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Abstract 

Marker assisted selection (MAS) significantly increases efficiency of conventional breeding. 
Molecular markers are utilized as selection markers for target genes (foreground selection) 
and also for identification of the genotypes (progenies) with the highest proportion of 

(background selection). Maize Research Institute "Zemun Polje" 
has a breeding program with the aim to create lines with incorporated incompatibility 
dominant gene Gametophytic Factor 1-S ( -S), using the integrated conventional and 
molecular breeding approach. Ga1-S is the most described gene belonging to the group of 
genes specific to the pollen development, germination and pollen tube growth. The Ga1-S 
system is the most commonly used to prevent the pollination of sweetcorn, popcorn and white 
kerneld hybrids by standard maize. The objectives of this study were identification of gene-
specific molecular marker for foreground selection, as well as the set of SSR markers 
polymorphic between parental lines to be used in background selection. Genetic variability 
between two donor and three recurrent parental inbred lines was analyzed with 42 SSRs 
distributed over the maize genom. Total number of alleles detected with 30 informative 
markers was 83, average being 2.77. The genetic similarity values calculated on Dice 
coefficient ranged from 0.47 to 0.71. Among 12 gene-specific markers tested on parental 
lines, two showed distinct polymorphism for Ga1-S. These markers will be used as 
foreground selection markers for the incorporation of -S into our inbred lines which will 
be used for the creation of white kernel hybrids. 
 
Keywords: Gametophytic Factor 1-S, Maize, Molecular markers, Foreground selection, 
Background selection.  
 

Introduction 
The inability of certain maize genotypes to successfully pollinate other genotypes is attributed 
to genes known as gametophyte factors (ga). Gametophyte factors regulate the success of 
pollen-pistil interactions and affect the success of fertilization by causing the aberrant 
Mendellian genetic ratios in certain crosses (Nelson, 1994). These genes have two functions 
associated with them: a female function that produces a barrier to non-self-type pollen and a 
male function that enables self-type pollen to overcome that barrier (Lu et al., 2014). When 
present in pistil, they discriminate against or completely exclude pollen lacking the same 
allele (Nelson, 1994).  
The Ga1 was the first characterized gametophyte factor (Mangelsdorf and Jones, 1926) and 
has been intensively studied. It was mapped to the short arm of chromosome 4 in maize 
(Bloom and Holland, 2011; Lausser et al., 2010; Liu et al., 2014; Zhang et al., 2012). Ga1-s is 

Ga1. In the Ga1-s barrier, pollen tubes do not grow straight 
and demonstrate heavy accumulation of clustered callose plug deposits (Lu et al., 2014). The 
homozygous Ga1-S/Ga1-S genotype confers complete nonreciprocal cross-incompatibility (or 
unilateral cross-incompatibility) with ga1 pollen (Kermicle and Evans, 2010; Zhang et al., 
2012). 
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Various strategies (e.g. physical barriers, temporal and spatial isolation) have been taken to 
reduce and avoid cross-fertilization among adjacent maize fields. Specialty types maize, such 
as sweet and waxy maize, popcorn, as well as the white kernel maize, are required to be free 
from foreign pollen due to the xenia effect. Seed production and non-GM maize fields require 
foreign- and GM-free pollen to maintain high hybrid purity and avoid contamination. The 
Ga1-S might be used as a biological reproductive barrier for the containment of gene flows 
between different types of maize (Liu et al., 2014). 
The incorporation of Ga1-S from popcorn to non-crossable maize elite lines has been 
performed using marker assisted selection (MAS) that greatly improve the efficiency and 
reliability of the backcrossing process by eliminating difficulty of phenotyping of the 
segregating population (Zhang et al., 2012). Also, Ga1-S was introgressed by MAS into 
parental lines of an elite white waxy maize hybrid by six generations of backcrossing and one 
generation of selfing (Liu et al., 2014). Maize Research Institute "Zemun Polje" (MRI) has a 
breeding program aimed at incorporation of the incompatibility gene -S into parental 
components of the hybrids with specific traits (white kernel). The main objectives of the 
research presented herein were to identify: 1) the SSR marker specific to the -S gene that 
will be used in foreground selection and 2) the set of SSR markers polymorphic between 
parental lines that will be used in background selection. 
 

Material and Methods 
Plant material 

Two inbred lines (provided by the gene bank in Illinois, USA) were used as the donor parents 
(D1 and D2) of the favourable allele of the Ga1-S gene. Three MRI commercial inbred lines 
adapted to the local environmental conditions in Serbia were used as the recurrent parents (R1, 
R2 and R3). These lines are components of the white kernel MRI hybrids.  

 
DNA extraction  

Total DNA was isolated from the kernel bulk according to Doyle and Doyle (1987). Bulks 
were prepared by pooling an equal amount of flour obtained by grounding 10 kernels per 
sample. The DNA was quantified using biospectrometer BioSpetrometer kinetic (Eppendorf, 
Germany) and diluted to  

 
Identification of molecular markers for foreground selection 

Twelve gene-specific primers were chosen according to Liu et al., (2014) and Zhang et al., 
ion volume containing: 

1×DreamTaq Green Buffer (Thermo Scientific, USA)  (Thermo Scientific, 
USA)  of each primer, 1U DreamTaq DNA Polymerase (Thermo Scientific, USA) and 
20 ng DNA template. Amplifications were performed in thermocycler Biometra TProfessional 
Standard 96 (Biometra, Germany) with the following program: an initial denaturation at 
95ºC/5min, followed by 35 cycles each of denaturation at 95ºC/1min, annealing at 55ºC/30s 
and extension at 72ºC/1min with final elongation at 72°C for 10 min. The amplified fragments 
were separated by electrophoresis on 8% polyacrylamide gel in 1xTBE buffer. Gels were run 
on small format vertical gel system (Mini Protean Tetra-Cell, BioRad, USA), at 80 V for 1.5 
h. After staining with ethidium bromide, they were visualized under UV transilluminator and 
documented in gel documentation system BioDocAnalyze (Biometra, Germany). Allele 
designations were made and approximate size range for the amplification products for each 
SSR locus was determined based on the positions of the bands comparing to the 100 bp 
molecular weight ladder (Thermo Scientific, USA). 
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Identification of molecular markers for background selection 
Simple sequence repeat (SSR) analysis was done with 42 primer pairs spanning over the 
whole genome, selected from the maize database (www.maizegdb.org). Polymerase chain 

 containing: 1×DreamTaq Green 
Buffer (Thermo Scientific, USA)  (Thermo Scientific, USA) of each 
primer, 1U DreamTaq DNA Polymerase (Thermo Scientific, USA) and 20 ng DNA template. 
The following touch-down program in the thermocycler Biometra TProfessional Standard 96 
(Biometra, Germany) was performed: an initial denaturation at 95ºC/5min, followed by 15 
cycles each of denaturation at 95ºC/30 s, annealing at 63.5ºC/1min (-0.5ºC/cycle) and 
extension at 72ºC/1min; another 22 cycles of 95ºC/30 s, 56ºC/1min and 72ºC/1min with final 
elongation at 72°C for four min. The PCR products were separated by electrophoresis on 8% 
polyacrylamide gel, with 20 bp molecular weight ladder (Thermo Scientific, USA) as a 
marker. After staining with ethidium bromide, they were photographed under UV light using 
BioDocAnalyze gel documentation system (Biometra, Germany). SSR profiles were 
converted into a binary matrix based on the presence (1) or the absence (0) of a specific allele. 
Genetic similarity (GS) was calculated in accordance with Dice (1945): GSij = 2a/2a+b+c; 
where: a is the number of fragments present in both variety i and j (1,1), b is the number of 
fragments present in i and absent in j (1,0), c is the number of fragments absent in i and 
present in j (0,1). Marker data analyses were performed using statistical NTSYSpc2 program 
package (Rohlf, 2000).  
 

Results and Discussion 
The main advantages of the marker assisted selection for simply inherited traits are direct 
selection of target gene with specific SSR markers (foreground selection) and fast recovery of 
recurrent parent's genome (background selection). Properties such as high polymorphism, co-
dominant inheritance, random and frequent distribution throughout the genome, simple 
detection at any stage of plant development, independence of environmental conditions, high 
reproducibility, as well as cost-effectiveness, characterize SSR markers suitable for wide 
implementation into modern grain breeding programs (Semagn et al., 2006). 
In our research, 12 gene-specific markers were tested on parental lines. Ten markers failed to 
give scorable bands due to absence of amplification product or poor amplification, while two 
markers showed distinct polymorphism for Ga1-S (Table1). The PR1 amplified ~410 bp 
fragment in donor parents (DPs) and ~390 bp fragment in recurrent parents (RPs). The PR2 
amplified ~550 bp fragment in DPs and ~450 bp fragment in RPs. Amplification with these 
gene-specific SSR markers is given in Figure 1. These markers will be used as foreground 
selection markers for the incorporation of -S into our inbred lines which will be used for 
the creation of white kernel hybrids. 
 
Table 1. Primers identified for foreground selection for the Ga-1 gene 

Primer Reference Sequence 

PR1 F ID2 F in Liu et al., (2014) -CAAATTGAGCCCATTACC-  

PR1 R ID2 R in Liu et al., (2014) -TTCATTCTATTGCGGGTC-  

PR2 F SD9 F in Zhang et al., (2012) -GAGAGCTACGCACGACTTAT-  

PR2 R SD9 R in Zhang et al., (2012) -CAAGACTTGCACAATCGAGG-  
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Figure 1. Parental polimorphism with the Ga-1-specific markers. M: 100 bp DNA ladder, 1-2: 
donor parents D1 and D2, 3-5: recurrent parents R1, R2 and R3. 
 
Genetic variability between two donor and three recurrent parental inbred lines was analyzed 
with 42 SSRs distributed over the maize genom. Total number of alleles detected with 30 
informative markers was 83, average being 2.77, which is similar to those previously reported 
in maize inbreds (Bante and Prasanna, 2003; Legesse et al., 2007; Kostadinovic et al., 2018).  
These SSR markers that showed polymorphism between parental lines will be employed for 
identification of the genotypes with the highest proportion of recurrent parent  genome in 
BC2 generation. The genetic similarity values calculated on Dice coefficient ranged from 0.47 
to 0.71 (Table 2). These results can be useful for identifying the most appropriate parental 
lines to be crossed, i.e. predicting the yields of crosses between lines (Ribaut and Hoisington, 
1998). 
 
Table 2. The pairwise genetic similarity values calculated on Dice coefficient between donor 
(D1 and D2) and recurrent parent lines (R1, R2 and R3). 

 D1 D2 

R1 0.52 0.47 

R2 0.56 0.49 

R3 0.71 0.56 

 
As concluded by Zhang et al., (2012), the introduction of Ga1-S performed by backcrossing 
without markers is laborious, lengthy and inefficient because of the difficulty of phenotyping 
of the segregating population. Since 50% individuals of the backcrossing population do not 
contain Ga1-S allele, the tightly linked markers can greatly improve the efficiency and 
reliability of the backcrossing process by eliminating those without Ga1-S allele prior to 
pollination, reducing the size of the breeding population and saving both time and money. 
Also, background selection accelerates recovery of the recurrent parent  genome. According 
to Hospital et al. (1992), two generations can be saved by conducting marker assisted 
background selection.  
 

Conclusions 
Among 12 gene-specific SSR markers tested on parental lines, two markers showed distinct 
polymorphism for Ga1-S. These markers will be used as foreground selection markers for the 
incorporation of -S gene. Also, the set of 30 SSR markers polymorphic between parental 
lines is chosen for the background selection. The identification of these markers represents the 
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first step towards the incorporation of the incompatibility gene -S into parental 
components of the white kernel hybrids.  
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