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Abstract: Genetic adaptation of maize to the increasingly unpredictable climatic conditions is
an essential prerequisite for achievement of food security and sustainable development goals in
sub-Saharan Africa. The landraces of maize; which have not served as sources of improved germplasm;
are invaluable sources of novel genetic variability crucial for achieving this objective. The overall
goal of this study was to assess the genetic diversity and population structure of a maize panel of
208 accessions; comprising landrace gene pools from Burkina Faso (58), Ghana (43), and Togo (89),
together with reference populations (18) from the maize improvement program of the International
Institute of Tropical Agriculture (IITA). Genotyping the maize panel with 5974 DArTseq-SNP markers
revealed immense genetic diversity indicated by average expected heterozygosity (0.36), observed
heterozygosity (0.5), and polymorphic information content (0.29). Model-based population structure;
neighbor-joining tree; discriminant analysis of principal component; and principal coordinate analyses
all separated the maize panel into three major sub-populations; each capable of providing a wide
range of allelic variation. Analysis of molecular variance (AMOVA) showed that 86% of the variation
was within individuals; while 14% was attributable to differences among gene pools. The Burkinabe
gene pool was strongly differentiated from all the others (genetic differentiation values >0.20), with
no gene flow (Nm) to the reference populations (Nm = 0.98). Thus; this gene pool could be a target
for novel genetic variation for maize improvement. The results of the present study confirmed the
potential of this maize panel as an invaluable genetic resource for future design of association mapping
studies to speed-up the introgression of this novel variation into the existing breeding pipelines.
Keywords: landraces; genetic diversity; population structure; West Africa; maize improvement;
DArTseq markers

1. Introduction
Maize (Zea mays L.) is one of the most important cereal crops consumed in sub-Saharan Africa
(SSA) and an essential component of livestock feed in the developed as well as developing world.
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Approximately 10,000 years ago in Central Mexico, maize was domesticated from its ancestor, the
wild grass-teosinte (Zea mays spp. parviglumis) [1]. Post-domestication of teosinte led to the transfer of
beneficial adaptive genomic regions into common maize [2]. Mutations together with recombination
events, either due to natural or farmer-mediated selection, then generated novel allele combinations [3,4].
Thus arose the “landraces”, traditional varieties selected by farmers for adaptation to local conditions
and food preferences [5]. The landraces, though typically low in yield, are invaluable sources of
diversity that could be drawn upon to broaden the genetic base of elite maize germplasm, and to further
enhance adaptation to changing environments and pathogens [6]. Indeed, earlier breeders identified
and composited the most productive landraces into genetically diverse populations, forming the
foundation of inbred line development and pedigree breeding [7]. Modern breeding practices, in which
a narrow range of inbred lines are included in crossing programs, have narrowed the genetic base of
most cultivated crops, which have negatively affected the adaptability of the crop to changing climates,
devastating pathogens, and insect-pests [8]. In order to provide a buffer against the possible effects of
novel threats, it is essential to broaden the genetic base of breeding populations by introgressing an
enlarged pool of beneficial alleles.
The high selection pressure under low input and climatically stressed maize growing environments
in Africa is likely to have resulted in local adaptations with potential value for breeding stress tolerant
and nutritionally enriched varieties [9]. Indeed, there are examples of successful use of local African
genetic resources of maize in the development of varieties such as Katumani in Kenya and Longe-5 from
Uganda [9]. However, while the New World maize gene pool is well represented in genebanks [10] and
well characterized [3], there are collections of African maize germplasm without adequate data of their
genetic make-up [9]. This missing genetic data makes searching for promising landraces within the
African maize genebank collections like “finding the proverbial needle in a haystack” [11]. Therefore,
to develop improved climate resilient maize varieties for SSA, efficient characterization, identification,
and utilization of climatically adapted local African maize germplasm is a crucial prerequisite [9].
Recently, we phenotypically characterized a panel of maize landraces originating from Burkina
Faso, Ghana, and Togo, which cover a wide range of climatic conditions classified as Sahel and coastal
West Africa (WA) [12]. The study revealed that the maize panel varied considerably in flowering date,
plant architecture, yield and yield related traits, and other characteristics. These differences allowed the
formation of five distinctive morphological groups [12]. The Sahel gene pool was highly distinct and
was considered a valuable resource for future genetic enhancement. However, phenotypic variation
can be confounded by the environment and a high degree of plasticity [13]. Given that gene flow from
multiple introductions may have shaped the population structure of African maize, diversity analysis
of this panel using state-of-the-art genotyping techniques could help provide deep insights into the
complexity of its genetic architecture and composition.
The assessment of genetic diversity by genotyping-by-sequencing (GBS) provides robust estimates
of diversity and has been increasingly adopted as a fast, high-throughput, and affordable tool
for whole-genome genetic diversity analysis in large germplasm sets [14]. The diversity array
technology sequence (DArTseq) markers, characterized by high marker coverage, call rates, and scoring
reproducibility, has emerged as a useful GBS approach for assessing genetic diversity and population
structure in various crops including wheat [15,16], rice [17], watermelon [18], common bean [19],
and maize [20,21]. The objective of this study was to examine the genetic diversity and population
structure of a maize panel comprising landraces from Sahel and coastal Africa together with a reference
population using the GBS-DArTseq approach. The relevance of our results for further exploration and
utilization of local genetic resources of maize in Africa is discussed in this manuscript.
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2. Materials and Methods
2.1. Plant Material
We analyzed 208 maize accessions obtained from international and national gene banks in Africa
(Supplementary Table S1). The maize panel comprised 190 landraces representing gene pools from
Burkina Faso (58), Ghana (43), and Togo (89) (Supplementary Figure S1). The landraces from Burkina
Faso and Togo were sourced from the gene bank at the International Institute of Tropical Agriculture
(IITA), Ibadan, Nigeria, whereas those from Ghana were provided by the Plant Genetics Resources
Institute (PGRI) at Bunso, Ghana. The majority of these landraces were collected from farmers’ fields
in the 1970s and 1980s. However, the eco-geographical data of the collection sites of the landraces were
not available. The study also included a diverse set (18) of drought- and heat-tolerant open pollinated
populations (hereafter referred to as reference populations) developed by the Maize Improvement
Program at IITA (MIP-IITA), Ibadan, Nigeria.
2.2. DNA Isolation and Genotyping Analysis
For each accession, total genomic DNA was isolated from bulked leaf composites from 15 seedlings
at two weeks old according to the DArT protocol (https://www.diversityarrays.com/orderinstructions/
plant-dna-extraction-protocol-for-dart/). The quality of each DNA sample was visualized by
electrophoresis on 0.8% agarose gel, and the purified DNA was further quantified using a nano-drop
spectrophotometer (Thermo Scientific, Wilmington DE, USA). Certified DNA samples were then
sent to the Integrated Genomic Service and Support (IGSS) genotyping platform, Nairobi, Kenya, for
genotyping. High-throughput genotyping was conducted in 96 plex DArTseq protocol, and SNPs were
called using the DArT’s proprietary software, DArTSoft, as previously described [22]. Reads and tags
found in each sequencing result were aligned to the Zea mays L. genome reference, version AGPV3
(B73 Ref-Gen v4 assembly) [23].
2.3. Data Analysis
A total of 47,441 putative DArTseq markers were generated from the 208 maize panel. Prior to
further analysis, the raw data set was filtered to remove markers with call rate <0.8, minor allele
frequency (MAF) <0.05, and unmapped SNP markers. Thereafter, markers with no missing
rate were retained using the TASSEL software version 5.2.12 [24]. The retained markers were
subjected to various genetic diversity analyses including basic diversity statistics such as polymorphic
information content (PIC), MAF, observed heterozygosity (Ho ), and expected heterozygosity (He )
using PowerMarker v. 3.2.5 [25]. The population structure of the maize panel was inferred using the
Admixture model-based clustering algorithm implemented STRUCTURE 2.3.4 [26]. The adhoc number
of clusters (k) was varied from 1 to 12, with 10,000 burn-in steps, followed by 10,000 Markov chain
Monte Carlo simulations, as previously described [20,27]. For each k, ten independent iterations were
implemented. The most likely number of k was determined by the ad hoc ∆ k statistics [28] embedded
in Structure Harvester [29]. Accessions with membership proportions (Q-value) ≥80% were assigned to
groups, while those with membership probabilities less than 80% were designated as admixtures [30].
The population structure of each gene pool (Burkinabe, Ghanaian, Togolese, and reference populations)
were also estimated as described above. A discriminant analysis of principal components (DAPC)
was carried out on the 208 maize panel using the first 40 principal components using the adegenet R
package [31]. Membership probabilities of the individuals for the different gene pools were estimated
using the “find cluster” function implemented in adegenet. Further, principal coordinate analysis
(PCoA) was conducted to reveal the genetic relationships among the maize accessions using GenAlEx
v. 6.503 software [32]. An unrooted neighbor-joining (NJ) tree was constructed by following the
procedure of Nei [33] with 1000 bootstrap replicates in PowerMarker v3.25 [25]. The resulting NJ tree
was visualized in Molecular Evolutionary Genetics Analysis (MEGA) software version X [34] and edited
using Figtree software v.1.4.4 [35]. Genetic relationships within each maize gene pool were elucidated
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through construction of an unrooted NJ tree, as described above. Analysis of molecular variance
(AMOVA) was estimated in GenAlEx v. 6.503 [32] to partition components of genetic variance among
and within the populations (k). Calculation of pairwise genetic differentiation statistics (FST ) and
haploid number of migrants (Nm) between gene pools was performed using GenAlEx v6.503 [32] with
999 permutations. FST measures the amount of genetic variance that can be explained by population
structure based on Wright’s F-statistics [36], while Nm = [(1/FST ) − 1]/4. An Nm value less than
1 indicates limited gene exchange among subpopulations [36].
3. Results
3.1. Analysis of Genetic Diversity Parameters
Out of the total 47,441 putative DArTseq markers, 5974 were retained after filtering.
The GBS-DArTseq markers were unequally distributed across the ten chromosomes of the 208 maize
panel. Chromosome 1 had the highest number of markers (905), while chromosome 10 had the least
(422) (Supplementary Figure S2). He , Ho , MAF, and PIC values estimated for the entire maize panel
(208 accessions) averaged 0.36, 0.50, 0.28, and 0.29, respectively (Table 1). The average values of He , Ho,
MAF, and PIC were 0.30, 0.41, 0.23, and 0.24, respectively, for the Burkinabe gene pool, and 0.32, 0.34,
0.23, and 0.26, respectively, for the Ghanaian gene pool. The average He , Ho , MAF, and PIC values of
the Togolese gene pool were 0.36, 0.50, 0.27, and 0.28, respectively. Furthermore, the He, Ho , MAF,
and PIC values of the reference population averaged 0.36, 0.47, 0.28, and 0.29, respectively. For the
landraces as a group, He , Ho , MAF, and PIC values averaged 0.37, 0.50, 0.28, and 0.29, respectively.
Table 1. Diversity statistics based on 5974 DArTseq markers across 208 maize accessions.
Maize Panel

N

He

Ho

MaF

MAF

PIC

Burkina Faso
Ghana
Togo
Reference population
Landraces
Entire Panel

58
43
89
18
190
208

0.30
0.32
0.36
0.36
0.37
0.36

0.41
0.34
0.50
0.47
0.50
0.50

0.77
0.77
0.73
0.72
0.73
0.72

0.23
0.23
0.27
0.28
0.27
0.28

0.24
0.26
0.28
0.29
0.29
0.29

N/number of accessions; He /expected heterozygosity; Ho /observed heterozygosity; MaF/major allele frequency;
MAF/minor allele frequency; PIC/polymorphic information content.

3.2. Population Structure and Genetic Relationships
The model-based simulation of population structure analysis of the maize panel (208 accessions)
showed that the delta K values from the mean log-likelihood probabilities plateaued at K = 3 (389.43),
followed by K = 4 (276.33), and K = 2 (273.07) (Figure 1a). At K = 3, the 208 maize panel was divided
into three sub-populations (Figure 1b). Using an 80% membership probability threshold, 122 accessions
(58.65%) were successfully assigned to the three subpopulations. In comparison, 86 accessions with a
probability of associations less than 80% were designated as an admixed population (Supplementary
Table S2). Subpopulation 1 was the most uniform (membership coefficient averaged, 90%), and it
contained 53 landraces (49 from Burkina Faso, 3 from Togo, and 1 from Ghana). Subpopulations 2 and
3, which constituted 12.5% and 20.67% of the panel, respectively, were admixtures of Ghanaian and
Togolese landraces, together with reference populations. Specifically, subpopulation 2 consisted of
26 accessions, 10 reference populations, and 11 and 5 Togolese and Ghanaian landraces, respectively.
Subpopulation 3 comprised 24 and 15 landrace accessions from Ghana, and Togo, respectively, and
4 accessions from the reference population. The admixed group contained 60, 13, and 9 landraces from
Togo, Ghana, and Burkina Faso, respectively, plus 4 reference populations (Supplementary Table S2).
The additional smaller peaks observed at K = 4 (276.33) and K = 2 (273.07) implied the presence of
subgroups within the three major groups (Figure 1). Therefore, an independent STRUCTURE run
was performed for each gene pool. Sub-clustering of the Burkinabe and Ghanaian gene pools both
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Figure 2. Population structure of Burkinabe (a), Ghanaian (b), and Togolese (c) landrace gene pools,
including a reference population (d) at K = 2, K = 9, and K = 4, respectively.
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Figure 2. Population structure of Burkinabe (a), Ghanaian (b), and Togolese (c) landrace gene pools,
including a reference population (d) at K = 2, K = 9, and K = 4, respectively.
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the most distant of the three, comprising the majority of the reference populations and four Ghanaian
landraces.
As per the STRUCTURE, DAPC, and PCoA results, the NJ phylogenetic tree also showed three
sub-populations with higher degrees of admixture among Ghanaian and Togolese landraces, and
reference populations (Figure 5). The neighbor-joining tree performed for each gene pool divided the
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Figure 5. Phylogenetic tree estimated through the neighbor-joining method for 208 maize accessions
from West Africa. The green, red, blue, and yellow clades and taxa represent Togolese, Burkinabe,
Ghanaian, and reference populations, respectively. The orange, violet, and ash highlights represent
subpopulations 1, 2, and 3, respectively.
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Figure 6. Unrooted neighbor joining tree depicting genetic relationships among Burkinabe (a), Ghanaian
(b), and Togolese (c) landrace gene pools, and a reference population (d). Colors of each tree represent
genetic groups.

3.3. Analyses of Molecular Variance, Genetic Differentiation, and Gene Flow among Gene Pools
The AMOVA revealed that 14% of the total variation was found among gene pools, while the
1
rest (86%) was within gene pools (Table 2). The overall
FST value of the maize panel was 0.21, and
the Nm value was 1.58. As shown in Table 3, the Burkinabe gene pool had the highest FST value
(0.28), and the Ghanaian and Togolese gene pools had the lowest (0.18, each). The pairwise FST
values ranged from 0.14 (Ghanaian vs. Togolese) to 0.31 (Burkinabe vs. reference populations).
Similarly, Nm values between gene pools varied from 0.98 (Burkinabe vs. reference populations) to
2.83 (Ghanaian vs. reference populations). The Nm value between the Ghanaian and Togolese gene
pools was 2.63.
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Table 2. Analysis of molecular variance (AMOVA) using 5974 DArTseq markers of the genetic variation
among and within four gene pools of 208 maize accessions.
Source

df

SS

MS

Est. Var.

% Var.

p Value

Among gene pools
Among individuals
Within individuals
Total

3
204
208
415

54,459.23
420,226.27
15,221.5
489,907.0

18,153.08
2059.93
73.18

168.46
993.38
73.18
1235.02

14
80
6
100

0.001
0.001
0.001

Fixation index (FST )
Gene flow (Nm)

0.21
1.58

0.001
0.001

df/degree of freedom, SS/Sum of square; MS/Mean sum of square, Est. Var./Estimated variance; Var./Variance.

Table 3. Measure of genetic population differentiation (FST ) (lower diagonal), and estimation of gene
flow (Nm) (upper diagonal) within and among the four gene pools of maize accessions.

Burkina Faso
Ghana
Togo
Reference
population
Average FST

Burkina Faso

Ghana

Togo

Reference Population

0.27
0.24

1.18
0.14

1.31
2.63
-

0.98
2.82
2.03

0.31

0.14

0.17

-

0.28

0.18

0.18

0.21

4. Discussion
A well-characterized and diverse germplasm is an essential requisite for genetic enhancement
of crops. In this study, we applied GBS technology to explore the genetic diversity and population
structure of a maize panel comprising landrace gene pools from Burkina Faso, Ghana, and Togo, plus
a reference population from IITA-MIP. The results of the estimated diversity indices revealed ample
genetic diversity within the maize panel indicated by average He (0.36) and Ho (0.5). The He obtained
in this study was comparable to the 0.36 reported for provitamin A (PVA) quality protein maize (QPM)
germplasm from IITA-MIP [21] but was higher than that reported for maize landraces from Eastern
Africa (He = 0.25), Western Africa (He = 0.18), and Sahel Africa (He = 0.24) [9] as well as tropical
maize breeding populations (He = 0.22) [27] including IITA early-maturing white inbred lines [20].
Characterization of the Burkinabe, Ghanaian, and Togolese maize pools showed different values for
the estimated diversity indices. The results indicated that the Togolese gene pool (He = 0.36, Ho = 0.50)
contained slightly higher diversity than the Burkinabe (He = 0.30, Ho = 0.41) and Ghanaian (He = 0.32,
Ho = 0.34) landrace pools. Further, the low variation in the genetic indices identified between the
landraces as a group, and the reference populations showed that the two germplasm sets possessed
similar genetic diversity (Table 1). These results agreed with previous findings that tropical maize
germplasm is highly diverse with He > 0.3 [37–39]. The mean PIC obtained in the present study,
0.29 using 5974 DArTseq SNPs for the 208 maize accessions was higher than the 0.19 and 0.26 reported
for tropical early-maturing maize inbred lines using 15,047 [30] and 7224 SNPs for a sample size of 94
and 134, respectively [20,27]. The discrepancies between the results of our study and those of earlier
researchers may be due to the use of different genetic materials, the sample sizes, and the number
of SNPs used. Nonetheless, the mean PIC value in this study was like the 0.29 recently reported for
tropical PVA-QPM maize germplasm using 8171 DArTseq SNP markers [21].
The Evanno criterion employed for the model-based simulation of population structure identified
the peak level of ∆K at K = 3 (Figure 1a), which depicted the presence of three genetically distinct
subpopulations (Figure 1b). The proportion of admixed accessions (47%) in the maize panel, based
on a membership probability threshold of 80%, suggested moderate genetic differentiation and
gene flow. The DAPC, PCoA, and NJ phylogenetic analyses results all illustrated the existence of

Genes 2020, 11, 1054

10 of 14

three subpopulations in the whole set of 208 maize accessions. Comparison of the results of the
four complementary clustering methods (STRUCTURE, DAPC, NJ tree, and PCoA) revealed high
consistency in the individuals assigned to each group, which reinforced the findings that the identified
groups were indeed genetically distinct. The close proximity between Togolese and Ghanaian gene
pools suggested high genetic relatedness of the two gene pools. This result was expected due to the
geographical proximity of the two countries and the similarity of the climatic conditions. The Burkinabe
gene pool largely diverged from all others, suggesting its adaptation to Sahel conditions, which is in
agreement with its pattern of phenotypic diversity [12]. Multivariate analyses revealed high affinity
of Ghanaian and Togolese landraces with the reference populations (Figures 1 and 3–5). It is likely
that some of these accessions are not true landraces but, rather, old improved cultivars that were
either recollected or wrongly classified, as farmers usually consider improved varieties cultivated over
longer periods in a given area as landraces [40]. The grouping together of some landraces with the
reference populations also suggested a pedigree relationship. Hence, it is possible that some of the
landraces analyzed in this study were local varieties that were selected by earlier maize breeders in IITA,
based on high grain yield, earliness, and resistance to the maize streak virus (MSV), and adaptation
to the drought and heat stress as starting materials for the development of inbred lines that were
later involved in cross-breeding (see http://r4dreview.iita.org/index.php/tag/maize-improvement/).
The additional smaller peaks observed at K = 4 (276.33) and K = 2 (273.07) implied the presence of
subgroups within the three major groups (Figure 1). Therefore, an independent STRUCTURE run was
performed for each gene pool (Figure 2). The high degree of genetic admixtures within each landrace
gene pool observed with ancestry share of <80% probably reflects considerable levels of gene flow or
germplasm exchange. Results of previous studies have shown that such an admixture is not unusual
in landraces from restricted geographical backgrounds [40].
According to Frankham et al. [41], an FST value greater than 0.15 can be considered as significantly
differentiating populations. Thus, in the present study, the overall FST value (0.21) supported the
presence of significant genetic divergence within the maize panel. Wright [36] reported that an
Nm value less than 1 indicated limited gene exchange among populations. In the present study,
the overall Nm value of 1.58 (Table 2) indicated that moderate genetic exchange or gene flow may
have occurred, leading to the moderate genetic differentiation between gene pools. This observation
was consistent with the AMOVA results (Table 2), which indicated that 14% of the total variation
was accounted for by gene pool variations. This result is consistent with the findings of previous
studies [42]. According to the FST values, the Burkinabe gene pool was the most differentiated (Table 3),
in agreement with its divergence as revealed by the clustering methods (STRUCTURE, PCoA, DAPC,
and NJ analyses). The divergence between the reference populations and landraces varied among
the different gene pools. In particular, the low affinity of the Burkinabe gene pool with the reference
population (FST = 0.31, Nm = 0.98) suggested little involvement of the original Sahelian gene pool in
the development of the modern maize varieties presently grown in the sub region. This observation
is biologically and historically meaningful since in West Africa, the reference maize gene pool called
Composite Y [43], which was developed through recombination of 145 flint landraces of West Africa
savannah zone, contained only 2% each of the genetic materials from Burkina Faso and Niger, as
well as 1% of those from Senegal [44]. In the analyses of the isozyme variability in West African
maize cultivars, Sanou et al. [45] showed that Burkinabe landraces were distinct, even though some
levels of gene flow between them and an elite open pollinated variety (SR 22) developed by IITA in
1984 from CIMMYT Pop 22 and widely adopted in Burkina Faso [46] was observed. Therefore, the
Burkinabe gene pool, having been grown and selected by farmers over many generations under warmer
and drier conditions, could harbor novel and favorable alleles for improving maize for tolerance to
drought and heat stresses. It is notable that in our earlier work on this maize panel, the high degree of
tolerance of the Burkinabe landraces to drought, heat, and the combined heat and drought stresses
was unrivalled [47,48]. The high genetic similarity observed between the Ghanaian and Togolese
landraces was supported by their low FST (0.14) and high Nm (2.63) values. This result further reflected
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the gene flow via seed exchanges and local preferences towards a given agrotype owing to similar
climatic conditions. These may have significantly shaped the distribution of the genetic diversity
within Ghanaian and Togolese maize landraces, as was previously suggested [12]. The FST and Nm
values (Table 3) suggested that the Ghanaian gene pool was closer to the reference populations, in
agreement with PCoA stratification (Figure 4). Indeed, the reference set analyzed in this study included
two popular cultivars that are commonly cultivated in Ghana (Aburoheema and Obatanpa GH, coded
IM1 and IM6, respectively). The deep knowledge of the genetic diversity and structure of Sahel and
coastal West African maize landraces revealed in the present study provides an essential platform for
efficient use of these valuable maize gene pools.
5. Conclusions
In the present study, we explored the genetic diversity and relationships within and between a
maize panel comprising landrace gene pools from Burkina Faso, Ghana, and Togo and compared each
to a reference maize population. The analysis of genetic diversity parameters indicated ample genetic
diversity in the maize panel. The four multivariate methods were consistent in dividing the maize panel
into three distinct genetic groups, each capable of providing different sources of variation for maize
genetic enhancement. The genetic divergence of the Burkinabe gene pool was particularly remarkable.
It, therefore, clearly represents an invaluable genetic resource that should be exploited to address the
overarching goal of improving maize for adaptation to different environments, ecosystems, and stress
situations. Overall, the genetic diversity revealed in this study has provided an invaluable resource for
future analyses of candidate genes for local adaptations using robust association mapping experiments.
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Hatipoğlu, R.; Yeken, M.Z.; Ali, F. Characterization of genetic diversity in Turkish common bean gene pool
using phenotypic and whole-genome DArTseq-generated silicoDArT marker information. PLoS ONE 2018,
13, e0205363. [CrossRef]
Adewale, S.A.; Badu-Apraku, B.; Akinwale, R.O.; Paterne, A.A.; Gedil, M.; Garcia-Oliveira, A.L. Genome-wide
association study of Striga resistance in early maturing white tropical maize inbred lines. BMC Plant Biol.
2020, 20, 1–16. [CrossRef]
Obeng-Bio, E.; Badu-Apraku, B.; Ifie, B.E.; Danquah, A.; Blay, E.T.; Dadzie, M.A.; Noudifoulè, G.T.; Talabi, A.O.
Genetic diversity among early provitamin A quality protein maize inbred lines and the performance of
derived hybrids under contrasting nitrogen environments. BMC Genet. 2020, 21, 1–13. [CrossRef]

Genes 2020, 11, 1054

22.
23.

24.

25.
26.
27.

28.
29.
30.

31.
32.
33.
34.
35.
36.
37.

38.

39.

40.
41.
42.
43.
44.
45.

13 of 14

Kilian, A.; Sanewski, G.; Ko, L. The application of DArTseq technology to pineapple. Acta Hortic. 2016, 1111,
181–188. [CrossRef]
Jiao, Y.; Peluso, P.; Shi, J.; Liang, T.; Stitzer, M.C.; Wang, B.; Campbell, M.S.; Stein, J.C.; Wei, X.; Chin, C.S.
Improved maize reference genome with single-molecule technologies. Nature 2017, 546, 524–527. [CrossRef]
[PubMed]
Bradbury, P.J.; Zhang, Z.; Kroon, D.E.; Casstevens, T.M.; Ramdoss, Y.; Buckler, E.S. TASSEL: Software for
association mapping of complex traits in diverse samples. Bioinformatics 2007, 23, 2633–2635. [CrossRef]
[PubMed]
Liu, K.; Muse, S.V. Power Marker: Integrated analysis environment for genetic marker data. Bioinformatics
2005, 21, 2128–2129. [CrossRef]
Pritchard, J.K.; Stephens, M.; Donnelly, P. Inference of population structure using multilocus genotype data.
Genetics 2000, 155, 945–959. [PubMed]
Boakyewaa, G.A.; Badu-Apraku, B.; Akromah, R.; Garcia-Oliveira, A.L.; Awuku, F.J.; Gedil, M. Genetic
diversity and population structure of early-maturing tropical maize inbred lines using SNP markers.
PLoS ONE 2019, 14, e0214810. [CrossRef] [PubMed]
Evanno, G.; Regnaut, S.; Goudet, J. Detecting the number of clusters of individuals using the software
structure: A simulation study. Mol. Ecol. 2005, 14, 2611–2620. [CrossRef]
Earl, D.A.; Vonholdt, B.M. Structure harvester: A website and program for visualizing Structure output and
implementing the Evanno method. Conserv. Genet. Resour. 2012, 4, 359–361. [CrossRef]
Salazar, E.; González, M.; Araya, C.; Mejía, N.; Carrasco, B. Genetic diversity and intra-racial structure
of Chilean Choclero corn (Zea mays L.) germplasm revealed by simple sequence repeat markers (SSRs).
Sci. Hortic. 2017, 225, 620–629. [CrossRef]
Jombart, T.; Devillard, S.; Balloux, F. Discriminant analysis of principal components: A new method for the
analysis of genetically structured populations. BMC Genet. 2010, 11, 1–15. [CrossRef]
Peakall, R.; Smouse, P.E. GenAlEx 6.5: Genetic analysis in Excel. Population genetic software for teaching
and research-an update. Bioinformatics 2012, 28, 2537–2539. [CrossRef]
Nei, M. Analysis of gene diversity in subdivided populations. Proc. Natl. Acad. Sci. USA 1973, 70, 3321–3323.
[CrossRef] [PubMed]
Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]
Rambaut, A. FigTree v 1.4.4. 2018. Available online: http://tree.bio.ed.ac.uk/software/figtree/ (accessed on
25 April 2020).
Wright, S. The interpretation of population structure by F-statistics with special regard to systems of mating.
Evolution 1965, 19, 395–420. [CrossRef]
Zhang, X.; Zhang, H.; Li, L.; Lan, H.; Ren, Z.; Liu, D.; Wu, L.; Liu, H.; Jaqueth, J.; Li, B.; et al. Characterizing
the population structure and genetic diversity of maize breeding germplasm in Southwest China using
genome-wide SNP markers. BMC Genom. 2016, 17, 697. [CrossRef] [PubMed]
Aci, M.M.; Lupini, A.; Mauceri, A.; Morsli, A.; Khelifi, L.; Sunseri, F. Genetic variation and structure of
maize populations from Saoura and Gourara oasis in Algerian Sahara. BMC Genet. 2018, 19, 51. [CrossRef]
[PubMed]
Belalia, N.; Lupini, A.; Djemel, A.; Morsli, A.; Mauceri, A.; Lotti, C.; Sunseri, F. Analysis of genetic diversity
and population structure in Saharan maize (Zea mays L.) populations using phenotypic traits and SSR
markers. Genet. Resour. Crop Evol. 2019, 66, 243–257. [CrossRef]
Mengistu, D.K.; Afeworki, Y.K.; Mario, E.P. Phenotypic diversity in Ethiopian durum wheat
(Triticum turgidum var. durum) landraces. Crop J. 2015, 3, 190–199. [CrossRef]
Frankham, R.; Ballou, J.D.; Briscoe, D.A. Introduction to Conservation Genetics; Cambridge University Press:
Cambridge, UK, 2002. [CrossRef]
N’da, D.P.; Louise, A.; Paul, A.K.; Konan, K.C.; Arsène, Z.B.I. Genetic diversity and population structure of
maize landraces from Côte d’Ivoire. Afr. J. Biotech. 2016, 15, 2507–2516. [CrossRef]
Marchand, J.L. Note Sur la Creation D’un Composite de Mais Africain; CIRAD-IRAT: Paris, France, 1977.
Sauvaire, D. L’opération Régionale Coordonnée 1975–1987; CIRAD-IRAT: Paris, France, 1987.
Sanou, J.; Gouesnard, B.; Charrier, A. Isozyme variability in West African maize cultivars (Zea mays L.).
Maydica 1997, 42, 3–12.

Genes 2020, 11, 1054

46.
47.

48.

14 of 14

Efron, Y.; Kim, S.K.; Fajemisin, J.M.; Mareck, J.H.; Tang, C.Y.; Dabrowski,
˛
Z.T.; Buddenhagen, I.W. Breeding for
resistance to maize streak virus: A multidisciplinary team approach. Plant Breed. 1989, 103, 1–36. [CrossRef]
Nelimor, C.; Badu-Apraku, B.; Tetteh, A.Y.; N’guetta, A.S.P. Assessment of Genetic Diversity for Drought,
Heat and Combined Drought and Heat Stress Tolerance in Early Maturing Maize Landraces. Plants 2019,
8, 518. [CrossRef] [PubMed]
Nelimor, C.; Badu-Apraku, B.; Tetteh, A.Y.; Garcia-Oliveira, A.L.; N’guetta, A.S.P. Assessing the potential
of extra-early maturing landraces for improving tolerance to drought, heat, and both combined stresses in
maize. Agronomy 2020, 10, 318. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

