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Abstract Algerian maize has been cultivated in
Saharan Oases for many centuries, determining its
adaption to extreme environments. Therefore, maize
landraces from Sahara could be considered as valuable
genetic resources for breeding. Morphological and
molecular characterization of fifty-six populations
were assessed using 14 agro-morphological traits
and 18 SSR markers. Populations were evaluated in
field experiment in an augmented randomized com-
plete block design. ANOVA on morphological data
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revealed significant difference among populations.
Analysis of principal component showed two principal
components describing 55.44% of total variation.
Flowering time, plant height, ears traits and yield were
the most discriminatory traits. Genetic analysis iden-
tified a large number of alleles (191) with mean value
of 10.61 alleles per locus. High average PIC value
(0.57) indicates informativeness of the selected mark-
ers in this study. The genetic structure analysis
revealed a high genetic differentiation (Fst = 0.22)
among populations, showing a greater genetic diver-
sity within Algerian populations than among them.
Bayesian model-based structure analysis assigned
genotypes into two groups. Both phenotypic and
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SSR analysis revealed significant genetic diversity;
albeit a clustering based on geographic origin was not
observed. The wide genetic diversity of Saharan maize
populations could be used as genetic resources in
future maize breeding programs.

Keywords Genetic diversity - Morphological traits -
SSR markers - Zea mays L.

Introduction

Maize (Zea mays L.) is considered the major staple
food in the world and the most cultivated among
cereals (Shiferaw et al. 2011), therefore, due to climate
change about 20% of maize production is lost each
year (Chen et al. 2012). Thus, maize improvement for
abiotic stress tolerance could become a decisive goal
and the future challenge for breeding programs
(Betran et al. 2003). To date, only 10% of total maize
diversity is used in breeding programs worldwide
(Beyenne et al. 2006a), and this narrow genetic
background could be scarce to select for abiotic stress
tolerances.

Morphological, biochemical and molecular char-
acterization are now available for studying genetic
diversity (Govindaraj et al. 2015). Although morpho-
logical and biochemical characterization were largely
used in maize (Franco et al. 2001), both methods are
highly affected by environment (Smith and Smith
1992; Beyenne et al. 2006a). By contrast, the DNA-
based molecular marker techniques, such as simple
sequence repeat (SSR), appeared more useful because
not influenced by environmental changes and able to
provide a direct measure of genetic diversity avoiding
the genotype-environment interaction (COmertpay
etal. 2012; Govindaraj et al. 2015). SSR were largely
used for analyzing maize genetic diversity (Smith and
Smith 1992; Messmer et al. 1993; Warburton et al.
2002; Dubreuil et al. 2006) and their success is mainly
due to high level of polymorphism, codominance,
repeatability and reliability (Legesse et al. 2007).
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However, the genetic characterization of open-polli-
nated maize varieties is very expensive and time
consuming (Prasanna 2012), and to overcome these
limitations, population bulk DNA fingerprinting
method was employed to analyze few bulked samples
rather than many individual plants (Eschholz et al.
2010).

Many studies on African maize genetic diversity
were already carried out (Beyene et al. 2006a; Legesse
et al. 2007; Adeymo et al. 2011), but not many
reported landraces from Algeria (Djemel et al. 2012;
Aci et al. 2013, 2018).

After its introduction in Algeria by Arabs and
Moors during the five centuries (McCann 2005),
maize was grown especially in Saharan Oases, where
was exposed to high temperature and drought stress
compared to its traditional area of cultivation, and the
large genetic diversity available in maize open polli-
nated populations resulted in the adaptation to this
extreme environmental condition.

Commonly, F; hybrid have not been available to
small-scale farmers localized in the maize zone
diversity (Adrar province) described by Djemel et al.
(2012), where the geographical isolation from maize
hybrid-land in Ghardaia province (Algeria) was
guaranteed.

Further, the F; genetic background is generally
narrow and less adaptable to the drastic climate of the
Algerian desert. Thus, the cultivation of open polli-
nated varieties (OPVs) appears most appropriate for
the purpose small surfaces cultivation in which the
OPVs are cultivated year after year utilizing the
selected seeds from the previous season to feed human
and animal populations. As the Sahara Oases for
maize cultivation are significantly distant one from
each other, farmers maintained their own landraces,
leading to high genetic and phenotypic variability
mainly important for breeding programs (Hoxha et al.
2004; Wietholter et al. 2008). To avoid the influence of
the new maize-growth systems on both crop diversity
maintenance and traditional seed-saving, our most
scientific priorities is to collect, preserve, and exploit
the maize biodiversity from the Algerian Oases before
its genetic erosion or contamination.

The first Algerian maize characterization, based on
agro-morphological traits, identified a wide range of
variability for adaptation to high temperature (Djemel
et al. 2012), and these observations were confirmed by
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Aci et al. (2013, 2018), assessing the genetic diversity
of maize populations using SSR markers.

In the present study, fifty-six Algerian maize
populations collected from Saharan Oases were char-
acterized using agro-morphological traits as well as
SSR markers. For a first instance, this study permitted
to increase the knowledge of maize genetic diversity
from Algeria useful to establish a core collection to be
used in future breeding programs.

Materials and methods
Plant material

Fifty-six maize open-pollinated populations, well-
maintained at the National School of Agronomy of
Algiers (ENSA), were selected as representative of the
Oases Saharan maize. The populations were mainly
collected from Adrar and Tamanrasset in 2009 and
2010 (Suppl. Table 1).

Field experiment

The maize populations were field assayed in 2013 in
an augmented block design (Federer 1956) with three
blocks and seven checks, of which two synthetic or
landrace from USA (BS17, BSL), one from Canada
(Longfellow) and four populations from Spain (Nor-
teno, Rastrojero, Tuy and Tremesino), at the High
National School of Agronomy (36° 47’ N, 2° 03’ E)
located in the North of Algeria. Each plot consisted on
one row 6 m length. The rows were spaced 0.70 m
apart, and the hills were spaced 0.20 m apart to obtain
a final density of 6 plants m 2. For each population,
data of 14 morphological traits were estimated using
10 randomly selected plants per population based on
CIMMYT and IBPGR (1991) maize descriptor as
reported in Suppl. Table 2.

Phenotypic data analysis

Means for each morphological trait were analyzed
using augmented complete block design adjusting by
blocking effects of the replicated checks using ACBD-
R software by CYMMYT (International Maize and
Wheat Improvement Center), and the data were further
analyzed to highlight significant differences by anal-
ysis of variance (ANOVA). Further, principal

component analysis (PCA) was performed to identify
which trait efficiently differentiated maize populations
by using R software (R Development Core Team
2008). Before carrying out PCA, the mean of each trait
was standardized for the deletion of scaling difference.

DNA extraction and PCR analysis

DNA was extracted from each population using bulk
DNA fingerprinting method described by Rebourg
et al. (2001). Each bulk was prepared by pooling an
equal amount of leaf material from 15 individuals per
population. After pooling and grounding steps from
100 mg of leaf material, using liquid nitrogen, DNA
extraction was performed using DNeasy Plant Mini
Kit (Qiagen, Milano, Italy), according to manufacturer
protocol. The fifty-six populations were genotyped
with a set of 18 SSR markers distributed throughout
the genome (Aci et al. 2013, 2018). PCR reaction was
carried out in 20 pL. volume containing 20 ng DNA
for each bulk, 1 U Tag DNA polymerase (Thermo
Fisher Scientific Inc.), 0.32 pM reverse primer,
0.16 uM forward and 0.16 uM fluorescence (FAM)
labeled universal primer M13 (— 21) as previously
reported (Schuelke 2000; Carimi et al. 2011). Thermal
cycling consisted of an initial denaturation step at
95 °C for 5 min, 30 cycles at 94°C/30 s, 56 °C/45 s
and 72 °C/45 s followed by 8 cycles at 94 °C/30 s,
53 °C/45 s and 72 °C/45 s. The final step was the
extension at 72 °C for 10 min. SSR products were
separated in capillary sequencer ABI 3500 (Applied
Biosystems). SSR allele size was analyzed using
Gene Mapper v.5.0 software (Applied Biosystems). In
particular, to estimate the allele frequencies for each
bulk filtering allele calling “FreqsR” software was
used. The allele sizes of each individual starting from
bulk allele frequencies were calculated using “F-to-
L” software (Warburton et al. 2002; Dubreuil et al.
2006), the analysis was performed by R platform (R
Development Core Team 2008).

Genetic diversity analysis

To determine genetic parameters such as number of
alleles (N), number of different alleles (Na), number of
effective allele (Ne), expected (He) and observed (Ho)
heterozygosity and Shannon diversity index (I) among
populations and SSR loci GenAlex software version
6.3 (Peakall and Smouse 2006) was used. Private
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allele and polymorphic index content (PIC) for each
SSR locus were determined using GDA (https://
phylogeny.uconn.edu/software) and Cervus v.3.0.7
software (Copyright Tristan Marshal, Field Genetic,
Ltd), respectively. Analysis of molecular variance
(AMOVA) was also performed to analyze genetic
variation among and within individuals (Excoffier
et al. 1992) by Arlequin software (http://cmpg.unibe.
ch/sofware/arlequin3), testing Fst by 9999 random
permutations. Furthermore, a dendrogram was depic-
ted based on Nei and Li (1979) pairwise distances
matrix (SSR data-based) and the algorithm UPGMA
(unweighted pair group method of arithmetic cluster-
ing) (Sneath and Sokal 1973) by using MEGA v. 6
software (Kumar et al. 2015). Moreover, a principal
coordinate analysis (PCoA) was performed using
GenAlex software version 6.3 (Peakall and Smouse
20006).

Finally, a model-based (Bayesian) clustering was
performed to evaluate genetic relationship among
individuals and population structure by using STRUC-
TURE software (Pritchard et al. 2000). The program
was set up and run as reported in Mercati et al. (2013).
Then, the criterion (AK) by Evanno et al. (2005) was
used to determine the most probable K value, coun-
teracting for the overestimation of subgroup number
by STRUCTURE: lines with membership probabili-
ties > 0.80 were assigned to the corresponding sub-
groups and lines with membership < 0.80 were
assigned to a mixed subgroup (Wang et al. 2008).

Results
Agro-morphological diversity

The ANOVA results showed that variability intro-
duced by blocks was observed only for CD and RD,
whereas for the other traits the block effects were not
significant (Table 1). Data revealed high significant
differences among checks for almost all the traits
except cob (CD) and ear diameters (ED), ear length
(EL), kernel row number (NKR) and ear number per
plant (NEP) (Table 1). Moreover, the populations
differed significantly for eight traits namely DS, DA,
PH, RD, ERN, NEP and YP (Table 1).

The statistical parameters (mean, standard devia-
tion, minimum, maximum and coefficient of variation)
related to agro-morphological traits of populations are
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presented in Table 2. For earliness, in 63 and 68 days
after sowing the earliest population (AGL) reached
50% anthesis and silking, respectively. On the
contrary, the starting of anthesis and silking were
delayed in IGR2 which was the latest population (96
and 98 days after sowing, respectively). The anthesis-
silking interval (ASI) ranged from 1 to 4 days for more
than 60% of the populations under study, and from 5 to
11 days for the remaining. Maximum plant and ear
height (132.12 and 79.46 cm) were recorded in TLC
and FEZ, whereas the minimum (45.79 and 14.47 cm)
were observed in AGL and TWR, respectively
(Table 2). Indeed, the highest population (TLC)
recorded the highest yield (62.46 qt h™"), short ASI
(2 days) and was late maturing (85 and 87 DA and DS,
respectively). For ear related traits, high correlation
was registered between ED and NKR. Indeed, popu-
lation IGR2 showed largest ear (3.7 cm) as well as
maximum number of ear rows (13.1). In addition, a
correlation between EL and NKR was observed, with
minimum values of 8.18 cm and 13.9 cm, respectively
was registered in BNT population. The longest ear was
observed in IZM (16.25 cm), while IGR4 showed the
highest NKR. The ear number per plant (NEP) varied
from 1.4 (AZA) to 3.10 (TMD?2) with a mean of 2.25.
The average 100-kernel weight (WHK) was 0.0231 kg
ranging from 0.016 kg (IGR3) to 0.036 kg (MGR).

Analyzing the measured agro-morphological traits
in maize germplasm, highly and positive correlations
was found among most of the traits (Suppl. Table 3).
The highest and positive correlation was registered
between PH and EH (r = 0.95), followed by DA and
DS (r = 0.94). Similarly, DA, DS, PH, EH, ED, EL,
NKR and YP were highly and positively correlated
with each other, highlighting a robust relationship
among these traits. YP was weakly correlated with
NEP (r = 0.28) (Suppl. Table 3).

The principal component analysis (PCA) based on
14 agro-morphological traits was performed to reduce
the data set. Total variance explained by first two
components was 55.44% (Suppl. Table 4). The first
component (PC1) accounted for the highest rate
43.04% of total variation, in which the discriminatory
traits were: DA, DS, PH and EH, EL and ED, NKR,
ERN and YP (Suppl. Table 4). Cob diameter were
positively correlated with second principal component
(PC2) which explained 12.40% of total variation,
whereas NEP and YP were negatively correlated
(Suppl. Table 4).
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Table 1 Mean squares and ANOVA of 14 morphologic traits measured in 56 maize populations in the augmented randomized

complete block design

Df DS DA ASI PH EH CD
Blocks 2 15.51 5.29 4.66 86.42 175.89 0.753*
Entries 62 78.32%%:k% 64.26%%* 6.53 1294.09%** 466.76%* 0.183
Checks (C) 6 154.88%** 145.7 %% 22.82%* 1070.07* 831.09%** 0.391
Genotypes (G) 55 36.79%* 33.04%:* 3.90 503.27%** 225.35 0.128
C versus G 1 1903.23%:* 1292843 53.37%%* 46133.12%#* 11558.65%** 1.925
Error 12 7.63 8.88 3.396 145.95 122.31 0.142

Df ED RD EL NKR ERN NEP
Blocks 2 0.29 0.188%* 2.882 6.506 0.299 0.548
Entries 62 0.14 0.0427%# 5.404* 15.09 2.150%#: 1.23%#:%
Checks (C) 6 0.18 0.033%* 3.960 27.63 9.39 sk 0.256
Genotypes (G) 55 0.07 0.0497%%* 3.062 9.766 1.386%** 1.2387%%*
C versus G 1 3,730k 0.236%** 142.87%%* 232.64%%* 0.729 7.202%%%
Error 12 0.1 0.007 2.164 10.06 0.230 0.162
Df WHK YP

Blocks 2 0.00005 34.83
Entries 62 0.00003%** 156.46%*
Checks (C) 6 0.0001 1% 308.93:%:
Genotypes (G) 55 0.00001 136.73%*
C versus G 1 0.00061%** 326.80*
Error 12 0.00001 45.63

DS Days to silking, DA days to anthesis, ASI anthesis silking interval, PH plant height, EH ear height, CD cob diameter, ED ear
diameter, RD rachis diameter, EL ear length, NKR number of kernels per row, ERN ear row number, NEP number of ears per plant,
WHK weight of 100 kernel, YP yield per plot (* = 0.01 < p < 0.05; ** = 0.001 < p < 0.01; *** = p < 0.001)

The genotype-trait biplots (Fig. 1), based on the
first two principal components, was also generated to
evaluate the relationships among maize populations
and all traits measured. In general, PC1 opposed late
maturing and highest populations (TLC, IGR2, RGN,
1IZM, FEZ, GAG, EDD, and AGH) to the earliest and
the shortest (TWR, AGL, AZA, SDY, BNT, TMD1
and MHF). In the same way, PC2 differentiate high
yielding populations (MRG, TLC, DRR, GAG, IGR4
and AMR1) from low yielding (AGL, BFD, AZA,
TNR, IGR3 and EGC) (Fig. 1).

Genetic diversity
Polymorphism and allelic diversity

The polymorphisms among fifty-six maize popula-
tions were investigated by using 18 SSRs. These loci
generated a total of 191 alleles with an average of
10.61 alleles per locus (Table 3). SSR marker bnl-
g1740 showed the highest number of alleles (24)
followed by phi036 and umc-1335 (19 each), while the
lowest number (3) was observed in umc-1265. The
mean effective number of allele (Ne) and the shan-
non’s information index (I) were estimated to be 2.31
(ranging from 1.18 to 3.80 for phi 127 and umc-1335,
respectively) and 0.90 (from 0.23 to 1.51 for phil27
and umc1335, respectively). Umc1335 exhibited the
highest PIC (0.825), whereas the lowest was 0.14
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Table 2 Descriptive statistics of maize germplasm collection and identification of specific trait of interest

Variable Code Mean SD Cv Min Max
Values Accession Values Accession

Days to silking DS 77.16 6.06 7.861 68.0 AGL 98.0 IGR2
Days to anthesis DA 73.21 5.74 7.850 63.0 AGL 96.0 IGR2
Anthesis Silking Interval ASI 3.94 1.97 50.08 1.0 MRG/INS5 11.0 1ZM
Plant height PH 75.16 22.31 29.68 45.79 AGL 132.12 TLC
Ear height EH 33.02 14.56 44.10 14.47 TWR 79.46 FEZ
Cob diameter CD 2.13 0.357 16.74 1.50 LHM 3.23 EDD
Ear diameter ED 3.25 0.261 8.038 2.70 BAJ 3.7100 IGR2
Rachis diameter RD 0.832 0.212 25.51 0.49 701 1.86 INS2
Ear lenght EL 11.65 1.74 15.01 8.18 BNT 16.25 1ZM
Number of kernel per row NKR 19.96 3.12 15.65 13.90 BNT 26.30 IGR4
Ear row number ERN 10.052 1.17 11.71 7.9 INS6 13.1 IGR2
Number of ears/plant NEP 2.25 0.411 18.24 1.40 AZA 3.10 TMD2
100-kernel weight WHK 0.0231 0.0034 14.70 0.016 IGR3 0.036 MGR
Yield per plot YP 31.14 11.96 38.41 13.72 TWR 62.46 TLC

4

* MRG

2
- e TLC
°\= [ ﬁ A R
g civss e A e
~ N TR T
c © BNT " s A Ba * R
~
O I.BSFEZ
A~ * EGC ERN R&M
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Fig. 1 Principal component analysis (PCA) of fifty-six maize populations based on agro-morphological traits

(phil27). Across 18 SSR analyzed, nine showed PIC
values greater than 0.6 (Table 3).

Among 191 alleles detected across 56 populations
under study, nineteen unique alleles were detected in
13 SSR markers (Table 4). The highest number of
private alleles (3) was detected using umcl222
marker, followed by phi036, umc1165, umc1225 and

@ Springer

umcl1424 with 2 alleles for each SSR. For the
remaining, only one private allele each was found.
These unique alleles were revealed in 14 populations
out of 56, among them BAH showed the maximum
number (3), while AMR1, AGH and TNR revealed 2
alleles for each population (Table 4).
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Table 3 Genetic parameters of 18 SSR used for analyzing the 56 maize populations

Locus Bin Motif Size N Ne He Ho I PIC Fst
umc1222 1.01 (AG)20 123-219 18 1.971 0.608 0.467 0.834 0.565 0.300
umc1403 1.03 (GCA)4 119-150 7 1.962 0.508 0.454 0.795 0.481 0.139
umc1335 1.06 (AG)o4 105-156 19 3.804 0.836 0.707 1.510 0.825 0.185
umc1165 2.01 (TA)e 135-187 2.390 0.738 0.570 0.954 0.698 0.272
umc1265 2.02 (TCAC), 108-118 3 2.037 0.621 0.517 0.780 0.541 0.241
phil27 2.08 AGAC 108-131 1.188 0.144 0.127 0.230 0.14 0.135
bnlg1520 2.09 (AG)2 162-198 14 2.267 0.601 0.498 0.932 0.570 0.221
phi036 3.04 (AG), 40-97 19 3.285 0.793 0.640 1.369 0.775 0.181
umc1963 4.04 (AGO); 121-132 1.858 0.519 0.443 0.683 0.434 0.186
umc1329 4.06 (GCC), 75-95 1.842 0.552 0.472 0.673 0.453 0.230
umc1225 5.08 (AG)s 55-128 16 2.194 0.649 0.485 0.923 0.608 0.265
umc1424 6.06 (TCC), 90-150 15 2.581 0.688 0.576 1.056 0.656 0.187
bnlg1740 6.07 (AG)y, 110-186 24 2.449 0.750 0.543 0.990 0.722 0.315
umc1545 7 (AAGA), 43-90 8 2.793 0.722 0.647 1.118 0.676 0.158
umc1327 8.01 (GCC)4 47-97 8 3.261 0.747 0.715 1.342 0.713 0.109
umc1984 8.03 (CAG); 85-116 5 1.453 0.393 0.316 0.508 0.362 0.423
phi027 9.03 (GCGCT), 26-78 7 2.705 0.731 0.630 1.102 0.683 0.171
phi059 10.02 (ACQO), 131-154 5 1.623 0.513 0.350 0.534 0.448 0.373
Total 191

Mean 10.61 2.315 0.617 0.509 0.908 0.575 0.227

N number of alleles, Ne effective number of alleles, / Shannon’s information index [Lewontin (1972)], PIC polymorphic information
content, observed (Ho) and expected (He) heterozygosity; Fst the inbreeding coefficient within subpopulations relative to the total

(genetic differentiation)

The population’s parameters as allelic richness
(Na) observed (Ho) and expected (He) heterozygosity
as well as inbreeding coefficient (f) were also
estimated and summarized in Table 4. The Na, which
is defined as the average number of alleles detected
across 18 loci, ranged from 5.16 (AMR1) to 3.11
(TLC). The highest expected and observed heterozy-
gosity (He = 0.60 and Ho = 0.62) were registered for
AMRI1, whereas the lowest values (He = 0.37 and
Ho = 0.38) were recorded for TLC. The average
observed and expected heterozygosity for all acces-
sions were 0.510 and 0.512 respectively. Overall
inbreeding coefficient of the populations varied from
— 0.017 (LHM) to 0.108 (FNG) (Table 4).

Population structure
The overall genetic differentiation (Fst = 0.22) indi-

cated that 22% of total variation is due to differences
among populations, while within population genetic

variation accounted for 78%. Analysis of molecular
variance (AMOVA) revealed highly significant dif-
ferences among populations and within individuals
(Table 5). Approximately, 79% of total variance
occurred within individuals, while 20% was portioned
among populations (Table 5). Structure analysis
showed the Algerian populations separated in two
genetic groups (K = 2) (Fig. 2). The percentage of
individuals in each population belonging to each
group were estimated (Table 4) and the cut-off
probability for assignment to a cluster was assumed
to be > 0.8 according to the information provided by
the Q-matrix (Pritchard et al. 2000). A set of 29
populations out of 56 showed values of proportion of
membership greater than or equal to 0.8 and were
therefore assigned to a specific group, while the
remaining populations (27), with proportion below 0.8
were classified as intermediate (assigned to mixed
group) (Table 4, Fig. 2). Group 1 (red) consisted of 10
populations which are mostly originated from
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Table 4 Estimation of population’s genetic parameters (Na, He, Ho, and f) unique alleles and proportion of participation of each
population in each group obtained after structure analysis

Accession Na He Ho f Unique alleles Group Q > 80%
1 2

AGH 3.778 0.5246 0.4889 0.0704 2 0.90 0.10 1

DRR 3.778 0.5074 0.4667 0.0829 0 0.55 0.45 Mixture
GAG 3.833 0.4955 0.4889 0.0139 1 0.42 0.58 Mixture
IGRS 3.556 0.5238 0.5185 0.0104 0 0.75 0.25 Mixture
IGR3 3.389 0.4513 0.4148 0.0836 0 0.60 0.40 Mixture
INS1 3.556 0.5023 0.5222 — 0.0411 0 0.36 0.64 Mixture
INS3 3.111 0.4527 0.4556 — 0.0064 1 0.59 0.41 Mixture
INSS 3.500 0.4687 0.4392 0.0650 0 0.40 0.60 Mixture
AMRI1 5.167 0.6087 0.6296 — 0.0357 2 0.27 0.73 Mixture
INS6 4.333 0.5331 0.5185 0.0283 1 0.95 0.05 1

IKS 4.056 0.5498 0.5481 0.0031 0 0.35 0.66 Mixture
LHM 4.833 0.5789 0.6222 — 0.0777 0 0.64 0.36 Mixture
MHF 3.444 0.4427 0.4444 — 0.0042 0 0.96 0.04 1

MHZ 3.611 0.4738 0.4593 0.0318 0 0.09 0.91 2

MSR 3.167 0.4909 0.4745 0.0345 0 0.69 0.31 Mixture
RGN 3.333 0.5024 0.4875 0.0308 0 0.95 0.05 1

SBK 3.778 0.5594 0.5608 — 0.0025 0 0.79 0.21 Mixture
AMR?2 4.278 0.4982 0.4926 0.0117 0 0.49 0.51 Mixture
SDY 3.778 0.4545 0.4741 — 0.0446 0 0.66 0.34 Mixture
TNG 3.278 0.4632 0.4593 0.0089 1 0.68 0.32 Mixture
TLC 3.111 0.3754 0.3889 — 0.0374 1 0.94 0.06 1

TLL 4.500 0.5553 0.5778 — 0.0420 0 0.49 0.51 Mixture
TMD2 4.333 0.5467 0.5490 — 0.0044 0 0.80 0.20 1

TMN 3.500 0.4630 0.4519 0.0248 1 0.40 0.61 Mixture
TNR 4.778 0.5651 0.5741 — 0.0164 2 0.91 0.09 1

TWR 4.167 0.5372 0.5111 0.0501 0 0.66 0.34 Mixture
AZA 3.167 0.4710 0.4549 0.0353 0 0.70 0.30 Mixture
TTW 3.333 0.4028 0.3843 0.0476 0 0.91 0.09 1

701 3.556 0.4497 0.4630 — 0.0306 0 0.84 0.16 1

ZRG 3.778 0.4742 0.4704 0.0084 0 0.97 0.04 1

AGL 4.000 0.5045 0.4963 0.0168 0 0.13 0.87 2

ALL 3.556 0.4909 0.4588 0.0675 0 0.13 0.87 2

ANT 3.778 0.4922 0.4741 0.0381 0 0.17 0.83 2

BAL 4.111 0.5538 0.5686 — 0.0278 0 0.19 0.81 2

BMR 3.833 0.5153 0.5481 — 0.0661 0 0.08 0.92 2

BNT 4.278 0.5811 0.5741 0.0125 0 0.05 0.95 2

EDD 3.667 0.4885 0.5000 — 0.0244 0 0.12 0.88 2

BAH 4.167 0.5114 0.5444 — 0.0672 3 0.40 0.60 Mixture
EGC 3.778 0.4729 0.4481 0.0542 0 0.18 0.82 2

FEZ 3.222 0.4810 0.5074 — 0.0570 1 0.03 0.97 2

FNG 4.278 0.5545 0.4963 0.1084 0 0.31 0.69 Mixture
GNJ 3.889 0.5146 0.5222 — 0.0154 1 0.07 0.93 2
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Table 4 continued

Accession Na He Ho f Unique alleles Group Q > 80%
1 2

IRG2 4.000 0.5623 0.5259 0.0669 0 0.23 0.77 Mixture

IGR4 4.611 0.5727 0.5815 — 0.0159 0 0.17 0.83 2

IGR1 4.000 0.5834 0.5704 0.0231 0 0.11 0.89 2

INS2 4.500 0.5743 0.6078 — 0.0606 0 0.25 0.76 Mixture

INS4 4.556 0.5446 0.5556 — 0.0209 1 0.08 0.92 2

1ZG 3.944 0.5487 0.5824 — 0.0638 1 0.06 0.94 2

IZM 3.389 0.4917 0.4778 0.0293 0 0.24 0.77 Mixture

MRG 4.111 0.5327 0.5370 — 0.0084 0 0.15 0.85 2

TMD1 3.333 0.5066 0.4875 0.0390 0 0.18 0.82 2

TMR 4.333 0.5461 0.5148 0.0592 0 0.11 0.89 2

TMT 3.944 0.5235 0.5111 0.0245 0 0.08 0.92 2

BAJ 3.778 0.5161 0.5407 — 0.0496 0 0.74 0.26 Mixture

BFD 4.000 0.5574 0.5765 — 0.0355 0 0.46 0.54 Mixture

BYY 4.222 0.5485 0.5667 —0.0343 0 0.56 0.44 Mixture

Mean 3.876 0.5123 0.5101 0.0052

Na number of effective alleles, observed (Ho) and expected (He) heterozygosity; f coefficient inbreeding, Q, relatedness of each

genotype to each population estimated by STRUCTURE software

Table 5 Analysis of molecular variance (AMOVA) among 56 maize populations based on 18 SSR

Source Df SS MS Est. Var. % F-Statistics Value P
Among populations 55 2150.82 39.106 1.151 20% Fst 0.202 0.001
Among Ind 784 3579.23 4.565 0.020 1% Fis 0.005 0.172
Within Ind 840 3800.5 4.524 4.524 79% Fit 0.206 0.001
Total 1679 9530.55 5.696 100%

df degree of freedom, SS sum of squares, MS mean sum of squares, Est. var. estimated variance, % percentage of variation, Fst
inbreeding coefficient within subpopulations relative to the total, Fis inbreeding coefficient within individuals relative to the
subpopulation, Fit inbreeding coefficient within individuals relative to the total

Reggane and Zaouit Kounta located at east and central
south of Adrar, respectively. Group 2 (green) gathered
19 populations, from In Salah located in north of
Tamanrasset, Zaouit Kounta, Reggane and other
localities; the remaining 27 populations made up the
intermediate group (Fig. 2).

Cluster and principal coordinates analysis

A dendrogram based on the genetic distance matrix of
the SSR data was generated using the UPGMA
algorithm (Fig. 3). The dendrogram revealed three
large clusters in which the 56 maize populations were
included. In cluster I, 44 populations were present and

further divided into four sub-clusters (Ia, Ib, Ic and Id).
Sub-cluster Ia included 12 accessions of which 5 were
from mixed-group and 6 from group 2 as resulted by
Bayesian clustering. Sub-cluster Ib contained also 12
populations, while sub-cluster Ic and Id gathered both
10 populations. Cluster II and III included 7 and 2
populations, respectively, which were mostly from
group 1. The last 3 populations (ZRG, WTT and RGN)
appeared as out-groups (Fig. 3). Finally, the Principal
Coordinates Analysis (PCoA) was performed to
cluster populations for their genetic similarity. Com-
ponent 1 and 2 explained 12.16% and 10.10%,
respectively (Fig. 4). The analysis was not able to
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Fig. 2 Bayesian individual clustering based on 18 SSR data of fifty-six maize populations as inferred by STRUCTURE

(group 1 = red; group 2 = green). (Color figure online)

distinguish populations for their geographical origin,
as frequently observed (Fig. 4).

Discussion

The present study investigated Algerian maize popu-
lations by a morphological and molecular character-
ization. Although morphological analysis for genetic
diversity assessment presents many limitations as low
polymorphism and influence of environment on phe-
notypic expression (Smith and Smith 1992), pheno-
typic traits were helpful in a preliminary evaluation of
genetic diversity (Beyene et al. 2005a) and provided
practical and critical information required to charac-
terize genetic resources (Ignjatovic-Micic et al. 2015).
On the other hand, molecular markers have been used
successfully for genetic diversity and populations
structure studies on maize (Dubreuil et al. 20006;
Sharma et al. 2010; Comertpay et al. 2012).
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Fig. 3 Unweight pair-group method of arithmetic averages
(UPGMA) dendrogram generated from 18 SSR data showing
relationships of fifty-six Algerian maize populations
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Therefore, combination of both markers provided the
best and effective conservation and management of
genetic resources (Ristic et al. 2013).

The analysis of variance revealed a wide range of
phenotypic traits variation. Maize populations from
Sahara differed significantly for flowering time (DA,
DS), ear traits (RD, ERN, and NEP), plant height,
100-kernel weight and grain yield. Despite the signif-
icant difference for flowering date, there were no
significant differences for ASI. The highest population
recorded the shortest ASI, highest crop yield and was
late maturing, in agreement with previous study
(Bolafios and Edmeades 1996), revealing that geno-
types with short ASI exhibited higher yield, in
agreement with Ngugi et al. (2013) who considered
that short ASI is important trait in selection for
increasing yield and Tabu et al. (2011) who demon-
strated a correlation between ASI and yield loss.
Relationships between different traits were investi-
gated using the coefficient of correlation and PCA.
The most significant correlations were found between
days to anthesis and days to silking, plant and ear
height, which is in agreement with similar findings in
maize (Beyene et al. 2005b). Our results also revealed
that many traits were significantly and positively
correlated with each other. These results are in
agreement with those obtained by Bolafios and
Edmeades (1996); Mijangos-Cortés et al. (2007);
Comertpay et al. (2012) and Igbal et al. (2015), which
reported consistent correlations between agro-mor-
phological traits in maize. Indeed, linked genes
encoding for different phenotypic traits are the cause
of this high correlation between different
traits (Comertpay et al. 2012; Igbal et al. 2015). Thus,
specific pairwise correlations between agronomic
traits of interest should be taken into account by the
breeders. However, the selection of flag traits should
be performed carefully under different agro-climate
conditions to avoid the influence of the environment in
trait evaluation (Yiicel et al. 2009).
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The PCA was performed to classify the populations
on the basis of the most discriminating traits. The
results revealed two main components accounting for
55% of total variability. Among the traits analyzed,
flowering time, plant and ear height, ear traits and
grain yield played a crucial role in differentiating the
populations. The PCA-based grouping of Algerian
maize germplasm are in agreement with those
obtained by Beyene et al. (2005b) and Hartings et al.
(2008). Likewise, Mijangos-Cortés et al. (2007) and
Jaric et al. (2010) reported that plant height and ear
height, ear length and yield were also the most
discriminating traits to identify maize populations in
Eastern Serbia and Mexico, respectively. Similarly,
Gouesnard et al. (1997) identified earliness and plant
size as major traits contributing to the grouping of
French maize accessions.

PCA are not able to classify the genotypes for their
geographic origin. These results agree with those
obtained by Hartings et al. (2008) and Sharma et al.
(2010), who found that landraces from the same
regions were not grouped together in the same cluster.
The weak geographical relationship among popula-
tions can be explained by the extensive mixing of
germplasm between fields due to pollen-mediated
gene flow; while the exchange of seeds between
farmers from distinct regions to meet their needs could
be another reason (Beyene et al. 2005b; Comertpay
et al. 2012).

Fig. 4 Principal coordinate
analysis (PCoA) based on 18
SSR data of fifty-six maize
populations

N

The phenotypic characterization revealed that
Saharan maize germplasm display large amount of
variability for quantitative traits. Therefore, grouping
the populations for similar phenotypic traits could help
the genetic improvement.

The molecular diversity of selected maize popula-
tions was also analyzed using fluorescent dye-labeled
SSR markers with allele resolution using DNA-
sequencer. The number of alleles and their frequencies
at each locus were analyzed, as indicator of SSR
polymorphism. In total, 191 alleles were detected
among 56 populations, with an average of 10.62 allele
per locus. The high number of alleles per locus found
in this study is most likely attributable to the higher
genetic diversity in the investigated germplasm.
Accordingly, Adetimirin et al. (2008) revealed mean
values of 9.7 alleles per SSR locus, after genotyping
17 inbred lines from west and central Africa. By
contrast, Beyene et al. (2006b) and Choukan et al.
(2006) reported an average of 4.9 alleles per locus
analyzing 62 Ethiopian maize accessions and 58
Iranian inbred lines, respectively. The difference in
the number of alleles between studies could be
explained by several reasons; the methodologies used
for detection of polymorphic markers; the size of the
collection under study, the expected diversity or
uniformity based on pedigrees and finally and mainly
the SSR panel adopted (Heckenberger et al. 2002;
Choukan et al. 2006; Adetimirin et al. 2008). Indeed,
dinucleotide SSR markers generate higher number of

Principal Coordinates (PCoA)

* GNJ
¢ N$16rs

¢ Bi&Be TWR
o 1zM o AR o TP

¥ FEZ

¢ AGL

Coord. 2 (10.10%)

¢ EGC

¢ e
¢ BMR LA Y
oIS | R
o AW + g+ B
¢ MRGMR2

¢ IRG2

4 BAJ ¢ ZRG

¢ RGN
¢ TMD ¢ AGH

o Lifi@le ™NR o Mup

& MSR ¢ SBK

4 INS6

Coord. 1 (12.16%)

@ Springer



254

Genet Resour Crop Evol (2019) 66:243-257

alleles when compared to tri- and tetra- nucleotides
repeats (Heckenberger et al. 2002).

A measure of genetic diversity of populations is the
effective number of allele (Ne) which depend on the
proportion of polymorphic loci, the allele number per
locus as well as the uniform distribution of allele
frequencies (Sharma et al. 2010). Across our popula-
tions, a mean of 2.31 was registered, which was lower
to those recorded by Wasala and Prasanna (2012) and
Qi-Lun et al. (2008) analyzing Indian maize acces-
sions and Chinese landraces, respectively.

Among the SSR markers, umc1335 had the highest
PIC (0.825) and a high number of alleles (19).
Conversely, the low PIC value (0.14) with only 4
alleles was registered for phil27 which could be
explained by the dependency of PIC to the number and
frequency distribution of the alleles detected
(Romero-Severson et al. 2001). The average PIC
value (0.57) was higher than the values reported by
Oppong et al. (2014) (0.50) and Nyaligwa et al. (2015)
(0.51) using 20 and 30 SSR, respectively. Higher PIC
values have been obtained in maize landraces from
India (0.60) by using 42 SSRs (Sharma et al. 2010),
Japan (0.69) using 60 SSRs (Enoki et al. 2002) and
Turkish maize landraces (0.72) using 28 SSRs
(Comertpay et al. 2012).

The present study identified nineteen unique alle-
les, which are specific for single population, in 14
populations out of 56. The presence of such allele may
be an indication of high rate of mutation in SSR loci
(Henderson and Petes 1992). According to Wasala and
Prasanna (2012), a selection of specific allele related
to morphology and environment of adaptation can also
occur. The average genetic diversity within accessions
(He = 0.51) was higher than those reported by Noldin
et al. (2016) (He = 0.48) and Aci et al. (2013)
(He = 0.44) for Paraguayan and Algerians accessions,
respectively; while Yao et al. (2007) reported the
higher mean (He = 0.69) analyzing Chinese maize
landraces. Total genetic diversity in our study (He =

0.61) was the same to that found in Mexican maize
(0.61) by Reif et al. (2006) and lower than those
registered by several other reports (Sharma et al. 2010;
Eschholz et al. 2010).

The observed heterozygosity was lower than
expected heterozygosity, which indicates an excess
of homozygotes. Despite the outcrossing nature of
maize, this phenomenon may be due to the maize
cultivation in isolated Oases and a deficit of
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heterozygotes was already reported (Qi-Lun et al.
2008; Noldin et al. 2016). According to Snyder et al.
(1985), who consider that a range from 0.15 to 0.25 of
Fst values indicated high genetic divergence, our
results revealed that maize populations have high level
of genetic differentiation (Fst = 0.22) highlighting
that the Saharan populations are being efficiently
conserved by farmers. This result is confirmed by low
rate of inbreeding revealing a high level of genetic
identity of populations under study. Genetic differen-
tiation (Fst = 0.22) among our populations was above
those found for Chinese landraces (0.07) (Yao et al.
2007) and American Southern accessions (0.12)
(Noldin et al. 2016). Higher Fst values were in
contrast reported in Algerian (Aci et al. 2013) and
Spanish (Romay et al. 2012) maize accessions, who
reported Fst = 0.3. Fst mean was high (0.36 and 0.43,
respectively) for Indian (Wasala and Prasanna 2012)
and Swiss populations (Eschholz et al. 2008) and very
high (0.93) among tropical sweet corn inbred lines
(Kashiani et al. 2012). The dispersal of pollen and
farmers exchanges are factors affecting the patterns of
gene dispersion within and among populations (Love-
less and Hamrick 1984). According to Da Silva et al.
(2015) outcrossing plants usually maintain a consis-
tent genetic variation within populations and low
among them, in agreement with our result.

Analysis of molecular variance (AMOVA) is a
suitable criterion to assess overall distribution of
diversity within and among populations. In agreement
with information provided by genetic differentiation
coefficient, the AMOVA results showed a higher level
of genetic variation within our populations than
among them. Similar results were reported by Singode
and Prasanna (2010) and Da Silva et al. (2015)
analyzing 48 North Eastern Himalayan landraces
using 41 SSRs and 31 popcorn accessions of the U.S
germplasm at 30 SSR loci, respectively.

The analysis based on the STRUCTURE model
identified two genetically differentiated groups, while
the dendrogram depicted using the UPGMA algorithm
grouped the accessions into 3 clusters. Despite the
number of groups and clusters, UPGMA clustering
was largely in agreement with the result of the
Bayesian clustering since the cluster analysis based
on both the molecular (UPGMA and STRUCTURE)
and phenotypic data grouped the populations regard-
less their geographic origin. This populations struc-
turing can be explained by a common genetic



Genet Resour Crop Evol (2019) 66:243-257

255

background despite the geographical and phenotypic
divergence (N’Da et al. 2016). Indeed, the empirical
selection for favorable alleles by farmers to meet their
needs in term of adaptation to local conditions and the
exchange of seeds among farmers from distinct
regions could be the reason for this non-relatedness
of maize populations from the same region (Comert-
pay et al. 2012). The extensive mixing of germplasm
between fields due to gene flow could be another
reason (Thakur et al. 2016). Similarly, (Comertpay
et al. 2012), Noldin et al. (2016) and Thakur et al.
(2016) did not found relationship between clusters
based on molecular markers and geographic origin
analyzing Turkish, Paraguayan and Himalayan maize
landraces, respectively.

The results of the present study clearly revealed
significant phenotypic and molecular diversity of the
Saharan maize populations. Furthermore, this diver-
sity among maize populations could be related to
different plant response to abiotic stress since the
geographic areas, where the landraces were collected,
are frequently subjected to drought, severe high
temperature and low soil fertility. Therefore, these
promising maize populations could be potentially
utilized for the introgression of adaptive traits, which
may be found in extreme environments (Hawtin et al.
1996). The distribution of populations into morpho-
logically and genetically similar groups should
quicken the usefulness of these data to maize breeders.
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