOSEas SUIMOIS 921y} Ul pajen[eAd sIg Jo sien juouodwod p[aIk pue plaIk Y3 Jo YAONY Pue a5uel ‘Ued]N [ d[qeL

pringer

As



Euphytica (2018)214:41

Page 7 of 16 41

Table 2 Mean, range and ANOVA of leaf and grain traits of BILs evaluated in season III

Source FLL (cm) FLW (mm) GL (mm) GW (mm)
PR114* 33.7 7.60 2.02
Range” 25.7-48.9 13.2-17.9 6.10-8.13 1.58-2.60
Genotypes MS 18914.0° 2163.4¢ 61.9° 763.3¢
LSD (p < 0.05) 7.5 0.24 0.12

GL grain length, GW grain width, FLL flag leaf length, FLW flag leaf width

* ®Values based on adjusted means of square lattice

“Genotype Mean square values for each trait found significant at p < 0.05 as well as p < 0.01

introgressions in the range of 2.4-29.0% in the rufi-
BILs and 0.4-27% O. glumaepatula genome intro-
gressions in the glumae-BILs (Table S4, S5). Less than
10% introgression was identified in almost 50% of the
rufi-BILs. The smallest percent introgression (2.4%)
was identified in BIL numbers 2456 and 2402, while
largest percent introgression (29%) was identified in
BIL number 2432. Similarly, in glumae-BILs, the
smallest percent introgression (0.4%) was identified in
BIL number 2492, while the largest percent introgres-
sion (27.5%) was identified in BIL number 2578. Sixty
glume-BILs out of a total 101 had less than 10% O.
glumaepatula genome introgression.

QOTL mapping for yield component traits

QTL mapping in the rufi-BILs with 3322 informative
SNPs and twelve target traits identified four QTLs for
TGW, GW and GL (Table 5). However QTLs for rest
of yield component traits could not be identified. QTL
for TGW (gtgw5.1) was consistently identified on
chromosome 5 in all the seasons (Fig. 4a). The O.
rufipogon allele at this locus showed positive additive
effect in the rufi-BILs. Two QTLs for GW (ggw5.1
and ggw5.2) were also mapped on chromosome 5
(Fig. 4b). The O. rufipogon allele showed positive
additive effect at ggw5.1, whereas negative additive
effect at ggw5.2. The QTL for GL was mapped on
chromosome 7 and designated as ggl7.1 (Fig. 4c). The
recurrent parent allele at this locus showed positive
additive effect on grain length and negative additive
effect on grain width (Table 5).

Similarly, QTL mapping of the glumae-BILs with
3437 informative SNP markers identified three QTLs
for TGW and two for GL (Table 6). Of the three QTLs
for grain weight (gtgw2.1, qtgw6.1, qtgw3.1), the O.

glumaepatula allele showed positive additive effect on
TGW at QTL grgw2.1 and gtgw6. 1, whereas negative
effect was observed at grgw3.1 (Fig. 5a). Two QTLs
for GL were identified on chromosome 3 and
chromosome 7 respectively (Fig. 5b). Of these, the
qgl7.1 identified in rufi-BILs was also identified in
glumae-BILs. This QTL share same genomic position
and allele effect in both rufi-BILs and glumae-BILs.
The recurrent parent allele at ggl7.1 showed positive
additive effect on the grain length similar to rufi-BILs.
In addition, one more QTL (gg/3.1) was identified in
glumae-BILs, where recurrent parent allele showed
positive additive effect on grain length (Fig. 5b).

Discussion

Rice grain length and grain weight are important to
both consumers and farmers because these traits
determine the physical appearance of grain, affect
cooking quality and grain yield. Grain size and weight
has also played an important role in the evolution of
cereal crops as humans tended to select for large seed
size, and consequently higher grain weight during the
early domestication process (Harlan 1992). The wild
species of rice though have small grain size and very
low grain weight compared with cultivated rice, but
contain large amount of cryptic and unutilized vari-
ation for these traits. However, the major concern to
utilize the wild species is to selectively transfer useful
variation while avoiding linkage drag, using a com-
bination of conventional and molecular breeding
strategies (Brar and Singh 2011).
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Fig. 1 a Graphical plots of phenotypic variation for major yield
component traits in BILs. Plotted values are the adjusted means
of square lattice design. SI, SII, SIII represent three different
seasons. Arrow indicates where the recurrent parent PR114 falls.
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b Graphical plots of phenotypic variation in season III in GW,
GL, FLL and FLW in BILs. Arrow indicates where the recurrent
parent PR114 falls
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30cm

Fig. 2 Variations for yield component traits in BILs based on ¢ variation in grain size in rufi-BIL and glumae-BILs (3, 4) as
field evaluation a early flowering glumae-BIL; b increase in SPP compared to PR114 (2); d variation for FLL in the rufi-BILs (2,
of glumae-BIL (2) as compared to recurrent parent PR114 (1); 4) and glumae-BILs (3, 5) as compared to PR114 (1)

Table 3 Summary of read alignment and SNP calling statistics of BIL parents with O. sativa ssp. indica cv. 93-11

GBS parameters PR114 O. rufipogon O. glumaepatula
(IRGC104433) (IRGC104387)
Total reads 14,005,318 16,107,448 12,810,200
Mapped reads 11,725,905 13,298,845 (82.56%) 11,339,282 (88.51%)
(83.72%)
Common SNPs identified with two algorithms (Samtools 41,180 146,848 100,681
and GATK)
Heterozygous SNPs 5472 89,758 7327
Homozygous SNPs 35,708 57,090 93,354

Table 4 SNP calling statistics of rufi-BILs and glumae-BILs with the fake parent pseudomolecules

GBS parameters PR114 O. rufipogon PR114 O. glumaepatula
pseudomolecule pseudomolecule pseudomolecule pseudomolecule

SNPs called with Samtools 119,615 131,273 197,744 202,074

SNPs called with GATK 181,987 193,915 334,391 340,261
Common SNPs 85,483 97,130 149,367 154,049
Informative SNPs 2379 8025 6267 17,137
Informative SNPs used for 3322 3437

mapping
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Fig. 3 Genetic maps showing distribution of a 3322 informa-
tive SNPs of rufi-BILs; b 3437 informative SNPs of glumae-
BILs on twelve chromosomes of rice based on Kosambi genetic
distance

Importance of BILs and GBS in interspecific
crosses

In case of interspecific crosses involving wild rice
species, advanced mapping populations like BILs are
more preferred as compared to primary mapping
populations such as recombinant inbred lines, doubled
haploids, backcross and F,/F5 populations (Fukuoka
et al. 2010; Jacquemin et al. 2013). In the present
study, BILs were developed using two wild species for
introducing the variability of yield component traits in
the background of cultivated rice. During develop-
ment, BILs were selected for uniform flowering time
and plant height so as to maintain uniform background
and precise evaluation of yield component traits
(Bhatia et al. 2017). Significant variation observed in
most of the phenotypic traits clarifies the contribution
of the agronomically inferior wild species for yield
components traits.

Genotyping by sequencing (GBS) has recently
generated high levels of interest within the plant
breeding and genetics community. Traditional map-
ping experiments rely on PCR based markers such as
SSR’s, which are sparsely located on the genome, thus
resulting in low resolution gene/QTL mapping. Geno-
typing with traditional markers is very time consum-
ing and can take from weeks to months to complete
(Spindel et al. 2013). GBS in the current experiment
took only a week to prepare the library and a week for
sequencing, therefore completing the whole process of
genotyping in just 14 days. Our custom designed

Table 5 Summary of QTLs identified in rufi-BILs for yield component traits using inclusive composite interval mapping (ICIM)

Trait QTL Season Chromosome Left marker Right marker LOD PVE (%) Additive Physical
effect/allele  region on
effect genome (kb)

TGW qtgw5.1 1 5 Chr05_6059062  Chr05_6145897 9.35 68.00 2.10/ru 86.83

I 5 Chr05_6059062  Chr05_6145897 9.66 68.67 2.09/ru
1 5 Chr05_6059062  Chr05_6145897 8.81 65.95 2.14/ru
GW  ggws.l 1 5 Chr05_4926531  Chr05_5271075 13.02 74.71 0.13/ru 344.54
qgw5.2 11 5 Chr05_5664169  Chr05_5696540 4.86 19.43 — 0.09/ru 32.371
qgw7.1 11 7 Chr07_21416336 Chr07_21779720  6.22 20.46 0.08/ru 363.84
GL qgl7.1 I 7 Chr07_21416336 Chr07_21779720 10.19 53.88 0.26/pr 363.84

PVE % is the percent phenotypic variability explained by particular QTL

TGW thousand grain weight, GW grain width, GL grain length; ru O. rufipogon allele, pr PR114 allele
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approach identified a total of 3322 and 3437 informa- example, a total of 380 RFLP markers were used by
tive SNPs in the rufi-BILs and glumae-BILs respec- Xio et al. (1998), of which only 28% were found to be
tively. The number of SNP markers identified with polymorphic between O. rufipogon and V20A. Sim-
GBS in the current experiment is far more than any ilarly, only 157 polymorphic SSR markers were used
traditional marker system used for genotyping. For for mapping of yield and yield component traits in
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Table 6 Summary of QTLs identified in glumae-BILs for yield component traits using inclusive composite interval mapping (ICIM)

Trait QTL Season Chromosome Left marker Right marker LOD PVE (%) Additive Physical
effect/allele  region on
effect genome (kb)

TGW gqtgw2.1 1 2 chr02_8905034  chr02_8996699 5.52 1544 0.91/gl 91.6

1I 2 chr02_8905034  chr02_8996699 5.11 16.19 0.97/gl
il 2 chr02_8905034  chr02_8996699 6.60 23.70 1.38/gl
qtgw3.1 1 3 chr03_30178837 chr03_30382043 11.78 31.25 — 1.53/gl 203.2
1II 3 chr03_30178837 chr03_30382043 13.93 46.28 — 1.91/gl
I 3 chr03_30178837 chr03_30382043 10.71 33.13 — 1.68/gl
qtgw6.1 1 6 chr06_1819184  chr06_1893743  25.99 74.65 3.59/gl 74.5
1I 6 chr06_1819184  chr06_1893743  25.08 72.20 3.86/gl
1 6 chr06_1819184  chr06_1893743  23.09 85.50 3.78/gl
GL qgl3.1 1 3 chr03_18337869 chr03_18418306 10.80 36.05 0.35/pr 80.4
qgl7.1 11 7 chr07_21552051 chr07_22128152 8.92 40.80 0.26/pr 576.1

PVE % is the percent phenotypic variability explained by particular QTL

TGW thousand grain weight, GL grain length, gl O. glumaepatula allele, pr PR114 allele

Fig. 5 LOD curves of QTL (a) = TGW-1 —— TGW-2 —— TGW-3 Posiion ——— Threshold:4.5071 |
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BC,F, families of an O. sativa x O. glumaepatula
interspecific cross (Brondani et al. 2002).

Placements of SNPs on the twelve chromosomes of
rice based on their physical and genetic distances
revealed uniform coverage across the genome, demon-
strating the utility of GBS markers for the precise
mapping of target traits. The observed genetic map
length particularly in glumae-BILs seems to be quite
different from original genetic maps developed using
SSR markers. Since the physical positions of GBS
SNP markers were already known, all the markers
were given genetic position on the maps without
ordering based on Kosambi mapping function in order
to find the QTL regions. In additions, BILs generated
using wild species of rice were not appropriate for
generating the genetic maps due to segregation
distortion. Uniform distribution of GBS SNPs has
been observed in number of GBS studies such as
wheat and barley (Poland et al. 2012), and rice
(Spindel et al. 2013). In our study, SNPs could not be
identified on some regions of chromosomes in both the
BIL populations, resulting in large gaps in the
chromosomes. The paucity of SNPs in these regions
could be explained by the fact that BILs contain large
percent of recurrent parent genome and differ at
certain positions based on introgressed regions.

An important advantage of the BILs used in our
study is the presence of a fairly uniform background
between lines with few introgressions from the donor
parents that enabled more precise estimates of quan-
titative traits. Based on the graphical genotypes
generated with more than 3000 SNP markers in each
population, more than 50% of BILs in the rufi-BILs
and glumae-BILs comprise > 90% of the recurrent
parent genome. The remaining BILs had 80-90% of
the recurrent parent genome except for 3 rufi-BILs and
4 glumae-BILs. The pattern of introgressions in each
BIL was not random, while few clusters of introgres-
sions were identified in each BIL in both populations,
which might be the result of the biased selection for
the target traits during the generation of BILs.

Uncovering grain size QTLs in BILs

The present study uncovered a number of O. rufipogon
genomic regions/QTL favorable for grain size traits.
For example, GBS markers identified a major QTL
(gtgw5.1) contributed by O. rufipogon on chromosome
5 consistently in all the seasons for increasing TGW

spanning a narrow genomic region of 86 kb. Such
precision is usually obtained after fine mapping with
traditional marker systems. For example, Li et al.
(2004) fine mapped gw3.1 contributed by O. rufi-
pogon, to a pericentromeric region of 93.8 kb on
chromosome 3. Similarly, gw8.1 and gw9.1 were fine
mapped to 308 and 37.4 kb genomic regions on rice
chromosomes 8 and 9 respectively (Xie et al.
2006, 2008).

A major grain width QTL (gw5.1) in the current
study responsible for increasing the grain width from
2.0 mm in the recurrent parent to 2.60 mm in rufi-
BILs was identified near the thousand grain weight
QTL locus gtgw5. 1, indicating that an increase in GW
might be responsible for high TGW. Another GW
QTL ¢ggw5.2 responsible for decreasing the grain
width was identified in the similar region. This QTL
might be a minor QTL or an artifact, because none of
the rufi-BILs showed significant decrease in grain
width as compared to recurrent parent based on
phenotypic variation. In earlier studies, two major
QTL for grain size, gsw5 (Shomura et al. 2008) and
GS5 (Li et al. 2011), on chromosome 5 have been
cloned. Here, we identified a major QTL (gtgw5.1) for
grain size, which is located 1.9 Mb from GS5, and
0.6 Mb from gsw5 (data not shown), thus nullifying
the possibility that the O. rufipogon QTL discovered
here is allelic to either of these previously cloned QTL.

One major QTL for grain length (ggl7.1) was co-
localized on chromosome 7 in both rufi-BILs and
glumae-BILs. The recurrent parent allele at this locus
was responsible for increasing the grain length, but
decreasing the grain width. Recurrent parent PR114
has long and fine grain, and ggl7.1 explained both the
features.

In glumae-BILs, three QTL for TGW were detected
on chromosome 2, 3 and 6 as compared to one major
QTL in rufi-BILs. In earlier studies, major QTL for
grain weight and grain size have been cloned such as
GW?2 (Song et al. 2007) on chromosome 2, GS3 (Fan
et al. 2006) on chromosome 3 and TGW6 (Ishimaru
et al. 2013) on chromosome 6. The QTL grgw2.1 on
chromosome 2 in the present study located at a
physical distance of approximately 150 kb from GW2
(data not shown). Another QTL gzgw3.1 on chromo-
some 3 was found to be located towards distal end of
the long arm of chromosome, whereas the most of the
published QTLs for grain traits on chromosome 3 have
been mapped near the centromere region (Huang et al.
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2013). Similarity, gzgw6.1 on chromosome 6 in the
present study, does not localize in the TGW6 genomic
region (data not shown). Genotyping of glumae-BILs
uncovered two QTLs for grain length as compared to
one in rufi-BILs, where the recurrent parent allele was
responsible for larger grain length. As mentioned
earlier, the ggl7.1 co-localizes in both populations,
therefore confirming its location on chromosome 7
and further narrows down the location of the QTL to a
227 kb region based on comparison of genomic region
in both the populations. A similar QTL, ¢SS7, was
described in cross between Zhenshan97 and a Cypress
chromosomal segment substitution line (Qiu et al.
2012), but it maps approximately 3 Mb from the
qgl7.1 in the present study (data not shown). All QTL
identified in this study were shown to explain very
high phenotypic variation. This can be explained on
the fact that BILs have very high proportions of the
recurrent parent genome, and differ only for few
introgressed segments from wild species. All the
phenotypic variation explained by the QTL is derived
from these few wild introgressed segments without
any other genetic noise. The glumae-BILs also had
favourable phenotypic variation for days to 50%
flowering. However, consistent QTL for days to 50%
flowering could not be identified. This might be due to
more biased selection of the BILs toward the recurrent
parent, thereby leaving behind insufficient variability
for mapping.

O. glumaepatula is a diploid wild species native to
the Amazon forest and flooded areas of western Brazil.
It is closely related to O. sativa (Buso et al. 1998) and
is considered to be a potential source of useful genes of
agronomic importance. O. glumaepatula has yet to be
utilized extensively to uncover variation for yield and
yield component traits, except for a few earlier reports.
Brondani et al. (2002) studied 11 agronomic traits in
BC,F, families of the interspecific cross O. sati-
va x O. glumaepatula and identified several QTL for
target traits; however most of the increasing alleles at
identified QTL were contributed by cultivated parent.

O. rufipogon acc. IRGC104433 is from Thailand,
while O. glumaepatula IRGC104387 is from Brazil.
O. rufipogon and O. glumaepatula both carry the ‘AA’
genome similar to cultivated rice and may carry
number of syntenic regions for different traits during
evolutionary path. But QTL for thousand grain weight
was mapped on chromosome 5 in O. rufipogon derived
BILs and on chromosome 2, 3 and 6 in O.

@ Springer

glumaepatula derived BILs. This is due to the fact
that ‘AA’ genome Oryza germplasm exhibits remark-
able eco-geographic differentiation worldwide, both
regionally and locally. Thus, this wild germplasm can
be expected to have significant adaptive gene differ-
ences among accessions (Vaughan et al. 2003).
Different yield component QTLs identified in differ-
ent wild species raised the attention to judiciously
explore more number of wild species accessions
present in the germplasm banks. Grain size QTL
identified in the present study from low yielding wild
relatives of rice reveals their significance in their
ability to improve the yield of cultivated rice. Trans-
ferring these QTL in the background of cultivated rice
will not only increase the yield, but also widen the
genetic base of cultivated rice. Combining these yield
component QTL in one genetic background will
further enhance the magnitude of yield increase of
cultivated rice, thus contributing towards food
security.
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