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1. Introduction
Frost stress is one of the abiotic stresses that limit winter 
faba bean production in cool-temperate regions. Due to 
insufficient winter hardiness genotypes, the faba bean in 
these regions is mainly sown as a spring crop, which has 
lower yield than the winter type (Arbaoui, 2007). In the 
faba bean, frost tolerance is a highly heritable trait and 
controlled by many genes with additive effects (Herzog, 
1988; Arbaoui et al., 2008; Sallam and Martsch, 2015). 
Therefore, improving the frost tolerance of the winter faba 
bean is needed due to its agronomic features. 

The current progress in genetic map development 
offers a new approach for improving resistance to frost 
tolerance. DNA molecular markers are of great interest 
to breeders and geneticists for analyzing quantitative 
resistance by targeting associated genomic regions or 
QTLs as well as genetic makers tightly linked to the trait 
of interest. The development of marker-assisted selection 
(MAS) techniques is promising for the accelerating 
breeding program to improve target traits (Díaz-Ruiz et 
al., 2010). The first study to map QTL controlling frost 
tolerance in V. faba was conducted by Arbaoui et al. 
(2008). They reported five and seven putative QTLs for 

frost tolerance and fatty acid content, respectively, using 
random amplified polymorphism DNA (RAPD) markers. 
Recently, Sallam and Martsch (2015) found 74 putative 
QTLs for frost tolerance and fatty acid content using 
156 SNP markers in the faba bean. Moreover, a total of 
26 putative QTLs were detected for winter hardiness and 
yield attributes by Sallam et al. (2015a). All these studies 
are considered primary studies. The results of these studies 
should be confirmed and validated by so-called replication 
studies (Kolb et al., 2001).

The next step after targeting the important putative 
QTLs is to validate and verify these QTLs in a different 
genetic background in order to maximize the usefulness 
of MAS (Kolb et al., 2001). Replication studies confirm 
that the detected QTL is real. A QTL validation study can 
be conducted from (I) a new mapping population derived 
from the same parents or closely related parents, and/or 
(II) the same population that was previously used as a 
primary study to address putative QTL for the target traits 
(Singh, 2015).

Validation of QTL controlling frost tolerance in 
additional winter faba bean breeding populations is 
necessary for testing the consistency of QTL effects across 
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experiments and/or environments. Unfortunately, only 
a few studies have been conducted on improving frost 
tolerance in the faba bean using the MAS approach.

The objective of the current study was to validate 
several RAPD makers associated with frost tolerance and 
fatty acid composition in different genetic backgrounds. 

2. Materials and methods
2.1. Plant materials 
The plant materials of this study consisted of 189 single 
seed descent (SSD) lines from the Göttingen winter bean 
population (GWBP), which is derived from a natural 
crossing crossing between 11 founder lines: six lines from 
Germany (Webo, Wibo, Hiverna/1, L79/79, L977/88, and 
L979/S1), two from France (Côte d’Or/1 and Arrisot), and 
three from the UK (Banner, Bourdon, and Bulldo). The 
189 SSD lines were used in QTL validation and named the 
validation set (v-set). Four additional spring faba bean lines 
were used as checks in the frost experiments: Limbo/7, 
Mélodie/7, Hedin/2, and Minica. The production of the 
189 SSD was previously described in Sallam et al. (2015b).
2.2. Frost experiments
All lines were tested at the seedling stage in ten experiments 
with two replications (r = 20, as a final). The plants in 
each replication were exposed to hardening conditions 
at 5 °C for 10 continuous days. Then frost stress took 
place for 3 nights under –16 °C, –18 °C, and –19 °C. The 
experiments were conducted in a frost growth chamber 
(FGCh) according to Sallam et al. (2015b). After frost 
stress, all plants were chopped off at the second internode 
of the main stem to test their regrowth after frost. After 

4 weeks, all regrowing juvenile plants were chopped off 
again and weighed to measure their regrowth (REG, g), 
as described in Sallam et al. (2015b) (Figure 1). The area 
under symptom progress curve (AUSPC) was calculated 
to reflect the symptoms of frost stress on faba bean leaves 
(Arbaoui and Link, 2007).
2.3. Fatty acid analysis experiment
In this experiment, all juvenile faba bean genotypes were 
exposed only to hardening conditions at 5 °C. Then the 
leaves of hardened genotypes were used in order to analyze 
fatty acid composition (Arbaoui and Link, 2007; Sallam et 
al., 2015b). 
2.3.1. Selection of putative QTL associated with frost 
tolerance
A number of 12 putative QTLs for frost tolerance and 
fatty acid composition were reported by Arbaoui et al. 
(2008) using randomized amplified polymorphism DNA 
(RAPD). These putative QTLs were detected in biparental 
population (BPP, 101 inbred lines) derived from a crossing 
between two frost tolerant parents: Côte d’Or (one of 
the founder lines used to produce GWBP) and BPL4628 
(a Chinese inbred line from the ICARDA germplasm 
collection). Of these QTLs, four RAPD markers (C06_768, 
F15_474, I10_661, and E20_1556) associated with frost 
tolerance and FAC were selected based on their proportion 
of phenotypic variation (R2) and their association with at 
least two traits. Therefore, these markers were used for 
validation in GWBP.  
2.4. DNA isolation and marker data
Leaf tissue from the v-set, founder lines, and the parents 
of BPP were collected and freeze-dried. Then the genomic 

Figure 1. Spearman rank correlation between AUSPC and regrowth after frost. Blue circles refer to the 11 
founder lines, while the red triangles refer to the four spring genotypes.
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DNA was extracted using illustra Nucleon Phytopure 
Genomic DNA extraction kits (GE Healthcare Ltd, UK). 
The RAPD analyses were conducted as described in the 
experimental protocol of Williams et al. (1990), with 
some modifications according to Torres et al. (1993). The 
data were scored as 1 (presence of the target band) vs. 0 
(absence of the band). 

Moreover, the DNA from the founder lines and 
PBL4628 (12 parents as a total) was extracted using the 
aforementioned protocol. The DNA of each sample was 
analyzed by KBiosciences (Cambridge, UK), using 189 
SNP markers to study the genetic relatedness between the 
12 parents. 
2.5. Statistical analysis
2.5.1. Phenotypic data
The artificial frost tests and fatty acid analyses were 
performed using lattice design, as extensively described by 
Sallam et al. (2015b). Spearman rank correlation was used 
to estimate the correlation between traits. Microsoft Office 
Excel 2013 was used to illustrate the graphical correlation.  
2.5.2. QTL validation
The association between phenotypic data and RAPD 
marker data in the v-set was tested by single marker 
analysis (SMA) using the following model:

 Y = µ + f(marker) + error,
where Y is equal to the trait value, µ is equal to the 
population mean, and f(marker) is a function of the 
molecular marker. The analysis was performed using 
STATISTICA 10 and confirmed with SAS 9.1.

 Phenotypic effects at the marker loci were calculated 
as differences between the means of the marker classes. 
A positive value indicates that the specified marker allele 
increases the trait, whereas a negative value indicates that 
this allele is associated with a decrease in the trait. The 
phenotypic variance, explained (R2) by the significant 
markers, was determined by multiple regressions. The box 
and whisker plot was analyzed using STATISTICA 10 to 
present the genotypes that possessed the band of interest 
(1) and the genotypes that did not have the band (0). 
2.5.3. Principle coordinate analysis 
The PCoA based on genetic distance was used to reveal 
the possible groups for the 12 parents. The genetic distance 
was calculated using simple match coefficient by R package 
‘ade4’ (Chessel et al., 2004). The analysis was performed 
with the help of R software (R Development Core Team, 
2008).

3. Results 
The ranges (maximum and minimum), means, analysis 
of variance, and repeatability estimates for REG and fatty 
acid composition in v-set were discussed in Sallam and 
Martsch (2015). High genetic variation was found among 

all genotypes for AUSPC (F value = 12.08**). The AUSPC 
in the v-set ranged from 43.26 to 115.65. Among all traits, 
AUSPC showed the highest repeatability estimate (h2 = 
0.92). 

The phenotypic correlation between REG and FAC was 
studied by Sallam and Martsch (2015). The Spearman rank 
correlation between AUSPC and other traits is presented 
in Figure 2. The highest positive correlation was found 
between AUSPC and REG (r = –0.58**). The most frost-
tolerant parent was Côte d’Or/1, while the most frost 
susceptible was Arrisot/1. The AUSPC showed positive 
significant correlation with C18:0 and C18:2, while it was 
negatively and significantly correlated with C18:3.

The summary of QTL validation in the v-set is 
presented in Table 1. Of the four RAPD markers used 
in this study, three were validated in the v-set. F15_467 
was found to be associated with three of the fatty acid 
composition contents (C18:0, C18:2, and C18:3). The I10-
661 was associated with REG and C18:0. The third marker, 
E20_1556, was found to be associated with C18:0. 

In order to verify some important frost tolerant QTLs 
that had been previously detected within the biparental 
population (101 lines), a different genetic background, 
consisting of 189 highly homozygous lines, was used. The 
single maker analysis for the validated QTL is presented 
in Table 2. The threshold of P ≤ 0.05 was used in order to 
declare the presence of a significant QTL for each trait and 
to handle nonnormality in both phenotypic and genotypic 
data. As a result, the ANOVA analysis exhibited significant 
effects for only four traits: C18:0, C18:2, C18:3, and REG.

Three markers, F15_467, I10-661, and E20_1556, 
were found to be significantly associated with four traits: 
C18:0, C18:2, C18:3, and REG. No markers were found to 
be associated with AUSPC scored in this study. Marker 
F15_467 explained about 2.27%, 4.11%, and 4.57% of 
total variation in C18:0, 18:3, and C18:2, respectively. 
Moreover, the visible allele of this marker was associated 
with increased C18:2 and decreased C18:0 and C18:3. Two 
traits (REG and C18:0) were significantly associated with 
the I0-660 marker. The phenotypic variation explained 
by this marker was 3.41% and 3.91% for both C18:0 and 
REG, respectively. The visible allele of this marker was 
associated with increased REG (after frost) and decreased 
C18:0. Finally, the E20_1556 marker showed a significant 
association with C18:0. The phenotypic variation explained 
by this marker was 4.86 of the total variation. The visible 
allele of this marker was associated with decreased C18:0. 
The graphical analyses of the two groups of genotypes (1 
vs. 0) for all marker-trait associations are presented in 
Figure 3.

The 189 SNP markers were used to perform the PCoA, 
based on genetic distance for all the 11 founder lines and 
BPL4628 (Figure 4). PCoA1 and PCoA2 accounts for 
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Figure 2. Spearman rank correlation between AUSPC and (a) C18:0, (b) C18:2, and (c) C18:3 contents.

Table 1. List of RAPD markers validated in validation set (v-set) and their QTL in 
biparental population (BPP) mapped by Arbaoui et al. (2008).

Marker QTL in v-set QTL in BPP Source in BPP

F15_467 C18:0 U_AUSPC-2 Côte d’Or 1

C18:2

C18:3

I10_661 REG H_AUSPC-2 Côte d’Or 1

C18:0

E20_1556 C18:0 D_C18:2 BPL 4628

Table 2. Single marker analysis for maker-trait association found in v-set. 

Marker QTL LG(1) P value R2 (2) Allele effects(3) LSD

F15_476 C18:0 LG10 0.042003 2.27 –0.051130 0.05

C18:2 0.004384 4.57 0.620694 0.43

C18:3 0.020438 4.11 –0.625215 0.53

I10_661 Regrowth (REG) LG10 0.049314 3.91 0.107847 0.11

C18:0 0.021395 3.41 –0.048458 0.04

E20_1556 C18:0 LG03 0.003095 4.86 –0.106094 0.05
(1)Linkage group (Arbaoui et al., 2008);  (2)Phenotypic variation explained by marker;  (3)Allele effects of the visible allele.
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Figure 3. Phenotypic variation between genotypes carrying target allele (1) and not carrying target allele (0) for traits showing association 
with markers (a) F15_146 (b) I10_661, and (c) E20_1556.

Figure 4. Principal coordinate analysis (PCoA) for the parents of verification set (v-set, 11 founder lines) and 
BPP4628 using 189 SNP markers. BPL4628 was marked by a filled-black circle.

(c)
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25.07% and 11.09%, respectively. Notably, three possible 
groups can be distinguished, namely Groups I (Côte 
d’Or/1 and Wibo/1), II (L979/S1, L977/88, Hiverna/1, and 
L79/79), and III (Banner, Arrissot/1, Bulldog, Bourdon, 
BPL4628).

4. Discussion
A high genetic variation was found between all genotypes 
in the v-set for C18:0, C18:2, C18:3, and REG (Sallam et 
al., 2015b). Moreover, high significant differences were 
found among all genotypes for AUSPC. In this study, REG 
after frost and AUSPC were considered as frost tolerant 
traits, because these traits reflected the symptoms of frost 
on the juvenile faba bean. The founder lines also showed 
high variation in their frost tolerance. The most tolerant 
parent was Côte d’Or/1, while Arrisot/1 was the most 
susceptible parent. Côte d’Or/1 was previously reported as 
a frost tolerant faba bean genotype (Arbaoui et al., 2008). 
This high genetic variation found between genotypes for 
all traits (especially REG and AUSPC) could be used by 
plant breeders to improve frost tolerance in the faba bean. 
Moreover, high repeatability estimates were reported for 
C18:0 (h2 = 0.88), C18:2 (h2 = 0.75), C18:3 (h2 = 0.64), and 
REG (h2 = 0.63) by Sallam and Martsch (2015). Moreover, 
AUSPC showed the highest repeatability estimates (h2 = 
0.92). A high repeatability estimate was found for AUSPC 
(h2 = 0.89) (Arbaoui et al., 2008). Such high repeatability 
estimates allow selection under frost stress (REG and 
AUSPC) and after hardening (FAC) to be feasible and 
effective for improving the winter faba bean. The four 
spring beans genotypes (checks) did not survive after frost 
in any frost experiment. 

The highest phenotypic correlation was found between 
AUSPC and REG after frost (r = –0.58**). This indicates 
that the fewer the symptoms of frost in faba bean leaves, 
the higher its likelihood to survive after frost. The AUSPC 
showed a positive significant association with C18:0 (one 
of the saturated fatty acids) and a negative significant 
correlation with C18:2 (one of the polyunsaturated fatty 
acids). Williams et al. (1988) and Palta et al. (1993) 
found a high accumulation of unsaturated fatty acid in 
the membrane lipids of chilling-resistant plants during 
acclimation to cool temperatures, and a high amount of 
saturated fatty acid in chilling-susceptible plants. The 
AUSPC was also negatively and significantly correlated 
with C18:3. This was expected due to the negative 
significant correlation between C18:2 and C18:3 (r = 
–0.74**), according to Sallam et al. (2015b). Additionally, 
low correlations were reported between fatty acid content 

and frost tolerance by Arbaoui et al. (2008). These low-
significant correlation values indicate that fatty acid 
composition cannot be used as a tool to directly select for 
frost tolerance. 

Important putative QTLs associated with frost tolerance 
and FAC in the faba bean were previously published 
by Arbaoui et al. (2008), to be used in marker-assisted 
selection to improve the winter faba bean. These putative 
QTLs were detected in BPP, consisted of 101 lines, and 
derived from a crossing between two frost-tolerant parents 
(CôteD’Or/1 × BPL4628). An important step in MAS is to 
verify these QTLs in an independent population with a 
larger population size (Collard et al., 2005; Hassan 2013). 
In this study, we used an interesting genetic background 
consisting of 189 winter faba beans (v-set). Our material 
derived from a natural crossing of 11 founder lines 
originating from three different parts. CôteD’Or/1 was 
the common parent in both BPP (used for QTL mapping) 
and v-set. QTL validation is commonly conducted using 
an additional mapping population derived from parents 
other than those used in the preliminary mapping (Singh 
2015).

The association between the genotypic data (selected 
RAPD markers) and all phenotypic data scored by Sallam 
et al. (2015b) was tested using SMA (Table 2). As a result, 
four traits (C18:0. C18:2, C18:3, and REG) were found to 
be associated with three markers (F15_476, I10_661, and 
E20_1556). In Arbaoui’s study, F15_476 was found to be 
associated with decreased U_AUSPC (frost symptoms 
without hardening conditions). In our study, this marker 
was found to be associated with three FACs (C18:0, C18:2, 
and C18:3), which showed significant correlation with 
AUSPC (frost tolerance with hardening, Figures 2b–2d). 
Marker I10_661 was previously reported as a marker 
associated with decreased H_AUSPC (frost tolerance 
with hardening conditions). In the current study, it was 
associated with REG after frost (frost tolerance with 
hardening) and C18:0 (FAC). Finally, E20_1556 was 
putatively linked to D_C18:2 (FAC after hardening) in 
BPP, whereas it was associated with C18:0 (FAC after 
hardening) in the current study. Although some studies 
considered RAPD as anonymous markers, these markers 
are still used in developing genetic maps, QTL mapping, 
and genome-wide association studies (Gupta et al., 2012; 
Xu et al., 2012; Novalina and Sagala, 2013; Cheng et al., 
2015). 

The phenotypic variation explained by each marker 
for all traits scored in the v-set was lower than those 
reported (9.7% by E10_661, 11.5% by F15_476, and 18.7% 
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by E20_1556) for frost tolerance and FAC by Arbaoui et 
al. (2008). This may be due to the large number of lines 
used in this study compared to those used in BPP. Another 
reason is the nature production of the v-set. The low 
phenotypic variation explained by these markers in this 
study and in Arbaoui’s study confirmed that these QTLs 
have little effect on frost tolerance. In the populations with 
a size of 200, the proximity of detecting QTL with R2 > 
3% is low, regardless of how many markers are screened 
(Li et al., 2010). In order to have QTL with R2 > 5%, a 
slightly smaller population is required to achieve similar 
detection power when more makers are used (Li et al., 
2010). Although highly significant phenotypic differences 
were found among genotypes in the v-set, only a limited 
proportion of frost tolerance was explained. This may be 
due to the fact that frost tolerance in a polygenic trait could 
be affected by few major QTLs (Arbaoui et al., 2008). 

The visible allele of the three markers showed different 
effects. For instance, the visible allele of F15_474 was 
associated with decreased C18:0 and C18:3 and increased 
C18:2. This allele was associated with decreased symptoms 
of frost (U_AUSPC) in BPP. Likewise, the visible allele 
of I10_660 was associated with decreased C18:0 and 
increased REG after frost. In BPP of Arbaoui et al. (2008), 
the same allele was found to be associated with decreased 
symptoms of frost (H_AUSPC). Finally, the visible allele 
of E20_1556 was found to be associated with decreased 
C18:0 in v-set, whereas it was associated with increased 
C18:2 (D_C18:2) in the BPP. 

QTL for different traits may occur at linked loci in the 
genome (Zhao et al., 2007; Amar et al., 2008; Basunanda 

et al., 2010). These QTLs seem to have pleiotropic effects 
at one locus. Notably, F15_476 and I10-661 were mapped 
in the same linkage group (LG10), while E20_1556 was 
mapped in LG03 (Table 2). The linkage disequilibrium 
(LD), as a correlation between alleles at two loci mapped 
in the same linkage group, was estimated between F15_476 
and I10_661. The LD was 0.002. These two markers were 
associated with C18:0. The nonsignificant LD indicates 
that each marker is a single QTL for C18:0.

In BPP, the visible alleles of F15_476 and I10_661 were 
inherited from Côte d’Or/1, which is one of the founder 
lines of the v-set. Therefore, it may be possible that the 
genotypes with the same band size had inherited it from 
the same parent. On the other hand, the visible band of 
E20_1556 in BPP was inherited from BPL4628 (not from 
the founder lines). This indicates that BPL4268 may share 
genomic regions with other founder lines. To address this 
challenge, the founder lines and BPL4628 were genotyped 
using 189 SNPs to study their genetic relatedness using 
PCoA. As a result, BPL4628 was grouped with four founder 
lines, namely Arrisot, Banner, Bulldog, and Bourdon 
(Figure 3). For further confirmation, we analyzed the 12 
parents with the same RAPD primer (E20) to figure out 
whether any founder parents of the v-set had the same 
band or not. The analysis of gel electrophoresis by the 
same primer is presented in Figure 5. The target band was 
labeled with a white arrow. The results indicate that nine 
founder parents were found to have the same band size. 
As such, this could be a possible reason for the presence of 
this band in the v-set.  

Figure 5. Gel electrophoresis for all founder lines (parents of v-set) + PBL4628 using E20 primer.
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In conclusion, the validation of RAPD markers 
associated with frost tolerance in a different genetic 
background of the winter faba bean can be exploited to 
improve the winter faba bean through MAS. This will help 
to accelerate the breeding program by producing cultivars 
showing high resistance to frost stress in combination with 
other desirable traits, e.g., high yielding and high winter 
hardiness.   
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