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Abstract: Faba bean (Vicia faba L.) Algerian accessions represent an essential source of traits of interest
for crop improvement, especially for tackling climate change, because their genetic background and
potential have not been well studied. The purpose of this research was to assess the genetic variability
of 14 Algerian faba bean accessions by means of 10 agro-morphological traits and 7 simple sequence
repeat markers (SSRs). ANOVA analysis showed a large significant phenotypic variation in fruit
setting (FS), seed length (SL), seed width (SW), and 100-seeds weight (HSW), which arose as the main
discriminant characters as revealed by principal component analysis (PCA). In addition, SSR analysis
identified a total of twenty different alleles within our collection with a mean of 2.85 alleles per
locus. The polymorphism information content (PIC) ranged from 0.32 to 0.58, with a mean of 0.44.
Observed heterozygosity (Ho) ranged from 0.57 to 1.00 with a mean of 0.72, while the expected
one (He) varied from 0.42 to 0.67, reaching a mean of 0.57. Based on agro-morphological as well
as molecular data, the 14 accessions were not clustered according to the geographical pattern, as
also confirmed by principal coordinate analysis (PCoA). Moreover, AMOVA highlighted that most
of the overall genetic variation within our collection was the result of strong differentiation among
accessions (84%). Finally, the Mantel test revealed that there was no substantial correlation between
the molecular and agro-morphological traits (r = —0.025, p > 0.05). These findings represent a first
step toward faba been breeding programs establishment in Algeria, indicating that our collection
exhibited optimal agro- and molecular diversity to identify specific traits useful in Mediterranean
environment.

Keywords: agro-morphological traits; faba bean; genetic diversity; simple sequence repeat (SSR)

1. Introduction

Faba bean (Vicia faba L.) is an essential winter cultivated crop. This legume originated
from the Mediterranean-West Asia region [1] and attracts considerable interest due to its
abundance of biomass, high yield potential, contribution to soil improvement through its
ability to fix nitrogen and its seeds high protein content [2]. Faba bean is ranked among the
cool season grain legumes, following peas, chickpeas, cowpeas, and lentils [3].

Faba bean production in the world reached 5.43 million tons annually from a total
cultivated area of 2.57 million hectares, with China being the leading producer, with
approximately 1,740,945 tons [3]. In Algeria, faba bean is the most widely grown food
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legume [4], the annual production of which has reached 55,272 tons from total cultivated
area of 41,451 hectares [3]. Its seeds are used dry or fresh in traditional Algerian cuisine
and are mainly consumed as homemade consumption and subsistence.

Faba bean (2n = 2x = 12) is a diploid grain legume and possesses the largest genome
size (~13,000 Mb) among legume crops, and, partly allogamous, this species has a rate
of cross-pollination ranging from 4% to 84% [5]. According to Duc et al. [6], thirty-seven
germplasm collections of faba bean exist throughout the world. They contain more than
38,000 accessions and represent an essential source for multi-purpose breeding strategies.

So far, morphological characteristics have been used as classic tools, but they are
compulsory for the assessment of genetic variations on local collections of faba bean in
the Mediterranean region [7-10]. However, these agro-morphological traits exhibit some
limitations related to their dependence on plant phenological stage and their tendency
to be strongly affected by environmental factors [11]. Furthermore, the evolution of
molecular markers offers more precision in the assessment of the genetic variability of
faba bean germplasm, including AFLPs (Amplified Fragment Length Polymorphisms) [12],
RFLPs (Restriction Fragment Length Polymorphisms) [13], RAPDs (Randomly Amplified
Polymorphic DNAs) [14,15], SNPs (Single Nucleotide Polymorphisms) [16,17], ISSRs (Inter
Simple Sequence Repeats) [18,19], SSRs (Simple Sequence Repeats) [20-23] and SRAPs
(Sequence-Related Amplified Polymorphisms) [24]. Moreover, although microsatellite
markers (SSRs) have been broadly applied in plant genetic diversity studies and breeding
programs (being easy to record and highly polymorphic), few studies have focused on the
evaluation of the genetic diversity of the faba bean in Algeria.

In this respect, the aim of this study was to use agro-morphological traits as well
as microsatellite markers (SSRs) to assess the genetic diversity and relatedness among
fourteen Vicia faba L. var. major accessions collected from different eco-geographical areas in
Algeria. Finally, possessing a good knowledge of the available genetic diversity will permit
not only a good management of the Algerian faba bean germplasm, but also facilitate its
valorization. These results represent the starting point from which the genetic diversity
of our collection was assessed, thereby making it possible to optimize new breeding
strategies for planning future breeding programs to individuate specific traits useful in the
Mediterranean environment.

2. Materials and Methods
2.1. Plant Material

Fourteen (14) accessions of cultivated faba bean were collected from different eco-
geographical areas across Algeria during 2013, 2014, and 2015 (Table S1). The accessions
were collected in eight Algerian provinces namely: Biskra, Bouira, Chlef, Djelfa, Medea,
Rhelizane, Tiaret, and Tizi ouzou (Figure 1).

2.2. Agro-Morphological Analysis
Experimental Design and Agro-Morphological Traits

A randomized complete block with three repetitions (blocks) was adopted in the
present study. The trial was carried out from December 2015 to May 2016 under field
conditions at the Experimental station of the National High School of Agronomy (El
Harrach, Algiers) in North Algeria (36°43'09” N 3°09'02” E; 38 m of altitude). The locality is
characterized by a Mediterranean climate, with rainy, damp winters and hot, dry summers.
Annual rainfall ranged from 570 to 700 mm, with a maximum occurring during winter in
December. The soil type is sandy loam.



Agronomy 2021, 11, 1456

3o0f14

S/ / 4
/ A
- / P \
- / AN .
~ <
/ /
N (
N yd g N J
N < ¢
~ \
N~ N \
N \
\ N
N \
N
AN
~
N
. ~
400 g
Kilometers 1L . ~N Vs

Figure 1. Map of Algeria emphasizing, in red color, the geographical positions of faba bean collection
sites; 1, Tizi ouzou; 2, Bouira; 3, Medea; 4, Chlef; 5, Rhelizane; 6, Tiaret; 7, Djelfa; 8, Biskra.

Each main plot contained the 14 accessions. Each landrace was represented by a
sample collected from three replicates of 10 plants per accession. Observations were
recorded on 10 agro-morphological characteristics including days to 50% flowering (DF),
duration from sowing to fruit setting (FS), number of flower per raceme (NF), plant height
(PLH), number of pods per plant (NPPL), pod length (PL), number of seeds per pod (NSP),
seed length (SL), seed width (SW) and 100-seeds weight (HSW), mainly defined by faba
bean descriptors in Biodiversity international [25] and the International Union for the
protection of new varieties of plants [26].

2.3. Molecular Analysis
2.3.1. DNA Extraction, Quantification, and Quality Analysis

For the DNA extraction, seeds of each accession were sown individually in pots. After
two weeks, 100 mg of fresh green and healthy leaves of each accession were harvested
and ground into fine powder in liquid nitrogen. The extraction of genomic DNA was
performed according to Fulton et al. [27], and all DNA samples were stored at —20 °C until
SSR analysis. DNA quality and quantify was estimated by electrophoresis on 1% agarose
gel stained with Ethidium bromide (ETB).

2.3.2. PCR Amplification and SSR Analysis

Seven out of eleven nuclear microsatellite markers (5SR) were polymorphic and
employed for genotyping the fourteen faba beans accessions as reported by Zeid et al. [28]
and Pozarkova et al. [29]. Details of faba bean SSRs are reported in Table S2. Briefly,
polymerase chain reaction (PCR) was performed with 20 ng of faba bean template DNA.,
1x PCR buffer (25 mM Tris-HCI (pH 8.0), 100 mM KCl, 0.1 mM EDTA, 1mM DTT),
2.0 mM MgCly, 0.2 mM of each dNTP, 0.2 uM of each primer, and 1U of Taq polymerase
(Promega Corporation, Madison, WI, USA) in 25 uL final volume.

PCR reactions were conducted in a Simplyamo thermal cycler (Applied Biosytem,
USA) and programmed as follows for amplification: an initial denaturation step (5 min at
94 °C), followed by 30 amplification cycles (30 s at 94 °C, 30 s at 55-58 °C depending on
the primers pair and 1 min at 72 °C) and finally a step of extension (10 min at 72 °C).
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PCR products were separated on a 3% agarose gel electrophoresis and visualized
under UV light. In addition, 100 bp DNA step Ladder (Promega Inc., Madison, WI, USA)
was employed as a molecular weight marker.

2.4. Statistical Analysis
2.4.1. Agro-Morphological Data

ANOVA analysis was performed for all measured traits to analyze variability among
accessions. Means were compared using the Student-Newman—Keuls test at p < 0.05 to
determine homogeneous groups using SPSS 25.0 software (IBM Corp., Armonk, NY, USA).
Cluster analysis was performed using Euclidean distance and Ward’s methods using the
helust function, whereas Principal Component Analysis (PCA) was performed by using
the factoextra package based on the ggplot2 package [30], both in R software v.3.4.3 [31].
Different dissimilarity matrixes in both genetic and molecular data were used to estimate
the cophenetic correlation coefficient (CCC) by using MultiDendrogram software [32].
Finally, the correlation between agronomic and genetic matrices was estimated using the
Mantel test with 1000 permutations, according to Aci et al. [33] using the package ade4
with the mantel.rtest function in R software v.3.4.3 [31].

2.4.2. Molecular Data

For molecular analysis by SSR markers, the allele number (Na), effective allele number
(Ne), Nei’s gene diversity index (He), Shannon diversity index (I) and inbreeding coefficient
(F) were determined using GenAlex software version 6.5 [34]. GDA software (http://
hydrodictyon.eeb.uconn.edu/people/plewis/downloads/gdal.1.win32.zip, accessed on
12 April 2021) was used to determine the private alleles, and Cervus v. 3.0.7 software was
used to estimate the polymorphic information content (PIC) for each SSR locus (Copyright
Tristan Marshal, Field Genetic, Ltd., London, UK). Arlequin software (http://cmpg.unibe.
ch/sofware/arlequin3, accessed on 12 April 2021) was also used to measure Fst by 9999
random permutations to assess genetic variability among and within individuals [35]. A
dendrogram was created using MEGA version X [36] using the pair-wise distances matrix
of Nei and Li [37] and the unweighted pair group method of the arithmetic clustering
algorithm (UPGMA) [38] to identify differences among populations. Finally, Principal
Coordinates Analysis (PCoA) was conducted based on Fst genetic distances by using
GenAIlEx6 software version 6.5 [34].

3. Results
3.1. Agro-Morphological Traits

Agro-morphological characterization was performed to compare fourteen faba bean
accessions, and Table 1 summarizes the basic statistical parameters (mean, standard devia-
tion, and coefficient of variation) associated with accession agro-morphological traits.

ANOVA revealed a non-significant block effect for all traits except for NF, while
significant differences among accessions were observed for all the studied traits (p < 0.05).

The coefficient of variation values (CV%) ranged from 44.57% (NPPL) to 2.20%
(FS). These values highlighted the wide phenotypic variation in the Algerian faba bean
germplasm for NPPL, NF, PL, and NSP, whereas the lowest variations were observed for
SW, FS, and DFE.
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Table 1. Summary statistics of 10 agro-morphologic traits measured in 14 Algerian faba bean accessions.
Accessions DF FS NF PLH NPPL PL NSP SL SW HSW
VF A1 79.67 +£1.15a 98.67 +£1.15a 433 £090bcd 7285 +85lab 6.87 +194a 1593 £2.07de 483 £099g 214 =£012ab 146 =£0.12b 108.33 +1.53 a
VF A2 8233 +£23labc 10267 +2.31ab 460 +0.63cde 8279 £8.06cdef 8.14 +£2.95 ab 16.14 £281de 500 +083g 221 £020b 159 =40.20cd 171.67 +7.64d
VF A3 85.33 +1.15¢ 107.67 +£1.15c 447 £0.83bcd 9012 £720g 16.84  +4.55de 1330 +1.83c 313 £043bc 286 £0.17f 195 +0.17i 236.33 £3.21h
VF A4 80.33 +1.15a 99.33 +1.15a 420 =+0.77abc  86.58 +£13.76efg  6.50 +252a 16.75 £3.17e¢ 423 +1.14f 263 £024e 194 0241 185.67 £9.02e
VF A5 81.67 +£1.53abc  101.67 =+1.53ab 507  £0.96 ef 8227 £1143cde 17.79 +4.12e 10.69 +13la 293 =£0.69ab 204 +016a 139 =£0.16a 128.00 +4.00b
VF A6 83.67 +£252abc  102.00 =+2.52ab 440 £0.83bcd 8853 +£14.18fg 15.69  £9.56 cde 1091 +0.84a 333 =£0.84bc 214 =£01lab 154 £0.11c 152.33 +8.74c
VF A8 8033 +£l1.15a 100.00 +1.15a 480 +0.68def 8393 +£9.14def 697 +234a 1558 4+2.03d 423 +097f 244 +£020cd 174 =£0.20gh 193.33 +£6.66 ef
VF A9 91.00 £2.65d 107.33 +£2.65c¢ 3.73 +0.80 a 80.60 +£9.54cde 1445 +13.77bcde  16.60 £351de 417 £0.83ef 243 +015cd 1.67 =0.15efg 186.67 £3.51e
VF A10 8133 +£252abc  101.67 +2.52ab 420 +£0.77abc  77.63 +11.89bc  6.63 +1.37a 1575 £241de 377 +£1.04de 250 +£021d 165 +021def 202.67 =+586f
VF A11 79.67 +£1.15a 101.33 +1.15ab 393  £0.80ab 85.35 £11.85efg 12.64 =+£6.61 abcd 1149 £1l.66ab 3.00 +069ab 2.64 £0.29e 170 +£0.29 fg 215.00 £5.00 g
VF Al12 82.67 +£1.53abc  108.00 +1.53c¢ 460 +0.74cde 7865 +£7.8lbcd 777 +4.41 ab 1250 +1.14bc 3.53 =+0.68cd 2.88 +0.27f 190 +0.271i 239.33 +14.47h
VF A13 81.00 £2.00 ab 107.67 +£2.00c 473 £0.70 cdef 7836 £893bcd 1044 =£5.58 abcd 1132 £1.87a 327 £0.83bc 238 +021c 161 +021cde 138.00 +3.00b
VF Al4 85.00  £6.00bc 102.33 +£6.00 ab 5.20 +132f 83.37 £9.01cdef 892  +£3.28abc 1290 £237c¢ 327 =£11l1bc 266 =£026e 179 £0.26h 193.67 +3.51 ef
VF A15 8133 +£252abc  105.00 +£2.52bc 420 +£0.77abc  68.12 +£1228a 17.51 +7.6le 10.84 +056a 260 +050a 295 +£021f 213 £021i 18533 £1.53e
Means 82.52 103.24 4.46 81.36 11.23 13.62 3.66 2.49 1.72 181.17
SD +2.10 +2.27 +0.82 +11.49 +5.04 +3.12 £1.09 +0.35 +0.25 +5.55
CV% 2.54% 2.20% 18.45% 14.13% 44.57% 22.88% 29.89% 13.95% 14.39% 3.14%
Signiﬁcance *%% b XA A% *% %% A% k%% %% A%

DF, days to 50% flowering (days); FS, duration from sowing to fruit setting (days); NE, number of flowers per raceme (#); PLH, plant height (cm); NPPL, number of pods per plant (#); PL, pod length (cm); NSP,
number of seeds per pod (#); SL, seed length (cm); SW, seed width (cm); HSW; 100-seeds weight (g). Different letters along column indicate significant differences at p < 0.05. ** = 0.001 < p < 0.01; *** = p < 0.001.
The value in bold within each parameter indicate max and minimum.
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The earliest accessions were VF Al and VF Al1l, both with 79.67 days after sowing
to 50% flowering, and VF A1l with 98.67 days after sowing to pod formation. By contrast,
the latest were VF A9 and VF A12 (91 and 108 days after sowing to 50% flowering and
fruit setting, respectively). The plant height (PLH) ranged from 68.12 (VF A15) to 90.12 cm
(VF A3) with a mean of 81.36 cm (Table 1). The longest pod was observed in VF A9
(16.60 cm) and the shortest in VF A5 (10.69 cm). In addition, the mean values of seed length
and width was 2.49 cm and 1.72 cm, respectively; VF A15 showed the highest value (2.95 cm
and 2.04 cm, respectively) and VF A5 the lowest one (2.04 cm and 1.39 cm). The average
number of pods per plant and number of seeds per pod was 11.23 and 3.66, respectively.
Concerning 100 seed weight, the values ranged from 108.33 (VF A1) to 239.33 g (VF A12)
(Table 1).

Principal component analysis (PCA) was applied to understand sources of variance
and to group the 14 accessions according to similarity on the basis of the datasets of 10 agro-
morphological traits. Total phenotypic variability among the faba bean accessions explained
by the first three components was 72.76% (Table S3). In addition, the first principal
component (PC1) explained 34.53% of the overall variation; they were associated positively
with SF, LS, WS, and SW, and negatively with NSP; the second principal component (PC2)
accounted for 22.96% of total variation, and related positively with PL, NSP, and SW, and
negatively with NPPL. Furthermore, DF and PLH contributed to the PC3, which accounted
for 15.27% of the overall phenotypic variation. Thus, the plot defined by the first two
PCs (57.49%) was able to differentiate the faba bean accessions according to their major
contributing traits (Figure 2 and Table S3).

Individuals - PCA
Variables - PCA VFAS
g

10+

cos2 ; cos?

Dim1 (34.5%) | |

0
Dim1 (34.5%)

Figure 2. Principal component analysis (PCA) of fourteen Algerian faba bean accessions based on
agro-morphological traits; DF, days to 50% flowering; FS, duration from sowing to fruit setting; NF,
number of flowers per raceme; PLH, plant height; NPPL, number of pods per plant; PL, length of
the pod; NSP, number of seeds per pod; SL, seed length; SW, seed width; HSW, 100-seeds weight.

For cluster analysis a dendrogram was generated using Euclidean distance and Ward's
method, as also confirmed by CCC (Table S4). Results indicated that the fourteen faba bean
accessions clustered into 3 main groups (Figure S1). The first one included the accessions
with highest PLH, lowest SW, and small seeds. The second cluster was mainly composed
of highly SW and large seeds accessions with the latest setting fruit and lowest NSP. The
third and last cluster enclosed the nine great stature accessions with the lowest PLH.

3.2. Molecular Characterization

In this investigation, seven out of eleven SSR markers applied to evaluate the genetic
variability among the fourteen Algerian faba bean accessions exhibited amplified fragments.
The lack of amplification of GATA2, SM11, P27, P28, and P139 was due to some variation
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in the amplification protocol (annealing temperature). The data for genetic and statistical
analysis among the fourteen accessions are presented in Table 2.

Table 2. Data summary for 7 microsatellite markers across the 14 Algerian faba bean accessions.

Na Ne Ho He I Fst PIC
JF1AAC2 2 1.57 0.57 0.42 0.39 —0.35 0.32
JF1AG3 3 1.42 0.81 0.60 0.44 —0.36 0.48
JF1AG2 2 1.07 0.66 0.47 0.29 —0.42 0.34
VFG34 3 1.92 0.92 0.59 0.64 —0.56 0.49
GA6 3 1.71 0.71 0.58 0.49 —-0.23 0.46
GAIl67 4 1.42 1.00 0.67 0.49 —0.47 0.58
GATA11 3 0.78 0.37 0.49 0.14 0.24 0.39
Total 20
Mean 2.85 141 0.72 0.54 0.41 —0.30 0.442

Na, number of alleles; Ne, number of effective alleles; observed (Ho) and expected heterozygosity (He); I,
Shannon'’s information index; Fst, genetic differentiation; PIC, polymorphic information content.

The seven loci generated a total of 20 alleles with a mean of 2.85 alleles per lo-
cus. For each locus, allele numbers varied from 2 (JF1AAC2, JF1AG2) to 4 (GAII67).
The polymorphism information content (PIC) for the seven SSR primers extended from
0.32 (JF1AAC?2) to 0.58 (GAII67) with a mean of 0.44. Observed heterozygosity (Ho) was
between 0.57 JF1AAC2) and 1.00 (GAII67) with an average of 0.72, while the expected
heterozygosity (He) average recorded a value of 0.54. The fixation index (F), which esti-
mates the degree of allelic fixation, was 0.30 and ranged from 0.23 in GA6 to 0.56 in VFG34.
Shannon’s information index ranged from 0.14 to 0.64 with a mean of 0.41 (Table 2).

3.3. Genetic Structure

Based on SSR marker data, cluster analysis was carried out using Nei and Li genetic
distances and UPGMA dendrogram, as confirmed by CCC (Table S4). The fourteen acces-
sions were classified into two large clusters with three accessions as out-groups (Figure 3).
Cluster I grouped the highest number of accessions (nine) and was divided into four sub-
clusters (Sb1, Sb2, Sb3, and Sb4). The sub-cluster Sb1 contained three accessions (VFA10,
VFA14 and VFA9), while the sub-clusters Sb2 (VFA4, VFA5), Sb3 (VFA3, VEA15), and Sb4
(VFA11, VFA12) all included two accessions. Cluster II encompassed two accessions (VFA1
and VFAS), while the accessions VFA2, VFA13, and VFA6 were found to be out-groups
(Figure 3). Moreover, the accessions were clustered based on their genetic similarity using
a Principal Coordinates Analysis (PCoA). The first and second components were respon-
sible for 44.36% of the overall variation, of which each component explained 25.76% and
18.60%, respectively. The PCoA was unable to distinguish accessions according to their
geographical origin, and confirmed in this way the results observed in the cluster analysis
(Figure 4).

Finally, analysis of molecular variance (AMOVA) revealed that much of the overall
genetic variation was attributed to variability among landraces (84%) (Table S5), while the
Mantel test showed that the agro-morphological and genetic matrices had no significant
correlation (r = —0.025. p > 0.05) (Figure S2).
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Figure 3. Unweighted pair-group method of arithmetic averages (UPGMA) dendrogram of the 14
Algerian Faba bean accessions based on SSR data (e, Cluster I-Sb1; e, Cluster I-Sb2; ¢, Cluster I-Sb3;
o, Cluster I-Sb4; B, Cluster II; A, outgroups).
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Figure 4. Principal coordinate analysis (PCoA) based on seven SSR data points of the 14 Algerian
faba bean accessions.

4. Discussion

Compared to other legume crops, faba bean production has markedly decreased due
to different biotic and abiotic stresses [39], and the generation of appropriate varieties
based on genetic diversity studies in order to overcome these stresses represents the main
target, among a variety of strategies [40].

Knowledge about genetic diversity can be estimated by means of different method-
ologies using genetic markers in order to provide useful information for the development
of breeding programs, such as marker-assisted selection (MAS), and the management
of genetic resources [41]. It is noteworthy that for faba bean, as for all other crops, any
breeding program is essentially based on local populations that include an important
genetic background for specific traits.

In Algeria, the diversification of agro-ecosystems has led to the development of specific
genotypes adapted to local climatic and edaphic conditions, while maintaining a high
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genetic diversity [42]. As expected, adopting morphological and agronomic traits for the
development of gene pools is not sufficient due to either environmental effects and the
stage of plant growth, or to a restricted variation [43]. Therefore, molecular markers are
used as new tools for assessing the genetic diversity and evaluating germplasm in faba
bean population [13] in order to overcome the above-cited limitations. Thus, in the present
study, both morphological and molecular characterization were employed to highlight faba
bean germplasm diversity and to determine the genetic relationships between fourteen
faba bean accessions obtained from different Algerian regions.

4.1. Agromorphological Characterization

At the agro-morphological level, several studies have been carried out and published
in different countries (e.g., Tunisia, Morocco, Turkey, Italy, Spain) assessing the genetic
diversity of faba bean populations [7-10,44,45]. In the present study, the main goal was
to define the agro-morphological potential of Algerian faba bean accessions based on
quantitative characteristics. Terzopoulos et al. [7] reported that the quantitative agronomic
traits are very essential in the characterization and evaluation of faba bean landraces.

The analysis of variance displayed significant differences among landraces for most
agro-morphological traits, thereby suggesting a high phenotypic variation among the
Algerian faba bean landraces used in the present study. This finding is consistent with the
results of previous research identifying agro-morphological traits in Ethiopian, Greek, and
Tunisian faba bean germplasm [9,43,46]. Our collection exhibited great variation in NPPL,
NE, PL and NSP, as reported in Table 1. The morphological traits considered represent
pivotal markers for improving breeding programs in faba bean. Indeed, the high variation
in number of pods per plant is dependent on the genetic traits of faba bean populations,
cultivation methods, and principally on pollination by insects as well as environmental
conditions [47]. As reported by Singh and Jauhar [48], the number of flowers per raceme
is dependent on the varietal type and geographical origin of the landraces. In particular,
VFA12 was the latest accession, with the highest 100 seeds weight values. According to
Yahia et al. [10], this last characteristic appears to be a pivotal marker, and it is considered to
be the main trait in the classification of Vicia faba L. Furthermore, Labuda [49] states that the
phenological characteristics in faba bean (flowering and pod set time) were owing to the
time periods of the highest water requirement. In addition, Marcellos and Perryman [50]
reported that pod set in Vicia faba L. is affected by the time at which insects first visit the
open flowers. Our results provide useful information and present the first stage for faba
bean breeding programs by selecting the most appropriate discrimination traits for the
Algerian faba bean accessions studied.

On the basis of 10 agro-morphological characteristics of 14 Algerian faba bean pop-
ulations, principal component analysis (PCA) was performed to identify clusters based
on discriminate traits. Karakoy et al. [51] suggested that the use of multivariate analy-
sis allows the estimation of the contribution of variations in different traits to the total
variability in a germplasm collection. Our findings are consistent with Ammar et al. [11],
who suggested that the traits included in the three first components showed a significant
amount of genetic variability among the genotypes tested, and assumed their usefulness in
breeding programs; among them, the number of seeds per plant, number of pods per plant,
plant height and days to flowering and maturity. In addition, according to Velcheva and
Petrova [52], the results from PCA could facilitate the selection of the parents to create an
optimal segregating population to individuate specific QTLs.

Cluster analysis and PCA were not able to discriminate faba bean accessions on the
basis of their geographic origin. Yahia et al. [10] and Rebaa et al. [53] observed similar
results, reporting no relationship between the geographical origin and genetic diversity of
faba bean accessions.
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4.2. Molecular Characterization

As already mentioned, the agronomic and morphological traits are influenced by the
environment. Accordingly, using only these traits to discriminate faba bean populations is
insufficient. Indeed, several molecular markers, particularly SSR markers, are increasingly
widely being used and successfully employed to characterize crop resources and assess
genetic diversity. To our knowledge, there have not been any accessible studies concerning
the use of molecular markers for the evaluation of the genetic variability in faba bean in
Algeria, and this study could represent a starting point for future studies of the genetic
diversity and breeding in Algerian faba bean germplasm.

Moreover, as reported by Qahthn et al. [40], African germplasm was characterized by
the highest genetic diversity among a number of compared geographical locations. Consid-
ering that genetic diversity diminishes continuously [54], the new polymorphisms detected
in our collection could provide a new genetic resource for improving faba beans [55]. Thus,
in the present research, the genetic variability of 14 faba bean accessions from Algeria
was assessed using SSR analysis. According to our results, and compared to previous
studies, we found that the number of alleles per locus (2.85) was higher (1.45 and 1.68
respectively) compared to AFLP [56] and SSAP markers [57]. According to Abid et al. [58],
our results confirmed that SSR markers are a well-adapted tool for assessing the genetic
diversity of faba bean. On the other hand, our result was similar when compared to the
average number of alleles (2.76) detected for 32 faba bean accessions from China and some
Europen faba bean genotypes [59]. However, the average number of alleles was higher
when compared to the mean number of alleles (2.30) for 29 cultivars of faba bean from
Europe and China [60] and lower than that achieved by Rebaa et al. [53], who obtained
a mean of 6.62 alleles per locus on 21 faba bean populations by using eight SSR markers.
The variation between our results and other research in the number of alleles per locus
can be attributed to differences in the diversity of the population/landraces examined, the
number of landraces tested, and the primers used.

The polymorphic information content (PIC) value supplies an estimate of the discrim-
inating power of a marker by measuring the number of alleles at a locus in consideration
of the relative frequencies of these alleles [61]. The values of the PIC for all seven SSR loci
varied from 0.32 (JF1AAC2) to 0.58 (GAII67), with an average of 0.44. According to the PIC
value classification described by Botstein et al. [62], the primer JF1IAAC2 (PIC > 0.5) was
highly informative due to its high ability to detect divergence among faba bean accessions.
The mean PIC values obtained (0.44) were similar to those detected by Zeid et al. [28] in a
study of 6 SSRs in 11 accessions, but higher (0.29) than those revealed by Gong et al. [60]
using 11 SSRs in 29 accessions from China and Europe.

For the SSR markers tested, the mean value of observed heterozygosity (Ho) was
high (0.725), which could reflect the partially allogamous nature of faba bean [53,63]. The
expected heterozygosity (He), or gene diversity, is generally used to indicate the genetic
variation and to assess genetic divergence and population relationship [61]. The expected
heterozygosity (He) values of the seven polymorphic SSR loci ranged from 0.42 (JF1AAC2)
to 0.67 (GAII67), with a mean value of 0.54. In this work, the score of genetic diversity was
similar to that reported by Suresh et al. [64] and Tahir et al. [15] (0.58 and 0.56, respectively),
and was superior (0.33) to that revealed by Rebaa et al. [53], who studied genetic diversity
in 21 faba bean landraces from Tunisia. The fixation index (F) allows estimation of the
degree of allelic fixation, while comparing Ho with He, and ranged from 0.56 (VFG34)
to 0.23 (GA6), with a mean value of 0.30. Lastly, Shannon’s information index (I) varied
from 0.29 to 0.64, with an average of 0.41. The results show the existence of abundant
genetic variability among the 14 accessions. The most polymorphic loci (VFG34 and
GAII67) revealed a high level of genetic variation. Following these results, we assume that
the high level of genetic variability between the tested accessions is probably due to the
faba bean’s partly allogamous reproductive system, with rates of outcrossing from 10 to
70% [65]. Marzinziga et al. [66] reported that the pollinating insect species could determine
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the level of allogamy. Therefore, populations are highly heterogeneous, and plants are
heterozygous [63].

A dendrogram was constructed to understand the genetic relationship of faba bean
populations according to their geographical origin. The unweighted pair group method
with arithmetic mean (UPMGA) divided the 14 faba bean accessions into five clusters;
regardless of the number of clusters, the results of the Principal Coordinates Analysis
of the accessions studied was in accordance with the UPMGA clustering. The dendro-
gram showed that the accessions originated from the same region of Algeria were not
grouped in the same cluster, which indicates genetic diversity of these populations. A
similar result was described in previous studies [20,53], revealing a relationship between
faba bean germplasm and reporting significant genetic variability among genotypes at
phenotypic as well as genetic levels, but not succeeding in grouping the accessions as per
their geographical origin.

The Mantel test showed a lack of meaningful correlation between the genetic and
morphological matrices (r = —0.025). This result may be due to the number and the
choice of measured traits and to selection pressure, which created similar forms but with a
different genetic structure [67].

5. Conclusions

Genetic diversity is essential for the creation of new varieties with interesting charac-
teristics. In effect, the current study is a starting point toward the development of breeding
and research on the genetic diversity of Algerian faba bean accessions considering the
results obtained from the molecular markers and the main important agro-morphological
traits. At both molecular and agro-morphological levels, high and remarkable genetic
diversity was detected among the 14 accession assessed. This considerable variation will
be helpful for germplasm management, classification, and preservation.

Our results showed that NPPL, NSP and PL were the traits that exhibited higher
variation and should be given due consideration when performing selection in segregating
generations of faba bean.

Furthermore, this study confirmed the efficiency of SSR markers as a valuable tool for
faba bean diversity assessment. To our knowledge, this is the first research published on
the available diversity of Algerian faba bean accessions using agro-morphological traits
and SSR markers. Our results open perspectives to the selection of parental lines for faba
bean improvement projects to develop new abiotic- and biotic-tolerant faba bean varieties,
thereby developing farmer-preferred cultivars with desirable traits. In this respect, there
is a need to plan future studies to affirm the differentiation of gene pool between our
collection and other faba bean accession from different part of world.

Finally, the existence of genetic diversity in this crop could be useful to evolve and
cope with current environmental change, thereby ensuring sustainability in the agricultural
production system.
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Algerian faba bean. Table S5. Analysis of molecular variation (AMOVA) among and within fourteen
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