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Abstract Continuous rise in the human population has
resulted in an upsurge in food demand, which in turn
demand grain yield enhancement of cereal crops, including
rice. Rice yield is estimated via the number of tillers, grain
number per panicles, and the number of spikes present per
panicle. Marker-assisted selection (MAS) serve as one of
the best ways to introduce QTLs/gene associated with yield
in the rice plant. MAS has also been employed effectively
in dissecting several other complex agricultural traits, for
instance, drought, cold tolerance, salinity, etc. in rice
plants. Thus, in this review, authors attempted to collect
information about various genes/QTLs associated with
high yield, including grain number, in rice and how dif-
ferent scheme of MAS can be employed to introduce them
in rice (Oryza sativa L.) plant, which in turn will enhance
rice yield. Information obtained to date suggest that,
numerous QTLs, e.g., Gnla, Depl, associated with grain
number and yield-related traits, have been identified either
via mapping or cloning approaches. These QTLs have been
successfully introduced into rice plants using various
schemes of MAS for grain yield enhancement in rice.
However, sometimes, MAS does not perform well in
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breeding, which might be due to lack of resources, skilled
labors, reliable markers, and high costs associated with
MAS. Thus, by overcoming these problems, we can
enhance the application of MAS in plant breeding, which,
in turn, may help us in increasing yield, which subse-
quently may help in bridging the gap between demand and
supply of food for the continuously growing population.
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Abbreviations
AFLP  Amplified fragment length polymorphism
BC Back cross

BILs Backcross inbred lines

CAPS  Cleaved amplified polymorphic sequences
GDP Gross domestic product

GPP Grain number per panicle

HD Heading date

MABB Marker assisted backcross breeding
MAP Marker assisted gene pyramiding
MAS Marker assisted selection

MDP Marker data point

mha Million hector

NILs Near isogenic lines

PH Plant height

QTL Quantitative trait loci

RAPD Randomly amplified polymorphic DNA
RFLP  Restriction fragment length polymorphism
RILs Recombinant inbred lines

SCAR  Sequence characterized amplified region
SNP Single-nucleotide polymorphism

SPP Spikelet per panicle
SSR Simple sequence repeat
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STS Sequence-tagged site
UTR Untranslated region
VNTR  Variable number of tandem repeats

Introduction

Rice (Oryza sativa L.) is one of the most important food
crops across the world and is mainly grown in south Asian
countries, specifically in India, China, Sri Lanka, Bangla-
desh Vietnam, Thailand, Philippines (Gupta et al.
2018, 2019; Donde et al. 2019b). Rice belongs to the
family Poaceae. The genus Oryza comprised of twenty-two
wild & two cultivated species, namely, Oryza glaberrima
and O. sativa (Morishima 1984). Germplasm of all culti-
vated rice produced in America, Europe, Asia, the Middle
East, and Africa mainly belong to O. sativa. Germplasm in
West Africa belongs to O. glaberrima. Based on geo-
graphical distribution and morphological traits, Oryza
sativa was further sub-classified as javanica (or tropical
japonica), japonica, and indica (Takahashi 1984). Indica &
Japonica are mainly grown in tropical/subtropical and
temperate regions. The wild progenitors of Asian rice that
are native to southern China are Oryza rufipogan and Oryza
nivara, whereas O. glaberrima, known as African rice,
mainly originated from the Niger river delta (Fuller 2011).

Though rice serves as a staple food crop across the
world, continuous growth in the human population caused
a concomitant upsurge in food demand (Wang et al. 2015).
In addition to urbanization that is associated with a
decrease in cropland, climate change, the occurrence of
novel pests & infections are life-threating for stable crop
production (Liu et al. 2016). Thus, there is an urgent
requirement for the plant breeder to improvise the genetic
make-up of crop plants, so it can tolerate biotic as well as
abiotic stress condition (Donde et al. 2019a). This, in turn,
will help in grain yield enhancement, which serves as one
of the best solutions to aid the food demand of the ever-
growing population. As rice is one the chief staple food
crop for most of the human population, there is an urgent
requirement to enhance its production, together with other
cereal crops, in order to meet the continuous demand of
food supply (Wang et al. 2015). In 2011, Varshney and his
team suggested that global rice production needs to be
doubled by 2050 for feeding the ever-growing population
(Varshney et al. 2011).

Rice yield is generally estimated via the number of til-
lers, grain number per panicles and the number of spikes
present per panicles. Earlier studies have also reported that
grain number is directly associated with yield, and hence, it
is the most essential trait for grain yield (Hua et al. 2002).
The best possible way to increase grain number is by
introducing high grain number genes or quantitative trait
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loci (QTL), like Gnla, and APOI, into elite rice cultivars;
which in turn will increase the food supply (Gouda et al.
2019). Several researchers have also proposed that narrow
bottleneck and loss of useful alleles might be responsible
for having several unproductive tillers and limited sink
size, i.e., small panicles in rice (Khush 1999). Therefore, it
is highly essential to identify and use various biomarkers or
techniques like conventional breeding and molecular
breeding approaches for producing new varieties with high
and stable yield (Donde et al. 2019b). To date, numerous
approaches, like, marker-assisted selection (MAS), have
been developed to introduce these gene/QTLs into rice
(Chukwu et al. 2019). Additionally, MAS has also been
employed in dissecting several other complex agricultural
traits, for instance, drought (Oladosu et al. 2019), cold
tolerance (Shakiba et al. 2017), etc. in rice plant. In 2015,
Suh and colleauges introduced five biotic stress resistance
genes into the japonica rice cultivar employing MAS (Suh
et al. 2015). Recently, several other studies have suggested
that Hap 3 haplotypes (Ma et al. 2019), and GS3 (Nan et al.
2018) can be employed in MAS for enhancing yield in
different rice species. Thus, in this review article, authors
made an attempt to collect information about various bio-
marker associated with grain yield in rice and how MAS
techniques can be employed to introduce them in rice (O.
sativa L.) plant, which in turn will decrease the gap
between food demand and supply of rapidly growing
human population.

QTL mapping in rice

Molecular markers are the fragments of DNA that are
associated with a certain location within the genome (Se-
magn et al. 2006). Molecular markers are either co-domi-
nant or dominant identified through the sequence variation
in the number of tandem repeats between nucleotides. Due
to highly diverse and reproducible ability in the genome,
the molecular markers are used as an ideal marker to study
at the genetic level. Molecular markers are grouped by
their mode of action to identify a gene and its action for the
trait, hybridization-based detection, and transmission pat-
tern of inheritance through the genome. Molecular markers
are broadly classified as PCR based and hybridization-
based markers (Joshi et al. 1999). The PCR based markers
are comprised of amplified fragment length polymorphism
(AFLP), single-nucleotide polymorphism (SNP), randomly
amplified polymorphic DNA (RAPD), sequence charac-
terized amplified region (SCAR), simple sequence repeats
(SSR), cleaved amplified polymorphic sequences (CAPS),
sequence-tagged site (STS), diversity array technology
(DArT), whereas the hybridization-based markers consist
of restriction fragment length polymorphism (RFLP), and
mini-satellites (Fig. 1). Till date, several molecular
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Fig. 1 Molecular markers and their type that are used in plant breeding

markers associated with various biotic, abiotic stresses,
qualitative and quantitative trait including plant height,
heading date or other yield traits have been identified by
mapping the corresponding QTL (Table 1) (Hittalmani
et al. 2003). QTL is a genetic locus that denotes the
character and action of several genes. The gene characters
are either polygenic or quantitative trait that describes the
function of a particular trait, for instance, grain number
(Guo et al. 2015).

QTL for grain number

To date, numerous QTLs, e.g. Gnla, Depl, OsSPLI4,
SCM2, associated with grain number have been identified
and cloned (Gouda et al. 2019). Gnla, which encodes a
cytokinin oxidase/dehydrogenase (CKX?2), is the first map-
based grain number QTL cloned from Habataki utilizing
near-isogenic lines (NIL) (Ashikari et al. 2005) and is

associated with the depletion of the cytokinin. Reduced
CKX2 expression causes cytokinin accretion in the inflo-
rescence meristem, which in turn increases both grain
number as well as branches, thereby enhancing grain yield
(Ashikari et al. 2005). In 2012, Tsai and the team suggested
that an external application of cytokinin may help in
modulation gene expression of CKX in both shoots as well
as roots of rice (Tsai et al. 2012). In 2013, Li and the team
suggested that mutation in the promoter region of the
CKX?2 gene causes enhanced accretion of cytokinins nearby
the apical meristem of rice, which subsequently enhances
the production of grain number per panicle (Li et al. 2013).
In another study, Yeh et al. (2015) suggested that the CKX2
suppression through RNAi enhances the tiller number as
well as grain weight formation, which in turn enhances
grain yield.

Huang et al. identified Dep! for erect and dense panicle
as well as high grain number in Shennong 265 (Huang et al.

Table 1 Information about some important QTL Mapped for grain number and yield related traits in rice

S.No Gene/QTL Trait Parent Chromosome no. Marker interval Marker type References

1 EHDI Grain number  Nipponbare 10 C1369-C234 CAPS Doi et al. (2004)

2 SPP7 Grain number Minghui63 7 R1440-C1023 STS Xing et al. (2008)
3 Ghd7 Grain number Minghui63 7 RM5451, RM1135 SSR Xue et al. (2008)
4 Depl Grain number Shennong265 9 RM3700-7424 SSR Huang et al. (2009)
5 EP3 Grain number Milyang23 2 STS5803-5-TS5803-7 STS Piao et al. (2009)
6 Gnp4 Grain number Hanzhongxiangnuo 4 RM5586-5953 SSR Zhang et al. (2011)
7 LSCHL4 Grain number  Nipponbare 4 STS4-5, RM349 STS Zhang et al. (2014)
8 NGP4 Grain number  Nipponbare 4 RM6314- 5424 SSR Zhang et al. (2015)
9 GNS4 Grain number Zhonghua 11 4 LYH54-LYH71 STS Zhou et al. (2017)
10 qTGWI10-20.8 Grain weight  Teqing/IRBB52 10 Te20811-Te20882 Indel Zhu et al. (2019)
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2009). It controls erect panicle and has a positive effect on
grain number via enhancing both primary as well as sec-
ondary branches via enhancing the meristematic activity,
promoting cell proliferation and encodes an earlier
unidentified phosphatidylethanolamine binding protein
(PEBP)-like domain protein sharing some homology with
the N-terminus of GS3. This QTL is located at chromo-
some 9 between RM3700 and RM7424. The grain yield is
increased by up to 40.9%. Xu et al. (2016) reported that the
v subunit of G protein is involved in the modulation of
grain number per panicle, erect panicle, nitrogen uptake,
and stress tolerance. The expression study of Depl showed
a dwarf and shorter panicle (Taguchi-Shiobara et al. 2011).

Miura et al. (2010) identified WFP (Wealthy Farmer’s
Panicle) from STI12. It encodes Squamosa Promoter
Binding Protein Likel4 (a.k.a. OsSPL14) and is located on
chromosome 8 mapped between RM223 and RM264. They
reported that a higher expression of OsSPLI4 is found at
the early reproductive stages. OsSPLI4 positively regulates
panicle branching and grain number per panicle formation
at the reproductive stage while negatively regulate the
shoot branching in rice at the vegetative stage. Another
study has also reported that the point mutation in OsSPLI14
disturbs the normal OsmiR156-directed regulation of
OsSPLI4, which in turn causes high grain yield with
reducing tiller number in rice (Jiao et al. 2010).

Another QTL, namely, SCM2, encodes Kelch-repeat
containing F-box-containing protein, which helps in the
large panicle formation via restricting the precocious
conversion of inflorescence meristems into spikelet
meristems (Ikeda et al. 2007). SCM?2 is identical to APOI
that controls the panicle structure in rice. The panicles of
APOI loss-of-function mutants form fewer spikelets than
the wild-type panicle. High expression of SCM2 in mutants
increases the spikelet number, mainly via enhancing cell
proliferation rate in both the meristem as well as enlarged
vascular bundles. Earlier studies have also suggested that
that the rice genotype Habataki carrying APOI allele
increases internode diameter, and its overexpression
decreases panicle number in rice (Ookawa et al. 2010).

QTLs/genes for tiller number

Tiller number determines the panicle number, which is a
key component of rice grain yield (Yan et al. 1998). Til-
lering traits are highly dependent on when and where lat-
eral shoot branches develop. The development of tillers is
affected by various environmental factors including plant-
ing density, and climatic conditions such as light, temper-
ature, water supply etc. (Fukushima 2019). Tiller number
per plant is a quantitative trait with a relatively low heri-
tability of 29.8-49.6%. To date, many genes have been
identified for tillers such as Dwarf 3 (d3), Dwarf 10 (D10),
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Dwarf 14(D14), Dwarf 17 (DI17)/high-tillering Dwarfl
(HTD1), and Dwarf 27(d27).

The D10 was identified through map-based cloning by
the backcrossing of Shiokari with Kikeibanshinriki (Ishi-
kawa et al. 2005). This d10 mutant showed an increase in
tiller as compare to the wild type. Arite et al. reported that
dl10 is an ortholog of MAX4, RMSI, and DADI in Ara-
bidopsis, pea, and petunia, respectively (Arite et al. 2007).
D10 gene plays essential role in strigolactone biosynthesis.
Strigolactone hormones are responsible for shoot branching
as well as tillering in rice. Zhang et al. reported that the
strigolactone regulates the auxin level and helps in the
biosynthesis of cytokinin in the shoot nodes and produce
more tillers in rice. In Arabidopsis strigolactone have a
positive effect on root hair elongation (Zhang et al. 2010).

The d3 gene was developed through map-based cloning
and encodes an F-box leucine-rich repeats (LRR). It is an
ortholog of MAX2/ORE9 in Arabidopsis that controls the
axillary bud activity (Ishikawa et al. 2005). In the devel-
opment stage of the rice plant, d3 helps hypocotyl elon-
gation. A mutation in d3 produces a defected hypocotyl
and decrease in shoot branching and senescence. Another
genes, namely, d/4 gene belongs to the o/f hydrolase
superfamily having serine, histidine and aspartic acid at its
hydrophobic sites (de Saint Germain et al. 2016). This d14
gene inhibits rice tillering and act as one key component in
the strigolactone-dependent branching inhibition pathway
(Arite et al. 2009). It is an orthologous of DAD2 & RMS3
in petunia & pea, respectively, and interacts with the F-box
protein to regulate tillering through hydrolyzing strigolac-
tone (Yao et al. 2018). On hydrolytic cleavage of strigo-
lactone, it forms an intermediate D-ring, which enhance the
strigolactone signalling in plant. This will increase the tiller
number in rice. OsMADS57 gene along with D14 regulates
tillering negatively. It regulates the expression of DI4 to
produce more tillers in rice (Guo et al. 2013). HTD] is a
mutant developed through map-based cloning by back-
crossing of Nanjing 6 with Aataiyin 2 at chromosome 4.
HTDI is a recessive gene that controls tillering by pro-
ducing more axillary buds in rice plants (Zou et al. 2005). It
encodes MAX3, an ortholog of Arabidopsis, and is
expressed in both root and shoot (Zou et al. 2006). A
mutation in the HTDI gene is reported to produce more
tiller and reduces the plant height in rice, which in turn
increases yield in rice plants (Zou et al. 2005).

QTLs/genes for heading date

The heading date is another important trait that determines
the yield potential in rice. Several genes responsible for
heading date have been identified to date. For instance, a
QTL for heading date such as gDTH-5 has been identified
from the BC,F, population of Milyang 23 and O. rufipogan
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cross (Cho 2003). Yano et al. identified 14 QTLs respon-
sible for flowering time and developed NILs by crossing
Nipponbare and Kasalath as the donor for Hd3. They
suggested that an epistatic interaction between Hd3 and
Hd|1 results in increased expression of photo periodicity in
Nipponbare. Hdl present in rice is an ortholog of CON-
STANS (CO) gene in Arabidopsis and plays a significant
role in flowering (Yano et al. 2000). Under short-day
conditions, Hdl promotes floral transition while suppress-
ing under long-day conditions. Doi et al. reported that Ehd]
delayed flowering by activating the expression of Hd3a
gene and RFTI on short-day plants (Doi et al. 2004). It
contains a B-type regulator which induces flowering under
long and short-day condition. Florigen genes/QTLs were
the main factors for flowering. Their expression occurs
when it comes in contact with certain environmental sig-
nals to inducing flowering in the plant. Rice flowering
genes, namely, Rice Flowering Locus T (RFTI) & Hd3a,
are involved in the flowering pathway in rice (Komiya
et al. 2008). Another QTL, namely, Ghd7, identified in
rice, shows a pleiotropic effect on growth such as heading
date, plant height and the number of grains per panicle
(Xue et al. 2008). It directly affects the grain yield on rice
by controlling the grain number. This may regulate the
photoperiodic flowering time as well as light signalling on
long-day conditions. Ghd7 increases grain number by
producing more branches in rice (Brambilla and Fornara
2013). Chakraborty et al. mapped gHD-1-b at chromosome
1 between flanking markers RG109 to ME1014. This QTL
is very sensitive to moisture stress found during flowering
and results in high floret sterility (Chakraborty and Zeng
2011). A total of 32 QTLs were identified for flowering and
grain yield-related traits (Huang et al. 2011).

QTL for other yield-related traits

In 2004, Lanceras and the team identified 77 QTLs for
yield components, yield, panicle sterility after crossing
IR62266 and CT9993 in rice (Lanceras et al. 2004). Xiao
and the team detected 2, 3, 4, 4, 1, 2 and 2 and QTLs for
grain yield, ear number per plant, kernel number per ear,
100 kernel weight, cob weight per ear, ear weight, and
kernel weight per ear respectively, under irrigated condi-
tion (Xiao et al. 2005). In 2006, Yue and the team identi-
fied 39 QTLs for productivity, grain weight, leaf rolling,
spikelet fertility, harvest index, and biomass, with a pop-
ulation of indica low land x tropical japonica upland.
qGL3 has been mapped on chromosome 3 between
RMw357- RMw353 (Yue et al. 2006). Gomez identified 24
QTLs associated with numerous plant production as well as
physio-morphological traits during drought stress. QTLs
number per trait under stress condition was: 1 for panicle
length, 4 for leaf drying, 5 for leaf rolling, 5 for plant

height, 3 for days to 50% flowering, 1 for straw yield, and 3
for grain yield (Gomez et al. 2006). Venuprasad and team
identified DTY3.1 that have strong impact on grain yield
under drought stress (Venuprasad et al. 2007). Bernier and
the team investigated the impact of ¢t/12.1 on grain yield
as well as its related traits in rice of eastern India as well as
Philippines and suggested that the relative impacts of
qtl12.1 on grain yield enhance with increasing drought
stress intensity, from no effect under irrigated conditions to
additive effect of > 40% of trait mean in the utmost harsh
treatment (Bernier et al. 2009). Two QTLs, namely, gGYP-
2-1 & qGYP-3-1, have been mapped from the backcrossing
population BC;F; of G52-9 and Yuexiangzhan (Jing et al.
2010). These QTLs were mapped on the chromosome 2
and 3 with a marker interval of RM282-RM49 which
increases yield from 40.05 to 49.04%. Vikram and col-
leauges identified a major QTL, namely, gDTY].1 for grain
yield under reproductive-stage drought stress on rice
chromosome 1 flanked by RM11943 and RM431 in all
three populations. RILs were developed by crossing N22
with Swarna, IR64 and MTU1010. They recorded the
phenotypic variation of 13.4%, 16.9% and 12.6% in 13.4%,
Swarna, IR6, MTU1010, respectively. Continuous analysis
over 2 years reveals that gDTYI.1 have an additive impact
of 16.1%, 29.3% and 24.3%, and of mean yield in N22/
MTU1010, N22/Swarna and N22/IR64, respectively, under
drought stress. gDTY 1.1 also showed a positive impact on
grain yield in non-stress situations in N22/Swarna, N22/
IR64 and N22/MTU1010 (Vikram et al. 2011).

Cloning of QTLs for yield

Some of the rice QTLs have been identified through posi-
tional cloning. For example, Hdl, Hd6, Ghd7, DTHS,
Ehd4, and DTH7 have been cloned for heading date in rice
(Gao et al. 2014). Few genes controlling panicle length
have also been cloned to date. For example, the gene short
paniclel (SP1) encodes a putative polypeptide transporter
protein (PTR) that regulates the spike meristem activity,
resulting in the short-panicle phenotype (Li et al. 2009).
The gene DEP2 encodes a plant-specific protein deprived
of any recognized functional domain and is highly essential
for modulating panicle outgrowth as well as the elongation
(Li et al. 2010). DEP3 encodes a patatin-like phospholipase
A2, which plays key role in high grain yield (Qiao et al.
2011). LARGER PANICLE (LP) encodes a Kelch repeat-
containing F-box protein, which is highly required for
enhancement of both spikelet’s as well as branches and is
also involved in regulating cytokinin concentration within
plant tissues (Li et al. 2011). Detailed information about
some yield-related QTLs identified through cloning is
provided in Table 2. Further, the introduction of these
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Table 2 Detailed information about some yield-related QTL identified through cloning

S.No Gene/QTL Trait Chromosome no. Donor Reference

1 Hdl Grain number 6 Kasalath Yano et al. (2000)

2 LAX1 Grain number 1 Zhonghual 1 Komatsu et al. (2001)

3 Ehdl Grain number 10 T65 Doi et al. (2004)

4 Gnla Grain number 1 Habataki Ashikari et al. (2005)

5 BRD?2 Grain number 10 Nipponbare Hong et al. (2005)

6 Ghd7 Grain number 7 Minghui63 Xue et al. (2008)

7 DEPI Grain number 9 Shao314 (Huang et al. 2009)

8 EP3 Grain number 2 Hwasunchalbyeo Piao et al. (2009)

9 DEP3 Grain number 6 Hwacheongbyeo Piao et al. (2009)

10 SP1 Grain number 11 Zhonghuall Li et al. (2009)

11 SCM2/APO1 Grain number 6 Habataki Ookawa et al. (2010)

12 EP2/DEP2 Grain number 7 Zhonghuall Li et al. (2010)

13 WFP/IPA1 Grain number 8 Shaoniejing Jiao et al. (2010)

14 PAP2 Grain number 3 Nipponbare Kobayashi et al. (2010)

15 Ghd8/DTH8 Grain number 8 Zhenshan97 Yan et al. (2011)

16 LAX2 Grain number 4 Zhonghuall Tabuchi et al. (2011)

17 APO2 Grain number 4 Habataki Ikeda-Kawakatsu et al.
(2012)

18 Nglf-1{OsARG) Grain number 4 Kitaake Ma et al. (2013)

19 FzpP Grain number 7 Zhonghuall Ren et al. (2018)

20 DI Tiller number 5 FL2 Ashikari et al. (1999)

21 D2 Tiller number 1 Kasalath Hong et al. (2003)

22 DIl Tiller number 4 Taichung65 Tanabe et al. (2005)

23 DI17/HTDI Tiller number 4 Nanjing6 (Zou et al. 2006)

24 D88 Tiller number 3 Lansheng Gao et al. (2009)

25 Di4 Tiller number 3 Shiokari Arite et al. (2009)

26 DI0 Tiller number 1 Indica9 Yuan et al. (2013)

27 RGAI Panicle number 4 IR36 Seo et al. (1995)

28 TLDI1 Panicle number 11 Hwayoung Zhang et al. (2009)

29 ASPI Panicle number 8 TOS17 Yoshida et al. (2012)

30 TADI Panicle number 3 Minghui63 Xu et al. (2012)

31 DLT Panicle number 6 Zhonghuall Xiao et al. (2017)

32 OsPIN2 Panicle number 6 Heijing2 Wang et al. (2017)

33 GW2 Grain weight 2 WwY3 Song et al. (2007)

34 GWS Grain weight 5 IR24 Wan et al. (2008)

35 GWba Grain weight 6 WwY3 Qi et al. (2012)

36 GWS8 Grain weight 8 HIX74 Wang et al. (2012b)

37 HGW Grain weight 6 Zhonghual 1 Li et al. (2012)

38 TGW6 Grain weight 6 Kasalath Ishimaru et al. (2013)

QTLs in the rice plant via different approaches, like MAS,

may increase yield.

Marker-assisted selection (MAS)

MAS is a method of trait selection by using molecular
markers (Lamont et al. 2014). For the first time, MAS was
suggested by Smith and Simpson (1986) as well as by
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Soller and Beckmann (1990). In MAS, the initial step

utilizes both phenotypes as well as genotypes for detecting
genetic markers related to any trait(s) or phenotype(s).
Subsequently, these markers are introduced into the genetic
evaluation as well as selection techniques via computing
their impact on the trait(s)/phenotype(s) (Lamont et al.
2014). Thus, it increases the efficiency of plant breeding by
transferring the genes/QTLs of interest to the plant genome
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(Babu et al. 2004). The molecular markers could also help
in increasing the efficiency of target gene introgression and
recovery from the recurrent parent genome through back-
crossing (Hospital 2005). Moreover, reliability, good
quality of DNA, skilled marker assay, high level of par-
ental polymorphism, and costs are considered as the five
most important criteria for marker consideration (Mackill
and Ni 2008). Successful implementation of MAS breeding
in broad range of crops like barley, beans, cassava,
chickpea, cowpea, groundnut, maize, potato, rice, sorghum,
and wheat has been well documented by various
researchers (Cobb et al. 2019).

MAS schemes

The two most important MAS schemes in plant breeding
are (a) Marker-assisted backcross breeding (MABB)
(b) Marker-assisted gene pyramiding. MABB is the most
native form of MAS, and its main objective is to incor-
porate the most important gene from an agronomically
inferior source, i.e. the donor parent into the elite cultivar,
i.e. the recurrent parent. In this scheme, the final product is
the line comprised of only the most essential gene from the
donor parent, with the recurrent parent genotype present
everywhere else in the genome (Hospital and Charcosset
1997; Hospital 2005). By employing markers specific for
target loci could minimize the donor chromosome segment
containing the target loci. This, in turn, will reduce the
linkage drag and improve rice quality. MABB helps in the
recovery of the desired gene by minimizing the chromo-
some size of the donor parent (Bishwas et al. 2016).
MABB involves the successful removal of donor genetic
background with the maximum recovery of recurrent par-
ent’s genome. This approach is most widely used for the
development of near-isogenic lines (NILs) by minimizing
the donor segments flanking the target locus. NILs are the
backcrossing mapping populations developed by crossing
the donor containing the trait of interest with the recurrent
parent. These populations (NILs) are first developed by
Tanksley and Nelson through advance backcrossing of
QTLs (Tanksley and Nelson 1996). The NILs are isolated
through the screening of a large population of about 1000
individuals in BC, or BC; generation. Immortal popula-
tions were developed through repeated backcrossing
through NILs. These are used as a tool for mapping of
QTLs and markers linked to target genes in the breeding
program. NILs are also used for pyramiding of QTLs and
study the epistatic interaction between genes. QTL-NILs
are constructed for the development of new varieties
through the introgression of new genes in the elite genetic
background.

Gene pyramiding is used as an essential approach for
crop improvement, and it is more prevalent in cereals like

wheat and rice by the introgressing genes of traits into elite
varieties. The process of pyramiding involves the transfer
of genes of the various traits into a single genotype from
multiple parents by MAS. Different QTLs are used for
pyramiding to increase yield (Ashikari and Matsuoka
2006). Gene pyramiding aims for (a) enhancing trait per-
formance by combining two or more complementary
genes, (b) remedying deficits by introgressing genes from
other sources (c) increasing the durability of resistance, and
(c) broadening the genetic base. Pyramiding of favourable
genes for yield traits will make a valuable contribution to
breeding programs to increase yield in plants. It is used to
improve yield traits as well as other traits influenced by the
environment. The method of gene pyramiding is carried out
by using the MAS approach to minimize the breeding time,
which in turn will reduce the population size and number of
generations to identify the yield trait that has been trans-
ferred from an outer source. To date, a large number of
genes/QTLs have been tagged with molecular markers to
use in MAS for trait improvement (Arunakumari et al.
2016; Balachiranjeevi et al. 2018; Chukwu et al. 2019).

MAS for grain yield

As stated above, successful implementation of MAS
breeding in broad range of crops like rice, barley, beans,
cassava, chickpea, cowpea, groundnut, maize, potato, sor-
ghum, and wheat has been well documented in different
works of literature (Cobb et al. 2019). Both schemes of
MAS, namely, MABB and MAP have been extensively
employed for various conditions, including abiotic stress
(Steele et al. 2006), and grain number (Ashikari et al.
2005).

MABB for grain yield

By using MABB, it possible to enhance yield by intro-
gressing candidate genes in different crop plants. Septin-
ingsih et al. developed BC,F, populations by crossing IR64
with O. rufipogan (IRGC105491) for identifying QTL
associated with different yield traits (Septiningsih et al.
2003). Zhang et al. (2006) developed near-isogenic lines
(NILs) by crossing Zhenshan 97 with HRS for spikelet per
panicle (SPP), grains per panicle (GPP), plant height (PH),
and heading date (HD). NILs were developed from IR64
and Azucena for four root trait QTLs through backcrossing
(Shen et al. 2001). The Doubled haploid lines carrying four
QTLs had greater than 50% of the recipient genome, i.e.,
IR64. Shen et al. (2001) found that the non-target trait
association with some NILs results in increased plant
height with reduced tiller number. All 9 NILs showed
reduced tiller number, whereas three of the four NILs were
significantly found taller than IR64. The small effects on
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QTLs could also be detected by NILs (Keurentjes et al.
2007). Ashikari et al. developed NILs for Gnla in the
background of Nipponbare from donor Habataki (Ashikari
et al. 2005). He et al. (2006) developed ¢GY2-1, a grain
yield QTL, by crossing Dongxiang (O. rufipogan) with
Guichao2 (indica). Two QTLs, namely, gw8.1 and gw9.1,
were developed from a cross between Hwaseongbyeo
(Korean japonica cultivar) and IRGC105491 (O. rufi-
pogan) at chromosome 8 and 9 (Xie et al. 2006, 2008). In
another study, NILs were developed by transferring gw9.1
QTL from O. rufipogan to Hwaseongbyeo of temperate
Japonica background (Xie et al. 2008). Seven QTLs were
identified in the BC3F, population for thousand-grain
weight, spikelet per panicle, grains per panicle, panicle
length, spikelet density, heading date, and plant height. The
grain yield increased up to 14—18% in NIL populations as
compared to the Hwaseongbyeo parent (Xie et al. 2008).

Bernier et al. developed NILs for ¢gDTY12.1 with aver-
age grain yield under drought conditions (Bernier et al.
2009). Zhang et al. (2009) developed 4 NILs in the back-
ground of Zhenshan 97 using a donor line of HRS. HRS
was selected as a donor for SPP and GPP QTLs to transfer
into Zhenshan 97 background. The developed NILs in the
BC4F, population showed a 50% spikelet per panicle
variation and 80% variation found in plant height and
heading date. A backcrossing population BC4F, was gen-
erated by crossing IR24 with Asominori (Wan et al. 2006).
This showed a phenotypic variation of 33-35%. Wang
et al. (2017) introgressed two yield genes secondary branch
number (SBN) and spikelet per panicle (SPP) to a japonica
cultivar Tainan 13 from the donor IR65598-112-2 a high
yielding rice genotype. They found that the BC,Fs lines
have an increase in SPP and SBN by 83.2% and 61%,
respectively. Whereas NILs were developed for gSBNI and
gPBN6 from a cross between Sasanishiki, a japonica cul-
tivar, with indica cultivar Habataki (Ando et al. 2008). The
spikelet per panicle was reported 30% higher than
Habataki. Luo et al. (2013) developed NILs by back-
crossing of Hwayeongbyeo and O. rufipogan. They intro-
gressed ¢gSPP5 and ¢qTGW5 into the Hwayeongbyeo
background. An increase in 10-15 spikelets had been found
in the NILs.

Imai et al. (2013) introgressed six yield QTLs yldI.1,
yvld2.1, yld3.2, yld6.1, yld8.1, yld9.1 to Jefferson back-
ground from O. rufipogan through MABB. All the lines
showed a better yield as a comparison to control. The NILs
carrying the yld2.1 and yld6.1 showed an increased yield
percentage of 27.7 and 26.1, respectively. They also found
that only the yld9.1 QTL containing ILs are showing
lodging as compared to the wild parent. Singh et al.
introgressed gGn4.1 for grain number per panicle into 12
rice mega varieties through marker-assisted backcross
breeding (Singh et al. 2018). The BC,F; plants showed an
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increase in grain number per panicle in all 12 backgrounds.
Mishra et al. (2013) developed the backcross inbred line by
crossing IR74371-46-1-1 and Sabitri for ¢DTYI12.1
responsible for grain yield in the reproductive drought
stress condition. A 45.3% grain yield found on drought,
Henry et al. (2014) introgressed ¢gDTY12.1 into the Van-
dana background. The NILs showed a higher yield under
drought. Two QTLs ¢DTY3.2 and gDTYI2.lvwere trans-
ferred to Sabitri, an upland variety of Nepal. The NILs
developed through backcrossing showed early flowering up
to 13 days and reduction of plant height up to 13 cm as
compared to Sabitri (Dixit et al. 2017). Various other QTLs
identified and mapped through MABB approach is depicted
in Table 3.

Marker-assisted gene pyramiding for grain yield

Gene pyramiding is widely applicable in traits that are
inherited but challenging to measure their phenotypic
expression. Traits are improved by gene pyramiding if the
gene affecting the particular traits are identified using
functional markers. Genes that are difficult to transfer in a
single genotype through conventional breeding are possible
through marker-assisted gene pyramiding. Ashikari et al.
(2006) pyramided Gnla and Phl associated with grain
number and plant height, respectively, by crossing between
Koshihikari and Habataki to produce the NIL. The resultant
NIL showed an increased grain number with reduced plant
height. The pyramided lines showed an increased grain
production of up to 23%, and plant height reduced to 20%
as compared to Koshihikari. Ohsumi et al. (2011) devel-
oped NILs by backcrossing of Sasanishiki with high
yielding parent Habataki. They pyramided two QTLs,
namely, gSBNI and gPBN6, responsible for primary and
secondary branch formation in rice plant. The pyramiding
lines carrying two QTLs showed a 62-65% increase in
spikelet per panicle whereas single QTL gSBNI produced
28-37% and gPBN6 9-16%. A yield recorded higher up to
4-12% due to carbohydrate translocation from stem to
panicle. Zong et al. (2012) pyramided 4 QTLs for spikelet
per panicle gSN-1a, gSN-1b, gSN-6, gSN-8 and 4 QTLs for
1000 grain weight gTGW5a, qTGW5b, qTGWS, qTGW10
by crossing RILS of AW35 x AW208 and AWS5I1 x
AW?208. This shows an increase is grain number up to 10%
with a grain weight of 8% in rice. Wang et al. pyramided
QHDS and GS3 in Zhenshan97 from donor parent 93-11
(Wang et al. 2012a). These pyramided lines show longer
grains with higher yield per plant by 53%, spikelet number
and flag leaf were increased by 14 and 30%. Yano et al.
identified the strong culm QTL (SCM3) which is identical
to OsTBI control strigolactone signalling in rice (Yano
et al. 2015). They developed NILs having two QTLs,
namely, SCM2 and SCM3. The single QTLs showed strong
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Table 3 Identification and mapping of QTLs through MABB approach

S.No QTLs Cross Population Marker Interval References
1 qGL-3a Asominori/IR24 BC,F, RMw357-RMw353 Wan et al. (2006)
2 GWO.1 Hwaseongbyeo/ BC;F, RM24718.CNR11- RM30005CNR 142 Xie et al. (2008)
O.rufipogan
3 qSPP1 Zhenshan97/HRS BC,F, MRG2746-RM490 Zhang et al.
(2009)
4 qGPP1 Zhenshan97/HRS BC,F, MRG2746-RM490 Zhang et al.
(2009)
5 GW3 Baodali/Zhongua BC,F, WGWI16-WGW19 Gou et al. (2009)
6 qGY2-1 Yuexiangzhan/G52-9 BC;F; RM110-RM211 Jing et al. (2010)
7 qGYP3-1 Yuexiangzhan/G52-9 BC;F; RM282-RM49 Jing et al. (2010)
8 qDTH3.1, gDTH4.1, Swarna/O. nivara BC,F, RM22-RM517, RM185-RM204, RM314- Swamy et al.
qDTH6.1 RM241 (2011)
9 gNPB2.1, gNPB7.1, Swarna/O. nivara BC,F, RM3874-RM6, RM172-RM248 Swamy et al.
(2011)
10 qSPP5 Hwayeongbyeo/CR6 BC,F, RM413-RM194 Luo et al. (2013)
11 qTGW5 Hwayeongbyeo/ BC,4F; RM194 Luo et al. (2013)
CR7111-30

culm as well as increased spikelet number, whereas two
QTLs (SCM2 +SCM3) showed much stronger culm than
single QTL carrying pyramided lines.

Shamsudin et al. pyramided three drought QTLs
qDYT2.2, gDYT3.1, ¢DYTI2.1 into MR219 background for
yield. gDYT2.2and gDYT3.1 showed a positive effect for
grain yield in low land areas (Shamsudin et al. 2016). Two
QTLs  (¢gDYT2.2 + gDYT3.1, ¢DYT2.2 + gDYTI2.1,
gDYT3.1 + gDYTI2.1) showed an increase in grain yield
under reproductive drought stress condition as compared to
three QTLs combinations. Kumar et al. pyramided drought
and submergence QTLs in MR219, Swarnasubl, Samba
Mahsuri. The pyramided lines containing gDTY12.1 +
gDYT3.land ¢gDYT2.2 + gDYT3.1 showed high yield
under RS and NS condition (Kumar et al. 2018). Two
drought QTLs ¢gDTYI2.1 and gDTY2.3 were introgressed
into Funnabor 2 through the backcrossing method (Any-
aoha et al. 2019). The pyramiding lines carrying these two
QTLs show higher grain yield under drought and normal
conditions. Thus, the scheme associated with MAS may
serve as an important tool in plant breeding to increase
yield by modulating various traits. However, as nothing is
ideal or perfect in this world, MAS has certain limitations
in plant breeding approaches.

Limitation and future perspectives

Irrespective of all advantages mentioned above, MAS still
has certain limitations, which in turn may cause failure in
breeding, for instance, lack of resources, skilled labors,
reliable markers, and high costs associated with MAS. The
most important expenditure involved prior to MAS is the

generation of a genetic linkage map for the species of
interest and recognition of linkage amongst genes/QTLs
and economically important traits. Such expenditure could
be significantly high for developing countries. In 2003,
Dreher and the team suggested that these costs could be
significantly reduced by increasing marker number con-
sidering the economies of scale as well as the absence of
divisibility associated with numerous components of MAS
(Dreher et al. 2003). This can be best achieved by estab-
lishing marker genotyping companies, which in turn will
help marker genotyping to be outsourced. Presuming costs
associated with outsourcing genotyping to be cheap,
absence or presence of minimum logistic problems, this
will enhance use of MAS in plant breeding (Collard and
Mackill 2008). Thus, authors believe that formation of
marker genotyping facilities as well as staff training in
various rice breeding institutes across globe, identification
of genes/QTLs controlling traits and tightly-linked mark-
ers, establishment as well as annotation of publicly avail-
able QTL/marker associated databases and generating new
markers from DNA sequence data employing high
throughput sequencing technology may enhance the
application of MAS and, in turn, may help us in increasing
grain yield.

Conclusion
In conclusion, it is well established that genetic diversity is
the major factor in crop improvement programs, and MAS

serves as the primary technique for bringing this diversity
into breeding programs deprived of the associated linkage
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drag from otherwise poor-quality genomes of donor vari-
eties. Molecular breeding plays an essential role in crop
improvement by producing NILs, RILs and BILs popula-
tions and were used in QTLs and gene identifications.
Therefore, MAS has a great role in discovering new QTLs,
genes, and alleles responsible for increasing grain yield as
well as biotic and abiotic stress tolerance of crops.
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