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RESUMO 

 

 O cajueiro (Anacardium occidentale L.) é uma planta tropical que pertence à família Anacardi-

aceae, que inclui culturas agrícolas com importância económica. Para além do cajueiro, que é nativo do 

Brasil, inclui a manga (Mangifera indica L.) de origem asiática e o pistácio (Pistacia vera L.) de origem 

mediterrânica. O cajueiro adquiriu um estatuto de cultura de rendimento devido ao elevado valor da 

castanha de caju nos mercados internacionais. A introdução do cajueiro foi inicialmente promovida com 

o objetivo de combater a desertificação e erosão do solo, e mais tarde, adquiriu elevada importância 

económica nos países produtores. Atualmente, o cajueiro encontra-se distribuído em quase todas as re-

giões tropicais do globo, sendo uma importante fonte de rendimento ao nível das comunidades rurais 

dos países produtores. Reconhece-se que o cajueiro é uma cultura agrícola com grande valor económico 

nas zonas tropicais, e nos últimos anos tem-se assistido a um aumento do interesse da castanha de caju 

devido a uma forte procura no mercado mundial. Apesar da grande expansão da cultura a nível pantro-

pical, poucos estudos foram desenvolvidos para avaliar e caracterizar a diversidade genética dos recur-

sos genéticos desta cultura, contribuindo para a falta de informação orientada para a utilização racional 

e sustentável do cajueiro, apesar do reconhecido valor económico que esta espécie representa a nível 

mundial. Com exceção de Portugal, os países membros da Comunidade dos Países de Língua Portuguesa 

(CPLP) estão dispersos pelos três continentes do hemisfério sul: América, África e Ásia, representando 

uma grande diversidade agroecológica incluindo países como o Brasil, Guiné-Bissau ou Moçambique a 

pequenos arquipélagos como Timor-Leste na Ásia ou Cabo Verde ou São Tomé e Príncipe no continente 

africano. 

O principal objetivo deste trabalho pretende caracterizar a diversidade genética e avaliar a estrutura 

populacional do cajueiro a nível pantropical, utilizando os países da CPLP como um caso de estudo, 

onde se incluem alguns dos maiores países produtores de caju. Para avaliar a variabilidade e diversidade 

intraespecífica do cajueiro, foram usados marcadores moleculares do tipo SSRs (Simple Sequence Re-

peats) ou microssatélites, que são frequentemente aplicados na avaliação intraespecífica da diversidade 

genética de várias culturas agrícolas. Neste estudo, foram avaliadas um total de 343 amostras, proveni-

entes de 18 populações de cajueiros de 6 países da CPLP: Brazil, Guiné-Bissau, Timor-Leste, Cabo 

Verde, São Tomé e Príncipe e Moçambique. Cada população é constituída por 15-20 indivíduos. No 

Brazil, centro de origem do cajueiro, incluíram-se duas populações (BR1 e BR2) para além duas popu-

lações de espécies de Anacardium (A. giganteum e A. humile) que funcionaram como outgroups. Em 

Timor-Leste, foram incluídas 4 populações (ETK, ETTR, ETSU e ETV), e uma população da Indonésia 

(IND) foi introduzida para avaliar a relação com Timor-Leste. No continente africano, foram avaliadas 

duas populações de Moçambique (MZB e MZD), três de Cabo Verde provenientes de ilhas diferentes 

(Fogo-CVF, São Nicolau- CFSN e Santiago-CVST), cinco populações da Guiné-Bissau (as quais in-

cluem regiões continentais de Quinara- GBQ, Biombo- GBBIO, Gabu- GBGAB e do arquipélago dos 

Bijagós, Ilha da Formosa-GBFORM, e Ilha de Bolama- GBBOL) e uma população de São Tomé e 

Príncipe (STMO). A partir de 16 SSRs previamente desenvolvidos para o cajueiro, a genotipagem foram 

realizadas através de um processo de otimização e avaliação dos genótipos por análise de fragmentos. 

Dos 16 marcadores inicialmente selecionados, 2 loci (mAoR12 e mAoR33) foram eliminados após a 

deteção de alelos nulos. As análises de diversidade genética r toda a determinação da estrutura popula-

cional foi subsequentemente efetuada com os restantes 14 marcadores moleculares. Na avaliação da 

aplicação dos 14 marcadores nas amostras testadas, todos apresentaram valores de Índice de polimor-

fismo (PIC) superiores a 0,50, com uma média de 0,73, indicando que são marcadores polimórficos e 

altamente informativos para a análise da estrutura populacional e índices de diversidade genética. 
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As populações com maior valor de diversidade genética estão presentes em Timor-Leste e Guiné-Bissau, 

sendo (ETK) no distrito de Manatuto (Timor-Leste) e na Região de Gabu (Guiné-Bissau) 4.29, a popu-

lação com menor diversidade genética foi encontrada em Viqueque 2.36 (Timor-Leste) e em São Tomé 

e príncipe 2.57, valor medio de alelos. 

Ao nível de estrutura populacional, foram realizadas 3 abordagens: i) com base em matrizes de distâncias 

genéticas (DCINA) através da representação por dendrogramas de UPGMA e NJ, ii) Análise da variância 

molecular (AMOVA) e iii) análises bayesiana (STRUCTURE) e multivariada (DAPC) para avaliar a 

partilha de fluxo genético a nível populacional. Quanto aos resultados das matrizes de distância DCINA 

através de UPGMA e NJ, observaram-se 4 agrupamentos principais: um que agrupa os outgroups (A. 

giganteum e A. humile), um grupo que compreende as populações de Timor-Leste com a Indonésia, 

outro com as populações da Guiné-Bissau e São Tomé e Príncipe, e o maior grupo que inclui as popu-

lações provenientes do Brasil, Moçambique e Cabo Verde. 

Na análise da estrutura populacional o primeiro agrupamento constituído por Timor-Leste e Indonésia, 

pode-se especular que a população de Baucau poderia ser sugerida como o local de introdução do caju-

eiro em Timor-Leste através da Indonésia. O segundo cluster inclui populações da Guiné-Bissau e de 

São Tomé e Príncipe, destacando-se assim um fluxo genético entre os dois antigos países coloniais por-

tugueses. O terceiro agrupamento inclui populações de Cabo Verde com Moçambique e Brasil, e está 

também correlacionado com o fluxo genético. A região de Quinara (GBQ) na Guiné-Bissau é uma região 

continental que é um território de passagem entre as ilhas Formosa e Bolama do arquipélago de Bijagós 

e o restante território continental, e onde se observa uma grande diversidade diferente a nível da castanha 

e maçãs o que poderia explicar um pouco o seu complexo fluxo genético observado nas árvores UPGMA 

e nas análises bayesianas. 

A Análise da Variância Molecular (AMOVA) foi utilizada como medida da variabilidade da diversidade 

genética ao nível das populações de cajueiro, e os resultados revelaram que existe uma quantidade con-

siderável de variação entre indivíduos para ambos os tipos de agrupamentos (todas as populações, in-

cluindo outgroups; e apenas entre populações de cajueiro). As análises bayesianas permitiram determi-

nar a existência de uma diversidade intraespecífica complexa do cajueiro a nível pantropical, mostrando 

o pouco fluxo genético entre as espécies de Anacardium (usados como outgroups) e as populações de 

cajueiro amostradas. De acordo com os resultados do STRUCTURE e do DAPC, existe uma diversidade 

genética significativa para uma cultura agrícola introduzida e uma baixa partilha de fluxo genético entre 

as regiões tropicais estudadas. A presença do fluxo genético entre as populações do centro de origem do 

cajueiro, Brasil, e as populações de Cabo Verde e Moçambique é um dado a salientar, a qual pode ser 

explicada pelo extenso intercâmbio histórico entre os dois continentes, iniciado no século XVI durante 

o período colombiano, quando os portugueses transportariam várias culturas agrícolas para o continente 

africano. 

Também na analise de K = 5, que é o segundo K ótimo, revelou se que em STRUCTURE com o conjunto 

de dados de 20 populações, juntamente com os registos históricos, sublinharam a importância das rotas 

comerciais presididas por Portugal na proliferação de várias plantas económicas significativas desde o 

século XVI, como parte do período de intercâmbio colombiano, onde se destaca o papel do arquipélago 

de Cabo Verde nestes comércios para a aclimatação de espécies de culturas tropicais antes da agricultura 

na Península Ibérica e no continente africano para fazer face às despesas coloniais. Para além do fluxo 

genético nestes três países, observámos que na Ilha da Formosa na Guiné-Bissau, o agrupamento gené-

tico com Cabo Verde, Moçambique e Brasil é partilhado, o que poderia ser indicativo de uma potencial 

localização de populações de cajueiro aquando da introdução de cultura na Guiné-Bissau. Da região do 

Sudeste Asiático (Timor-Leste e Indonésia), observou-se uma diversidade genética específica para esta 

região tropical, que poderia indicar uma potencial rota diferente de introdução do cajueiro. 

Os resultados deste trabalho sobre a distribuição da diversidade genética do cajueiro proporcionam uma 

breve visão do mecanismo de introdução da cultura na região de Timor-Leste e no continente africano, 
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onde a presença de uma diversidade significativa e complexa sugere numerosos eventos de introdução 

nos países ao longo da costa do continente africano. A fim de compreender a complexa variação intra-

específica presente em Timor-Leste e no continente africano, um estudo futuro deverá incluir popula-

ções da Índia e de Angola. Este estudo é a primeira abordagem abrangente da diversidade intraespecífica 

do cajueiro utilizando uma técnica molecular, e enfatiza a necessidade de iniciativas nacionais para a 

conservação do germoplasma. Os resultados obtidos contribuem para o desenvolvimento de estratégias 

de gestão e conservação dos recursos genéticos do cajueiro a nível pantropical, utilizando os países da 

CPLP como estudo de caso, dado o papel preponderante dos portugueses na expansão das culturas agrí-

colas no século XVI e a elevada importância do cajueiro como cultura de rendimento na maioria dos 

países estudados. 

  

Palavras-chave: cajueiro, microssatélites, diversidade genética, estrutura populacional, recursos gené-

ticos.  
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ABSTRACT 

 

 The cashew tree (Anacardium occidentale L.) is a tropical plant from Anacardiaceae family, 

that has acquired a high economic importance as a cash crop in several tropical countries. It is assumed 

that in the middle of the sixteenth century the Portuguese brought the cashew tree from Brazil (center 

of origin) to India, and later expanded to Southeast Asia, and introduced in Africa at the same time in 

Mozambique. The socio-economic importance of the cashew tree in tropical regions is recognized, and 

in recent decades, the demand for cashew has increased at the global market. Despite the recognized 

value that this specie represents worldwide, few studies have addressed molecular markers to assess the 

distribution and structuring of cashew genetic diversity. In this work, microsatellites were used to study 

the intraspecific diversity of cashew across different tropical regions, from Brazil (South America) to 

Guinea-Bissau and Mozambique (Africa) and East Timor, Indonesia (Asia), using CPLP countries as a 

case study, which also cover cashew pantropical distribution. Despite its huge commercial value, few 

studies have been pushed forward towards the molecular diversity assessment of cashew genetic re-

sources, which highlights the importance of the study conducted. As a result of extensive fieldwork in 

Guinea-Bissau and East Timor, complemented with samples collected in Brazil, Cabo Verde, Mozam-

bique, and São Tomé and Principe, a set of cashew specific microsatellites or simple sequence repeats 

(SSRs) were selected for the characterization of the intra-specific diversity and population structuring 

of cashew. 

 Overall, about 343 individuals (i.e. 309 of A. occidentale; 16 of A. giganteum and 18 A. humile) 

corresponding to 20 different populations were screened and genotyped with 16 SSRs. mAoR12 and 

mAoR33 loci were discarded due to presence of null alleles in almost all populations. The remaining 14 

markers were found to be polymorphic and further genetic diversity and population structuring analysis 

were conducted. The Analysis of Molecular Variance (AMOVA) was performed to quantify the genetic 

variability between and within populations, revealing that most of the genetic diversity lies within indi-

viduals, reflecting the heterozygous nature of cashew. In terms of diversity by population, the popula-

tions with the greatest diversity were found in Guinea-Bissau and Timor-Leste. The population structure 

can be observed using the DCINA distance matrices in which the presence of 4 main clusters was ob-

served. Individual-based clustering methods using a Bayesian approach (STRUCTURE) and a multi-

variate analysis by DAPC allowed to assess the population structuring, thus highlighting that genetic 

diversity scattering does follows a geographical trend under a continental distribution.  Overall, our data 

reports the first comprehensive study on cashew intraspecific diversity using a continental approach thus 

highlighting the need to perform conservation programs focused on a country standpoint. This is espe-

cially important considering that the result of a limited gene flow across countries were observed, which 

may be due to local selection of accessions within each country. 

This work demonstrates a national and continental signature, highlighting that cashew introduc-

tion was not a single event in history, and that there were several points of entry into Africa. The findings 

obtained in this work could be a baseline for the assessment of the diversity of cashew genetic resources 

at a pantropical scale, as one of the most economically important cash crops in tropical regions, still 

largely understudied. 

 

Keywords: cashew, microsatellites, genetic diversity, populational structure; genetic resources. 
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1. INTRODUCTION 

1.1. Cashew as a cash crop commodity 

1.1.1. Anacardiaceae family  

 

 The Anacardiaceae family holds about 600 described species and is natively distributed across 

Latin America. Cashew (Anacardium occidentale L.), mango (Mangifera indica L.) and pistachio (Pis-

tacia vera L.) are the 3 main agricultural products of the family Anacardiaceae; pistachio is a Mediter-

ranean crop [1], while mango and cashew are from tropical origins. 

The Anacardium genus includes ca. 44 species from trees to shrubs and subshrubs, being the 

most significant genus of the Anacardiaceae family at economical level [2]. From this genus, Anacar-

dium occidentale L. (Figure 1), commonly designated as cashew, is an evergreen tree with its center of 

origin in the northeastern part of Brazil [3]. Though, it is currently distributed across the globe due to 

its introduction for commercial purposes in several tropical areas, including Mozambique, Tanzania, 

Kenya, and Guinea-Bissau [4], where the cashew nut is a highly marketable product. Besides the cashew 

nut, the apple (i.e., pseudo fruit/swollen hypocarp) (Figure 1) is both consumed locally and used to 

produce “Feni,” an alcoholic beverage. In South America, especially Brazil, and African cashew-pro-

ducing countries, the juice from the apple is marketed widely as a popular drink. Moreover, the cashew 

nutshell liquid is used for industrial purposes and has medicinal value.  

 

Figure 1. Illustration of the cashew plant representing the apple (fleshy false fruit) with nut (fruit), as well as leaves and 

inflorescences (Source: Flore d'Amérique). 

 

 The cashew tree can grow up to 20 meters but normally attains between 10-15 m, depending on 

the soil and environmental conditions. It usually starts to flourish by the third year, and reaches maxi-

mum output by the 8th year [2,4]. Cashew is a very rustic tree, thus developing very well without specific 

cares if the environmental conditions are favorable, namely average yearly temperatures between 17 and 

38 ºC are optimal. Cashew processing has been a key economic activity for many tropical nations and 
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provides a range of foods and industrial products, cashew nut (Figure 2A) being the most valued and 

marketable one [5]. 

 Some of the other Anacardium species have economic potential but are currently underutilized. 

While several species are mainly used in construction (A. excelsum (Bertero ex Kunth) Skeels) and 

ornamental purposes (A. spruceanum Benth. ex Engl), only two other species, A. giganteum W.Hancock 

ex Engl. (Figure 2B) and A. humile A. St.-Hil. (Figure 2C), have edible hypocarps and seeds, which 

are very appreciated by local people [2]. However, these species have not been cultivated and/or ex-

plored, A. occidentale being the only species of the genus that has been exploited crop, cultivated widely 

at the pantropical scale; the remaining species are only found in South America [6–8].  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Apples and nuts from Anacardium trees. The nut (fruit) is attached to the bottom of the red/orange hypocarp, the 

apple (pseudofruit) from cashew – Anacardium occidentale (A), A. giganteum (B) and A. humile (C). 

 

 Nowadays, Anacardium occidentale is grown in the tropical regions of the Old and New Worlds 

(Figure 3). The Anacardium genus is endemic to tropical America and has two diversification hotspots, 

the Central Amazon and Brazil's Planalto. Four species occur near Manaus (A. occidentale, A. humile, 

A. nanum A.St.-Hil., and A. corymbosum Barb.Rodr.), three of which occupy the same habitat. The 

cashew distribution follows five distribution patterns [2] and the geographical limits of its cultivation 

are latitudes and longitudes of 27°N and 28°S, respectively ([9]; Figure 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Worldwide distribution and occurrence trends of cashew (Anacardium occidentale L.). The highest predominance is 

observed in Southeast Asia, South America, and Western and Eastern Africa. Source: GBIF. Accessed on 23 November 2021. 
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Anacardium genus has the following five distribution patterns: 

 

1. The Andes separate A. excelsum from its congeners, both taxonomically and geographically. The 

Andes' uplift was most likely the driving force for A. excelsum's early separation from the rest of the 

genus. 

2. A. giganteum and A. spruceanum are found in Amazonia and Guyana, respectively. 

3. A. occidentale, the most common species in the genus, presents disjunct populations in Brazil's 

Planalto, eastern Brazil's Restingas, the Amazon basin's savannas, and Colombia and Venezuela's Ila-

nos. It should be noted that this species' native range is masked by its extensive cultivation in both the 

Old and New Worlds. 

4. A. humile, A. nanum, and A. corymbosum are three closely related species found only in central 

Brazil's Planalto. 

5. A. corymbosum, found only in south-central Mato Grosso (Brazil), is an allospecies of A. nanum 

and A. fruticosum J.D.Mitch. & S.A.Mori., the latter with a restricted distribution to Guyana's upper 

Mazaruni River basin. It is linked to A. parvifolium Ducke, which grows in the Amazon. 

 

 Johnson [10] studied the issues regarding the genesis and range of the genus, suggesting it orig-

inated in the Restinga (low vegetation found in the sandy soil along the coast of eastern and northeastern 

Brazil). Cultivated and wild populations of cashew species from eastern Brazil share chartaceous leaf 

blades and long petioles. Anacardium is  native and occasionally a dominant feature of the Cerrados 

(savannah-like vegetation) on Central and Amazonian Brazil [2,5,11,12]. The Cerrado populations of A. 

occidentale differ from the Restinga populations by having undulated, thickly coriaceous leaves with 

short and stout petioles. The hypocarps (cashew apples) of Cerrado trees are usually smaller and some-

times have a more acidic flavor than those of the Restinga. The natural distribution of A. occidentale 

extends from northern South America to south of São Paulo, Brazil. It is probably not native to Central 

America, the West Indies, or South America west of the Andes. It is believed that A. occidentale origi-

nally evolved in the Cerrados of Central Brazil and later colonized the more recent Restinga zones of 

the coast [2,13]. Very likely, most cashew cultivated widely was brought from Restinga to other tropical 

regions, where similar morphological features are observed, at both leaf and apple/nut levels. 

 

1.1.2. Cashew as a cash crop commodity across tropical regions  

 

A cash crop is an agricultural crop that is grown to obtain profit. The word is used to differentiate 

between marketed and subsistence crops. Cashew is considered a cash crop because the main goal of its 

production is to obtain the cashew nut for commercial purposes, with few by-products beyond its fruit. 

During the Columbian Exchange in the 16th century, a strong transfer of crops between South America 

and Africa allowed the establishment of cultivation fields with exotic crops, which became the economic 

foundations of several tropical countries [11]. In the 16th century, the Portuguese imported cashew from 

Brazil onto the African continent and to India as a rustic tree to fight afforestation and alleviate soil 

erosion, and only in the 1950s did it start to be seen as an agriculture commodity [4,11]. In India, cashew 

was spread primarily to control soil erosion in coastal areas [2], and only after the nuts were seen as 

food and its apple could be used to make a good wine. 

According to FAO [14], the total annual production of cashew nut is close to 1.0 million tons, 

with Vietnam (30%), Nigeria (21%) and India (17%) as the three main producers. On a global scale, 

cashew exports account for major monetary revenues in several tropical countries (Figure 4A). In 2018, 

West Africa region alone accounted for half of the global cashew supply [15], with Guinea-Bissau (GB) 

ranked as 3rd in West Africa and as 6th worldwide in the list of top cashew-producing countries. The 
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demand for cashew has risen over the past several decades along with the growth of global market 

demands, which have been complemented with an increase in its harvest area (Figure 4B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. World cashew production in tons (A) and harvest area (B) over the periods 1999-2009 and 2010-2019, from key 

exporting countries in Asia, South America, and Africa. Source: FAOSTAT 2022 (accessed on January 2022). 
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As stated above, over the past several decades, the demand for cashew has increased with the 

rising of global market demands. The consumption trend was particularly high in recent years, when 

the global market consumed 87% more cashews than 10 years ago [16]. The attractiveness of cashew 

is mainly due to changing food habits towards healthy diets. As a rich source of plant-based protein, 

minerals and low-fat contents, cashew is one of the top three most produced and valued tree nuts 

worldwide, together with almonds, and walnuts (Figure 5; [17]). 

 The cashew nut is a highly valued product composed of 21% protein and 22% carbohydrate, 

with the right combination of amino acids, minerals, and vitamins, and 47% fat, from which 82% are 

unsaturated fatty acids, not contributing to cholesterol enhancement and also involved in balancing or 

decreasing overall blood cholesterol [8,18,19]. Therefore, nutritionally, it can be considered a healthy 

snack, turning cashew nuts into a valuable agriculture product [20]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Tree nuts produced globally, by kind, in 2020/2021 (in 1,000 metric tons). Source: Statista 2022. 
 

1.1.3. Agriculture development in CPLP (Community of Portuguese Language 

Countries) 

 

 In the last decades, demand for cashew has risen in worldwide markets (USDA, 2015). Several 

Portuguese Language countries from the CPLP (Comunidade dos Países de Língua Portuguesa), such 

as Guinea-Bissau, Mozambique and Brazil are top cashew producers. CPLP is an international body and 

political union of nations spanning four continents, where Portuguese is an official language [13]: Por-

tugal, Brazil, Angola, Mozambique, Cape Verde, Guinea-Bissau, São Tomé and Principe, East Timor, 

and Equatorial Guinea [2] (Figure 6). 

Considering the distribution of CPLP across the three continents (South America, Africa and 

Asia), and the cashew production and economic importance in many of its countries, it can be considered 

an intesresting case study to assess cashew genetic diversity. Namely, from its center of origin (Brazil, 

South America), to African regions where it is a top agriculture commodity (Guinea-Bissau in West 

Africa and Mozambique in East Africa) and to Southeast Asia (East Timor) where this crop was 

established as a cash crop. Besides all these considerations, the countries’ distribution covers the main 

tropical regions where cashew is cultivated, thus allowing to prospect a pantropical scale of cashew 

diversity. 
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Figure 6. Member countries of CPLP. The countries where the samples were taken for the present study are indicated by a 

circle. 1- Brazil, 2- Cabo Verde, 3-Portugal, 4- Guinea-Bissau, 5- São Tomé and Principe, 6- Angola, 7- Equatorial-Guinea, 8-

Mozambique, 9- East Timor. Source: CPLP (accessed on January 2022). 

 

 At Figure 7, cashew nuts production (tons) and harvest area (ha) in CPLP countries are shown 

(FAOSTAT, 2022). No data are available for Cabo Verde, São Tomé and Principe and East Timor, 

although cashew is produced in these countries, highlighting the lack of documented cashew exports to 

international markets, which may be due to local selling to processing countries such as India and Vi-

etnam. In its center of origin (Brazil), the production of cashew nuts is one of the highest among the 

CPLP countries, with a mean value of 150,922 tons (Figure 7A), decreasing since 2011 to values of 

138,754 tons in 2019, which may be attributed to a reduction of the harvested area, as shown in Figure 

7B. When compared with other CPLP’s countries, Guinea-Bissau was the second highest producer until 

2011, when it became the main producer (Figure 7A) which was accompanied by the increase harvest 

area (Figure 7B). Mozambique is the third CPLP highest cashew producer, and in both Guinea-Bissau 

and Mozambique this crop is an important commodity for government and people revenues. Angola 

looks to be a significant cashew producer but has not yet established itself as a top contributor.  

However, when comparing the ratio of production to harvested area, we do not observe the expected 

rise in output. Therefore, it is necessary to make improvements through selection of high-yield cashew 

varieties.  

As an illustration of cashew's importance, Guinea-Bissau alone accounts for almost 90% of all exports 

being a key revenue for both government and rural communities. It was estimated that about 40% of the 

typical food consumption depended on cashew sales, which highlights the importance of cashew culti-

vation for family economies [4]. The development of a cashew's chain value will deeply influence the 

producing-countries, by promoting an added-value of cashew products (nuts and apple) besides provid-

ing a more stable income for both smallholder farmers and government. 
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Figure 7. Cashew nut production from 1999 to 2019 in four CPLP countries, in tons (T, A) and harvest area in hectares (ha, 

B). Source: FAOSTAT (accessed on 16th February 2022). 

 

1.2. Microsatellites, a tool to study cashew genetic diversity 

 

 Molecular markers are useful tools to measure genetic diversity among agricultural species (Ta-

ble 1). Examples of those are RAPDs, ISSRs, AFLP, microsatellites and more recent markers such as 

SCAR, which are now more widely genotyped, often in combination with morphological descriptors 

[21,22]. Unlike standard analyses of PCR, the RAPDs (Rando Amplified Polymorphism DNAs) does 

not require knowledge of the target organism's DNA sequence; Restriction Fragment Length Polymor-

phism (RFLP) is a form of polymorphism resulting from the DNA sequence variation detected by re-

strictive enzymes. RFLPs are employed as markers in genetic maps; SCAR (Sequence Characterized 

Amplified Regions) markers are developed with a pair of longer primers (usually the extended sequence 

of a RAPD). Amplified Fragment Length Polymorphism (AFLP) is a PCR method that employs selec-

tive amplification to produce and analyze single fingerprints for genomes of relevance to a sub-ensemble 

of digested DNA fragments. The benefit is that the target genome and its high repeatability and sensi-

tiveness to identify polymorphism at a DNA sequence level does not require any previous knowledge. 

AFLP, widely used for plant and microbial trials, has been utilized to determine genetic diversity in 
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several applications, for example, to estimate population-level phylogenies within species or between 

closely related species; but it has a high cost, and often clusters at the centromeres and telomeres. The 

main advantage of ISSRs (Inter Simple Sequence Repeats) is that no sequence data for primer construc-

tion are needed; however, ISSRs are randomly distributed throughout the genome like RAPDs, and thus 

can have reproducibility problems. Molecular markers advantages and disadvantages are described in 

Table 1. 

 

Table 1. Types of molecular markers and their advantages and disadvantages. 

Molecular 

Markers 

Advantages Disadvantages 

RFLP Co-dominants, no prior sequence information needed. Require high quality and quantity of DNA. 

RAPD 

Less quantity of DNA needed. 

Low cost. 

 

Contamination of DNA.  

Need a highly standard purification proto-

col. 

SCAR Simpler patterns than RAPD. Sequence information needed. 

AFLP 
Large number of amplicons, no prior sequence infor-

mation or probe. 

Dominant markers. Hight cost. 

Often cluster at centromeres and telomeres. 

SSR 

Require small quantity of genomic DNA. 

Highly polymorphic. 

Easy interpretation. 

High cost. 

Quite complex discovery procedure. 

ISSR 

No prior sequence information needed. Variation within 

unique regions of the genome may be found at several 

loci simultaneously. 

Dominant markers. 

Complex detection system. 

 

 SSRs (Simple Sequence Repeats), also known as microsatellites or short tandem repeats, are 

short 2–8 nucleotide motifs, repeated in tandem for a few to hundreds of times at many independent loci 

in eukaryotic genomes [23]. Microsatellites or simple sequence repeats (SSRs) are among the most ef-

fective markers among the many molecular markers used, primarily because they are co-dominant single 

locus markers [24]. SSRs are extremely informative molecular markers, inheritable and co-dominant, 

which are frequently used as markers in the characterization of genetic diversity, conservation, and 

traceability of germplasm in plants. 

 SSRs are polymorphic loci that derive one to six base pairs in length from the repetition of short 

sequence motifs. Microsatellites have several features which make them ideal for the analysis of plant 

genomes: 

1. Co-dominance, which makes it possible to study plant hybrids with commercial varieties. 

2. In general, the amplified fragments are small (between 100 and 500 base pairs), resulting in pos-

itive amplifications of PCR even in highly degraded DNA. 

3. Due to the polyploid nature of the genome of several significant crop species, as stated in the 

section on plant diversity, a limited number of selected SSRs can provide a high capacity for 

intraspecific discrimination. 

 

 Next-Generation Sequencing (NGS) offers a new opportunity to examine uncharacterized sys-

tems for sequencing. Targeted Genotyping by Sequencing (Hi-SNPseq) combines multifunctional PCR 

with high performance sequences to execute multiplex PCR enhancements in a single tube using site-

specific primers [25,26]. This methodology retrieves thousands of SNPs (Single Nucleotide Polymor-

phisms), based on a high-throughput sequencing, and by comparing several samples one can determine 

a SNP associated to an agronomical trait and/or to a geographical region. It is frequently applied to 

genetic research in population and disease-related genes [3,26]; however, its bioinformatic analysis is 

still laborious, and to assess a prompt genetic diversity analysis in a germplasm collection is still far 

from applicable at country level. 
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1.3. Genetic diversity in cashew 

 

 Despite its enormous economic worth, few research has been conducted to evaluate the molec-

ular diversity of cashew genetic resources. No worldwide study has been done so far, with only country-

specific approaches, namely in Ivory Coast [27], Brazil [21] and India [6] germplasm accessions. 

Mneney et al. [28] studied cultivars from different regions of the world and 20 elite Tanzanian varieties 

using RAPDs, and found a high degree of genetic similarity among accessions from Tanzania, India, 

and Mozambique, whereas accessions from Brazil were most distinct from the other regions of the 

world. The work made by Chipojola et al. [29] using 4 Malawian populations and morphological mark-

ers revealed a high similarity among populations, with a similar result reported in a genetic diversity 

study conducted in 187 germplasm accessions from Nigeria [30], which indicate the existence of a nar-

row genetic base of cashew germplasm. 

 Given the importance of cashew as an agriculture commodity in several tropical regions, a con-

certed research effort is necessary to determine agrobiodiversity hotspots associated to a geographical 

region. Considering the lack of a global genetic diversity studies including its native origin (Brazil) and 

other cashew producing regions, the present study is pioneer and is based on a comprehensive sampling 

that covers cashew main distribution trends in 3 different continents, from South America to African 

Continent and Southeast Asia. Rather than using all cashew producing countries in each continent, this 

study focused on the cashew producing CPLP countries, which will allow to hint on the introduction 

history of cashew in the African and Southeast Asia continents, based on the role of the Portuguese 

traders from the 16th century as part of the Columbia Exchange period.  

 The main objective of this work is to characterize the genetic diversity of cashew from diverse 

tropical regions, using CPLP countries as a case study (Figure 8). By including the native origin of 

cashew, Brazil, together with the closest Anacardium species from Brazil, A. giganteum and A. humile, 

it will be possible to determine the presence of any genetic flow between cultivated cashews and the 

wild sister species. Besides, by including several populations from each CPLP country, it will be possi-

ble to determine hotspots of agrobiodiversity in cashew, namely at continental and/or at country levels 

for future germplasm efforts. Moreover, in this work it is tentatively performed the association between 

genetic diversity patterns with the historical cultivation of cashew. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Main objectives of the molecular diversity assessment of cashew. 
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2. MATERIAL AND METHODS 

 

2.1. Sampling 

 

 Cashew populations were sampled from seven different CPLP countries: Brazil (N=2), Cabo 

Verde (N=3), Guinea-Bissau (N=5), São Tomé and Principe (N=1), East Timor (N=4), Indonesia (N=1), 

and Mozambique (N=2) (Figure 9, Table S1). Thus, 18 cashew populations were sampled from Portu-

guese-speaking countries where cashew has acquired significant economic importance. In each popula-

tion, 16-20 individuals were sampled and preserved in silica gel until further processing (Table 2). Also, 

two populations were sampled from the closest Anacardium species originated in Brazil, A. giganteum 

and A. humile, which will be used to level the intraspecific diversity of cashew populations, considering 

its high phylogenetic relationship as wild relatives of the crop (A. occidentale). All leaf samples are 

stored at the Instituto Superior de Agronomia/University of Lisbon and are available upon author re-

quest.  

 

Figure 9. Sampled populations: acronyms by country, district, and location. 

 

2.2. DNA extraction 

 

 Individual leaves collected from each cashew population were used to obtain genomic DNA 

(gDNA), extracted with the InnuPREP Plant DNA Kit (Analytik Jena, Germany), following the manu-

facturer’s instructions with minor modifications. About 100 mg of each leaf collected in the field were 

grinded briefly with a mortar and a pestle in liquid nitrogen, and then 1 cm2 of roughly grinded leaves 

were used for further gDNA extraction, by adding 400 μL of OPT lysis solution and grinding the bio-

logical material with an Eppendorf-pestle in a 1.5 mL tube. Afterwards, an initial incubation at 65 °C 

for 1 h was performed, followed by the addition of 100 μL of Precipitation Buffer and a 5-min incubation 

at room temperature; the supernatant was recovered by centrifugation at maximum speed 13,000 x g for 

5 mins. The supernatant was then transferred to a Pre-Filter Receiver and centrifuged at the same speed 

for 1 min. Subsequently, 4 μL of RNAse A solution (100 mg/mL) was added and samples were incu-

bated for 30 mins at 37 °C. After RNAse treatment, 200 μL of SBS binding solution was added and then 

centrifuged at 11,000 x g for 2 mins. The recovered supernatant then underwent two washing steps with 

650 μL of MS washing solution and centrifugations at 11,000 x g for 1min. The gDNA was eluted in 40 
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μL of AE buffer, left to incubate at room temperature for 15 mins and recovered by centrifugation at 

11,000 x g for 1 min. DNA purity and concentration were measured at 260/280 ηm and 260/230 ηm 

using a spectrophotometer (NanoDrop-1000, Thermo Scientific), while DNA integrity was verified by 

agarose gel electrophoresis at 0.8% in 1x TAE running Buffer (Merck) for 30 mins at 90 Volts and then 

visualized in a GelDoc XR image system (BioRad, USA). 

 

2.3. Microsatellite genotyping 

 

 A set of 16 cashew-specific microsatellite (SSRs, Simple Sequence Repeats) markers already 

available [22] were selected to for screen the genetic diversity of the populations under study, following 

three major criteria: (i) markers with a Polymorphism Information Content (PIC) value higher than 0.5, 

a threshold reference value to be considered an informative marker, (ii) markers with high allelic diver-

sity, and (iii) dinucleotide repeats markers, to enable a clearer interpretation upon microsatellite geno-

typing, and thus avoiding genotyping errors. 

 Before multiplexing, each SSR marker was validated in single-plex polymerase chain reactions 

(PCR) using a three-primer PCR approach [31], to assess reaction reproducibility and/or presence of 

PCR artifacts upon fragment analysis [12]. Each SSR was PCR amplified in a 25 µL volume reaction 

following cycling conditions previously described in Croxford et al. [22], using the HotStar Taq DNA 

Polymerase kit (QIAGEN, Germany), as per manufacturer’s instructions. Afterwards, SSRs amplified 

fragments were run in an ABI 3130XL sequencer (Applied Biosystems) with the internal size standard 

GS500 LIZ (Applied Biosystems, USA) at STAB VIDA company (Costa da Caparica, Portugal), while 

allele calling was performed in GeneMapper v 3.7 (Applied Biosystems, USA). A thorough markers 

selection to ensure the success of co-amplification loci was assessed by using the Multiplex Manager 

software v1.2 [32], which allowed building four SSRs panels assembled in 4-plex PCR reactions (Mul-

tiplex A, B, C, and D; Table 2), using four universal forward fluorescently labelled primers following 

Culley et al. [33]. To increase genotyping accuracy, a “PIG-tail” sequence was added at the 5’end of 

each of the reverse primer [34]. PCR multiplex amplifications were carried out using the QIAGEN Mul-

tiplex PCR kit (QIAGEN, Germany), following the manufacturer’ s protocol, in a total volume of 25 µL 

with 50–100 ηg gDNA and 2.5 ρmol of each primer Forward and Reverse and 0.15 ρmol of the tailed 

fluorescently labeled primers (D1–D4). Reactions were done in 96 well-plates and on each plate one 

sample was repeated per run, thus working as positive control for allele scoring. Negative PCR controls 

were included. Initially, a hot-start step at 95 °C for 15 min was performed, followed by a touchdown 

cycling protocol adapted from Croxford et al. [22] as follows: 5 cycles of denaturation at 95 °C for 45 

s, primer annealing at 68 °C for 5 min with −2 °C/cycle; a sequence extension at 72 °C for 1 min; 5 

cycles of denaturation at 95 °C for 45 s, primers annealing (58 °C for Multiplexes A, C and D and 60 

°C for Multiplex B) for 2 min with −2 °C/cycle and an extension step for 1 min at 72 °C; 27 cycles at 

95 °C for 45 s, 47 °C for 75 s, and 72 °C for 1 min; followed by a final extension step at 72 °C for 10 

min. Then, multiplex PCR products were run in an ABI 3130XL sequencer for fragment analysis as 

described earlier, and SSR allele sizes were aligned with the internal size standard, further scored using 

the binning function in GeneMapper v3.7 (Applied Biosystems, USA). To improve the SSR marker data 

quality, allele assignments were checked manually, and ambiguous results were set as “missing data.” 

 

 

 

 



 

 

12 

Table 2. Loci used to screen the 20 Anacardium sp. populations sampled. Primers sequences, multiplexing scheme, and am-

plicon size range/ expected size (bp) are provided. Multiplex arrangement is identified.  

 

Following Culley et al,. [33], D1 (6-FAM): M13 (-21), 5’-TGTAAAACGACGGCCAGT-3’; D2 (NED,): T7term, 5’-CTAG-

TTATTGCTCAGCGGT-3’; D3 (VIC): M13modA, 5’-TAGGAGTGCAGCAAGCAT-3’; D4 (PET): M13modB, 5’-CAC-

TGCTTAGAGCGATGC-3’. Underlined sequence at each reverse primer (GTTTCTT) identifies the “PIG-tail” sequence. 

 

 

2.4. Genetic diversity analyses 

 

 Genotyping errors were assessed using MICRO-CHECKER v2.2.3 [35], and estimation of null 

alleles frequency was done with the EM algorithm of Dempster et al. [36] as implemented in FreeNA 

Locus Repeat motif Primers (5'-3') 
Tailed 

Primer 

Size range 

(Expected Size) 
Multiplex 

mAoR6 (AT)5(GT)12 
F: CAAAACTAGCCGGAATCTAGC 

D2 
118–186  

(143) 

 

 

 

 

 

A 

R: GTTTCTTCCCCATCAAACCCTTATGAC 

mAoR17 (GA)24 
F: GCAATGTGCAGACATGGTTC 

D1 
122-184  

(124) R: GTTTCTTGGTTTCGCATGGAAGAAGAG 

mAoR7 (AT)2(GT)5AT(GT)5 
F: AACCTTCACTCCTCTGAAGC 

D4 
158-198  

(178) R: GTTTCTTGTGAATCCAAAGCGTGTG 

mAoR48 (GAA)6(GA)3 
F: CAGCGAGTGGCTTACGAAAT 

D3 
130-186  

(177) R: GTTTCTTGACCATGGGCTTGATACGTC 

mAoR3 (AC)12(AAAAT)2 
F: CAGAACCGTCACTCCACTCC 

D4 
140-282  

(231) 

 

 

 

 

 

B 

R: GTTTCTTATCCAGACGAAGAAGCGATG 

mAoR42 (CAT)9TAT(CTT)7 
F: ACTGTCACGTCAATGGCATC 

D2 
160-232 

(204) R: GTTTCTTGCGAAGGTCAAAGAGCAGTC 

mAoR52 (GT)16(TA)2 

F: GCTATGACCCTTGGGAACTC 
D1 

142-244  

(202) R: GTTTCTTGTGACACAACCAAAACCACA 

mAoR11 (AT)3(AC)16 
F: ATCCAACAGCCACAATCCTC 

D3 
142-248  

(234) R: GTTTCTTCTTACAGCCCCAAACTCTCG 

mAoR2 (CA)10(TA)6 
F: GGCCATGGGAAACAACAA 

D3 
172-322  

(366) 

 

 

 

 

 

C 

R: GTTTCTTGGAAGGGCATTATGGGTAAG 

mAoR33 (CT)18(AT)19 
F: CATCCTTTTGCCAATTAAAAACA 

D4 
322-404  

(354) R: GTTTCTTCACGTGTATTGTGCTCACTCG 

mAoR35 (AG)14 
F:  TCTTTCGTTCCAATGCTCCTC 

D2 
142-180  

(165) R: GTTTCTTCATGTGACAGTTCGGCTGTT 

mAoR47 (TAAA)2(TA)7(AAT) 

F: AAGAGCTGCGACCAATGTTT 

D1 
166-272  

(161) R: GTTTCTTCTTCTTGAACTTGACAC-

TTCATCCA 

mAoR12 (AC)12ATAC(AT)4 
F: CACCAAGATTGTGCTCCTG 

D2 
322-362  

(324) 

 

 

 

 

 

D 

R: GTTTCTTAAACTACGTCCGGTCACACA 

mAoR16 (GT)8(TA))17(GT)3 
F: GGAGAAAGCAGTGGAGTTGC 

D1 
245-335  

(256) R: GTTTCTTCAAGTGAGTCCTCTCACTCTCA 

mAoR29 (TG)10 
F: GGAGAAGAAAAGTTAGGTTTGAC 

D3 
164-364  

(316) R: GTTTCTTCGTCTTCTTCCACATGCTTC 

mAoR41 (ACC)7(AC)3 
F: GCTTAGCCGGCACGATATTA 

D4 
162-177  

(151) R: GTTTCTTAGCTCACCTCGTTTCGTTTC 
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(http://www.montpellier.inra.fr/URLB/). These values were computed as described by Chapuis and Es-

toup [37], with 10,000 bootstrap iterations, alternatively using and not using the Excluding Null Alleles 

(ENA) method, after assessment of null allele frequencies. Polymorphic Information Content (PIC) and 

genetic diversity indices were calculated with the Microsatellite Toolkit v.3.1.1 [38] and GenALEx 6.5 

[39], respectively. These included the total allele number and mean alleles per locus (Na), private alleles, 

inbreeding coefficient (fixation index, F), observed (HO) and expected (HE) heterozygosity. Deviations 

from Hardy–Weinberg equilibrium (HWE) were assessed for each locus-population combination and 

linkage disequilibrium (LD) to determine the extent of distortion from independent segregation of loci 

using GenePop v4.5 [40]. Statistical significance for both HWE and LD was tested by running a Monte 

Carlo Markov Chain (MCMC) consisting of 10,000 iterations each, and p-values were corrected for 

multiple comparisons [p <0.00018, (0.05/280] by applying a sequential Bonferroni correction [41]. 
 

2.5. Population structuring 

 

 Population structure was addressed using three approaches: (i) estimating relations among pop-

ulations using genetic distances; (ii) hierarchical genetic analysis by AMOVA; and (iii) individual-based 

clustering with a Bayesian (STRUCTURE) and a multivariate (DAPC, Discriminant Analysis of Prin-

cipal Components) analyses. 

 

2.5.1. Estimating relations among populations using genetic distances  

 

 Distances relationships among populations were estimated with Cavalli-Sforza and Edward’s 

Chord genetic distances (DC, [42]) using the INA method computed in FreeNA (DCINA), and Nei’s D 

distance [43] calculated in GenALEx 6.5 [39]. Unweighted Pair Group Method with Arithmetic Mean 

(UPGMA) and Neighbor-Joining (NJ) trees were produced using the package ape v3.4. [44] of R v4.1.0 

[45], based on 10,000 bootstraps values, assessed by aboot function from poppr v2.1.0. Package [46]. 

Trees were further edited in FigTree v1.4.2 [47]. Distances relationship among populations were deter-

mined by two separated approaches: first, using all the populations and, second, by excluding the two 

Anacardium species used as outgroups (A. giganteum and A. humile). 

 

2.5.2. Hierarchical genetic analysis (AMOVA) 

 

An Analysis of Molecular Variance (AMOVA, [48–50]) was done with ARLEQUIN v3.5.1.3 

[51] to assess the hierarchical distribution of genetic variation of the analysed populations. Significance 

was assessed after 1000 permutations. Two three-levels AMOVAs were pursued: one using all the 

twenty populations as groups, and the second narrowed to the cashew populations by excluding out-

groups (AG and AH populations). In each AMOVA, the total variance was partitioned into components 

to account for differences between defined groups (Va), differences among populations within those 

groups (Vb), and differences among individuals within populations (Vc). Variance components (Va, Vb, 

and Vc) were used to calculate the fixation indices (F-statistics; FCT, FSC, FST) according to Weir and 

Cockerham (1984) [48]. 

 

2.5.3. Individual based clustering 

 

 Identification of genetically distinct clusters was done with two different methodologies: a 

Bayesian clustering analysis using STRUCTURE [52] and a multivariate analysis method, the Discri-
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minant Analysis of Principal Components (DAPC, [53]). These two different individual cluster assign-

ment approaches were followed since, while STRUCTURE uses allele frequency and LD information 

from the dataset directly, DAPC is a multivariate method which attempts to summarize the genetic dif-

ferentiation between groups, while overlooking within-group variation and not relying on a particular 

population genetics model free of HWE assumptions [53]. 

 Overall, individual-based clustering analyses were performed of two datasets: one including all 

populations (N=20), and another focused-on cashew populations (N=18) to evaluate intraspecific ge-

netic variability. The Bayesian model-based clustering algorithm implemented in STRUCTURE v.2.3.4 

was used to identify genetic clusters under a model assuming admixture and correlated allele frequencies 

without using population information. In the first approach, including all twenty populations, analyses 

were set for a burn-in period length to 100,000 followed by 1,000,000 MCMC iterations with K-values 

set from 1 to 21 with 10 runs computed for each K. For the second approach, restricted to cashew pop-

ulations (N=18), the same settings were followed by configuring K-values from 1 to 19 with 10 runs in 

each K. StructureHarvester v0.6.94 [54] was then used to calculate ∆K ad hoc statistics from Evanno et 

al. [55] to estimate the most likely K-value, which is based on the rate of change of the estimated like-

lihood between successive K-values. CLUMPP v1.1.2 [56] was used to average replicate runs for the 

selected K-value, and to account for problems with multimodality and label switching between iterations 

of STRUCTURE runs. CLUMPP results were then plotted with DISTRUCT v1.1 [56]. 

 DAPC was implemented in R [45] using adegenet v1.3.1 package [53] and the dataset relative 

frequency of the alleles, since presence/absence data may not be fully informative and thus overlook 

relevant patterns in allele frequency. The function find.clusters was used to find the ideal K-value, based 

on the computation of Bayesian Information Criterion (BIC) scores, maintaining default parameters and 

retaining all principal components (PCs). Cross validation using the xvalDapc function was pursued to 

determine the optimal number of PCs to retain in the Discriminant Analysis (DA). 

 

 

3. RESULTS 

 

3.1. SSRs genotyping and statistics 

 

 All 16 SSRs were tested in single-plex reactions at the estimated optimal annealing temperature, 

and only after this initial quality assessment, were SSRs markers grouped into 4-plex reactions (Table 

2). For the SSRs loci screened, allele profiles were clear and easy to score. No errors in the genotypic 

data matrix were detected, indicating the absence of potential errors associated with stuttering bands or 

large allele dropout in the SSRs used. In 76 of the 320 locus-comparisons, the frequencies of null alleles 

were higher than 0.20 (data not shown) in the markers mAoR12 and mAoR33, in almost all populations. 

Thus, these two loci were removed for subsequent analyses, and the overall data were analyzed with 14 

SSRs (Table 3). Deviations from the Hardy–Weinberg Equilibrium (HWE) were observed in most loci 

except mAoR3, with 191 locus-population combinations statistically significant (p < 0.05), while after 

sequential Bonferroni correction only three loci (mAoR3, mAoR17 and mAoR35) displayed significant 

deviations, matching 108 of the 280 locus-population combinations (Table S2). All 14 loci were in 

linkage equilibrium after Bonferroni correction, thus being non-correlated, and alleles independently 

segregated and inherited (data not shown). Negative fixation index (F) estimates were observed in two 

loci, mAoR17 (-0.155), mAoR47 (-0.038) and mAoR16 (-0.024) (Table 3), which can reflect more 

heterozygotes than expected or other population structure complexities.  
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Table 3. Marker’s diversity measurements. The level of genetic diversity of each SSR marker was described with the parame-

ters number of alleles, Polymorphic Information Content (PIC), gene diversity (expected heterozygosity, He), observed heter-

ozygosity (Ho) and inbreeding/fixation coefficient (F). A total of 343 individual samples were analyzed. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. Genetic diversity estimates 

 

 Overall, a total of 309 alleles were detected in the 343 individuals analyzed (Table 4). All the 

screened loci were polymorphic. The total number of alleles per locus ranged from 9 (mAoR2) to 36 

(mAoR3), with an average of 19.3 alleles per locus (Table 4). Overall, Polymorphic Information Con-

tent (PIC) values ranged from 0.55 (mAoR2) to 0.89 (mAoR3), with a mean value of 0.73 (Table 4). 

In our 14-loci dataset, the observed heterozygosity (Ho) varied from 0.22 (mAoR41) to 0.77 (mAoR17) 

with a mean of 0.52 (Table 3), and the expected heterozygosity (He) varied between 0.60 (mAoR2) and 

0.90 (mAoR3) with a mean of 0.76. The Fixation Index F (also called the Inbreeding Coefficient) ex-

hibits values from −1 to +1. Values close to zero are expected under random mating, while substantial 

positive values indicate inbreeding or undetected null alleles. Negative values denote excess of hetero-

zygosity, due to negative assortative mating, or selection for heterozygotes. Overall, Positive F-values 

were observed across all loci except mAoR16, mAoR17, and mAoR47 (Table 4), thus revealing that 

they are at or near Hardy–Weinberg equilibrium, further supported by the lower observed heterozygosity 

values against the expected under HWE (Table 4). A population genetic diversity analysis (Table 4) 

showed that Guinea-Bissau presented 9.43 alleles on average, and that the lowest value was from São 

Tomé (2.57). He was 0.73 for Guinea-Bissau and 0.66 for the population BR1. 

 

 

 

 

 

 

 

 

Locus Allele number PIC He Ho F 

mAoR48 17 0.66 0.71 0.48 0.037 

mAoR6 24 0.80 0.82 0.53 0.142 

mAoR17 26 0.86 0.87 0.77 -0.155 

mAoR7 19 0.75 0.78 0.54 0.012 

mAoR11 22 0.81 0.83 0.46 0.145 

mAoR3 36 0.89 0.90 0.57 0.186 

mAoR42 19 0.69 0.73 0.54 0.021 

mAoR52 21 0.81 0.82 0.53 0.084 

mAoR2 9 0.55 0.60 0.27 0.328 

mAoR35 12 0.71 0.73 0.40 0.347 

mAoR47 13 0.69 0.72 0.61 -0.038 

mAoR16 21 0.72 0.74 0.51 -0.024 

mAoR29 15 0.84 0.86 0.32 0.385 

mAoR41 11 0.67 0.69 0.22 0.517 

Total 309 1 1 1 1 

Mean 19 0.73 0.76 0.52 0.113 
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Table 4. Genetic diversity analysis by countries and populations. Data are provided by 14 SSRs, followed by a country analysis 

and, afterwards, a population-based genetic diversity assessment. Sample size (N). Countries: East Timor (4 populations), 

Indonesia (1 population), Brazil (2 populations), Mozambique (2 populations), Cabo Verde (3 populations), Guinea-Bissau (5 

populations), São Tomé and Principe (1 population) and the outgroups (AG, AH). Populations: 20 different populations. Ge-

netic diversity indices for each group are presented: expected heterozygosity (He) and observed heterozygosity (Ho), inbreed-

ing/fixation coefficient (F), Private alleles, and mean alleles per locus (Na). 
 

 
Sample size Na He Ho Private Alleles F 

Countries 

East Timor 67 7.79 0.66 0.45 2.57 0.32 

Indonesia 18 3.29 0.56 0.41 0.50 0.23 

Brazil 33 4.57 0.66 0.58 0.57 0.10 

Mozambique 34 5.36 0.71 0.49 0.93 0.29 

Cabo Verde 47 4.71 0.65 0.57 0.86 0.11 

Guinea-Bissau 90 9.43 0.73 0.43 3.79 0.40 

São Tomé and Principe 20 2.57 0.34 0.29 0.29 0.16 

AG 16 3.43 0.58 0.75 1.07 -0.31 

AH 18 2.36 0.39 0.45 0.14 -0.19 

Populations 

ETK 17 4.86 0.65 0.517 0.86 0.20 

ETTR 16 4.71 0.57 0.463 0.57 0.17 

ETSU 16 3.50 0.63 0.390 0.43 0.36 

ETV 18 2.36 0.45 0.404 0.07 0.05 

IND 18 3.29 0.54 0.411 0.43 0.23 

BR1 16 4.07 0.66 0.613 0.21 0.06 

BR2 17 3.57 0.60 0.553 0.21 0.09 

MZB 17 4.14 0.65 0.445 0.43 0.31 

MZD 17 3.50 0.63 0.540 0.21 0.13 

CVSN 15 3.14 0.57 0.596 0.14 -0.08 

CVF 16 3.07 0.53 0.612 0.00 -0.18 

CVST 16 3.29 0.58 0.512 0.14 0.10 

GBBOL 20 3.29 0.57 0.338 0.64 0.38 

GBGAB 19 4.29 0.62 0.364 0.43 0.39 

GBBIO 16 3.50 0.55 0.470 0.07 0.12 

GBQ 17 3.07 0.54 0.297 1.36 0.47 

GBFORM 18 3.79 0.61 0.704 0.50 -0.16 

STOM 20 2.57 0.33 0.290 0.21 0.16 

 

 The lowest value of He was for the country São Tomé and Principe, with 0.34 and respectively 

population; the Ho was 0.74 for AG (A. giganteum population), 0.58 for Brazil and 0.70 for GBFORM 

(Guinea-Bissau), the lowest value of Ho being found for São Tomé and Principe (0.29). All the analyzed 

populations within each country presented a F positive varying from 0.10 to 0.40, except for the out-

group populations AG and AH (-0.31 and -0.19, respectively). The populations with the highest number 

of alleles were observed in Guinea-Bissau (9.43 Na) and East Timor (7.79), most precisely in the popu-

lation of GBGAB, with an average of 4.29 alleles, followed by ETK with 4.86 alleles, respectively; São 

Tomé and Príncipe (STOM) presented the population with the smallest Na, 2.57 alleles, representing 

the lowest allelic diverse populations. By comparing the number of alleles of the SSRs in the screened 

populations, it can be determined which population harbors the highest allelic diversity. The fixation 
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index (F) was positive in almost every population indicating genetic stability and a high rate of inbreed-

ing. The absence or existence of private alleles is important to determine, as it may allow to discriminate 

specific genetic populations. These alleles are very important because they can be used to create a unique 

genetic signature for each cashew population in each sampled geographic region. The countries that 

exhibited at least one private allele were East Timor and Guinea-Bissau, and the population of A. gigan-

teum (2.57, 3.79 and 1.07, respectively). 

 

3.3. Population structuring analyses 

 

3.3.1. Estimating relations among populations using genetic distances  

 

 UPGMA and NJ trees were built using DCINA genetic distance across accessions screened for 

all populations, including outgroups and only for the A. occidentale populations. Regarding the dis-

tance’s method, a similar structure was observed with both Nei’s D (data not shown) and DCINA matri-

ces. This indicates a reliable topology, regardless of the different genetic distance’s algorithms used, but 

DCINA was chosen because it has the advantage that it corrects for null alleles, if there are any. As such, 

only UPGMA trees derived from DCINA distances matrices are presented in Figure 10. In the UPGMA 

tree for the 20- populations dataset analysis, four clusters are depicted (Figure 10A): (I) with all the 

populations of East Timor and Indonesia; (II) with populations of Guinea-Bissau and São Tomé and 

Principe; (III) with Brazil, Mozambique and Cabo Verde populations, and the GBQ population from 

Guinea-Bissau, in a mixed cluster; and (IV) with the outgroup populations, AG and AH (A. giganteum 

and A. humile, respectively), completely separated from cashew populations.  

 While looking to the UPGMA generated for cashew populations alone (Figure 10B), four main 

clusters are observed: (I) with all populations from East Timor grouped with Indonesia, and BR1 from 

Ceará Region in Brazil; (II) all populations from Guinea-Bissau clustered with São Tomé and Principe 

(STOM); (III) with Mozambique populations, the Cabo Verde populations from Fogo (CVF) and San-

tiago (CVST) islands; and (IV) with a population from Brazil (BR2, from Brasília) and a population  

from Cabo Verde (São Nicolau island).  

 

 
Figure 10. UPGMA trees generated from FreeNA using DCINA matrix representing the populations from all 7 countries sam-

pled in this study, with outgroups (A) and without outgroups (B). Clusters are represented by I, II, III and IV, with green, 

yellow, red and black colors, respectively. Legend: □ East Timor, ▣ Indonesia, ◉ Brazil, ▽ São Tomé and Principe, ◬ Cabo 

Verde, ▲ Guinea-Bissau, △ Mozambique, and the outgroups ★. 
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 The NJ trees for both dataset analyses (Figure S3) showed a similar result, when looking at the 

outgroups we also have four clusters: the first (i) with some populations of Guinea-Bissau (GBGAB, 

GBBIO, and GBBOL) associated with the population of São Tomé and Principe (STOM), the second 

(ii) cluster with all populations of Cabo Verde (CVSN, CVF, and CVST) with Brazil populations (BR1 

and BR2), Mozambique and one population from Guinea-Bissau (GBFORM); the third (iii) cluster with 

East Timor populations (ETTR, ETV, ETK, and ETSU) and the Indonesia population (IND), and lastly 

the fourth (iv) cluster with outgroup populations (AG and AH) and the GBQ population from Guinea-

Bissau. The NJ tree analysis without any outgroup populations was grouped into four clusters, the first 

of which has Brazil populations (BR1 and BR2) with all Cabo Verde populations (CVSN, CVF, and 

CVST) joining Mozambique populations (MZB and MZD) and one Guinea-Bissau population 

(GBFORM), the second includes East Timor populations (ETTR, ETV, ETK, and ETSU) and the Indo-

nesia population (IND); the third cluster (iii) comprises some Guinea-Bissau populations (GBGAB, 

GBBIO, and GBQ), while the fourth cluster includes GBBOL population from Bolama island (GB) 

coupled with the São Tomé and Principe population (STOM). 

 

3.3.2. Hierarchical genetic analysis (AMOVA) 

 

 When grouping all populations, including the outgroups, AMOVA results showed that molecu-

lar variation was mainly found within individuals (64%), whereas variation among populations and 

among individuals explained 11% and 25 % of the total genetic variability, respectively (Table 5). 

Without outgroups, a similar scenario resulted for countries, with genetic variation being higher within 

individuals (64%), rather than among individuals (14%) or populations (22%).  

 

Table 5. AMOVA results including fixation indices FCT, FSC and FST. The genetic differentiation among all populations (in-

cluding outgroups) and countries (excluding outgroups) is defined as FCT, among accessions within groups as FSC, and within 

accessions as FST. *p < 0.001. 

 

 

 

3.3.3. Clustering analysis using bayesian and multivariate approaches  

 

 Two different Bayesian analysis approaches were done: 1) covering all populations including 

the outgroups (A. giganteum and A. humile) and 2) excluding outgroups, to uncover more in-depth indi-

vidual clustering within A. occidentale populations.  

 In the first approach, all the 20 sampled populations were considered. STRUCTURE was run 

considering the highest range of clusters conceivable (K= 1–21). This analysis assigned K= 17 as the 

optimal number of groups based on the Evanno et al. [55] method, with K= 5 also displaying high ∆K-

values (Figure S2). Analyzing the optimum K (K=17, Figure 11A), East Timor has a genetic admixture 

Source of variation df 
Sum of 

Squares 

Variance 

components 

Variation 

(%) 
Fixation indices 

All populations 

among populations 19 851 Va= 1.19 25.02 FCT=0.144* 

among individuals 323 1315 Vb= 0.51 10.80 FSC=0.250* 

within individuals 343 1045 Vc =3.05 64.18 FST=0.358* 

Countries (excluding outgroups) 

among populations 17 660 Va= 1.01 21.68 FCT=0.179* 

among individuals 291 1247 Vb= 0.65 14.03 FSC=0.217* 

within individuals 343 922 Vc= 2.98 64.29 FST=0.357* 
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between ETK (Manatuto) and ETTR (Baucau) – blue cluster –, followed by ETSU from Covalima with 

a unique cluster (purple). ETV has its own cluster (white), and so does Indonesia (dark green cluster); 

the population BR1 from Brazil clusters with CVSN and CVF from Cabo Verde, while Mozambique 

populations (MZB and MZD) share a cluster (pink), and CVST has its own cluster (light red). In Guinea-

Bissau, GBBOL and GBQ populations have a unique cluster, GBGAB shares a cluster with GBBIO, 

while the island population GBFORM has its own cluster with some individuals shared with the conti-

nental populations of GBGAB and GBBIO; STOM from São Tomé and Principe has its own cluster 

(light pink), and the outgroup populations do not share any genetic diversity with the cashew popula-

tions. The second ideal K= 5 was also analyzed due to high ∆K-values (Figure S2A) obtained from the 

Bayesian analysis. In K= 5 (Figure 11B), all cashew populations are differentiated from the outgroups 

A. giganteum (AG) and A. humile (AH). Regarding cashew populations clustering, all East Timor and 

Indonesia populations are represented by a unique cluster (pink); Brazil populations (BR1 and BR2) 

share genetic flow with GBQ (Guinea-Bissau) and STOM (São Tomé and Principe) populations. Also, 

a shared clustered including Brazil, Mozambique and Cabo Verde populations is observed (blue cluster). 

A third cluster (in orange) mostly includes Guinea-Bissau and São Tomé and Principe (STOM) popula-

tions. The fourth cluster (grey color) is found for Mozambique and the GBGAB population from Guinea-

Bissau (Figure 11B). 

 DAPC analysis was made without any a priori group assignment. Also considering the same 

approach as in the STRUCTURE analysis, analyses with and without outgroup populations were per-

formed, to derive the appropriate number of genetic clusters. For the 20-populations dataset and DAPC 

analysis of K = 17, the cross validation used the xvaldapc function outcome to determine the number of 

PCA (i.e., alleles/loci) that contributed the most for the three-clustering assembly. For this K clustering, 

cross-validation analysis following the Occam’s razor principle determined the retention of 20 PCA 

axes (97.50% of successful assignment with 4.72% of MSE), capturing 60% of cumulative variance, 

and with only 1 Discriminant Function to describe the 16 genetic clusters (data not shown). As such, 

alleles 184 (mAoR7), 203 (mAoR42), and 364 (mAoR29) are responsible for most of the genetic vari-

ation explaining the three genetic cluster assignments (Figure S4). A scatterplot allows an the overview 

of the 3 genetic groups clustering in both analyses; it should be noted that the outgroup populations are 

in a separate group (Figure S5), and when performing a DAPC membership probability plot as in 

STRUCTURE (Figure 11C), one can depict a similar clustering assignment as determined with K= 17 

in STRUCTURE for the approach considering the outgroup populations: East Timor and Indonesia are 

part of a same cluster (dark), and so do Brazil populations (BR1 and BR2) (dark orange cluster), but 

some BR1 individuals share the cluster with East Timor and Indonesia. Mozambique populations dis-

play two clusters (light yellow, for MZB, and light purple for MZD), while all Cabo Verde populations 

(CVSN, CVF, and CVST) are grouped in a single and unique cluster (dark green). For Guinea-Bissau 

populations, the dominant cluster is represented by a light beige color, separated from GBBOL, which 

shares a unique cluster (blue) with GBQ (closest continental region) and GBFORM (island population), 

which have a mixture of green and grey colored clusters. São Tomé and Principe population (STOM) 

appears in its own cluster (dark brown). As expected, the outgroup populations (AG and AH) do not 

share any genetic diversity with cashew populations, being grouped in a separate cluster (dark purple). 

The second ideal K determined by STRUCTURE (K= 5) was also chosen in DAPC analysis (Figure 

11D). The results show a cluster with East Timor, Brazil, Mozambique, and Cabo Verde populations 

grey), three Guinea-Bissau populations (GBBOL, GBGAB, GBBIO) are represented in one cluster (red), 

and the fourth (GBQ) is represented in another (blue cluster) and in another cluster (grey). São Tomé 

and Principe population shares the same cluster of Guinea-Bissau populations (red), and outgroup pop-

ulations (AG and AH) represent a separate cluster (orange) (Figure 11D). 
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Figure 11. Clustering based on SSR data using STRUCTURE (K = 17, A; K= 5, B) and DAPC (K = 17, C; K = 5, D) analyses. 

The length of each section is proportional to the estimated ancestry value of the individual accession to each one of the K 

clusters for STRUCTURE and memberships probabilities for DAPC analysis. Each individual is represented by a vertical bar 

according to each K section. Labels on the x-axis indicate populations IDs. This analysis included all twenty populations, 

including the two outgroups. 

 

 

 For the second Bayesian analysis approach, only cashew populations were analyzed. STRUC-

TURE was run considering the highest range of clusters conceivable (K= 1–19) and, based on Evanno 

et al. [55] method, the optimal K was 16 (Figure S2B). The results (Figure 12A) revealed that East 

Timor populations are grouped into 4 different clusters with admixture among them, with Indonesia 

being in a single grey cluster. The populations from Brazil (BR1 and BR2) are grouped in a unique 

cluster, as for Mozambique populations In Cabo Verde, there are 2 major clusters, one including the 

B 

A 

C 

D 



 

 

21 

CVSN and CVF populations (in orange), and the other formed by CVST. In Guinea Bissau there are at 

least 5 major clusters. São Tomé and Principe population (STOM) appears in its own cluster. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Clustering for K=16 based on SSR data from cashew populations (N=18) using STRUCTURE (A) and DAPC (B) 

analyses. The length of each section is proportional to the estimated ancestry value of the individual accession to each one of 

the K clusters for STRUCTURE and memberships probabilities for DAPC analysis. Each individual is represented by a vertical 

bar according to each K section. Labels on the x-axis indicate populations IDs. This analysis was carried out excluding outgroup 

populations. 

 

 Multivariate analysis through DAPC using the optimal K number from STRUCTURE (K= 16) 

was also performed (Figure 12B). For this K clustering, cross-validation analysis following the Occam’s 

razor principle determined the retention of 20 PCA axes (97.50% of successful assignment with 5.72% 

of MSE), capturing 60% of cumulative variance, and with only 1 Discriminant Function for describing 

the 16 genetic clusters. (Data not shown). Following this cluster assignment, 16 different genetic back-

grounds of 18 cashew populations were obtained, thus reinforcing a complex intraspecific variability, 

namely: one cluster groups mostly East Timor populations (blue); a specific Brazilian clustering (pur-

ple); Mozambique shows two clusters: MZB shares a flux with East Timor and Indonesia (blue cluster) 

while MZD has its own cluster (light beige); Cabo Verde populations are distributed into 2 different 

clusters, one with CVSN and CVF (orange) and another with CVST (light green); Guinea-Bissau pop-

ulations GBGAB and GBBIO are grouped (light green cluster), GBBOL and GBQ have their own clus-

ters (darker green and red-purple, respectively), and GBFORM is a combination of the red-purple and 

light green clusters; São Tomé and Principe corresponds to a single cluster (dark blue). Considering the 

overall pattern of genetic clustering and observed intraspecific variation, STRUCTURE and DAPC pro-

duced similar results, showing optimal clustering of populations, and highlighting a complex intraspe-

cific variability of the screened cashew populations.  
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4. DISCUSSION 

 

 In this study, 343 individuals from 18 cashew (Anacardium occidentale) populations and two 

outgroups, Anacardium species (A. giganteum and A. humile) were selected from six Portuguese-speak-

ing countries (Brazil, Cabo Verde, São Tomé and Principe, Guinea-Bissau, Mozambique, East Timor) 

and Indonesia (Southeast Asia). The outgroup species included in this study are native to the cashew 

center of origin (Brazil), thus allowing to determine the presence of genetic flow between wild and 

cultivated Anacardium species. By performing a comprehensive sampling of six cashew producing 

countries that belong to the Portuguese-speaking countries community (CPLP), a characterization of 

cashew genetic diversity and population structuring can be performed at a pantropical scale, thus cov-

ering crops center of origin (Brazil), several African countries where cashew has a significant economic 

importance and, East Timor rises as the most recent CPLP country that has engaged into cashew as a 

cash crop. 

 

4.1. The significance of SSRs markers as genetic diversity indicators 

 

 Overall, the 16 microsatellite markers used in this study revealed to be applicable in all samples 

screened, with easy amplification and genotyping. Upon SSRs data analysis, mAoR12 and mAoR33 

loci were excluded for subsequent analysis due to the detection of null alleles in almost all populations, 

despite being polymorphic and displaying high reproducibility in a multiplex PCR amplification. After 

SSRs quality assessment, 343 individuals from 20 different populations were genotyped with the re-

maining 14 loci (Table 3) and genetic diversity and population structuring analyses were conducted. All 

markers revealed to be polymorphic across the cashew populations analyzed and thus being informative 

markers for posterior diversity analysis. After excluding mAoR12 and mAoR33 loci, only 8 of the 280 

locus-comparisons harbored null alleles with a frequency higher than 0.20. Overall, considering the 

above analysis, one can predict that the SSRs loci selected to screen the cashew populations under study 

are suitable for downstream genetic diversity analysis. PIC-values obtained in our study were high (av-

erage PIC= 0.73) which indicates their high informativeness. Our PIC values were higher when com-

pared with a recent study using 21 cashew SSRs (cSSRs) to screen 23 cashew germplasm accessions 

which displayed a 0.33 average PIC-value for all loci used [25,57]. Deviations on PIC values depicted 

in our study might be due to differences in plant material sources compared to former reports, which 

may influence the number of alleles detected at each SSR locus. Private alleles were detected, con-

trasting with other SSRs studies in cashew [25] where no results were reported. The presence of private 

alleles allows to build a distinctive genetic profile associated to different geographic locations using 

frequencies and single alleles of each locus. This feature is extremely relevant to agrobiodiversity and 

crop studies such as in cashew, where nuts are exported and processed in countries other than the 

product's origin and the identification of a genetic profile may contribute to the valorization of a product 

with geographical provenance. In this context, one can depict the presence of private alleles in East 

Timor and Guinea-Bissau, which can be further explored to provide a genetic signature profile. For the 

remaining countries screened few private alleles were observed, and one can speculate that alleles are 

present in one or more cashew populations regardless of geographical origin thus representing signifi-

cant shared allelic diversity. Our outcomes show a significant genetic diversity among the countries. 

 Population structuring revealed that genetic diversity appears to follow a geographic trend, with 

a well-defined cluster observed in populations from continental regions. This study provides useful in-

formation on genetic diversity hotspots, which can be used in future breeding efforts to improve genetics 

and characterize new cashew varieties. Moreover, the genetic diversity build-up obtained in our study 
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points out to cashew agrobiodiversity hotspots such as Gabú in Guinea-Bissau and Kribas (Manatuto) 

in East Timor. 

 

4.2. Cashew diversity and population structuring in CPLP countries 

 

 The wide distribution of cashew in its primary center of diversity in Brazil has been attributed 

to water currents in which the mature fruit float in addition to the role played by fruit bats in seed dis-

persal [10]. In the current cashew distribution, its expansion has been attributed to anthropogenic efforts, 

rather than through natural means alone [6]. Considering this important premise, the present genetic 

diversity analysis results are discussed accordingly. Molecular studies in cashew diversity have been 

scarce, namely using informative markers as SSRs. In West Africa, most precisely in Nigeria previous 

reports [58] examined 10 microsatellite loci, but only mAoR2 and mAoR47 were polymorphic, thus 

revealing a considerable amount of redundancy within the Nigerian cashew germplasm. In Ivory Coast, 

a recent study on cashew genetic diversity with 18 SSR markers highlighted a high intra-population 

diversity thus denoting a noteworthy gene flow within populations [24]. Previous studies using RAPD 

and ISSR markers were used to examine the diversity and genetic connection of 100 cashew germplasm 

accessions, in which a significant amount of genetic diversity among accessions was reported [59]. Since 

2020, studies on cashew genetic diversity have been pushed forward due to its high economic im-

portance in tropical regions [25,27,57], yet have been done at a regional level, thus not capturing a global 

view of the genetic diversity of cashew current tropical distribution. 

 The current study's findings on the amount and distribution of genetic variation shows some 

insight into the mechanism of introduction and expansion of cashew in African continent and the South-

east Asia in East Timor. The presence of a significant overall genetic variation hints to numerous events 

of introduction involving different founder populations across CPLP countries. The founder effect 

would have been reflected in low genetic diversity if the introduction had been a one-time event. Fur-

thermore, none of the genetic groups were restricted to a specific geographic location, but rather by an 

unexpected continental-associated genetic diversity trend.  

 Overall, no genetic flow was detected between Anacardium wild species from Brazil, included 

as outgroups, and cashew populations from several geographical provenances. Even populations sam-

pled from the center of origin of cashew, in Brazil, no genetic flow was observed denoting a low hybrid-

ization between wild Anacardium species and cultivated/wild crop populations. Previous studies in the 

Cerrado biome and coastal Restinga vegetation, wild Brazilian populations of cashew were studied [21], 

and the genetic diversity in wild populations was higher than in domesticated ones, despite a weak dis-

tinction between wild and domesticated groups and with no correlation between genetic and geograph-

ical interpopulation distance. Our results suggests that populations screened from native cashew origin 

(Brazil) should be considered for in situ conservation programs from both wild (Ceará) and cultivated 

(Brasília) populations to assess gene flow and allelic diversity transfer regarding agronomically desira-

ble traits.  

 In Ivory Coast, genetic diversity of cashew was studied using SSRs and revealed an overall 

heterozygosity deficit and a high intra-population genetic diversity among cashew populations screened 

[27], which is in accordance with our results in AMOVA where a high share of diversity lies within 

populations. Regarding population structuring, AMOVA showed that most of the genetic diversity lies 

within individuals. The large proportion of diversity found within individuals and within populations 

for the two groupings analyzed (all populations including outgroup species and excluding outgroups) 

suggests a high gene flow between populations, which may be attributed to the wind-pollinated repro-

duction of cashew allied with its outcrossing habit [60]. Since cashew is an outcrossing plant, negative 

to low inbreeding coefficients (F) were expected, which agrees with previous studies [61,62]. Cashew 
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is primarily an allogamous species favoring cross-fertilization [61], thus allowing intraspecific hybridi-

zations and enhancing genetic variation. Outcrossing plant species tend to have higher genetic variation 

within-populations, whereas selfing species or species with a mixed mating system are often genetically 

less variable [63].  

 The population structuring using genetic distances revealed similar clustering with individual-

based approaches, which supports results obtained under different analytical methods. The presence of 

four different clusters in the UPGMA tree with outgroup species (Figure 10) indicate that there is a 

clear separation between the wild Anacardium species (A. giganteum and A. humile) and the cashew 

populations screened. In the first cluster, East Timor with Indonesia are clustered, and one can speculate 

that Triloca population could be suggested as the place of entry of cashew in East Timor through Indo-

nesia. The second cluster includes Guinea-Bissau populations and São Tomé and Principe, thus high-

lighting a strong gene flow between the two former Portuguese colonial countries. The third cluster 

includes Cabo Verde populations with Mozambique and Brazil, and it is also correlated with the gene 

flow in Figure 11B by the blue cluster. Quinara (GBQ) in Guinea-Bissau is a continental region which 

is a passing region between Formosa and Bolama Islands from Bijagós archipelago and the remaining 

continental territory, and where a different cashew accessions diversity at nut and apple is observed 

(FMonteiro, pers. comm.), which could explain somewhat its specific genetic cluster observed in the 

UPGMA trees (Figure 10) and at STRUCTURE analyses (Figure 12).  

The clustering of cashew populations in this study had an uncommon, yet existing relationship 

with geographical region under a continental-wise distribution, which is contrary to previous reports in 

India [6], where no relationship with the geographic region was observed. Despite a high genetic diver-

sity attributed to the high heterozygosity, allogamous nature and high gene flow found in cashew 

[64,65], also obtained in our study, at continental level dissimilar genetic clustering suggests a diverse 

genetic build-up when outgroup species are included; however, excluding outgroup species, a different 

and complex intra-specific diversity is observed. 

 Individual-based clustering methods using a Bayesian approach (STRUCTURE) and a multi-

variate analysis by DAPC allowed to assess the population structuring, thus highlighting that genetic 

diversity scattering does follows a geographical trend under a continental distribution. STRUCTURE 

and DAPC analyses suggest a high genetic diversity and genetic flow among the various tropical regions 

screened in our study. When comparing the analysis of K = 17 with outgroups (Figure 11) and the 

analysis without outgroups K =16 (Figure 12), we can see that both outgroup populations are considered 

just one cluster, which confirms the absence of genetic flow between the two Anacardium species and 

cashew populations. Excluding outgroups makes the optimal K decrease to 16, highlighting a complex 

intra-specific genetic diversity and population structuring. Another noteworthy remark is in the Bayesian 

analysis namely at K = 5 (Figure 11B), which is the second optimal K at STRUCURUE with the 20-

populations dataset, where a gene flow between the Brazilian populations at the cashew origin, with 

Cabo Verde and Mozambican populations are depicted, which could be explained by the fact that in 

these countries cashews may not been improved into distinct varieties but rather been maintained by 

farmer’s preferences and crop performance, thus maintaining a common genetic diversity. Also, histor-

ical records underlined the significance of Portuguese-led trade routes in the proliferation of several 

significant economic plants since the 16th century, as part of Columbian exchange period [11], where it 

is highlighted the role Cabo Verde archipelago in these trades for acclimating tropical crop species prior 

to agriculture purposes at the Iberian Peninsula and African continent to meet colonial expenses [11]. In 

addition to the gene flow in these three countries, we observed that in GBFORM from Formosa Island 

at Guinea-Bissau, genetic clustering with Cabo Verde, Mozambique and Brazil are shared (in blue clus-

ter, Figure 11B), which could be indicative of a potential location of cashew remnant populations upon 

crop introduction at Guinea-Bissau. Also, in K= 5, the center of origin of cashew has clearly a gene flow 

with the remaining populations. From the Southeast Asia region (East Timor and Indonesia), a specific 
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genetic diversity (red cluster, Figure 11B) was observed, which could indicate a potential different route 

of cashew introduction/expansion, which remains to be addressed. 

 Overall, our data reports the first comprehensive study on cashew intraspecific diversity using 

a continental approach thus highlighting the need to perform conservation programs focused on a coun-

try standpoint. This is especially important considering that the result of a limited gene flow across 

countries were observed, which may be due to local selection of accessions within each country. 

 

4.3. Historical notes on cashew at pantropical scale 

 

 Cashew introduction in both African and Asian continents has been subject of debate throughout 

the years, with the general belief that the Portuguese brought the cashew to the East Indies, Africa, and 

India, and that the Spanish took it to Central America and the Philippines [66]. According to this as-

sumption, the Portuguese introduced the cashew to India via the western coast, most likely Goa, in the 

16th century (1560) [67]; while in the African continent, probably through Cabo Verde [11] and to other 

coastal areas. Cashew was then spread throughout Southeast Asia and Africa, with Portuguese naviga-

tors bringing seeds to India and Mozambique in the 16th century, more for the wine and brandy than for 

the nuts [68]. Cashew was only later recognized as a tree used to prevent soil erosion in the coastal 

region, until its expansion has occurred as we know it today. 

 The genetic flow among Brazilian populations that share genetic diversity with the Cabo Verde, 

Mozambique and São Tomé and Príncipe populations, along the two islands populations from Formosa 

and Bolama at Guinea-Bissau is of major importance, since it links the genetic diversity of cashew from 

its center of origin to the African Continent, at the coastal areas sampled (Figure 13). This shared genetic 

diversity and gene flow may be linked to historical accounts that point out to several staple (e.g. rice, 

etc) and commercial (e.g. potato, maize, etc) crops have been brought from the New World (South 

America) to Old World (Africa) as part of the Columbian exchange event in 16th century [11], in which 

cashew could be included. Clearly, at the African continent multiple introduction events from diverse 

routing countries have occurred. After, by the 1950s, cashew was seen as a viable tree for coping with 

soil erosion and afforestation by the Portuguese colonial empire, not only in Africa but also in India, 

where it was seen as an optimal plant to cope with monsoons [11].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Schematic proposal of A. occidentale expansion map from Brazil to the studied tropical regions, namely CPLP 

countries. Adapted from Ferrão (1993). 

Brazil
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 The remaining CPLP countries, all former Portuguese colonies, were also engaged in cashew at 

first as a rustic tree and only after as a commercial crop, with different time advances in establishing 

cashew nuts as an export-commodity. Despite the multiple-event introduction on the African continent, 

in Guinea-Bissau at Formosa (GBFORM) and Bolama (GBBOL) islands, a genetic diversity linked to 

other African countries are observed, whereas at continental regions a high and different genetic build 

up are represented. Both Bolama and Formosa Islands were among the first regions in GB where cashew 

was explored as a potential commercial crop and, only then, expanded throughout the continental terri-

tory [4,11]. The results suggest that continental Quinara region from Guinea-Bissau display the least 

genetic diversity when compared to other continental populations which a different genetic diversity is 

depicted and may be related to an increased number of different cashew plantations according to 

farmer’s preferences, as opposite to Bolama and Formosa Islands, where new plantations are scarce due 

to the abandonment of new orchards as part of human migration from rural to urban areas in the search 

for better life opportunities. 

 Regarding East Timor populations, there is a surprising genetic diversity clustering with some 

populations of Guinea-Bissau and Mozambique, not present in Brazil populations. This could indicate 

two different scenarios for East Timor: one, there is a route of cashew introduction from Brazil to East 

Timor through India, and second, directly via African continent. For testing this hypothesis, cashew 

populations from India should be included in future analyses. Mozambique also shares a genetic flow 

with Cabo Verde, which may imply that there is a separate point of entry in Mozambique, which one 

cannot be discarded through India or also from Angola. Thus, considering India’s importance as a former 

commercial trading route in Asia and the CPLP country Angola that was not possible to sample for this 

work, the inclusion of Indian and Angolan cashew populations in future studies could help explain the 

complex intra-specific diversity within East Timor and within African continent.  

The findings obtained in this work could be a baseline for the assessment of the diversity of 

cashew genetic resources at a pantropical scale, as one of the most economically important cash crops 

in tropical regions, still largely understudied.  

 

5. Final remarks 

 

Overall, our study successfully illustrates the significance of comparing the genetic diversity 

and structure of eighteen population of A. occidentale in CPLP countries. The SSR markers revealed 

prominent levels of polymorphisms and PIC values, which goes in accordance with the premise that 

they are reliable indicators of the existent genetic diversity at an inter-population level. In fact, the SSR 

markers revealed the genetic relationships and diversity of cashew cultivated in Guinea-Bissau. Identi-

fication of alleles underlying such distinctive diversity would be of utmost importance for determining 

their usefulness for incorporating future cashew selection programs, and to additionally propose on farm 

conservation policies at country level. Finally, we can tell a story of how these species occurred over 

time and the speed at which it acquired diversity. A particularly interesting fact is since these species 

are a perennial tree with a large life cycle, exhibit a high degree of polymorphism in less than 90 years. 

This study also provides useful information that can be used in a future breeding program for genetic 

improvement and, the characterization of new varieties. Plant genetic diversity (PGR) allows plant 

growers to develop new and improved cultivars with appealing characteristics that combine farmer 

(yield potential and large seeds) and breeders (pest and disease resistance) preferences. Since the begin-

ning of agriculture, natural genetic variability within crop species has been used to meet the needs of 

subsistence agriculture. Cashew is an example of an agricultural crop in desperate need of sustainable 

production standards, owing to a lack of improved varieties and germplasm banks. To our knowledge, 

this is the first study to perform genetic analysis on larger numbers of individuals from the 18 cashew 

- 
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populations present in CPLP countries. In addition, this data is relevant for developing management and 

conservation strategies for cashew genetic resources.  
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LIST OF SUPPLEMENTARY DATA 

 

Table S1. Populations by country, district and location, geographical coordinates and the total number 

of individuals sampled by population (N). 

 

Country District Location Population Latitude  Longitude  N 

East Timor 

Manatuto Kribas ETK -8.650 125.983 17 

Baucau Triloca L3 ETTR -8.490 126.370 16 

Cova Lima Suai ETSU -9.432 125.108 16 

Viqueque Viqueque ETV -8.907 126.273 18 

Indonesia Flores Island Flores IND -8.681 121.580 18 

Brazil 

Ceára Fortaleza BR1  -3.878  -38.562 16 

Brasília Brasília BR2  -15.856  -47.760 17 

Pará A. giganteum AG  -5.697  -52.207 16 

Amazonia A. humile AH  -3.468  -62.220 18 

Mozambique Sofala 
Beira MZB  -19.804 34.887 17 

Dondo MZD  -19.611 34.735 17 

Cabo Verde 

São Nicolau São Nicolau CVSN 16.592  -24.276 15 

Fogo island Fogo island CVF 14.925  -24.384 16 

Santiago island Santiago island CVST 15.063  -23.625 16 

Guinea-Bissau 

Bolama Praia de Ofir GBBOL 11.555  -15.470 20 

Gabú Granja do Estado GBGAB 12.248  -14.224 19 

Biombo Ponta Romana GBBIO 11.800  -15.705 16 

Quinara Buba GBQ 11.612  -14.964 17 

Bolama Formosa island GBFORM 11.471  -15.683 18 

São Tomé and Principe São Tomé Roça STOM 0.296  6.530 20 
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Table S2. Hardy–Weinberg equilibrium (HWE) test for each locus-population combination using GenePop v4.5. Statistical significance was assessed by running 

10.000 iterations Monte Carlo Markov Chain (MCMC) test. p-values were corrected by multiple comparisons applying a sequential Bonferroni correction 

(p<0.00017857. [0.05/280). p<0.05. light blue; p<0.00017857. dark blue.) 

 

  mAoR48 mAoR6 mAoR17 mAoR7 mAoR11 mAoR3 mAoR42 mAoR52 mAoR2 mAoR35 mAoR47 mAoR16 mAoR29 mAoR41 

TLK 0.0005 0.1857 0.0000 0.1253 0.0808 0.0000 0.0401 0.4497 0.1174 0.0000 0.0083 0.0005 0.0022 0.0001 

TLTR 0.0051 0.0037 0.1475 0.0000 0.0021 0.0000 0.0043 1.0000 1.0000 1.0000 0.1815 1.0000 0.0000 0.0001 

TLSU 0.0011 0.0000 0.0006 0.0003 0.0000 0.0000 0.0570 0.0006 0.1258 0.0000 0.2556 0.6222 0.0000 0.0001 

TLV 0.0116 0.0942 0.0007 1.0000 0.3484 0.3274 1.0000 0.3575 0.2381 0.0481 1.0000 1 0.0000 0.0000 

IND 0.4357 0.0000 0.0000 0.0006 0.0336 0.0004 0.0004 0.1205 1.0000 0.0000 0.0002 1 0.0000 0.0000 

BR1 1.0000 0.0081 0.0002 0.1882 0.0106 0.0001 0.1916 0.0001 0.0002 0.0001 0.0000 0.3300 0.0000 0.0000 

BR2 1.0000 1.0000 0.0374 0.0322 0.3375 0.0000 0.0002 0.0000 0.0000 0.0000 0.0188 0.0044 0.0384 0.0463 

AG 0.0043 0.0000 0.0000 0.0002 0.4503 0.0001 0.0001 0.0001 1 0.0009 0.0003 0.0003 0.0000 0.0061 

AH 1 0.0000 0.0000 0.0000 0.5076 0.0392 0.1005 1 1 0.0000 0.0000 0.2399 0.0402 1 

MZB 0.0256 0.0001 0.0004 0.8045 0.0000 0.0000 0.0028 0.9465 0.0001 0.0000 0.0000 0.0003 0.0000 0.0000 

MZD 0.4729 0.2951 0.6625 0.6089 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0095 0.0014 0.0005 

CVSN 0.1427 0.0218 0.0009 0.2213 0.2411 0.0000 0.6265 0.0088 1.0000 0.0000 0.6803 0.0001 0.0017 0.5055 

CVF 0.1512 0.0045 0.0004 0.0955 0.0924 0.0000 1.0000 0.0048 1.0000 0.0022 0.7727 0.0000 0.0002 1.0000 

CVST 0.0001 0.2372 0.0012 0.0965 0.0001 0.0000 0.0060 0.2607 0.0000 0.0110 0.1172 0.0001 0.0002 0.0001 

GBBOL 0.2745 0.0000 0.0016 0.0000 0.3994 0.0000 0.0009 0.0000 0.0000 0.0000 0.0000 1 0.0000 0.0639 

GBGAB 0.0000 0.0000 0.1358 0.0000 0.0000 0.0000 0.0000 0.0000 0.3000 1.0000 0.0000 0.0000 0.0267 0.0000 

GBBIO 0.3448 0.0002 0.7676 0.0000 0.0003 0.0000 0.5426 0.0029 0.2096 0.0009 0.0046 0.0000 0.5094 0.0002 

GBQ 0.0000 0.0022 0.0000 0.0000 0.0000 0.0000 0.7641 0.0000 1 0.0003 0.0917 0.0000 0.0000 0.0038 

GBFORM 0.0025 0.0031 0.0002 0.0001 0.0000 0.0001 0.0000 0.0003 0.0105 0.3918 0.0241 0.0000 0.0000 0.0001 

STOM 1 0.0008 0.0020 1.0000 1 0.0000 0.0000 0.0005 1 0.0000 0.0000 0.5238 1 1 
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Figure S1. NJ trees generated from FreeNA using matrix DCINA respectively, representing all 7 countries used in this study including (A) and excluding (B) 

outgroups. Clusters are represented by (I, II, III and IV) with coloring (Green, blue, yellow, and red). Legend: (□ East Timor, ▣ Indonesia, ◉ Brazil, ▽ São 

Tomé and Principe, ◬ Cabo Verde, ▲ Guinea-Bissau, △ Mozambique and the outgroups ★. 
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Figure S2. STRUCTURE ad hoc statistics retrieved by StructureHarvester using 1 to 10 possible clusters (K). Variation of ΔK values according to Evanno et 

al. [55] method for 20-populations dataset including outgroups (A) and excluding outgroups with only cashew populations (n=18) (B). Delta K is the most used 

method for determining the number of clusters to select. The parameter K, which describes the number of subpopulations that make up the total population, is 

an important value to quantity in the analysis of the structured populations. The model evidence, which is equivalent to the model's likelihood, is ideally used to 

infer K, being the highest values identified by an orange circle. 

 

 

 

 

 

 

A 

 

A 

B 

 

B 



 

 

35 

 

 

Figure S3. DAPC results inference of the number of clusters using find.clusters function with a K=16 (A) including the outgroup populations and K=13 with 

only the A. occidentale populations (B). Identification of the clusters is achieved by find.clusters, The function ,find.clusters first transforms the data using PCA, 

prompting the user to specify the number of retained PCs interactively. Then, unless the argument n.clust is provided, it runs the K-means algorithm (function 

kmeans from the stats package) with increasing values of K and computes associated summary statistics (by default, BIC). To determine the optimal number of 

clusters, K-means is run sequentially with increasing K values, and various clustering solutions are compared using the Bayesian Information Criterion (BIC). 

Ideally, the best clustering solution should have the lowest BIC. In practice, an elbow in the curve of BIC values as a function of K often indicates the 'best' BIC. 

The lowest values “optimal” are identified with an orange circle. 
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Figure S4. Loading plots of the two Discriminant Functions following DAPC analysis with a K = 5 (A) and K = 17 (B) for the 20- populations dataset, includ-

ing outgroups. 
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Figure S5. Scatterplot shows the two principal components of the DAPC, and clusters are numbered and displayed by different colors, while dots represent 

individuals. The 2 Discriminant Functions hereby represented explain 93% of cumulative variance of the dataset for all twenty populations for K = 5 (A) and K 

=16 (B) considering the analysis without outgroups.  
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