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Abstract
The long-term goal of a breeder is to increase genetic variation by bringing desirable genes from natural populations into 
the breeding population. With the advancement in genomics, molecular marker tools have become the breeder’s choice 
for genotypic selection, facilitating quick and reliable selection of individuals in the segregating populations. Various 
marker-assisted breeding (MAB) strategies are needed in different crop systems for the rapid development of cultivars. The 
advancement of genomic resources has led to the development of multi-parent and multi-trait improvement strategies such 
as marker-assisted gene pyramiding (MAGP), marker-assisted recurrent selection (MARS), and genomic selection (GS). 
MARS is an important population improvement method that focuses on cyclically choosing and enriching favorable alleles 
from biparental or multiparent introgression at several loci. MARS begins with a heterogeneous base population and exploits 
superior recombinants during each cycle to produce a broad-based improved population, an inbred line or a hybrid. Realizing 
the MARS potentiality, various public and private sectors have successfully applied it in many commercial crops. Here we 
present the merits of MARS with other marker-assisted selection schemes, the procedure involved, and key factors to be 
considered for its successful implementation.
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Introduction

The science of plant breeding has progressive cutting-edge 
innovations, with numerous tactics, concepts, and practices, 
from domestication to the contemporary method of genomic 
selection or genome editing. The whole-genome and gene-
targeted surveys in combination with the skill of accurate 
selection through precision breeding are made possible by 
the development of molecular marker technology. A long-
term objective of plant breeders is to create varieties that 
can adapt to environmental and agricultural difficulties in 

order to offer sustained and enhanced crop yields. Commer-
cial breeding populations have a narrow genetic base due 
to domestication bottleneck, and selection pressure oper-
ated during evolution (Smýkal et al. 2018). Modern elite 
lines have been bred by utilizing one or a few parents that 
resulted in rapid fixation of genes leading to genetic vulner-
ability. Lack of diversity in modern germplasm may further 
restrict our ability to breed for increased nutritional levels, 
and resistance to pests and diseases (Smýkal et al. 2018; 
Larkan et al. 2013). Identifying the intrinsically superior 
recombinants or transgressive segregants from the diverse 
gene pool or segregating progenies with superior alleles 
is truly challenging (Chaitra et al. 2020). Breeding opera-
tions should be rigorously planned to support molecular 
and genomics approaches that assist the process of intro-
ducing favorable alleles from crop wild relatives (CWRs). 
Multi-parent population (MPPs) or multi-trait enhance-
ment approaches are acquiring greater space, especially 
in high-resolution mapping studies (Scott et al. 2020) or 
gene stacking practices such as MARS, MAGP, Marker 
Assisted Back Crossing (MABC), and GS. The eventual 
goal of these breeding programs is to enrich the population 
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with favorable and diverse alleles by intensifying the rate of 
genetic gain for the genes underlying economic traits in the 
context of faster development of climate-resilient varieties 
(Prasanna et al. 2013; Kole 2013; Varshney et al. 2018).

Indispensable evaluation of germplasm source material 
or later segregating generations is mandatory in breeding 
programs for various traits governed by major or polygenes. 
Even with the huge availability of plant resources, and sev-
eral genetic models, success through traditional phenotype-
based breeding methods is inadequate due to time and G 
x E interactions (Hallauer et al. 2010). In recent years, an 
increase in selection accuracy based on genotype knowl-
edge has added weightage to the development of varieties 
or hybrids with complex traits. On the other hand, even with 
the availability of high-throughput sequencing platforms and 
genomic resources, genomics-assisted breeding may fail in 
the absence of high-quality phenotypic data. Uncovering 
the genetic basis of complex traits, cloning, and sequencing 
the candidate genes will not benefit economically deprived 
farmers unless researchers transform them into superior 
varieties. It is essential to adapt the breeding strategy that 
reflects on the power of phenotype as well as the precision 
of genotype to resolve the complexity encountered in multi-
trait and multi-stage selection for economically important 
traits (Sonnino et al. 2007). Henceforth, marker-assisted 
recurrent selection (MARS) received greater importance for 
multi-trait and multi-parent population improvement, which 
provides greater advantage of a cyclic selection of recom-
binants for complex traits (Sandhu et al. 2018a, b). Recurrent 
selection (RS) (Sprague and Eberhart 1977) is a population 
improvement approach wherein, the target genes from multi-
ple genotypes or heterogeneous populations are combined by 
repeated selection of desirable recombinants in a cyclic man-
ner (Chahal and Gosal 2006). Lande and Thompson (1990) 
proposed MARS scheme, for the selection of the desirable 
individuals for complex traits based on the identified QTL in 
the same population, and the relative preciseness depends on  
the genetic variation explained by associated markers (Ceballos  
et  al. 2015; Beyene et  al. 2016; Bankole et  al. 2017).  
MARS comprises of selection, evaluation and recombination 
at every cycle among selected plants with the expectation of 
increased frequency of beneficial marker alleles for target 
traits and in turn the genetic gain in the progeny population 
(Mayor and Bernardo 2009a, b; Stam 1995; Peleman and van 
Der Voort 2003; Abdulmalik et al. 2017). It is ascertained 
that a genetic gain achieved through MARS is higher than 
that of phenotypic-recurrent selection (Moreau et al. 2004; 
Openshaw and Frascaroli 1997). The genetic gain of different 
traits under MARS scheme was almost twice than that of phe-
notypic-recurrent selection (Eathington 2005; Crosbie et al. 
2006; Marcón et al. 2020). Many cross-pollinated crops have 
benefited from genomic and marker-assisted recurrent selec-
tion. However, due to time-consuming crossing procedures, 

such selection is not possible in self-pollinated crops (Sekine 
et al. 2021). MARS is mainly, regarded as a genotype-driven 
approach that favor faster development of varieties or hybrids 
to achieve “ideal genotypes” (Peleman and van der Voort 
2003). Presently, in many private sectors, MARS research 
programs have been initiated for genetic modeling of breed-
ing populations for different complex traits (Ragot et al 2000; 
Eathington 2005; Crosbie et al. 2006). Breeders are utiliz-
ing germplasm knowledge and marker-trait associations to 
improve breeding populations with multiple traits. Both phe-
notypic selection in various cycles (Dhliwayo et al. 2014) and 
the efficiency of MARS over phenotypic selection (Beyene 
et al. 2016; Bankole et al. 2017) have highlighted the poten-
tial of recurrent selection on yield, abiotic stress, and quality 
parameters in plants. With 2–3 cycles of recurrent selection, 
the genetic gain for the target traits had been enhanced to 
a desirable level saving time and valuable resources during 
the development of varieties for various quantitative traits in 
maize, soybean, and sunflower (Johnson 2004; Eathington 
et al. 2007). MARS was utilized to pyramid leaf rust and 
coffee berry disease resistance alleles in coffea arabica L. 
(Saavedra et al. 2023). MARS can be an efficient strategy for 
designing future crops by integrating multiple desirable traits 
from several plants (Varshney et al. 2021). This review paper 
aims to provide the details about the potentiality of MARS 
on population improvement and on current status of MARS 
in different crops, and its merits over other MAS schemes.

MARS in Comparison to MAS Schemes

MAS v/s MARS

MAS is an indirect selection process where a trait of interest 
is selected based on a marker linked to that trait of interest 
(Song et al. 2023). MAS is realistic if the trait of interest is 
governed by one or two major genes, and it is ineffective 
and impractical for complex traits governed by polygenes 
(Bernardo 2008; Budhlakoti et al. 2022b). MARS is a type 
of MAS used in recurrent selection (Bankole et al. 2017). 
Recurrent selection is a type of selection that basically 
involves increasing the frequency of superior genes for vari-
ous characters in a population (Saavedra et al. 2023). MARS 
is regarded as an effective strategy for improving polygenic 
traits (Suvarna et al. 2023).

The markers that are tightly linked to the QTL region 
on a chromosome are consistently used to predict the 
performance of elite breeding lines in both animals and crop 
plants (Goddard and Hayes 2009; Bernardo 2008). Although 
many successful MAS programs were conducted worldwide 
and many varieties for various traits have been developed 
in numerous crop systems, few major impediments of MAS 
curtail its application in a breeding program (Hallauer 1999; 
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Heffner et al. 2009). MAS relies on a limited number of 
molecular markers (Sinha et al 2023). Most of the markers 
used for the selection of target traits were based on major-
effect QTLs that explained the highest phenotypic variation 
by ignoring many other QTLs with minor effects (Bernardo 
2002; Eathington et al. 2007; Xu 2012; Kushanov et al. 2021). 
Another constraint of MAS is that the marker tightly linked 
with target traits identified in one population may not show 
polymorphism for other populations (Lande and Thompson 
1990; Schuster 2011; Sakiyama et al. 2014; Platten et al. 
2019). Besides that, the selected individuals are simply 
advanced by inbreeding or backcrossing. Consequently, the 
efficiency of markers linked to target genes decreases with an 
increase in recombination frequency due to single crossover 
or double crossover events between marker and QTL regions 
(Jiang 2013). Whereas, MARS can exploit the advantage of 
multi-trait improvement (Peleman and van Der Voort 2003) 
in a single population by successfully intermating selected 
individuals in every cycle. So, the chances of getting superior 
recombinants would also be increased in the population as the 
selection of plants is critically based on significantly linked 
markers to QTL regions. Hence, the genetic gain expected 
from MARS would also be higher than MAS (Ribaut and 
Ragot 2007; Bankole et al. 2017).

MABC v/s MARS

MABC employs two parents (recurrent and donor) contrast-
ing for a single trait to improve an already superior cultivar 
for one or a few traits. Here, the resulting variety would be 
just a recurrent parent improved for the single trait, and the 
markers used for target trait selection would generally be 
marker linked with mono or oligogenic traits or major effect 
QTL. MABC overlooks polygenic traits. Consequently, 
the success of MABC crucially depends on the number 
of factors viz., the population size in each generation of a 
back cross, marker-gene association (phenotypic variation 
explained, and the genetic distance). The number of mark-
ers used for recombinant selection is proportionate to mini-
mize linkage drag in the vicinity of the target segment of the 
chromosome (Jiang 2013) and the recurrent parent genome 
recovery during background selection for non-target seg-
ments of chromosome play critical roles in MABC. Hospital 
(2003) suggested that the MABC population should con-
tain at least one genotype (recurrent parent) with all desir-
able alleles except for QTL under question. Nonetheless, 
the number of QTLs cannot be increased gradually beyond 
six because of difficulty in handling, and a greater chance 
of linkage drag is expected as unwanted alleles from donor 
parent could be present on target chromosome even after 
BC6 generation (Newbury 2003). Two QTL regions for high 
seed protein content in soyabean were introduced through 
MABC (Sebolt et al. 2000), on the contrary, only one QTL 

was confirmed in BC3F4:5 and it was found to be unstable in 
different genetic background and multiple environments. Pi9 
gene responsible for resistance to blast in rice (Scheuermann 
and Jia 2016), was obstructing the incorporation either by 
MAS or MABC resulted in contrary grain hull color due to 
the probable linkage drag from wild progenitor (Amante-
Bordeos et al. 1992).

The critical difference between MAS/MABC and MARS 
is that the former methods analyze the markers linked to QTL 
at only one generation and strive to firmly unite with genomic 
variations, while, the MARS evaluates the significantly 
linked flanking markers of QTL region at each cycle of recur-
rent selection (Johnson 2004; Eathington 2005; Crosbie et al. 
2006) and identifies the linked QTL with higher precision. 
MARS is useful for capturing a large number of major as well 
as minor QTLs; hence the genetic gain achieved by MARS is 
higher than that by MABC (Bernardo and Charcosset 2006; 
Kushwah et al. 2020).

MAS in Pedigree Breeding vs MARS

MAS has been deliberately used in a pedigree breeding pro-
gram wherein plants' selection is merely based on few loci 
at early generations, like F2 or F3 (Eathington 2005; Dudley 
and Lambert 2010) which need indispensable use of large 
population (Ribaut and Betrán, 1999). Accordingly, MAS 
is inadequate for the accuracy of QTL parameters such as 
QTL position on genomic region and contemporary rele-
vance across environments or gene pools. However, in vari-
ous breeding programs for disease resistance, namely, cyst 
nematode (Heterodera glycines) in soybean (Cregan et al. 
1999) and for nutritional quality underlining β-glucan con-
tent in oat, MAS was extensively employed (Asoro et al. 
(2013). However, in some cases like the aroma in rice is 
governed by a recessive gene coding for betaine aldehyde 
dehydrogenase2 (Bradbury et al. 2005), and high lysine con-
tent in maize governed by double recessive opaque-2 gene 
(Babu and Prasanna 2014; Yang et al.2005) the success rate 
diminished when these QTLs were proposed for introgres-
sion. MARS program facilitated multifaceted improvements 
by bringing together elite alleles from two or more paren-
tal lines with low heritable traits (Bernardo 2002). Positive 
interaction between QTLs over multiple selection cycles 
helped to isolate high yielding superior plants under various 
biotic and abiotic stresses (Sandhu et al. 2018a, b). MARS 
would allow for the rapid expansion of the gene pool of 
existing cultivars (Moreau et al. 1998; Xu and Crouch 2008).

Marker‑assisted Gene Pyramiding (MAGB) vs MARS

MAS success paved the way for emergence of gene pyramid-
ing schemes with the ambitious achievement of a variety 
stacked with multiple genes from multiple donor parents 
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(Joshi and Nayak 2010). However, gene pyramiding suc-
cess relies on key factors viz., no. of genes to be transferred, 
no. of founder parents involved, compatibility of the recur-
rent parent with the donor parents, the distance between the 
genes, flanking markers and linkage drags. Besides, popula-
tion size maintained, the scheme involved (stepwise, simul-
taneous or combined method), and the number of markers 
used for background genome recovery are the other impor-
tant factors (Yang et al. 2005). In contrast, MARS allows the 
continuous addition of more genes onto existing pyramids 
(Pretorius et al. 2007) during cyclic intermating of prog-
enies to develop an ideal genotype, which under normal self-
ing and segregation circumstances may not be expected to 
achieve even after Fn generation (Stam 1995; Chevalet and 
Mulsant 1992; Knapp 1998; Moreau et al. 1998; Xie and 
Xu 1998). Therefore, MARS is reflected as an approach of 
“Genotype construction” (Stam 1995; Peleman and van der 
Voort 2003) when beneficial alleles are pooled from more 
than two parents.

GS v/s MARS

Genomic selection (Meuwissen et al. 2001) or Genome-wide 
selection (Bernardo and Yu 2007) is a black box of genomic 
prediction through high-density genome-wide markers 
covering the entire genome. The marker indices across 
the entire genome are used to assess Genomic Estimated 
Breeding Values (GEBV) (Nakaya and Isobe 2012) for the 
selection of appropriate individuals in breeding cycles as an 
alternative to the genotype of markers in MAS (Jiang 2013). 
Breeding values (BV) are not considered ideal in plant 
breeding (Shamshad and Sharma 2018) as BV is estimated 
as a conditional expected value based on marker genotype 
than QTL genotype (Goddard and Hayes 2007). It could 
be an excellent method once high sequence data, and high 
SNP data are obtained (Goddard and Hayes 2007). The high-
throughput genotypic data necessitates high-performance 
computer simulation models and appropriate statistical 
analysis methods to calculate BV. However, GS is challenging 
for crops with an unpredictably complex genome, distinctively 
higher ploidy levels, high heterozygosity, or transposable 
elements. Few polymorphic markers obtained across the 
genome are virtually estimated to have more substantial 
genetic effects, and additional markers are valued to have 
weaker genetic effects since these markers are not validated 
for biological efficacies specific for the target agricultural 
traits (Bernardo 2014; Arruda et al. 2016; Boeven et al. 2016; 
Spindel et al. 2016; Bian and Holland 2017). The hypothetical 
simulation and practical GS studies are routinely practiced 
in animal breeding (Goddard and Hayes 2007; Jannink et al. 
2010). However, GS is not an exciting opportunity in crop 
plants; besides, large-scale investigations are not available 
in practical plant breeding (Desta and Ortiz 2014; Jannink 

et al. 2010; Jiang 2013). The extensive application of GS in 
plant breeding demands a thorough understanding of complex 
traits (Nakaya and Isobe 2012; Jiang 2013). GS analyzes 
the proportion of genetic resemblance between the training 
population and breeding population through the linkage 
disequilibrium between marker and trait loci (Desta and Ortiz 
2014). However, the breeding populations on which breeders 
implement research works are individually different from the 
training population considered.

Consequently, population structure can impact consistent 
errors in estimates of GEBVs for complex traits (Lyra et al. 
2018). The population structure of self-pollinating plants or 
inbreeding is an essential drawback for GS application in 
plant breeding (Desta and Ortiz 2014). The additive genetic 
variance that ignores dominant or related epistatic interac-
tions is crucial in GEBV assessments. Hence, an estimated 
fraction of breeding values in the GS model achieves higher 
selection gain in self-pollinating crops due to the use of 
homozygous lines as founder parents (Heffner et al. 2009). 
However, GS is not impressive for crops having an advan-
tage of cross-pollination due to dominance and epistatic 
interactions; it is also ineffective for traits with narrow-
sense heritability (Heffner et al. 2009; Nakaya and Isobe 
2012). GS is also unrealistic for breeding populations con-
sisting of hundreds and thousands of crosses/populations at 
the same time (Jiang 2013). However, recently a number of 
integrated models have been developed to comprehend both 
additive and non-additive effects and improve the accuracy 
of GS (Majumdar et al. 2020; Sehgal et al. 2020; Tanaka 
2020; Mishra et al. 2021; Budhlakoti et al. 2022a; Sinha 
et al. 2023). Nevertheless, the marker effects and GEBV 
estimates may change due to changes in gene frequencies 
and epistatic interactions over a period of time (Misztal et al. 
2021; Budhlakoti et al. 2022b). This would necessitate the 
updating of the GS model with every breeding cycle (Jighly 
et al. 2019). The cost of implementation of a new model in 
GS is more than traditional breeding &/or MAS (Hickey 
et al. 2017a, b). Moreover, limited knowledge of the genetic 
architecture of quantitative traits limits our ability to develop 
appropriate models for GS to achieve maximum prediction 
accuracy (Bartholomé et al. 2022). Size and genetic rela-
tionship of training & breeding population, genetic diversity 
and heritability of the trait under concern, the influence of 
genotype-environment (G × E) interaction, and the density of 
markers affect the prediction accuracy (Hickey et al. 2017a, 
b; Xu et al. 2020a, b; Budhlakoti et al. 2022b).

Besides, simulation studies, statistical models, and types 
of breeding populations used for progeny performance 
assessments (BC1s/F2/RILs/DHs/Inbreds/OPVs) may pro-
duce the random effects during the identification of genomic 
regions/QTLs responsible for complex traits during linkage 
map construction using training population. All these fac-
tors affect accuracies of selections in GS (Liu et al. 2019, 
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2018; Crossa et al. 2017; Hickey et al. 2017a, b; Schopp 
et al. 2017; Zhang et al. 2017, 2019; Wang et al. 2018). 
MARS schemes can be accelerated to have more accurate 
GEBV estimates since GS coupled with MARS can assess 
numerous loci, haplotypes or marker impacts in different 
cycles (Sinha et al. 2023).

MARS is good enough for accumulating desirable alleles 
of up to 9–10 QTLs in the homozygous lines advanced from 
selected individuals (Wang et al. 2007). In MARS, the selec-
tion comprises of several loci, ultimately evaluated for many 
successive cycles/generations. The off-season nurseries real-
locate breeding materials evaluation in the target environ-
ment, and the number of generations can be increased to 
3–4 each year in MARS than one per year in phenotypic-
recurrent selection. The change in resources is essential 
to the MARS program meant for complex traits (Edwards 
and Johnson 1994; Johnson 2004; Crosbie et al. 2006). The 
enhancement of the population using fast-tracked cycles 
at prolonged nurseries helps breeders to achieve a higher 
proportion of plants with favorable alleles and increase the 
opportunity for selection of haplotype-specific for the target 
environment/trait (Cobb et al. 2019).

Genomics‑assisted Breeding and MARS

Advances in next-generation sequencing (NGS) technolo-
gies have made it possible to generate a large number of  
functional markers (FMs). Marker-assisted breeding programs 
employ FMs, often referred to as precision markers, which are 
connected to variance in phenotypic traits (Yang et al. 2015; 
Salgotra and Stewart 2020). FMs can accumulate beneficial 
alleles/QTL regions in any genetic background population 
more efficiently through MARS, without additional calibra-
tions (Abdulmalik et al. 2017; Nawaz et al. 2017; Rodenburg  
2018; Kulkarni et al. 2023). Favorable alleles at many (10–40) 
of the key loci involved in the expression of the target char-
acteristics can be accumulated by MARS (Varshney et al. 
2012). MARS optimizes the efficiency of converting genetic  
diversity into genetic gain through several recurrent selec-
tions per cycle (Gorjanc et al. 2018a, b). Using FMs can 
greatly reduce the number of cycles to select ideal genotype 
and enable genetic gain for the complex traits (Salgotra and  
Stewart 2020). NGS technologies are strengthening mul-
tiparent marker-assisted recurrent selection programs to 
find relationships between different traits and genomes 
(Bohra 2013; Sinha et al. 2023). Using of FMs in MARS  
further help in designing future crops (Varshney et al. 2021).

MARS was a successful breeding technique for 
more effectively pyramiding several QTLs with minor 
effects on wheat crown rot resistance by the use of 
FMs (Rahman et al. 2020). MARS effectively improved 
provitamin A content in tropical maize, both α-carotene 

and β-cryptoxanthin showed increased genetic gain after 
two rounds of recurrent cycles with a favorable frequency 
of functional SNP marker alleles (Kebede et al. 2021). 
Recurrent genomic selection increased the long-term 
genetic gain by optimal cross-selection quickly. This is 
accomplished by increasing the efficiency of converting 
genetic diversity into genetic gain. Meanwhile, minimized 
the genetic diversity loss and reduced the decline in 
genomic prediction accuracy with fast cycling (Gorjanc 
et al. 2018a, b). Multi-trait ensemble genomic prediction 
and simulations of recurrent selection demonstrate the 
long-term genetic gains in wheat for complex trait genetic 
architecture & increased prediction accuracy for almost 
90% of traits, improving grain yield prediction accuracy 
by 3–52% (Fradgley et al. 2023). Since the GS evaluates 
many loci, haplotypes, or marker effects throughout the 
entire genome to calculate the GEBV, in GS programmes, 
recurrent selection techniques may be hastened, enabling 
farmers to fully utilize genetic influences in the production 
field (Heffner et al. 2010; Sinha et al. 2023). Using single-
step GBLUP over generations in a reciprocal recurrent 
selection (RRS) program, researchers were able to achieve 
high prediction accuracies for growth characteristics in the 
hybrid Eucalyptus grandis x E. urophylla. These results 
suggested a significantly accelerated RRS program by 
GS (Grattapaglia 2022). QuMARS tool was developed to 
combine phenotypic, MARS, and GS for both short and 
long-term breeding programs (Ali et al. 2020).

MARS was successfully employed in various crop sys-
tems; the details are presented in Table 1.

Key Factors to be Considered for MARS

1.	 Selection of founder parents
	   The co-ordination between germplasm curator and 

breeder is necessary to utilize genetic diversity origi-
nating from crop wild relatives and other un-explored 
germplasm that ensures the success in obtaining a novel 
combination of favorable alleles accumulation at multi-
loci during the intermating phase of recurrent selection 
(Hufford et al. 2013; Sawler et al. 2013; Dempewolf 
et al. 2017).

	   Founder parents are usually selected from existing 
genotypes, cultivars, varieties, landraces, germplasm 
lines, and evaluated in regular seasons for various traits. 
Generally, two types of parental selections followed. 
First, based on plant performance under high × high 
and high × low crossing panels that can produce the best 
lines. Second, the genetic diversity among parents and 
progeny performance is evaluated for several cycles for 
parental selection (Wang et al. 2005).
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Table1   Successful stories of Recurrent selection in various crop systems by markers or phenotypic-based selection

Crop Criteria of MARS References

Maize Advantages of using 10 larger effect QTLs in MARS with P Max = 100% by ignoring 
40 to 100 minor effect QTLs with less than 100 Pmax even if the locations of all 
QTL were known

Bernardo and Charcosset (2006)

In Monsanto’s Brazilian corn breeding program, breeding lines under MARS scheme 
outperformed conventional selected lines for selection index, grain yield, and grain 
moisture at harvest

Eathington et al. (2007)

MARS aimed at accumulating a relatively large number of medium-effect QTLs in a 
given population with the use of subset of markers that are linked with target traits

Bernardo (2008)

A Simulation study on the test crosses of a DH population and F2 population revealed 
that, with population size(N) of 100, number of QTL of 100 and heritability(H) of 
0.20, response to selection in DH versus F-2 populations was 109% for genome-wide 
selection and 128% for MARS. If the number of QTL governing trait is equal to 20, 
H = 0.80 and N = 100, response to selection values decreased to 99% for genome-
wide selection and 109% for MARS. Although genome-wide selection is superior 
to MARS for a given type of population, the advantage of using DH instead of F-2 
populations is greater in MARS in contrast to genome-wide selection

Mayor and Bernardo (2009b)

The overall gain for grain yield using MARS across the 10 populations was 
105 kg ha −1 yr −1 under non-stress environments and 51 kg ha −1 yr −1 under 
water stress in sub Saharan Africa

Beyene et al. (2016)

International Maize and Wheat Improvement Center (CIMMYT) has demonstrated 
the superiority of MARS over pedigree selection in commercial lines of maize for 
drought, Nitrogen use efficiency (NUE), and maize lethal necrosis (MLN) disease 
resistance

The average gain per cycle using MARS across 10 populations was 
0.045 Mg ha −1 under drought-stressed conditions

Semagn et al. (2015)

Increased the mean number of combinations of favorable alleles in S1 lines from 114 
in C0 to 124 in C3 and achieved a desirable level of tolerance to drought without 
disrupting the level of resistance to Striga in a bi-parental population

Abdulmalik et al. (2017)

Increased the frequency of favourable alleles from 0.510 at C0 to 0.515 at C2 under 
drought stress in MARS

Bankole et al. (2017)

A full sib recurrent selection scheme increased GS efficiency in maize for yield and 
physiological characters

Cerrudo et al. (2018)

Wheat A recurrent selection scheme is highly preferable for pyramiding many QTLs. It 
allows to select best combination of alleles in two generations related to bread-
making quality in wheat. They used eight additive QTLs and two pairs of interactive 
QTLs

Charmet et al. (2001)

Identified four to eight beneficial QTLS for yield, drought, and heat adaptive traits Jain et al. (2014)

Specific genomic regions of chromosomes 5A and 7A were important for wheat 
improvement for drought tolerance through MARS

Gahlaut et al. (2017)

Wheat pre-breeding effort aimed at yield improvement using male-sterility marker-
assisted recurrent selection

Ngcamphalala (2018)

The long-term selection gain of hybrid breeding was increased by implementing 
reciprocal recurrent genomic selection in wheat

Rembe et al. (2019)

MARS identified many QTLs with a small effect on Crown rot disease resistance in 
bread wheat

Rahman et al. (2020)

Using the marker-assisted recurrent selection and gene stacking, resistant lines were 
developed in the breeding population against Fusarium Head Blight (FHB) in 
Chinese elite wheat lines and molecular markers generated are useful resources

Zhu et al. (2020)

GS recurrent selection schemes to reduce crossing cycle time and significantly 
increase genetic gain

Merrick et al. (2022)

The relevance of multi-trait ensemble genomic prediction and simulations of recurrent 
selection is shown for long-term genetic gains in wheat for complex trait genetic 
architecture

Fradgley et al. (2023)
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Table1   (continued)

Crop Criteria of MARS References

Rice MARS schemes aim at continuous extraction of breeding lines for specific 
environments while keeping genetic diversity for long-term progress for complex 
traits, this strategy is widely utilized in rice for improving yield potential and 
drought tolerance

Grenier et al. (2015)

Grain yield is high in MARS as compared to MAS because of the positive interaction 
of introgressed QTLs with other QTLs/genomic regions and different genetic 
backgrounds among Pyramided lines

Positive interactions among qDTY1.1, qDTY2.1, qDTY3.1, and qDTY11.1 QTLs 
provided higher yield in a Samba Mahsuri background under drought stress and 
biotic stress

Sandhu et al. (2018a, b)

Positive interactions of major-effect QTLs with different genetic backgrounds 
identified by MARS enhanced rice yield and genetic gain under drought

Sandhu et al. (2018a, b)

European Sunflower The breeding population under the MARS scheme showed improvement in grain 
yield, grain moisture at harvest, and percent oil in the MARS lines compared to 
conventionally selected lines

Eathington et al. (2007)

Soybean [Glycine 
max (L.) Merrill]

43 breeding populations were evaluated for grain key traits under the MARS program, 
which showed a 37.6 kg ha–1 advantage with a slight delay in relative maturity over 
conventionally selected lines

Eathington et al. (2007)

Chickpea At ICRISAT, four superior desi genotypes have been selected under the MARS 
program and released as superior lines with more enhanced drought tolerance

Viz., ICCV04112, ICCV05107, ICCV93954 (released as JG11 in India) and CCV 
94954 (released as JG 130 in India)

Thudi et al. (2014)

Pearl millet Significant selection response for flowering time, grain, stover, and biomass yields 
accompanied by significant but non-linear frequent changes of common alleles at 
examined 33 SSR loci distributed across all 7 linkage groups

Baskaran et al. (2009)

Cotton Gene pyramiding breeding for resistance to American bollworm insect through MARS Yi et al. (2004)
Rapeseed Improve GCA of the Recurrent population and break undesirable linkage and pyramid 

favorable alleles through recombination and selection. The C sub-genome is a 
repository for a wider range of selected regions with favorable loci contributing to 
rapeseed agronomic traits than sub-genome A

Zhao et al. (2016)

Oil palm The selection cycle is reduced from 19 to 13 years among physiologically immature 
plants after implementing MARS

Bernardo (2008)

Papaya Simulation studies revealed that MARS is most beneficial when dominant QTLs are 
involved in the selection index and the heritability of a trait is low in the case of 
selection for a single trait revealed in the RIL population of autogamous plants

van Berloo and Stam (2001)

In papaya, S1 family recurrent selection provided an opportunity to select superior 
plants in a breeding panel of 224 individuals with the help of estimated repeatability 
co-efficient, found high (r = > 0.60) for eleven traits

Santa Catarina et al. (2020)

Brachiaria Reciprocal full-sib recurrent selection accelerated genetic gain in apomictic Brachiaria Worthington and Miles (2015)
Sorghum To the polygenic architecture, Genomic Assisted Recurrent Selection (GRAS) 

provided the maximum relative genetic gain advantage of 26–165%
Muleta et al. (2019)

Panicum maximum 
Jacq

Genomic prediction models applied to a recurrent selection population of 530 
genotypes of Panicum maximum, an autotetraploid forage grass, and lead to 
additional gains in the recurrent selection program of P. maximum

de C. Lara et al. (2019)

Oilseed rape High oleic and low linolenic winter oilseed rape (Brassica napus L.) inbred lines were 
developed by MARS

Spasibionek et al. (2020)

Eucalyptus With a single-step GBLUP spanning generations and a reciprocal recurrent selection 
(RRS) program, high prediction capacities for growth characteristics in the hybrid 
Eucalyptus grandis x E. urophylla were achieved

Grattapaglia (2022)

Coffee MARS for Pyramiding Leaf Rust and Coffee Berry Disease Resistance Alleles in 
Coffea arabica L

Saavedra et al. (2023)
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	   Hence, the parents should be selected carefully with 
the following attributes.

•	 All the parents must have synchronization for flower-
ing, which could ease in effective intermating. One of 
the parent's selections with male sterility was found 
useful in a few experiments (Dhliwayo et al. 2014).

•	 At least two parents must be polymorphic for every 
marker selected for MARS.

•	 Parents be cross-compatible; in other words, prog-
enies should not be sterile.

	   Each parent selected would be advantageous if it 
is agronomically superior; otherwise, it takes more 
cycles of recurrent selection to improve the popula-
tion for agronomic characters.

2.	 Population development
	   RS plays a prominent role in population improvement, 

commonly employed as intra-population and inter-pop-
ulation improvement approaches designed to intensify 
populations per se performance or enhance combin-
ing ability. Different recurrent selection schemes were 
developed like S0, S1, S2, full-sib, half-sib, ear-to-row, 
reciprocal recurrent, and reciprocal full-sib recurrent 
selection depending on inter or intrapopulation improve-
ment approaches (Vasal et al. 2004). Figure 1 explains 
the general MARS schemes with various population 
improvement approaches. It can be done in one popula-
tion (intra-population improvement) or two populations 
(inter-population improvement).

(a)	 Intra-population RS
	   Intra-population improvement approaches 

are conceived to improve populations per se for 
quantitative traits of commercial importance 
(Dhillon 1991; Vasal et al. 2004; Malav et al. 2016; 
Dormatey et al. 2020). The cyclic betterment of 
plants in advanced generations acquires favorable 
alleles through a slow but successive process by 
improving the mean performance of the population. 
Intra-population improvement approaches may 
involve individuals, families (Half sibs/Full sibs/
selfed progenies), or test crosses. Half-sib and full-
sib families have been used and proved effective 
in improving maize populations (Hallauer and 
Filho  1988). The evaluation trials are generally 
replicated experiments in single or multiple locations, 
and the selected progenies will be intermated in all 
possible combinations (Eathington 2005).

	   Intra-population improvement may involve 
evaluation of individuals (mass selection) or its 
progenies (full-sibs, half-sibs or selfed prog-
eny selection) that have been advanced within 
a population or test-cross progenies developed 
by using a tester (related or unrelated, narrow or 
broad-genetic base). Different approaches of intra-
population improvement aim at enhancement of 
the performance of the population per se for all 
random mated or selfed generation, but in case 
of test-cross progenies evaluation, the impor-

Fig. 1   MARS selection procedure with different population improvement approaches
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tance is on improving combining ability (Vasal et 
al. 2004).

	   Unlike RS, MARS eliminates the extra round of 
testcross progeny evaluation, as the markers have 
the advantage of genotypic selection. Codomi-
nant markers would be more informative than 
dominant markers in MARS (Nadeem et al. 2018;  
Cholin et al. 2019; Perveen et al. 2023).

(b)	 Inter-population RS
	   Inter-population improvement approaches are 

strategically utilized to facilitate both population 
improvement and hybrid development procedures 
(Vasal et al. 2004; Malav et al. 2016; Dormatey 
et al. 2020). Besides, two heterotic populations are 
simultaneously improved, and attention is given 
to the combining ability. It was recommended 
that only agronomically superior populations 
are subjected to inter-population improvement 
schemes (Vasal et al. 2004). For vigorous and 
productive improvement of plants, tolerance 
to inbreeding is critical in inter-population 
improvements, highlighting both combining 
ability and crossbred performance. Extensively 
used inter-population improvement schemes are 
reciprocal recurrent selection-half sibs (RRS-HS) 
(Comstock et al. 1949) and reciprocal recurrent 
selection-full sibs (RRS-FS) (Hallauer and 
Eberhart 1970; Hallauer 1973). RRS has proved 
successful in outcrossing species such as maize 
(Eyherabide and Hallauer 1991; Tardin et  al. 
2007; Souza et al. 2010; Kolawole et al. 2018) and 
sugar beetroot (Doney and Theurer 1978; Hecker 
1985). Simulations in oil palm have revealed that 
genomic selection has the potential to reduce the 
generation time of an RRS breeding cycle from 
20 to 6 years (Cros et al. 2015). The incorporation 
of genomic selection into RRS would also allow 
to combine RRS and speed breeding approaches 
(Watson et al. 2018). However, empirical evidence 
of the superiority of Reciprocal recurrent genomic 
selection (RRGS) breeding programmes is still 
lacking (Rembe et al. 2021).

	   A multi-parent-based MARS scheme would be more 
rewarding for integrating favorable alleles at multi-loci 
from 10–15 parents (Ragimekula et al. 2013), to con-
struct the ideal genotype and obtain the greatest pos-
sible genetic gain (Stam 1995; Peleman and van Der 
Voort 2003).

	   In bi-parental populations, MARS specifies an F2 
population's advancement by one cycle of phenotypic 
and marker genotyping preceding with two or three 
cycles of only genotyping (Edwards and Johnson 1994; 

Johnson 2004; Eathington et al. 2007). MARS will be 
proceeded to pyramid beneficial alleles from various 
genetic sources (Singh et al. 2016).

	   If the objective is to obtain open-pollinated varieties 
or adaptation of exotic germplasm, intra-population 
methods are recommended. However, inter-population 
methods are the most appropriate when the purpose is 
to extract the inbred lines of good combiners or produc-
tion of intra-population or inter-population synthetics or 
production of potential hybrids.

3.	 QTL introgression by MARS
	   MARS can be initiated without any QTL infor-

mation, while the selection is based on a significant 
marker-trait association established during the MARS 
process (Xu 2012). But the effectiveness of MARS will 
be higher when the QTL were known (Bernardo and 
Charcosset 2006; Moreau et al. 2004). MARS is use-
ful for complex traits; however, as the number of QTL 
increases, fewer known QTL produce the maximum 
efficiency. The usefulness of having prior knowledge of 
QTL under genetic models has been examined, includ-
ing different numbers of QTL, different levels of herit-
ability, unequal gene effects, linkage, and epistasis. It 
was found that MARS is most beneficial for traits con-
trolled by a moderately large number of QTL (e.g., 40) 
(Bernardo and Charcosset 2006).

	   Adequate genotyping and phenotyping are extremely 
important in MARS for appropriate evaluation and 
meticulous selection of QTL combinations and ideal 
genotypes. To realize genetic background of germplasm 
in a population improvement approaches, SSR or SNP 
markers were consistently used (Baskaran et al. 2009; 
Bankole et al. 2017). SSR markers present randomly 
throughout the genome, provide several advantages. 
First, it helps to understand genetic differentiation in 
every recombination cycle and confirm the widespread 
nature of selection effects (Gallagher et al. 2015). Sec-
ond, it examines the co-selection of traits. Third, it scans 
genomic regions under high and low selection pres-
sure during early or advanced generations and deter-
mine their role in modifying target traits (Gallagher et 
al. 2015).

	   For complex traits under multi-locus control, a 
significant number of SSR markers present neighboring 
to QTL regions would also show selection effects 
(Gallagher et al. 2015). SNPs can instruct change in 
allele frequencies response to selection (Baskaran et 
al. 2009). SNP may be present within coding sequences 
of genes, non-coding regions of genes or in the intergenic 
regions between genes at different frequencies in 
different chromosomes, with the availability of genetic 
information of these SNPs, selection of more number 
of introgressed QTLs can be done at the same time 
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(Kumpatla et al. 2012; Jiang 2013). MARS scheme using 
genome-wide SSR/SNP markers covering one marker per 
10 cM distance of every chromosome are adequate for 
the effective selection of favorable alleles analogous to 
multiple trait combinations (Nayak et al. 2017).

	   High throughput and precision phenotyping plat-
forms are favorably utilized in MARS to complement 
cost-efficient genotyping platforms and enhance screen-
ing under year-round, off-season nurseries to speed up 
the development of climate-resilient germplasms with 
increased productivity and nutritional quality (Gedil and 
Menkir 2019). MARS, in combination with precise phe-
notyping, has produced resilient food crops in maize 
(Xu 2012; Prasanna et al. 2013), facilitating improved 
genetic gain and rapid cultivar development (Gedil and 
Menkir 2019).

	   Strategies involved in precision phenotyping may 
include biotic stress harmonization using remote sens-
ing, digital/multispectral technologies to evaluate 
biomass, senescence, anthesis, lodging, plant stand, 
inflorescence traits, spatial variation in the field, use of 
ground-penetrating radar to estimate water uptake and 
root depth and type of root (Xu et al. 2017). Biotic or 
abiotic stress phenotyping was performed in multiple 
environments using mobile robotic phenotyping hubs 
(Xu et al. 2017). PHENObot is an automatic robotic 
device used for rapid data acquisition and GPS track-
ing, spectroscopy, and 3D analysis of individual plants 
used for robust phenotyping in vineyards (Kicherer et 
al. 2015).

4.	 Number of Recombination cycles
	   MARS intends to increase favorable allele frequency 

while avoiding identity by descent; in a way that genetic 
recombination remains useful as a source of novel 
genetic variation (Morais 1997; Bernardo 2010; Müller 
et al. 2017). Although continuous inbreeding and selec-
tion lead to the rapid depletion of genetic variation in a 
population (Falconer and Mackay 1996), recombination 
of progenies after each selection cycle leads to breaking 
gene blocks into smaller pieces, generating many more 
genetic combinations than expected with large chromo-
somal segments (Dudley and Lambert 2010).

	   Genetic variance underlying essential traits of inter-
est should be evaluated at every recombination cycle to 
confirm the genetic diversity available in the population 
(Tourrette et al. 2019). After identifying prominent QTLs 
in early generations like F3 or F4, plants carrying specific 
flanking markers to the QTL region will be confirmed by 
marker values. Later, elite lines carrying favorable QTL 
regions are subjected to controlled pollination under 
greenhouse conditions at single or multiple environments 
to develop specific envirotype or best general combiner 
or   potential hybrid (Tourrette et al. 2019).

	   Prolonged recombination cycles strengthen the 
response to selection by breaking the linkage between 
QTLs (Hill and Robertson 1966; Felsenstein 1974). 
Suppose two QTLs are linked together; having a con-
trasting effect on each other tends to inherit together, 
impeding the efficiency of selection. The presence of 
such negative linkage disequilibrium between various 
QTL regions are familiar, that appear in population due 
to continuous selection (Bulmer effect, Bulmer 1971) 
or genetic drift (Barton 2009). Increased recombination 
at multiple cycles in MARS gathers preferential muta-
tions in evolving populations (Tourrette et al. 2019). In 
the absence of recombination cycles, it is challenging 
to eliminate deleterious mutations even under careful 
selections during population improvement schemes. 
Higher recombination (Felsenstein 1974) with smaller 
loss in genetic variability counterbalance loss of pre-
diction accuracies over generations and substantiating 
higher genetic gain benefited by continuous intermating 
and recombination. Long-term selection programs pro-
foundly increased genetic gain of 30% after 20 genera-
tions ((Tourrette et al. 2019). As the number of recom-
binant cycles and selection rate increases after every 
cycle the genetic gain improves at faster rate (Kushwah 
et al. 2020; Singh et al. 2023). MARS over a number 
of generations can result in faster gains particularly for 
low heritability traits by selection based on estimated 
breeding values (EBVs) calculated using more complete 
pedigree information in best linear unbiased prediction 
(BLUP) analysis (Slater et al. 2014).

5.	 Genetic gain
	   Genetic gain can be defined as the total increase in the 

performance of the population over its parental popula-
tion that is achieved by careful artificial selection annu-
ally (Xu et al. 2017, 2020a, b). In this era of molecular 
breeding, the rate of genetic gain per unit of time can be 
increased by speeding up the selection cycles and inten-
sifying the selection pressure and improving the evalua-
tion precision, thus increasing the heritability (Bernardo 
2010; Müller et al. 2017).

	   The genetic gain is usually estimated using the below-
mentioned equation (Lush 1937; Stephen and Rita 
2008). Commonly known as “the breeder’s equation”.

where in, ΔG = Expected genetic gain; ‘i’ is the inten-
sity of selection; h2 = narrow sense heritability; L = time 
of breeding cycle; σp = phenotypic standard deviation 
or standard deviation of breeding value. The environ-
ment plays a major role in creating the difference of 
improved genetic gain between the breeder's experimen-
tal trials and the actual farmer's field. This gap could be 

Genetic Gain = ΔG = h2�p i∕L
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minimized by precise genotyping with the controlled 
environment at the field level (Xu et al. 2017).

	   These primary factors of genetic gain are highly influ-
enced by many other subfactors as detailed below.

(a)	 Genetic variation:

	 (i)	 The types of germplasm used (ecotypes, 
landraces, wild relative, introgression lines, 
or exotic libraries), their origins, number, 
and relationship with the target trait under 
selection plays a significant role in improv-
ing genetic gain (Xu et al. 2017). A thumb 
rule for the proportion of plants selected 
in each generation of recurrent selection 
can be estimated by ‘Nsel’ (Bernardo et al. 
2006). The estimated Nsel be proportion-
ate to the number of cycles for which selec-
tion is practiced. On the other side, the type 
of population used in the MARS program, 
either permanent segregating populations 
like DH/RIL or temporary segregating pop-
ulations like F2/F2:3, is essential components 
of genetic variation foundation for selec-
tion response in subsequent cycles (Xu et 
al. 2017). A comparative study revealed that 
the response to selection was higher in the 
DH population instead of F2, which was fur-
ther found to be greater in MARS than even 
in genomic selection (Mayor and Bernardo 
2009a, b). Genetic gain achieved in MARS 
in maize was twice than recurrent pheno-
typic selection (Earthington 2005; Crosbie 
et al. 2006).

	 (ii)	 The type of markers, number of markers, 
genome coverage is essential to study dif-
ferent parameters like allele effect (addi-
tive, dominance-dominance) and interac-
tions, including GxG and G × E, to reveal 
genetic variation (Xu et al. 2017). MARS 
within segregating populations is affected 
by the genetic makeup of the genes and 
targeted genetic background of concerned 
alleles present at each locus that has epi-
static interaction with the target locus, 
while studying quantitative traits (Xu et 
al. 2017). Marker effects of SNPs calcu-
lated with best linear unbiased prediction 
models (BLUP) that permitted the predic-
tion of genomic estimated breeding values 
(GEBV) and further selection of 10% of 
the lines with highest GEBV in F2:3 could 
improve the genetic gain in the Maize 

MARS program for drought tolerance 
along with increased grain yield and agro-
nomic performance (Bankole et al. 2017).

(b)	 Heritability: Remodeling field experimental 
areas and alterations used to improve heritability 
are essential to enhance genetic gain. Heritability 
is estimated by the ratio of genetic variance 
(Vg) to phenotypic variance (Vp), the latter 
being partitioned into Vg and Ve (environmental 
variance). Vp depends on the type of population 
(mortal/immortal), population size, high-
throughput, and precision of phenotyping and the 
number of multi-environmental trials. Ve can be 
studied by environmental assay or envirotyping, 
which represent all environmental factors that affect 
plant growth/development and yield (Xu 2011, 
2012; Cooper et al. 2014). Envirotyping facilitates 
increasing selection accuracy, multi-environmental 
trials, and enhanced varietal evaluation, which in 
turn increases heritability.

(c)	 Selection intensity (i): ‘i’ is a constant factor, 
estimated by the rate of selection, the propor-
tion of plants selected from the total population. 
Evaluated by the formula i = Nsel/N to measure 
the selection intensity, where, Nsel is the num-
ber of selected individuals, N is total population 
size, ‘i’ corresponds to strong selection pressure. 
Increased population size is becoming increas-
ingly important in the MARS scheme for multi-
trait improvement approaches. To achieve greater 
genetic gain by utilizing existing genetic variation 
present in the population, an excessive number 
of trials is necessary with large population size 
(Xu et al. 2017). The population size required 
for MARS depends on the number of traits con-
sidered (Xu et al. 2017). Moreover, many plants 
are subjected to both genotyping and phenotyp-
ing to ensure the presence of genes influencing 
target traits and discover a novel combination of 
alleles governing multiple traits (Li et al. 2012). 
Contrastingly, due to the higher selection pres-
sure in the population, the population size may get 
randomly reduced. Thereupon, allowing genetic 
drift to eventuate at non-target loci, abolishing 
the possibility of selecting a unique combination 
of traits. So, meticulous selection skill is neces-
sary during every cycle of MARS. Higher selec-
tion intensity in turn increases the rate of genetic 
gain (Xu et al. 2017; Allier et al. 2019). It is also 
possible to boost selection intensity by choos-
ing fewer parents. However, it is typically more 
important to make careful decision of number of 
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parents depending on whether the breeding goal 
is for long- or short-term genetic gain (Bernardo 
and Charcosset 2006). As a result, in order to 
improve selection intensity through larger popu-
lations, budgets must be increased or the expense 
of evaluating each candidate for selection must be 
decreased (Cobb et al. 2019). By phenotyping all 
candidates for selection, even at low levels of rep-
lication, Lorenz (2013) and Riedelsheimer et al. 
(2013) discovered that the application of genomic 
prediction often boosted response to selection.

(d)	 Selection index: Considering the magnitude of 
marker effects on the target traits, the selection 
index is widely utilized in MARS programs 
(Lande and Thompson 1990; Edwards and 
Johnson 1994). The selection index can be 
estimated by Mj = ¼ ΣbiXij, where Mj is the 
marker score assigned to jth individual, bi is 
prominent to the ith marker locus, and Xij is 
designated to score 1 if the jth individual has 
homozygous marker allele with favorable effect. 
Otherwise, -1 if the individual is homozygous 
for the unfavorable marker allele. Whereas, the 
value of bi is determined compared to multiple 
regressions relevant to trait values (Lande and 
Thompson 1990; Hospital and Charcosset 1997). 
Selection index critically evaluates the number 
of plants to be selected for further generations 
and indirectly implying the genetic gain to be 
improved in further cycles (Singh et al. 2023).

(e)	 Cycle time: The long-term selection schemes are 
advantageous for improving genetic gain. Genetic 
gain increases in recurrent cycles with visible 
effects after 4–5 cycles (Tourrette et al. 2019; 
Nayak et al. 2017). Screening under off-season 
nurseries and multiple environments under the 
greenhouse, phytotrons, and winter nurseries 
directly influence the cycle time, subsequently 
the genetic gain (Xu et al. 2017).

	   Rapid generation advance (RGA) was proposed 
by Goulden (1939) and undergone many modifi-
cations by Grafius (1965). In recent years it has 
been included in the strategies of “speed breed-
ing” (Watson et al. 2018) wherein, depending on 
the crop, number of generations can be acceler-
ated and can achieve desired cycle time in MARS 
program (Cobb et al. 2019).

	   The significance of the above factors, if under-
stood clearly, the improved genetic gain can be 
achieved in a given time interval by accelerating 
the breeding procedure by marker-assisted recur-
rent breeding strategies. MARS has been sug-
gested for "forward breeding" of inherent genes 

and pyramiding of several genes/QTLs for com-
plex traits, especially, yield components and vari-
ous biotic and abiotic stresses. (Singh et al. 2023).

Conclusion

Even after three decades of introducing the concept of MAS 
by Smith and Simpson (1986), the success of MAS programs 
is limited to a few crops. Genomic selection is the most 
advanced prediction model-dependent genome-wide marker 
strategy employed mostly using SNP markers. The feasibil-
ity of its utilization in every crop may be delimited owing 
to financial constraints and necessary training population 
especially in cross pollinating crops. In this context, MARS 
would be more rewarding for crops where the genomic infor-
mation and budget are limited. MARS apparently makes best 
use of genetic diversity present in the population. MARS 
seems to be more robust and cost-efficient, worthwhile for 
incorporating multiple desirable alleles for multiple QTL 
regions simultaneously with profound increase in genetic 
gain. MARS is more promising scheme for obtaining novel 
gene combinations at every cycle. Collaborative MARS 
research in public and private sectors at both national and 
international level could help in precise breeding.
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