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Description of the subject. Cashew was introduced to Côte d’Ivoire in 1951 to control erosion and reforest cutover lands. 
From 1972 to 1980, natural forest plantations were converted to fruit orchards and were supplemented by the ‘Jumbo’ cashew 
variety imported from Brazil. Germplasm expeditions conducted in 2010 and 2014–2015 identified 209 high-yielding cultivars 
in the major cashew growing areas of Côte d’Ivoire. Although the morphological characteristics of these cultivars have been 
assessed, little is known about the genetic diversity and genetic structure of the germplasm collection.
Objectives. The objective of the study was to evaluate the genetic diversity of high-yielding cashew cultivars for better use in 
breeding programs.
Method. We performed DNA isolation using Qiagen DNeasy Plant Mini Kits and PCR analysis with 18 SSR markers.
Results. We identified the first two introduced populations of cashew in Côte d’Ivoire. The average allelic richness is 3.56 
(± 1.45) alleles per locus, the fixation index (FIS) indicates an overall heterozygosity deficit of 0.332 (± 0.076), and the average 
population differentiation (FST) is 0.014 (± 0.004). Much of the total genetic variability occurs at the intra-population level 
(98.6%), compared to only 1.4% variability attributable to differences between populations. Average value of gene flow is 
22.528. 
Conclusions. Gene flow within cashew populations maintains high intra-population genetic diversity. This flow rate reflects a 
long-term exploitable genetic variability for use in selection and conservation.
Keywords. Genetic variation, ecotypes, Côte d’Ivoire.

Caractérisation moléculaire des cultivars d’anacardiers potentiellement hauts producteurs en Côte d’Ivoire
Description du sujet. L’anacardier a été introduit en Côte d’Ivoire en 1951 à des fins écologiques. De 1972 à 1980, il y a eu 
une transformation des plantations forestières en vergers et l’introduction de la variété ‘ Jumbo ’ du Brésil. Cela a été suivi d’un 
mélange de cette variété avec les populations d’arbres préexistantes. L’expédition de germoplasmes, réalisée en 2010 et de 
2014 à 2015 dans toutes les principales zones de production de noix de cajou en Côte d’Ivoire, a aidé à identifier 209 cultivars 
à haut rendement. Bien que les caractéristiques morphologiques de ces cultivars aient été évaluées, la diversité et la structure 
génétiques des germoplasmes ne sont que peu connues.
Objectifs. L’objectif de cette étude est d’évaluer la diversité génétique des cultivars d’anacardier à haut rendement pour une 
meilleure utilisation dans les programmes de sélection.
Méthode. Une extraction de l’ADN a été effectuée à l’aide de Qiagen DNeasy Plant Mini Kits. Les analyses PCR ont été 
effectuées avec 18 marqueurs SSR.
Résultats. Les résultats ont révélé deux populations d’anacardier initialement introduites en Côte d’Ivoire. La richesse allélique 
obtenue a été de 3,56 ± 1,45 allèles en moyenne par locus. La valeur FIS indique un déficit global d’hétérozygotie génétique 
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1. INTRODUCTION

Cashew (Anacardium occidentale L., Anacardiaceae) 
is a tree species native to Brazil (Trevian et al., 2005). 
Cashew was first introduced in Côte d’Ivoire in 1951 to 
reforest cutover lands and inhibit soil erosion (Goujon 
et al., 1973). Between 1959 and 1960, cashew forest 
plantation programs were implemented by seeding nuts 
in the northern and center parts of Côte d’Ivoire and 
then throughout the entire Sudano-Guinean savanna 
zone (Goujon et al., 1973). The planting of cashew in 
initial forest restoration projects was also economically 
beneficial to the region. Subsequently, the former Fruit 
and Vegetable Development Corporation (SODEFEL) 
introduced the ‘Jumbo’ variety to the region, which 
they planted in two separate blocks in Badikaha, a 
small town near the city of Ferkessédougou. Half-sib 
progenies of the ‘Jumbo’ variety were used to establish 
the first cashew germplasm with 234 trees at the 
National Center for Agronomic Research (CNRA) 
Station in Lataha. A germplasm collection expedition, 
which was conducted by the research team of the 
CNRA from 2010 to 2015, identified 209 high-yielding 
trees (HYTs). 

Since 2015, Côte d’Ivoire has become the 
world’s largest producer of cashew nuts, producing 
700,000 tons (Cashew Info, 2016). However, Ivorian 
cashew orchards are largely composed by non-selected 
plant material and mostly characterized by inefficiently 
planted trees, which together contribute to relatively 
low nut yields (448 kg.ha-1 on average) (Cashew Info, 
2014), compared to the minimum of 1,000 kg.ha-1 
harvested from orchards in India and Brazil. A recent 
increase in cashew production in Côte d’Ivoire is due 
in large part to the expansion of land under cultivation, 
which replaced natural vegetation and areas previously 
devoted to other crops. The land area under cashew 
tree cultivation was about 234,000 ha in 2002, but is 
estimated in 2016 at about 1,567,000 ha (a six-fold 
increase). 

One approach for increasing cashew tree yield and 
improving the quality of nuts grown in Côte d’Ivoire is 
to select genotypes with traits of interest from existing 
planting material and to use them in breeding program 
to develop superior planting (Aliyu & Awopetu, 2007). 
High-yielding trees identified in orchards and trees 
residing in the CNRA germplasm together provide 
genetic resources that can be exploited to genetically 

improve cashew orchards in Côte d’Ivoire. The 
material hold in Lataha collection has already been 
agro-morphologically characterized, which has defined 
various groups of accessions by their phenotypic traits 
(Djaha et al., 2014; Kouakou et al., 2018). The judicious 
exploitation of the identified traits will enable the 
selection and creation of new cashew varieties in Côte 
d’Ivoire. However, because little is known about the 
genetic diversity and genetic structure of this collected 
plant material, it is essential to determine its genetic 
diversity before seeds from the collection can be used 
for the genetic improvement of varieties. 

Selection of cashew varieties is usually obtained 
using traditional morphometric methods, which 
identify interesting and potentially useful phenotypic 
characteristics, such as sizes and mass of nuts, sizes of 
whole fruits, colors of apples, sex ratios, sizes of plants, 
the lengths of panicles, and yields of trees (Chabi Sika 
et al., 2013). Although phenotypic characteristics can 
provide useful metrics, their usefulness for genetic 
selection is often diminished by environmental effects 
on growth (Aliyu & Awopetu, 2007). To circumvent 
the effects of environment on morphology, molecular 
markers, which are stable and unaffected by the local 
environmental conditions, are more appropriate for 
determining genetic variability, identifying varieties, 
and managing genetic resources (Adoukonou-Sagbadja 
et al., 2007). Thus, molecular markers should be used 
to assess the genetic diversity of high-yielding cashew 
trees in Côte d’Ivoire, which in turn could be used to 
better utilize local germplasm for commercial benefit. 

Molecular markers used to study genetic diversity 
in cashew tree include data on microsatellites (SSRs) 
(Croxford et al., 2006). SSRs provide robust and 
efficient markers because they are highly polymorphic, 
co-dominant, multi-allelic, and highly reproducible in 
nature (Williams et al., 1990). For these reasons, this 
study used microsatellite markers to assess the genetic 
diversity of high-yielding cashew trees identified in 
Côte d’Ivoire.

2. MATERIALS AND METHODS

2.1. Plant material

We collected germplasm from cashews in commercial 
orchards throughout the major cashew-producing 

de 0,332 ± 0,076. La différenciation moyenne de la population est de FST = 0,014 ± 0,004. Une grande partie de la variabilité 
totale se retrouve au niveau intra-population (98,6 %), contre seulement 1,4 % de cette variabilité attribuée aux différences 
entre les populations. Le flux moyen des gènes est de 22,528.
Conclusions. L’important flux génétique maintient une forte diversité génétique intra-population. Cela reflète une variabilité 
génétique exploitable à long terme dans le choix et la conservation.
Mots-clés. Variation génétique, écotypes, Côte d’Ivoire.
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regions of Côte d’Ivoire during the 2010, 2014, and 
2015 peak vegetative growth seasons (i.e., June–July) 
(Figure 1). Cashews growers were asked to identify 
specific trees that in past years had consistently 
produced high yields (growers were not asked to 
quantify production). Based on grower’s qualitative 
evaluations, we selected 221 trees to identify their 
SSRs (Tables 1 and 2). We obtained an average of 25 
scions (young shoots) per tree and shipped them to the 
nearest cashew research station (CNRA site). 

2.2. Methods

Grafting. At the experimental stations, we top-grafted 
collected scions onto 45-day-old seedlings previously 
prepared as rootstock. We segregated grafted plants 
by geographic origin and maintained the plants in a 
nursery for 40 days to produce young leaves.

DNA isolation. We isolated DNA from each nursery 
plant from 100 mg of fresh leaves, collected from 

Figure 1. Collection sites of Anacardium occidentale — Sites de collections d’Anacardium occidentale.
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Table 1. Potentially high-yielding cashew trees identified during surveys among growers in 2010, 2014, and 2015 — Arbres 
potentiellement hauts producteurs d’anacardier identifiés au cours des prospections chez les producteurs en 2010, 2014 et 
2015.
Agro-ecological 
zone

Departments Localities Number
of trees

Tree codes

Sudanian savanna Ferké Ferké 1 ZF35
Koumbala 1 KC1

Doropo Varalé 3 VTD2, VTM1, VTM2
Téhini Téhini 6 TéSK1, TéSK2, TéSK3, TéSK4, TéSK5, TéSK6
Bouna Bouna 1 BoKA1

Koflandé 2 BoKOD1, BoKOD2
Sub-Sudanian 
savanna

Odienné Gbongaha 5 DG5, DG6, DG7, DG8, DG9
Séguélon Séguélon 4 DS10, DS11 et DS12, DS13
Kaniasso Kaniasso 9 DK14, DK15, DK16, DK17, DK18, DK19, DK20, DK21, 

OKFD1
Madinani Madinani 13 DM22, DM23, DM24, DM25, DM26, DM27, DM28, 

DM29, DM30, DM31, DM32, DM33, DM52
Boundiali Boundiali 14 KK36, KK37, KK38, A39, A40, A41, CK31, KK32, KK33, 

KK35, KK36, KKp37, ZF34
Niakara Badikaha 4 A42, A43, SB44, A45 
Sinématiali Sinématiali 5 A2 Sine, A3 Sine, A4 Sine, DJ29 et DJ30 
Korhogo Karakoro 14 A1, B2, C3, PK17, PK18, PK19, PK20, PK21, PK22, PK23, 

POK24, POK25, TPTO1, TPTO2
Koni 3 A1 Koni, A2 Koni, KO2
Fapaha 1 KFYT1
Lataha 4 FD165, FD167, FD168, FD169
Waraniéné 11 W4, W5, W7, W8, W9, W10, W11, W12, W14, W15, W16

Dabakala Kotolo 2 VBK46, VBK48
N’Zo Forest 2 VBN50, VBN51
N’Gorla 1 DNFA1

Bondoukou Pélégodi 8 ZP4, ZP5, ZP6, ZP7, ZP48, ZP49, ZP50, ZPKD1
Soko 7 BSON25, BSON26, BSKC22, BSKC23, BSKC24, BSG20, 

BSG21
Méré 3 BMDK17, BMDK18 et BMDK19
Takoutou 1 BTKK16

Guinean savanna Tanda Wakiala 9 ZW51, ZW52, ZW53, ZW54, ZW55, ZW56, ZW57, ZW58, 
ZW68

Tanda 
municipality

15 TSO1, TSO2, TSO3, TSO4, TSO5, TPO8, TSO 14, TSO15, 
TAA45, ZT59, ZT60, ZT61, ZT62, ZT64, ZT65

Téhui 18 TAK27, TAK28, TAK29, TAK30, TAKD31, TAKD32, 
TAKD33, TAKD34, TAKD35, TAKD36, TAKD37, 
TAKD38, TNK39, TNK40, TNK41, TAO42, TAO43, 
TAO44

Bokoré 4 TKM10, TKM11, TKM12, TKM13
Apodango 7 TAKK46, TAKK48, TAKK49, TAKK50, TAKK51, 

TAKK52, TAKK53
Yamoussoukro Mahounou 1 YKKF1rfa

./..
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221 leaf samples from the three CNRA sites (Lataha, 
Madinani, and Tanda). We cleaned each sampled leaf, 
froze it in liquid nitrogen, and ground it. We then 
extracted DNA using the Qiagen Kit method (Dneasy 
Plant Mini Kit/www.qiagen.com, 2015) according to 
the manufacture’s instruction, but with modification 
at the grinding stage. Leaves were ground in liquid 
nitrogen to facilitate cell lysis. We added an extraction 
buffer (1.5 ml) while grinding. We removed debris and 
other chemical and biochemical compounds (proteins, 
mineral salts, and lipids) by centrifugation. We 
precipitated out DNA by adding alcohol purified using 
the Qiagen kit column and diluted it into nuclease-
free water. We quantified the DNA using a Nanodrop 
UV-vis 2000 spectrophotometer (Thermo scientific, 
USA) and stored the sample in a freezer maintained 
at -30 °C.

Microsatellite markers. We performed in vitro 
amplification using the PCR (Polymerase Chain 
Reaction) method with 18 microsatellite primers 
(Croxford et al., 2006). We used each primer to 
amplify 2 ng of DNA in 10 μl of reaction mixture 

using the GeneAmp instrument (Applied Biosystem). 
The characteristics of these primers are presented in 
table 3.

Data analysis
Analysis of PCR products. We initially scored 
electrophoregram profiles based on fragment size, 
but only unambiguous amplicons were scored. We 
performed the scoring of microsatellite amplicons with 
the SAGA GT TM software program (LI-COR, Inc. 
Lincoln, Nebraska, USA) and then determined each 
genotype after several re-readings, paying particular 
attention to the presence of artifacts in the profile. 

Assessment of genetic diversity parameters. At the 
intra-population level, we estimated genetic diversity 
using the following assessment parameters: 
– allelic richness (Ar), obtained with Fstat software 

(F-STAT 2.9.3.2: Institute of Ecology, Lausanne, 
Switzerland); 

– Nei’s genetic diversity (He), equivalent to expected 
heterozygosity under the Hardy-Weinberg hypothesis 
(Nei, 1978), obtained with Popgen 32 software; 

Table 1 (continued). Potentially high-yielding cashew trees identified during surveys among growers in 2010, 2014, and 
2015 — Arbres potentiellement hauts producteurs d’anacardier identifiés au cours des prospections chez les producteurs en 
2010, 2014 et 2015.
Agro-ecological 
zone

Departments Localities Number
of trees

Tree codes

Guinean savanna Yamoussoukro Akouè
Mizran 2 BKN1, BKN12

Bouaké Konankro
Tchimou 3 BTNYD1, BTNYD2rf
Assékro

M’Bahiakro M’Bahiakro 3 MDB1rf, MDB2, MDB3
Katiola 6 KTBN1, KTBN2, KTBN3, KTBN4, KTBN5, KTBN6

Katiola Fronan 2 FCKT1, FCKT2
Kpéfélé 1 KpTM1

Total 16 39 196

Table 2. Potentially high-yielding cashew trees of the Lataha collection — Arbres potentiellement hauts producteurs 
d’anacardier de la collection de Lataha.
Agro-ecological zone Department Locality Number

of trees
Tree codes

Sub-sudanian savanna Korhogo Lataha 12 LAX918, LAX1432A, LAX1432B, LAX2253, LAX3264, 
LAZ286, LAX4297A, LAX4297B, LAX2081, LAX5219, 
LAZ330, No.40

Kamonon
Diabaté

12 DK124, DK125, DK142, DK160, DK162, DK164, DK198, 
DK36, DK41, DK49, DK63, DK67, DK257

Total 1 2 24
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– proportion of heterozygous loci observed per 
individual (Ho), obtained with Popgen 32 software;

– fixation index (FIS) (i.e., inbreeding coefficient). 

Assessment of inter-population genetic diversity. At the 
inter-population level, we estimated genetic diversity 
using the following assessment parameters: 
– total genetic diversity of all the populations 

considered as a single population (FST), determined 
using the Fstat software; 

– fixation index of an individual of the population in 
relation to the total (FIT), determined using the Fstat 
software; 

– estimated gene flow (Nm) from FST, where Nm = 
0.25 (1–Fst) Fst

-1;
– analysis of molecular variance (AMOVA). AMOVA 

is a method for directly estimating the degree of 
differentiation between populations (genetic diversity 
between regions) on the basis of molecular data. We 
used Harlequin software version 3.1 to perform the 
AMOVA at the p < 0.05 level of significance.

Genetic distance and dendrogram construction. 
Another approach for studying genetic differentiation 
between individuals or populations is to analyze the 

degree of similarity between them. A distance matrix 
can be constructed when more than two populations 
are analyzed and all possible pairs of distances are 
estimated. From such a distance matrix, a multivariate 
analysis can be performed to describe the structure 
of the genotype on scatter plot. The groups can then 
be represented by a dendrogram (i.e., a tree diagram 
expressing kinship relationships between accessions 
of cashew trees). In our study, we used similarity 
indices to analyze individual’s proximity. These 
indices were expressed as genetic distances, wherein 
the genetic distance for each pair was equal to 1.0 
minus its similarity index. Thus, all distance values 
ranged between zero and one. A phylogenetic tree 
diagram (dendrogram) could then be generated with 
the neighbor-joining method. This method is the best 
for identifying the most genetically similar individuals, 
consequently we used it to calculate similarity indices 
(Bennett et al., 1997).

We used the matrix of estimated distances between 
individuals in the total population to construct 
dendrograms. A zero distance between two individuals 
suggested identical relative to the compared loci. In 
contrast, wider distances reflected more divergence 
between compared individuals (Ould Ahmed et al., 

Table 3. Characteristics of microsatellite markers of cashew tree sampled — Caractéristiques des marqueurs microsatellites 
de l’anacardier utilisé.
Number Locus Primer sequences (5’>3’) Allelic size 

range (bp)
1 mAoR3a F: CAGAACCGTCACTCCACTCC; R: ATCCAGACGAAGAAGCGATG 241–247
2 mAoR6c F: CAAAACTAGCCGGAATCTAGC; R: CCCCATCAAACCCTTATGAC 143–157
3 mAoR7b F: AACCTTCACTCCTCTGAAGC; R: GTGAATCCAAAGCGTGTG 178–181
4 mAoR11c F: ATCCAACAGCCACAATCCTC; R: CTTACAGCCCCAAACTCTCG 234–236
5 mAoR12 F: TCACCAAGATTGTGCTCCTG; R: AAACTACGTCCGGTCACACA 324–336
6 mAoR16c F: GGAGAAAGCAGTGGAGTTGC; R: CAAGTGAGTCCTCTCACTCTCA 256–268
7 mAoR17b F: GCAATGTGCAGACATGGTTC; R: GGTTTCGCATGGAAGAAGAG 124–159
8 mAoR26 F: TCCACAAAATCAGCCTCCAC; R: GAGCGCTCGTGTCCTGTACT 414–416
9 mAoR29c F: GGAGAAGAAAAGTTAGGTTTGAC; R: CGTCTTCTTCCACATGCTTC 316–320

10 mAoR33 F: CATCCTTTTGCCAATTAAAAACA; R: CACGTGTATTGTGCTCACTCG 354–356
11 mAoR35 F: CTTTCGTTCCAATGCTCCTC; R: CATGTGACAGTTCGGCTGTT 165–169
12 mAoR41 F: GCTTAGCCGGCACGATATTA; R: AGCTCACCTCGTTTCGTTTC 151–161
13 mAoR42c F: ACTGTCACGTCAATGGCATC; R: GCGAAGGTCAAAGAGCAGTC 197–206
14 mAoR44 F: CACGTTCGCATCATCCAA; R: CGTCAGAGATTACGGCATTG 256–263
15 mAoR46 F: CGGCGTCGTTAAAGCAGT; R: TCCTCCTCCGTCTCACTTTC 217–221
16 mAoR47 F: AAGAGCTGCGACCAATGTTT; R: CTTGAACTTGACACTTCATCCA 161–173
17 mAoR48 F: CAGCGAGTGGCTTACGAAAT; R: GACCATGGGCTTGATACGTC 172–178
18 mAoR52 F: GCTATGACCCTTGGGAACTC; R: GTGACACAACCAAAACCACA 191–203
F: forward primer — amorce avant; R: reverse primer — amorce inverse.
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2010). We used Darwin 6.0.11 software to construct 
the dendrogram to visualize relationship.

3. RESULTS

3.1. Polymorphism of microsatellite markers

We analyzed 221 individuals with the 18 microsatellites 
(Table 3). Of these 18 SSRs, those with more than 
10% missing data (n = 4) were excluded from further 
analysis. Similarly, we also excluded individual 
leaf samples with more than 50% missing data. The 
obtained genotype information was composed of 14 
markers for 172 individuals.

Our paired comparisons revealed that 14 loci did 
not show a general signal of linkage disequilibrium, 
suggesting that these loci could be considered 
independently in subsequent analyses. The 14 
microsatellite markers we finally used generated 83 
alleles characterized by fragment sizes ranging from 
116 to 415 base pairs (bp) (Table 4). Thirteen SSR 
markers of the 14 give polymorphic profiles which 
revealed 2–13 alleles. The most informative markers 
revealed 7–13 alleles within populations. 

3.2. Genetic variability

Expression of genetic diversity among the 
population of cashew
Allelic richness. We found an average of 3.56 (± 1.45) 
alleles per locus across all accessions (Table 5). We 
detected 24 private alleles within the cashew tree 
accessions (Table 5). These private alleles constitute 
alleles found exclusively in particular accessions, 
representing 29% (24/83) of the alleles in all the 
cashew accessions we found. 

Heterozygosity and allelic richness. We determined 
that expected heterozygosity was 0.425 ± 0.240, 
whereas observed heterozygosity was 0.289 ± 0.214, 
showing a deficiency of heterozygotes (Table 5). 

We segregated cashew accessions into four 
populations based on the regions from which we 
obtained them (central, north-central, northeast, and 
northwest). Based on our analysis of the allelic richness 
of the various accessions from the four regions, we 
determined that the accessions of plants from the central 
region possessed allelic richness (number of alleles per 
locus) that was similar to the one of the other regions 
(Table 6). However, of the 24 private alleles (Nap) we 

Table 4. Size and number of alleles per locus revealed by the 14 microsatellite markers observed in 172 high-yielding  cashew 
trees — Taille et nombre total d’allèles par locus révélé par les 14 marqueurs microsatellites chez les 172 anacardiers à 
haut rendement.
Locus Number of alleles Total

1 2 3 4 5 6 7 8 9 10 11 12 13
mAoR6 138 142 146 150 152 154 156 158 160 162 163 165 175 13
mAoR12 322 325 328 330 332 334 338 340 350 354 356 11
mAoR52 162 192 194 198 200 204 206 208 210 9
mAoR3 216 222 240 244 246 250 252 7
mAoR7 171 175 177 180 182 192 196 7
mAoR17 116 142 156 158 160 164 168 7
mAoR47 149 152 165 175 178 180 221 7
mAoR48 173 175 179 181 188 5
mAoR46 212 215 224 226 4
mAoR41 154 158 161 164 4
mAoR42 197 205 210 3
mAoR11 226 235 238 3
mAoR29 319 342 2
mAoR26 415 1
Total alleles 83
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identified, the highest percentage (37.5%) occurred in 
cashew plants collected from the north-central region. 
In contrast, the lowest percentage (8.3%) of Naps 
occurred in plants collected from the central region. 
The north-central and northeast were very similar in 
Naps, they co-dominated (Table 6). 

Fixation index (inbreeding coefficient). The fixation 
index is a measure of the deficiency or excess of 
heterozygote through the ration of individuals found 
in the heterozygous state (Ho) and the expected 

heterozygote (He). All four populations showed 
positive fixation indices (FIS) (Table 6), among which 
cashew trees from the central region exhibiting the 
lowest value (FIS = 0.245 ± 0.382). 

Expression of inter-population genetic diversity 
and gene flow
FIT Parameters, Wright’s F statistics (fixation index 
FST), and gene flow. Table 7 shows the fixation index 
(FIT) (which quantifies degree of genetic differentiation 
of an individual of the population relative to the total 

Table 5. Parameters of genetic diversity per locus and for all accessions — Paramètres de diversité génétique par locus et 
pour l’ensemble des accessions.
Locus Size of 

markers (bp)
Na Nap Ar Ho He

mAoR3 326 7 4 3.265 0.092 0.231
mAoR6 344 13 5 4.976 0.640 0.609
mAoR7 322 7 3 3.479 0.354 0.564
mAoR11 340 3 0 2.993 0.471 0.498
mAoR12 312 11 1 6.131 0.263 0.486
mAoR17 326 7 2 4.412 0.491 0.713
mAoR26 320 1 0 1.000 0.000 0.000
mAoR29 344 2 1 1.307 0.000 0.023
mAoR41 340 4 0 3.940 0.212 0.618
mAoR42 340 3 1 2.202 0.000 0.113
mAoR46 308 4 1 3.028 0.201 0.357
mAoR47 318 7 2 4.137 0.522 0.509
mAoR48 326 5 1 3.558 0.472 0.566
mAoR52 324 9 3 5.359 0.333 0.667
Total 83 24
Average 328 5.929 1.714 3.556 0.289 0.425
Standard 
deviation

3.452 1.541 1.447 0.214 0.240

Na: number of observed alleles — nombre d’allèles observés; Nap: private alleles — allèles privés; Ar: number of 
alleles per locus — nombre d’allèles par locus; Ho: observed heterozygosity — hétérozygosité observée; He: expected 
heterozygosity — hétérozygosité attendue. 

Table 6. Intra-population genetic diversity of 172 accessions of cashew trees, estimated from 14 microsatellite 
markers — Diversité génétique intra-populations des 172 accessions d’anacardiers, estimée à partir du génotypage des 14 
marqueurs microsatellites utilisés.
Population N Na Ar Nap Ho He FIS

Central 20 3.571 ± 1.555 3.397 ± 1.381 2 0.316 ± 0.283 0.416 ± 0.246 0.245 ± 0.382
North-Central 64 4.643 ± 2.530 3.642 ± 1.596 9 0.297 ± 0.204 0.442 ± 0.240 0.331 ± 0.284
Northeast 65 4.429 ± 2.623 3.328 ± 1.494 8 0.268 ± 0.221 0.385 ± 0.252 0.305 ± 0.279
Northwest 23 3.429 ± 1.453 3.260 ± 1.283 5 0.310 ± 0.250 0.464 ± 0.239 0.338 ± 0.410
N: sub-population size — taille de la sous-population; Na, Ar, Nap, Ho, He: see table 5 — voir tableau 5.
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population) and the FST index (which quantifies the 
degree of genetic differentiation between populations). 
The FIT value indicated that there is a 33% deficit 
of heterozygotes (0.332 ± 0.076) when taking into 
account the four populations examined as single 
population. The average population differentiation 
was Fst = 0.014 ± 0.004, which is considered to be low. 
This means that a large proportion (98.6%) of the total 
genetic variability in cashews of Côte d’Ivoire can be 
explained by the intra-population variation and that 
1.4% of this variability is attributed to the differences 
between populations of the cashew accessions we 
studied. The average gene flow (Nm) was 22.528 
(Table 7). 

Dendrograms. The hierarchical analysis we conducted 
using all accessions and a dendrogram showed that 
the two main groups (clusters) of cashews could be 
segregated into six sub-groups (Figure 2). The first 
cluster segregated into four groups, identified hereafter 
as subgroups A, B, C, and D, whereas the other cluster 
segregated into two subgroups (E and F). The number 
of accessions varied by subgroup (range 21–39), as 
follows: subgroup A (39 accessions), subgroup B (27 
accessions), subgroup C (21 accessions), subgroup 
D (20 accessions), subgroup E (39 accessions), 
and subgroup F (26 accessions). Accessions that 
compose each of these groups originated from 

different geographical regions of Côte d’Ivoire. In 
each subgroup, we found duplicate individuals within 
HYTs which were genetically identical. All of these 
“duplicated” individuals were collected from the same 
orchards. For example, in subgroup A, the following 
HYT tree duplicates originated from the same location 
(Kaniasso, Odienné) and same orchard (trees DK14, 
DK15, and DK16). Likewise, the KTTB4 and KTTB6 
accessions occurred in the same orchard in Katiola. 

Tree LAZ330 from Lataha, a genotype distributed 
among many growers, is genetically similar to all the 
aforementioned trees. The results of our molecular 
characterization revealed that the three trees 
disseminated by CNRA, trees LAX3264, LAX4297, 
and LAZ330, are different genotypes. Genotype 
LAX4297, which was initially considered a single 
tree, is actually comprised of two genetically distant 
trees. Tree LAX4297 B (red-colored apple) belongs 
to subgroup B, whereas LAX4297 A (yellow-colored 
apple) belongs to subgroup C. 

Our analysis of molecular variance (AMOVA), 
which determined intra-population and inter-
population genetic diversity based on the genetic 
distance matrix using individual’s genotype (Table 8), 
showed that only 2% of the total variation observed 
could be attributed to differences between populations. 
The majority of variation (98%) was due to differences 
within populations. 

Table 7. Inter-population genetic diversity of 172 accessions of cashew trees, estimated by genotyping 14 microsatellite 
markers — Diversité génétique inter-populations des 172 accessions d’anacardiers, estimée à partir du génotypage des 14 
marqueurs microsatellites.
Locus FIT FST Nm
mAoR3 0.608 ± 0.024 -0.001 ± 0.009 -
mAoR6 -0.037 ± 0.045 0.017 ± 0.018 14.456
mAoR7 0.395 ± 0.094 0.025 ± 0.011 9.750
mAoR11 0.071 ± 0.077 0.029 ± 0.045 8.371
mAoR12 0.453 ± 0.078 0.020 ± 0.021 12.250
mAoR17 0.320 ± 0.086 0.009 ± 0.015 27.528
mAoR26 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000
mAoR29 1.000 ± 0.817 0.070 ± 0.075 3.321
mAoR41 0.656 ± 0.122 -0.00049 ± 0.025 -
mAoR42 1.000 ± 0.000 0.028 ± 0.048 8.679
mAoR46 0.415 ± 0.148 0.007 ± 0.035 35.464
mAoR47 -0.035 ± 0.050 0.011 ± 0.043 22.477
mAoR48 0.177 ± 0.133 0.003 ± 0.011 83.083
mAoR52 0.497 ± 0.029 -0.003 ± 0.012 -
Average 0.322 0.014 22.538
Standard deviation 0.076 0.004 -
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Table 8. Euclidean distance matrix between individual genotypes of cashew trees — Structure et résultats de l’AMOVA 
effectuée sur la matrice des distances euclidiennes entre génotypes individuels d’anacardier.
Source of variation Degrees of freedom Square root

transformation
Components of the 
variance

Percentage of variance 
explained (%)

Inter-population     3 41.445 13.815   2
Intra-population 168 1302.525 7.753 98
Total 171 1343.969 21.568

Cluster I

Cluster II

0             0.2

A

B

C

D

E

F

Figure 2. Hierarchical clustering of cashews inhabiting Côte d’Ivoire, based on 172 accessions using 14 microsatellite 
markers — Classification hiérarchique ascendante de 172 accessions d’anacardier de Côte d’Ivoire à l’aide de 14 marqueurs 
microsatellites.
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4. DISCUSSION

Our study used SSR markers to explore the genetic 
diversity of cashew accessions in Côte d’Ivoire.  
Among the SSR markers we used, 13 were polymorphic 
and so could serve as a reference for further cashew 
analyses in Côte d’Ivoire. These polymorphic markers 
could also be used to manage germplasm out-planting 
programs for long-term conservation and use.

We found high allelic richness in all accessions 
from the various regions we studied because cashew 
is an outcrossing tree. The populations analyzed might 
reflect long-term genetic diversity that can be exploited 
in a breeding program to improve yield and nut quality. 
Moreover, identifying trees with high allelic richness 
is necessary for conserving cashew germplasm. Allelic 
richness data are also useful for managing germplasm 
collections and gene banks in terms of genetic diversity 
(Bataillon et al., 1996). The number of private alleles 
found within cashew accessions is important to 
know because these alleles show specific identity of 
genotypes and might explain specific characteristics of 
genotypes carrying these private alleles. 

Our results, showing that the allelic richness of 
accessions was similar for cashew plants collected 
from the four geographic regions we examined, suggest 
common origin of the material found in different 
region. Therefore, setting germplasm collection could 
be made using cashew germplasm from one region 
with additional accessions carrying private alleles 
in other regions. One implication of this insight into 
collection strategies is that for preserving accessions in 
gene banks, an identical number of high-yielding trees 
can be introduced while maintaining the same number 
of alleles per locus. This means that on the basis of 
allelic richness, the preservation of 20 accessions (the 
lowest number of accessions from the central region) 
per region is sufficient for maintaining the allelic 
richness of the entire germplasm.

The number of private alleles in cashews of Côte 
d’Ivoire might reflect the sizes and locations of the first 
introduced populations. Thus, to preserve all specific 
alleles in the germplasm, it would be essential to 
maintain one copy of all duplicated accessions across 
geographic/climatic regions. 

Among the four cashew populations we collected 
(each associated with a specific geographic region), 
inbreeding coefficient was lowest in the central region, 
possibly because growers from this region could most 
easily exchange seeds with the other regions. The 
subsequent open crossing of introduced germplasms 
is probably responsible for the higher heterozygosity 
in the central region and its lower homozygosity than 
other regions. In contrast, north-central, northeast 
and northwest showed higher inbreeding coefficients. 
According to Ould ahmed et al. (2010), inbreeding 

(mating between an individual and its ascendants, 
collaterals, and/or descendants) modifies genotypic 
frequencies with a consequent loss of genetic 
variability over generations. Because the heterozygote 
levels are higher in the central region than in the other 
three regions, this region must have the highest relative 
diversity. Given that the central region is located near 
the other regions, its genetic richness might have 
benefited from having more seeds and more varied 
germplasm imported to it than the other regions.

The difference between expected heterozygosity and 
observed heterozygosity might be due to evolutionary 
factors that occurred in the studied accessions or 
internal genetic factors (such as gene incompatibility). 
In addition, cashew grower’s preference when they 
selected seeds for establishing new orchards might 
be one of the reasons. Indeed, when establishing new 
cashew orchards, some producers used seeds from a 
single tree with good traits (preferentially high-yielding 
and large-nuts). Moreover, according to Ould Ahmed 
et al. (2010), the genetic makeup of a given population 
can vary over time in response to evolutionary forces 
that in turn affect the heterozygosity of the population 
relative to the Hardy-Weinberg equilibrium.

Considering the four populations we studied, we 
regard the average population differentiation (FST) 
that we observed to be low (0.014 ± 0.004), indicating 
that the genetic diversity of Ivorian cashew trees 
could be possibly due to a common origin of cashew 
trees introduced to Côte d’Ivoire. This low genetic 
diversity might be due to the fact that the initial seeds 
used to establish orchards were probably not focused 
on yielding but resilience to dry environment and so 
were insufficient for guaranteeing a high diversity of 
plant material. Archak et al. (2009) found a similarly 
low genetic diversity among cashew trees across India 
and that most trees were introduced to India about 400 
years ago. Masawe & Kapinga (2013) found that most 
other countries (except for Brazil) also do not have 
very rich cashew gene banks.

About 23 migrants move from one accession to 
another within a generation. This reflects an important 
exchange of genes. This important gene flow might 
maintain the high intra-population genetic diversity we 
observed in Côte d’Ivoire.

Our dendrogram showed two main genetically 
distinct groups in Côte d’Ivoire, from which we can 
infer that two distinct populations of cashew were 
introduced to Côte d’Ivoire. However, this result 
cannot indicate how cashew trees were introduced into 
the country. In addition, little is known about from 
where the subgroups of these two main groups were 
originate. Additional studies with samples from other 
regions of the world could provide insight into the 
evolution of the cashew. In each subgroup, we found 
genetically identical duplicated individuals (twins) of 
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HYTs located in the same orchards. Such high levels 
of redundancy in accessions of cashew cultivars were 
also observed by Aliyu (2012). Some duplicated 
genotypes might be due to a limited number of markers 
used wherein all individuals identical at these loci are 
considered to be duplicates. Our results also reveal 
that all these propagated accessions originated from 
the same region. The accessions might have originated 
from the same orchard from which they were then 
disseminated to other orchards and regions. Our results 
suggest that cashew seeds introduced in Côte d’Ivoire 
were used to establish one orchard in Badikaha and 
another in Natiokobadara, and that a very large part 
of all orchards in Côte d’Ivoire might have been 
established using seeds from these two orchards. 
Archak et al. (2009) made similar observations and 
identified four distinct genetic groups. However, none 
of those four groups was restricted to a single region 
(i.e., all groups are almost equally represented in the 
four geographic populations). Thus, Archak et al. 
(2009) concluded that cashew orchard in Côte d’Ivoire 
were initially established at a single location with 
material introduced from a single area of India from 
which seeds were disseminated by humans to other 
areas of Côte d’Ivoire.

The trees in our Lataha collection, which were 
released to growers, are progenies of trees from 
Badikaha and Natiokobadara (Djaha et al., 2014). The 
results of our molecular characterization revealed that 
three trees disseminated by the CNRA (trees LAX3264, 
LAX4297, and LAZ330) possess distinct genotypes. 
Genotype LAX4297, which we initially considered 
to have originated from a single tree, is actually 
comprised of two genetically distant trees, indicating 
that an off-type genotype was released under the same 
name. Trees LAX4297 B and LAX4297 A might have 
originated from two different nuts planted on the same 
hill or planting hole whose trunks eventually fused 
into a single tree. Architecturally, although these two 
trees now appear to be a single tree, it has two primary 
branches, one comprised of genotype LAX4297 A 
and the other comprised of genotype LAX4297 B. 
Genotype LAX4297 A was planted in the Ferké timber 
yard, whereas genotype LAX4297 B was planted in the 
Tanda timber yard. Genotypes LAX3264 and LAZ330 
belong to subgroups C and A (respectively). Therefore, 
the CNRA currently distributes four genotypes to 
growers for establishing new orchards (rather than 
three).

5. CONCLUSIONS

Genetic diversity exists among cashew orchards in 
Côte d’Ivoire and this diversity can be exploited to 
build a long-term program to select and preserve 

cashew germplasm. The difference we found between 
expected and observed heterozygosity might be due 
to the strategy that Ivorian cashew producers use in 
selecting trees for establishing new orchards. The trees 
across the four cashew-growing zones of Côte d’Ivoire 
showed outcrossing expressed by positive inbreeding 
coefficients (FIS), with a lower value for the central 
region than for the other three regions, expressing that 
the central region has the highest genetic diversity. 
Significant gene flows maintain this genetic diversity.

The dendrogram of sample analyzed revealed two 
distinct populations of cashew trees inhabiting Côte 
d’Ivoire, comprised of six subpopulations. The grouping 
of HYT descendants performed without regard to 
geographic origins confirmed that cashew trees in all 
areas under cultivation have been disseminated from 
the northern part of Côte d’Ivoire.
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