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RESUMO

Anacardium occidentale L. e A. humile A. St. -Hil. sdo frutiferas pertencentes a familia
Anacardiaceae conhecidas, respectivamente, como caju ¢ cajui. Essas espécies
apresentam ampla diversidade morfologica, com frutos e pseudofrutos apresentando
formatos, tamanho e coloracao diferentes. As relagdes filogenéticas entre A. occidentale,
A. humile e as demais espécies do género ainda sdo obscuras, devido a auséncia de uma
filogenia, tornando dificil compreender a evolu¢do do grupo. Além disso, as analises
cariotipicas publicadas se limitam a contagens cromossOmicas realizadas para A.
occidentale, principal representante comercial do grupo. Assim, o presente trabalho teve
o objetivo de analisar a diversidade genética de populagdes naturais de cajuis do Piaui,
utilizando abordagens agrondmicas, moleculares e citogenéticas, a fim de compreender
sua diversidade e relacdes evolutivas. A abordagem agrondmica contou com o emprego
de descritores quali- e quantitativos para o pedinculo (pseudofruto) e a castanha (fruto
verdadeiro) em vinte e quatro acessos de A. occidentale e dois acessos de A. humile,
revelando a existéncia de variabilidade genética significativa entre os germoplasmas
estudados. O emprego de marcadores plastidiais e nucleares confirmou a natureza
monofilética de Anacardium. Contudo, os marcadores utilizados ndo se mostraram
eficientes para elucidar as relacdes filogenéticas entre as espécies, devido ao baixo
polimorfismo. Doze acessos morfologicamente divergentes de A. occidentale, além dos
dois acessos de 4. humile revelaram estabilidade cariotipica, tanto no que diz respeito ao
numero cromossdmico (2n = 40), quanto a distribui¢do de bandas CMA'/DAPT,
localizadas na regido terminal do brago curto de trés pares cromossomicos.
Adicionalmente, os resultados obtidos por meio da FISH revelaram que todos os acessos
apresentaram trés pares de sitios de DNAr 35S colocalizados com as bandas
CMA"/DAPT e um par de sitios de DNAr 58 localizados na regido subterminal do brago
curto de outro par cromossdmico, sem colocaliza¢do com sitios CMA*/DAPI". O tamanho
do genoma de A. occidentale ¢ A. humile foram estimados por citometria de fluxo,
revelando-se relativamente pequenos, com um valor médio de 0,44 pg/1C (435 Mbp),
0,44 pg/1C (434 Mbp), respectivamente. Tais dados sugerem a inexisténcia de variacdo
citogenética intra- ou interespecifica significativa entre os acessos, ndo havendo indicios
de poliploidia entre as matrizes estudadas. Outros marcadores devem ser empregados para

esclarecer os limites taxonomicos e relagdes entre A. occidentale, A. humile e espécies



irmas, além de possivel correlacdo entre a variagdo agronOmica € uma estruturagao

genética da espécie.

Palavras-chave: Anacardiaceae; caracterizagdo agrondmica; andlise filogenética;

CMA/DAPI; DNAr 5S e 35S; FISH.
ABSTRACT

Anacardium occidentale L. and A. humile A. St.-Hil. are fruit-bearing species from the
Anacardiaceae family, commonly known as cashew and cashew nut. These species
exhibit a wide range morphological diversity, with fruits and pseudofruits displaying
varying shapes, sizes, and colors. The phylogenetic relationships between A. occidentale,
A. humile, and other species within the genus, remain unclear due to the absence of a
phylogenetic analysis, making it difficult to understand the evolutionary history of the
group. Furthermore, published karyotypic analyses are limited to chromosomal counts
conducted on 4. occidentale, the main commercial representative of the group. Therefore,
the objective of this study was to analyze the genetic diversity of natural populations of
cashew trees from Piaui, using agronomic, molecular, and cytogenetic approaches in
order to understand their diversity and evolutionary relationships. The agronomic
approach involved the use of qualitative and quantitative descriptors for the peduncle
(pseudofruit) and the nut (true fruit) in twenty-four accessions of A. occidentale and two
accessions of A. humile, revealing significant genetic variability among the studied
germplasms. The use of plastidial and nuclear markers confirmed the monophyletic
nature of Anacardium. However, the markers used were not efficient in elucidating the
phylogenetic relationships between the species due to low polymorphism. Twelve
morphologically divergent accessions of A. occidentale, along with the two accessions of
A. humile, showed karyotypic stability, both in terms of chromosomal number (2n = 40)
and in the distribution of CMA/DAPI bands, located in the terminal region of the short
arm of three chromosomal pairs. Additionally, results obtained through FISH revealed
that all accessions had three pairs of 35S rDNA sites co-localized with the CMA"/DAPT
bands and one pair of 5S rDNA sites located in the subterminal region of the short arm of
another chromosomal pair, without co-localization with CMA"/DAPT sites. The genome
sizes of A. occidentale and A. humile were estimated by flow cytometry, revealing
relatively small sizes, with an average value of 0.44 pg/1C (435 Mbp) and 0.44 pg/1C
(434 Mbp), respectively. These data suggest the absence of significant intra- or

interspecific cytogenetic variation among the accessions, with no evidence of polyploidy



among the studied plants. Other markers should be employed to clarify the taxonomic
boundaries and relationships between 4. occidentale, A. humile, and sister species, as well
as the possible correlation between agronomic variation and genetic structuring within

the species.

Keywords: Anacardiaceae; agronomic characterization; phylogenetic analysis;

CMA/DAPI; 5S and 35S rDNA; FISH.
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1. INTRODUCAO

O Cerrado brasileiro apresenta ampla extensao territorial, ocupando cerca de 24%
do territorio nacional (COLLI et al., 2020). Esse bioma ¢ o segundo maior dominio
fitogeografico do pais, sendo considerado um hotspot de conservacao da biodiversidade
mundial por abrigar biota rica e endémica (CEPF, 2023; IUCN, 2024). Todavia, vem
sendo extremamente afetado pela devastacdo da vegetacdo original para o plantio de
commodities (como soja, algodao, milho, sorgo e girassol) (INPE, 2023).

A flora desta regido ¢ composta de uma grande variedade de frutiferas nativas que
tém despertado o interesse da industria nacional, devido as suas caracteristicas
nutricionais e variedades de usos (REIS, SCHMIELE; 2019). Dessas podemos destacar o
pequizeiro (Caryocar brasiliense Camb.), a mangabeira (Hancornia speciosa Gomes), 0
buritizeiro (Mauritia flexuosa L.f.) e o cajuizeiro (Anacardium humile A.St.-Hil.)
(LAMBERS et al., 2020; SILVA-JUNIOR et al., 2021). Apesar de sua relevancia
biologica inquestionavel, o conhecimento sobre a diversidade genética da flora que
compde o Cerrado ainda ¢ limitado.

Anacardium humile A. St. -Hil., ¢ conhecido popularmente como cajuizeiro, cajui
ou cajuzinho-do-Cerrado, enquanto 4. occidentale L., o cajueiro, ¢ uma espécie cultivada
presente em diferentes regides do Brasil. Essas espécies pertencem a familia
Anacardiaceae, composta por ~81 géneros e cerca de 800 espécies com distribui¢do
tropical e subtropical (MITCHELL et al., 2022). Essas frutiferas desempenham um papel
de grande relevancia em termos nutricionais, ecoldgicos, econdmicos e sociais,
especialmente para as populacdes locais. Contudo, apesar de apresentar todos os
potenciais supramencionados, o uso inapropriado dos ecossistemas para exploracao
predatoria pode comprometer a variabilidade genética existente destas frutiferas
(CRESPO; SOUZA, 2014).

Essas anacardidceas apresentam uma alta variabilidade morfoldgica, sendo
possivel encontrar espécimes com pedunculos com formatos que variam entre
arredondados, piriformes ou achatados, com coloragdo variando de amarelo-claro a
vermelho-intenso (CRESPO; SOUZA, 2014; CARNEIRO et al.,2019). A espécie 4.
humile ainda n3o ¢ considerada uma planta cultivada, o que alerta para riscos na
diminui¢do de sua diversidade genética e morfoldgica, especialmente quando considerada

a ameaca ao seu bioma de ocorréncia, o Cerrado (SILVA-JUNIOR et al., 2021). Dessa
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forma, pesquisas envolvendo a avaliagdo e caracterizagdo do germoplasma de espécies
do Cerrado, como A. humile € A. occidentale, sdao necessarias, a fim de avaliar a
diversidade genética de seus representantes com vista a promover informagdes que
subsidiem programas de conservacao ¢ melhoramento genético, bem como auxiliar no
manejo racional e sustentdvel de populagdes naturais (AMABILE et al., 2018).

Nesse contexto, para que a variabilidade genética de uma populagdo seja avaliada,
¢ necessario caracterizar os acessos por meio de diversos métodos que contemplem
caracteristicas morfologicas, agrondmicas, moleculares e bioquimicas de natureza
qualitativa ou quantitativa (BOREM et al., 2021). Assim, ja foram realizadas pesquisas
que avaliam a diversidade genética para algumas populagdes de caju (4. occidentale),
explorando a diversidade genética por meio de avaliagdes morfoldgicas, tanto qualitativas
quanto quantitativas, demonstrando a existéncia de uma notavel diversidade genética
entre os diversos acessos de caju (RUFINO et al., 2008; CHIPOJOLA et al., 2009;
CARNEIRO et al., 2019).

Adicionalmente, diversos marcadores moleculares dominantes ¢ codominantes
foram utilizados para acessar a diversidade genética de diferentes espécies de
Anacardium. Em um estudo referente a diversidade genética de duas populagdes de
Anacardium spp. do Piaui e alguns acessos de A. humile, A. microcarpum Ducke, A.
othonianum Rizzini, A. occidentale e A. giganteum W. Hancock ex Engl., com a
utilizagdo do marcador dominante ISSR (Inter Simple Sequence Repeats), foi observada
uma alta diversidade genética entre os acessos avaliados, mas sem separagdo entre as
populagdes ou espécies investigadas (BORGES et al., 2018). Populacdes naturais de A.
humile localizadas no norte de Minas Gerais foram avaliadas via microssatélites, também
denominado de SSR (Simple Sequence Repeats), revelando uma alta diversidade genética,
mas com baixa estruturagdo e menor diversidade em populagdes localizadas em areas
mais degradadas e exploradas (COTA et al.,, 2017). J& analisando-se via marcador
microssatélite acessos de cajueiro coletados em diferentes regides da India, foi possivel
identificar uma variabilidade genética moderada entre os acessos (SAVADI et al., 2020).

Diante do exposto, os marcadores moleculares possibilitam acessar a variabilidade
genética, sendo uteis em programas de melhoramento genético, além de fornecer o
panorama para desenvolvimento de medidas de conservagdo (BOREM et al., 2021).
Atualmente, os dados de sequenciamento de regides dos genomas de varias espécies

vegetais t€m possibilitado o desenvolvimento de estudos filogenéticos e filogeograficos



14

capazes de evidenciar a diversificacdo dos organismos no tempo evolutivo e compreender
a sua historia evolutiva (KADLEC et al., 2017).

Em plantas, as regides mais comuns em estudos filogenéticos e filogeograficos
sao as sequéncias plastidiais, como por exemplo, rbcL, ndhF, rps16, matK e regides que
ndo codificam genes (introns e espacadores intergénicos). A principal vantagem da
utilizagdo de regides do cloroplasto em estudos filogenéticos decorre do pequeno
tamanho desse genoma, heranca geralmente uniparental e uma ordem de genes e estrutura
do DNA bem conservada entre as angiospermas (DANIELL et al., 2016). Além destas,
sao utilizadas sequéncias do genoma nuclear, como o espagador interno transcrito (/7S -
Internal Transcribed Spacer), regido altamente varidvel, que apresenta heranga
biparental, com uma alta taxa de evolugdo, tornando-se vantajosa para as analises
filogenéticas (TURCHETTO-ZOLET et al., 2017).

As primeiras relagdes de parentesco para as espécies do género Anacardium foram
estabelecidas por Mitchell e Mori (1987), empregando caracteres morfoldgicos. Por meio
desse estudo, foi possivel separar clados distintos como A. humile e A. occidentale.
Apenas cinco espécies do género Anacardium foram incluidos numa andlise filogenética
molecular mais recente, com um acesso cada, empregando trés marcadores plastidiais (5’
trnK_UUU-matK, trnL-F, ¢ 3’ ndhF (RABAH et al., 2017), embora analises mais amplas
tenham sido realizadas em outros géneros de Anacardiaceae, a exemplo de Rhus L.,
Pistacia L., Schinus L. e Spondias L. (YI et al., 2004; XIE et al., 2014; SILVA-LUZ,
2017; NOBRE et al., 2018; ARIYARATHNE et al., 2020). Esses estudos utilizaram
regidoes do DNA ribossomal nuclear (/7S e ETS- External Transcribed Spacer) e regioes
do cloroplasto (matK, rpsi6, rpll6, ndhF, trnL-F, psaA-ycf3, atpB-rbcL e psbA-trnH)
gerando filogenias bem resolvidas, com clados bem suportados, sendo possivel
determinar as relagdes entre espécies pertencentes a cada género e separd-los em grupos
geneticamente distintos, assim como identificar a origem de hibridos, revelando que estas
regides testadas foram eficazes e informativas.

Além das avaliagdes agrondmicas e moleculares, as caracterizagdes citogenéticas
também fornecem informacdes uteis para programas de pré-melhoramento e
melhoramento genético, auxiliando na determinagdo de nimeros cromossomicos, nivel
de ploidia, tamanho do genoma, construgdes de mapas fisicos e identificacdo de hibridos
(BRAMMER; JUNIOR, 2022). Para o género Anacardium, o conhecimento citogenético
tem se limitado basicamente a contagens cromossomicas, utilizando a técnica de

coloracdo convencional, e informagdes sobre o tamanho do genoma, restringindo-se
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apenas a espécie comercial (4. occidentale). O nimero cromossomico reportado para o
cajueiro ¢ 2n = 40 (GILL; SINGHAL, 1979; GILL et al., 1990; PEDROSA et al., 1999),
embora haja relatos de 2n = 30 e 42 (MACHADO, 1944; DARLINGTON; JANAKI-
AMMAAL, 1945; ALIYU; AWOPETU, 2007), com tamanho médio do genoma de 0.85
pg/2C, sem indicio de poliploidia (ALIYU, 2014).

Assim, tendo em vista o que foi apresentado, o presente estudo tem como objetivo
testar as seguintes hipoteses: (I) a variabilidade morfologica apresentada por A.
occidentale e A. humile esta correlacionada com a distribui¢do geografica e estruturagao
genética dos acessos; (II) existe variagao cariotipica entre os acessos de 4. occidentale e
A. humile; (IIT) A. occidentale e A. humile sdo espécies distintas do género Anacardium.
Para isso, investigamos a diversidade genética e estruturacdo de A. occidentale ¢ A.
humile e espécies relacionadas, por meio de andlises agrondmicas, moleculares e

citogenéticas para entender a evolugdo e diversificacdo do grupo.
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2. REVISAO DE LITERATURA

2.1. Caracterizagdo agrondmica em estudos de diversidade genética

A diversidade genética se refere a toda variagdo biologica herdada durante o
processo evolutivo, em grande parte ocasionada pelo processo de recombinacao do
material genético (DNA) ou por mutagdes nas sequéncias nucleotidicas (SALGOTRA;
CHAUHAN, 2023), resultando em variacdes nos gendtipos. Tais variagdes genotipicas,
contidas no genoma de cada espécie, podem ser repassadas de uma gerac¢ao para outra,
podendo se expressar ou ndo. A manifestacdo dessa variagdo genotipica constitui o
fendtipo, que pode ser evidenciado, por exemplo, por meio de caracteristicas
morfoldgicas. Assim, a variagdo fenotipica constitui o reflexo de alguma variagdo
genotipica, embora também seja influenciada pelo ambiente. Logo, a maioria das
pesquisas realizadas com diversidade morfologica também se refere a diversidade
genética, pressupondo que os caracteres expressos podem refletir a variagdo do gendtipo
(ELLEGREN; GALTIE, 2016).

Os estudos sobre a diversidade genética tém como objetivo conhecer e quantificar
o nivel de variabilidade existente e sua distribuicao, quer seja entre linhagens, cultivares
e populagdes (CRUZ et al., 2011). Geralmente, a quantificagdo desta diversidade genética
¢ feita por meio de avaliagdes moleculares, utilizando marcadores moleculares, tais como
SSR (Simple Sequence Repeats), AFLP (Amplified Fragment Length Polymorphism) ou
RAPD (Random Amplified Polymorphic DNA), que ndo sofrem a influéncia ambiental.
No entanto, a diversidade genética de diferentes espécies também ¢ avaliada por meio de
caracteristicas morfologicas, em especial as caracteristicas agronomicas de interesse
comercial (FU, 2015).

Nesse sentido, a caracterizagdo de germoplasmas realizada por meio de
descritores agrondmicos visa caracterizar espécimes com base em uma ampla gama de
variaveis, tais como, no caso de fruteiras, peso dos frutos, espessura da polpa, nimero de
sementes por fruto, cor dos frutos, entre outras. Através da aplicagdo de métodos
estatisticos, torna-se possivel estimar a diversidade genética e agrondmica presente em
uma populagdo (GOVINDARAJ et al., 2015). Logo, ¢ possivel determinar a distancia
genética entre genotipos, utilizando métodos biométricos que se baseiam em estatisticas
multivariadas. Diversos métodos estao disponiveis para investigar a diversidade genética
e agrondmica, como as analises multivariadas que envolvem medidas de dissimilaridade,

incluindo a distancia de Mahalanobis, a técnicas de agrupamento como o método de
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Scott-Knott ¢ UPGMA (Unweighted Pair-Group Method using Arithmetic Avarages),
bem como analises de dispersao grafica que incluem analise de componentes principais e
andlise de varidveis canonicas (CRUZ et al., 2011).

No entanto, ¢ importante ressaltar que, em alguns casos, a variabilidade fenotipica
detectada por meio de caracterizagdes agrondmicas e morfologicas realizadas por analises
estatisticas pode nao refletir diretamente a variabilidade genética, uma vez que os
caracteres morfologicos podem apresentar plasticidade fenotipica e influéncia ambiental.
Portanto, a avaliacdo da diversidade genética em diferentes populagdes pode ser
complementada e correlacionada com ferramentas moleculares ou gendmicas

(GOVINDARATJ et al., 2015).

2.2. Utilizacao das regides plastidiais e nuclear em analises filogenéticas

A filogenética ¢ a ciéncia que busca reconstruir a historia evolutiva da vida na
Terra por meio da construcdo relagdes genéticas entre os diferentes organismos.
Inicialmente as filogenias foram construidas utilizando apenas informagdes morfoldgicas.
Entretanto, a partir da introdugdo dos avangos no sequenciamento de DNA, diversos
métodos filogenéticos foram e ainda sdo extensamente empregados para inferir as
relagdes evolutivas em diversos niveis taxondmicos (KAPLI et al., 2020). Com isso, uma
variedade de regides gendmicas t€m sido utilizadas para esse propoésito, oferecendo uma
alternativa confidvel e independente das caracteristicas morfologicas. Isso possibilita
lidar de forma precisa com os desafios taxonomicos decorrentes das diferencas na
interpretagdo das variagdes morfologicas, visto que as andlises filogenéticas utilizando
regides do DNA e marcadores moleculares que, por sua vez, ndo sofrem interferéncia
ambiental (WU et al., 2020).

Nesse contexto, o sequenciamento de genes ou regides especificas do DNA se
tornou uma pratica comum em estudos filogenéticos. Inicialmente, os estudos nesse
campo se concentraram na analise de sequéncias como rbcl, ndhF, atpB, matK e regides
ndo codificantes do genoma do cloroplasto, incluindo introns e espagadores intergénicos,
para investigar diversas questdes, inclusive filogeograficas (TURCHETTO-ZOLET et
al., 2017). As regides ndo codificantes em particular, sdo altamente valiosas em estudos
de sistematica filogenética em niveis infragenéricos devido a sua maior variabilidade em
comparacdo com as regides gé€nicas. No entanto, os avangos das tecnologias de

sequenciamento permitem agora a utilizacao de dados em escala gendmica, possibilitando
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a analise de milhares de loci de genomas especificos. Isso viabiliza a construcao de
arvores filogenéticas baseadas, por exemplo, em sequenciamento de plastomas, area
conhecida como filogendmica (YOUNG; GILLUNG, 2019).

Apesar dos avancos da filogenomica, as analises utilizando /oci universais ainda
sao comuns e possibilitam estabelecer relacdes filogenéticas entre diferentes grupos
taxondmicos e investigar processos evolutivos relacionados (KADLEC et al., 2017; YU
et al., 2018). Tanto as regides nucleares (/TS - Internal Transcribed Spacer) quanto as
plastidiais (matK, rpsl6, rbcL, entre outros) sao amplamente utilizadas devido a
facilidade de amplificagao por primers universais, permitindo sua aplicagao em diferentes
grupos taxondmicos (GUO et al., 2023).

A utilizagdo de regides nucleares e plastidiais em estudos que inferem as relagdes
filogenéticas entre espécies e géneros ¢ vantajosa devido a uma série de caracteristicas
distintas. Por exemplo, o pequeno tamanho do genoma e a estrutura do DNA conservada
sdo atributos notaveis do genoma plastidial (DANIELL et al., 2016). Por outro lado, a
alta taxa de evolucdo ¢ uma caracteristica relevante do genoma nuclear (TURCHETTO-
ZOLET et al., 2017). Portanto, essas regioes ja foram aplicadas em diversos estudos,
como os realizados em Epidendrum (Laeliinae; Orchidaceae), Myrcia e Eugenia
(Myrtaceae), que empregaram uma variedade de regides, tais como /7S, ETS, atp! atpH,
matk, rpl32 _trnL, rpsl6-trnK, trnl_trnF, trnQ rpsi6, psbA-trnH, ndhF e rpll6. Esses
estudos resultaram em filogenias bem resolvidas, com clados bem suportados, embora
alguns clados tenham apresentado suporte mais baixo (AMORIM et al., 2019;
GIARETTA et al., 2019; PESSOA et al., 2021).

2.3. Citogenética no estudo evolutivo de plantas

2.3.1. Caracteristicas cariotipicas

Os cromossomos metafasicos representam um dos principais alvos de estudos
citogenéticos. Cada cromossomo metafasico ¢ constituido por duas cromatides-irmas,
sendo cada uma delas formada por uma Unica fita de dupla de DNA associada a uma
variedade de proteinas histonicas e ndo histonicas. Essas fitas de DNA passam por
estagios de condensagdo até atingirem o nivel maximo de compactacao, caracterizando
assim os cromossomos metafasicos (GUERRA, 1988; PAULSON et al., 202I;
KUBALOVA et al., 2023).
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Estes cromossomos possuem regides de grande interesse para estudos
citogenéticos, que incluem a constrigdo primaria, conhecida como centromero, a
constri¢do secundaria, geralmente associada a regdo organizadora do nucléolo, as regides
satélites e os telomeros. A morfologia desses cromossomos ¢ definida pela posicdo do
centromero, dividindo-o em bragos cromossomicos. Dependendo da razdo entre os
bragos, eles podem ser classificados em quatro tipos distintos: metacéntrico,
submetacéntrico, acrocéntrico ¢ telocéntrico (GUERRA, 1986; STIMPSON;
SULLIVAN, 2013).

Nesse sentido, grande parte das pesquisas em citogenética se concentra na analise
detalhada do cariotipo, especialmente quanto a morfologia, nimero ¢ tamanho dos
cromossomos, simetria cariotipica, distribui¢do da heterocromatina e eucromatina,
quantidade e localizacdo do DNA ribossomal (DNAr), bem como o tamanho do genoma
(LEVIN, 2002; HE et al., 2020). Tais abordagens sdo essenciais para a compreensao da

historia evolutiva e da diversificagdo de distintos grupos taxondmicos (GUERRA, 2012).

2.3.2. Heterocromatina e coloragdo com fluorocromos

A heterocromatina ¢ um constituinte do genoma eucarioto que se encontra
frequentemente mais compactada em comparacdo com a eucromatina, desempenhando
uma variedade de fungdes como, por exemplo, o silenciamento de genes que se encontram
muito proximo de uma regido enriquecida por esse tipo de cromatina (ALLSHIRE;
MADHANI, 2018). Essa heterocromatina pode ser subdividida em duas categorias
principais: a heterocromatina constitutiva, compactada e composta por sequéncias de
DNA repetitivo geralmente em tandem, formando blocos visiveis nos cromossomos
quando corados com corantes especificos; e a heterocromatina facultativa, que exibe
ciclos alternados em que a cromatina pode estar transcricionalmente ativa ou inativa
(MORRISON; THAKUR, 2021). A heterocromatina constitutiva esta distribuida
preferencialmente nas regides proximais, terminais e entorno da constricdo secundaria
dos cromossomos. E o local onde se situa grande parte do DNA satélite, mas que néo é
composto exclusivamente por esse tipo de sequéncia (PENAGOS-PUIG; FURLAN-
MAGARIL, 2020).

Em plantas, a heterocromatina constitutiva ¢ investigada principalmente por meio
do bandeamento C e da dupla coloragdo com os fluorocromos cromomicina A3 (CMA) e

4'6-diamidino-2-fenilindol (DAPI), que evidenciam as regides ricas, respectivamente, em
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GC (guanina e citosina) e AT (adenina e timina), corando diferencialmente os
cromossomos (BARROS-SILVA; GUERRA, 2023). A utilizagdo desses ¢ de outros
fluorocromos tém desempenhado um papel importantissimo nas analises cariotipicas de
varios representantes da biodiversidade mundial.

Analises citogenéticas utilizando estes fluorocromos permitem caracterizar de
forma mais detalhada os cariétipos. Por exemplo, em representantes da subtribo Laeliinae
(Orchidaceae), as espécies analisadas no estudo apresentaram um padrdo de bandas
CMA" observadas nas regides pericentroméricas e bandas DAPI" presentes nas regides
terminais dos cromossomos (QUERINO et al., 2020). Em algumas espécies de
Bignoniaceae foram encontradas bandas de CMA™ localizadas nas regides proximais e
terminais dos cromossomos (CORDEIRO et al.,, 2020). A diferenciacdo cariotipica
confiavel de espécies citricas foi observada pela primeira vez ap6s dupla coloragao com
os fluorocromos CMA e DAPI. Apo6s a dupla coloragdo, os cromossomos de Citrus
aurantium L. (laranja azeda) exibiram muitas bandas CMA" brilhantes, localizadas
principalmente na regido terminal dos cromossomos, permitindo identificar férmulas

cariotipicas distintas entre os acessos destas cultivares (GUERRA et al., 2020).

2.3.3. Hibridizagao in situ fluorescente

A hibridizagao in situ fluorescente (FISH) ¢ uma das técnicas mais importantes
dentro da citogenética. Sua aplicacdo em espécies vegetais tem possibilitado a localizagao
de varias sequéncias de DNA e a identificacdo dos pares cromossomicos (BADAEVA et
al., 2017). Nesta técnica, sequéncias de DNA ou RNA marcadas com fluoréforos sdo
utilizadas como sondas e hibridizadas in situ, revelando o sitio exato onde a sequéncia
relacionada ocorre no cromossomo (GUERRA, 2004; VESELINYOVA et al., 2021).

Diversos tipos de sondas podem ser utilizados como marcadores cromossomicos,
voltando-se, especialmente, na detec¢do de sequéncias repetitivas organizadas em
tandem, como o DNA satélite € o DNAr, além de sondas gendmicas e cromossdmicas
(GUERRA, 2004). Embora as sondas de DNAr 5S e 35S ainda mantenham sua
relevancia, a FISH tem experimentado um avango notavel com o desenvolvimento e
aplicag¢do de sondas baseadas em oligonucleotideos sintéticos (oligos) (JIANG, 2019).

A FISH, quando associada com outras técnicas citogenéticas, como a coloragao
cromossomica diferencial com fluorocromos CMA e DAPI, tém contribuido para a

caracterizacdo dos cariotipos quanto a constituicdo e distribuicdo da heterocromatina,
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trazendo luz aos provaveis eventos envolvidos na evolugdo cariotipica de espécies
(GUERRA, 2000; ORTIZ, 2017). A eficacia dessas técnicas tem sido comprovada em
grupos como Caesalpinia, em que diferengas no padrdo de bandas CMA", com eventos
de amplificacdo e eliminagdo foram observadas entre as espécies, assim como a presenca
de sitios de DNAr 5S e 35S, com todos os sitios 35S colocalizados com os blocos de

CMA" (VAN-LUME et al., 2017).

2.3.4. O DNAr 5S e 35S

Os ribossomos sao organelas celulares consideradas fabricas proteicas, uma vez
que desempenham um papel fundamental no processo de tradugdo dos RNAs
mensageiros e, portanto, na sintese de proteinas (NEVES et al., 2005). No contexto das
plantas, o DNA ribossomal (DNAr) 35S ¢ uma unidade repetitiva constituida pelos genes
ribossdmicos 18S, 5.8S e 25S. Esses genes estdo estruturalmente separados por dois
espagadores internos, denominados ITS1 e ITS2, além de uma sequéncia intergénica mais
longa, o IGS (Intergenic spacers), sendo transcritos em um unico RNA (ROA; GUERRA,
2015; STEPANENKO et al., 2022).

Por outro lado, o DNAr 5S consiste em uma unidade de repeti¢do mais simples
que constitui um locus independente. Tanto o DNAr 35S quanto o DNAr 5S sado
constituidos por sequéncias de nucleotideos repetidas em tandem em uma ou varias
regides do genoma, formando sitios nos cromossomos. E importante destacar que essas
sequéncias sdo evolutivamente conservadas e similares entre os eucariotos, no caso do
DNATr 35S, ou entre a maioria das angiospermas, no caso do DNAr 5S (GUERRA, 2004).

A distribuicao dos sitios de DNAr ocorre preferencialmente nos bracos curtos e
nas regides subterminais e terminais dos cromossomos. Estes sitios podem variar tanto
em posi¢ao ao longo do cromossomo quanto em tamanho e quantidade, permitindo que
sejam determinadas variagdes intragenéricas e até intraespecificas (ROA; GUERRA,
2012). Em espécies proximas do género Macroptilium (Benth) (Fabaceae), os sitios de
DNAr podem variar extensamente entre acessos nativos e domesticados (DE BARROS
et al., 2023). Estudos realizados com cultivares de Citrus L. (Rutaceae) identificaram
sitios de DNAr 35S localizados nas regides proximais e terminais de seus cromossomos,
coincidindo com algumas bandas de CMA" (GUERRA et al., 2020; MONTENEGRO et
al., 2023).
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Além da variagao no numero de sitios entre diferentes espécies, ¢ igualmente
comum observar a estabilidade no nlimero de sitios de DNAr, embora possam ocorrer
pequenas diferencas em sua localizagdo. Theobroma cacao L. (cacau) e T. grandiflorum
Schum (cupuagu) (Malvaceae) apresentam caridtipos com um unico sitio de DNAr 5S
localizado na regido proximal de um par cromossdmico € um unico sitio de DNAr 35S
localizado na regido terminal de um outro par cromossomico (DANTAS; GUERRA,
2010). Em espécies diploides de Annona L. (Annonaceae), observa-se também uma
estabilidade de sitios de DNAr 5S 35S, localizados nas regides dos bragos curtos dos
cromossomos (SANTOS et al., 2023).

Um estudo envolvendo seis espécies do género Spondias (Anacardiaceae) revelou
a presenca de apenas um sitio de DNAr 5S e 35S por conjunto cromossdmico haploide.
Nos cromossomos, os sitios de DNAr 35S estdo sempre localizados na regido terminal do
brago curto, enquanto o sitio de DNAr 5S foi detectado na regido intersticial em um outro
cromossomo, com exce¢do de apenas uma espécie, S. tuberosa Arruda, que apresenta o
sitio 5S na regido terminal do brago curto (ALMEIDA et al., 2007). Essa uniformidade
na localizacdo dos sitios de DNAr sugere conservacdo estrutural dentro do género

Spondias.

2.4. O género Anacardium L.

O género Anacardium L. pertence a tribo Anacardieae, da familia Anacardiaceae,
a qual ¢ reconhecida por sua significativa relevancia tanto econdmica quanto ecoldgica,
e inclui varias espécies arboreas e frutiferas como o caju (4. occidentale L.), a manga
(Mangifera indica L.), o pistache (Pistacia vera L.), a pimenta rosa (Schinus
terebinthifolia Raddi), o umbu (Spondias tuberosa Arruda), o caja (Spondias mombin L.)
e a seriguela (Spondias purpurea L). A familia compreende ~81 géneros e cerca de 800
espécies tropicais e subtropicais, estendendo-se até as regides temperadas (MITCHELL
et al., 2022).

O género Anacardium é composto por arvores, arbustos e subarbustos nativos dos
neotropicos. Apresentam flores reunidas em uma inflorescéncia do tipo panicula,
composto com forma piramidal, com flores hermafroditas, com 7 - 10 estames, sendo um
ou dois geralmente maiores (MITCHELL; MORI,1987; MITCHELL et al., 2022). Os
agentes polinizadores das flores de Anacardium sdo as abelhas, principalmente a espécie

Apis mellifera L. (TAKEHANA et al., 2013). Na maioria das espécies, a floracdo costuma
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acontecer durante a estagdo seca, enquanto o apice de frutificacdo ocorre entre os meses
de agosto a dezembro. Com a fertilizacao das flores, desenvolve-se o fruto (castanha) e o
pseudofruto ou pedinculo (hipocarpo) carnoso, comestivel e suculento. Esse pedinculo
¢ consumido por animais que fazem a dispersdo das sementes, sendo 0os morcegos
frugivoros e o ser humano seus principais agentes dispersores (MITCHELL;
MORI,1987).

Dentre os representantes do género Anacardium, o cajueiro (A. occidentale)
apresenta porte arboreo, sendo a espécie de maior importancia economica (VIEIRA et al.,
2006). Ja o cajuizeiro (A. humile), ¢ um subarbusto, tradicionalmente conhecido como
cajuzinho, cajuzinho-do-cerrado ou cajui, que se destaca como uma espécie endémica da
flora do Cerrado brasileiro (SILVA et al., 2004; CRESPO; SOUZA, 2014). Além de A.
humile, A. giganteum e A. spruceanum também sdo conhecidas popularmente como cajui,
sendo as duas reportadas para a regido Norte do Brasil (FLORA DO BRASIL, 2020).

O termo caju ¢ oriundo da palavra indigena “acaiu”, que na lingua tupi significa
“noz que se produz”, da qual deriva a palavra cajui (caju + tupi “/”, pequeno) (VIEIRA
et al., 2006). O termo cajui ¢ bastante genérico e se refere ao pequeno tamanho da
castanha (fruto verdadeiro) e pedinculo (pseudofruto), que medem aproximadamente 1-

2 x1-2cme 1-3 x 1-2 cm, respectivamente (Figura 1; MITCHELL; MORI, 1987).

» ‘. -

Figura 1 - Aspectos morfologicos de caju e cajui. (A) Caju (4. occidentale), com
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inflorescéncia, fruto e pseudofruto do acesso AN-714; (B) Cajui (4. humile), fruto e
pseudofruto do acesso AN-712. Fotos de Silvokleio da Costa Silva.

2.4.1. Origem e distribuicdo geografica

As diversas evidéncias encontradas na literatura apontam que Anacardium ¢é
originario da regido que inclui o Norte da América do Sul e parte da América Central
(PAIVA etal., 2003). O género esta distribuido naturalmente desde Honduras na América
Central, até¢ o Sul do Parand e leste do Paraguai. Na Venezuela, Colombia e Equador
ocorrem apenas a oeste dos Andes (KEW SCIENCE, 2017; FLORA DO BRASIL, 2020).
O Brasil ¢é considerado o maior e mais importante centro de diversidade de Anacardium,
com dois principais centros, um localizado na Amazonia e o outro na regido do Cerrado
(MITCHELL; MORI, 1987), sendo o Nordeste brasileiro o maior centro de diversidade
da unica espécie cultivada comercialmente, o cajueiro (PAIVA et al., 2003).

As espécies ndo cultivadas, com importancia econdmica restrita ao consumo local
nas areas produtoras, a exemplo do cajuizeiro, também sdo distribuidas na regido
Nordeste do Brasil, especialmente nas areas de Cerrado, como no Piaui (RUFINO et al.,
2007). Essas frutiferas apresentam uma boa adaptagcdo ao ambiente e crescem tanto em
solos ricos ou pobres em nutrientes, ocorrendo em areas de ecotonos Cerrado-Caatinga e
de restingas e carrasco (restingas densas), ecossistemas que cobrem as dunas (Figura 2;

MITCHELL; MORI, 1987).

Figura 2 - Habitats naturais do cajueiro (4. occidentale). (A) Acesso AN-800; (B) AN-

801, localizados no municipio de Parnaiba, PI. Fotos de Silvokleio da Costa Silva.
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2.4.2. Anacardium e sua importancia estratégica no Brasil e no mundo

As espécies pertencentes ao género Anacardium apresentam importancia
ecoldgica, social e econdmica em diversos paises (SCHWEIGGERT et al., 2016). Dentre
os representantes do género Anacardium, o cajueiro (4. occidentale) é a espécie de maior
importancia econdmica, tendo seus frutos (castanhas) e pseudofrutos (pedunculos)
explorados pela agroindustria (VIEIRA et al., 2006).

Nesse sentido, a Costa do Marfim se destaca como o principal produtor mundial
de castanha de caju, com 848,7 mil toneladas em 2020. Ja o Brasil se classificou na 11*
colocagao, com uma producao de 139,9 mil toneladas no mesmo ano (BRAINER, 2022).
No Brasil, o principal estado produtor de castanha de caju € o Ceard, seguido pelos estados
do Piaui e Rio Grande do Norte. Logo, o Nordeste brasileiro é responsavel por quase toda
a producdo nacional de castanhas de caju e por toda a exportacdo nacional (BRAINER,
2022; CONAB, 2023).

Apesar de ndo ocupar as primeiras posi¢des quanto a producao de castanhas, o
Brasil se destaca como sendo o principal ¢ maior produtor mundial de pedinculos
(BRAINER, 2022). O pais também ¢ considerado o maior consumidor de derivados do
pedunculo tais como sucos, cajuinas e doces (OLIVEIRA, 2018). Cabe destacar também
que os frutos e pseudofrutos das espécies de Anacardium, inclusive de 4. occidentale e
A. humile, sdao ricos em vitaminas (C e A) e minerais como calcio, ferro e fosforo,
contribuindo para um aumento na procura desses materiais para consumo in natura
(SILVA etal., 2001).

O cajuizeiro (4. humile) também apresenta frutos comestiveis que sdo explorados
apenas de maneira extrativista (SILVA et al., 2004; CRESPO; SOUZA, 2014), uma vez
que a castanha do cajui ndo ¢ aceita pela grande industria de beneficiamento da castanha
do caju devido ao seu pequeno tamanho. Mesmo assim, apds ser torrada, sua améndoa
pode ser consumida sozinha ou ser adicionada como ingrediente na composic¢ao de doces,
tortas e bolos, produtos estes consumidos pelas familias extrativistas de regides de
ocorréncia desta frutifera (RUFINO et al., 2007).

O seu pedunculo ¢ bastante apreciado por causa de seu sabor mais adocicado
quando comparado ao caju, podendo ser consumido in natura ou empregado na
fabricacdo de doces, suco, picolé, cajuina, proteina vegetal (carne) e bebidas alcodlicas
(VIEIRA et al., 2006; LIMA, 2008; MONTEIRO; JUNQUEIRA, 2018; CARNEIRO et

al., 2019). A aceita¢dao dos produtos obtidos e a comercializa¢ao do fruto e pseudofruto
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em feiras livres faz com que o cajuizeiro seja foco de exploragao (RUFINO et al., 2007;

GOMES, et al., 2011; CRESPO; SOUZA, 2014).

2.4.3. Classificacao botanica e relagdes filogenéticas

O género Anacardium € constituido por um pequeno nimero de espécies, todas
originarias das regides das Américas Central e do Sul e um maior numero de
representantes do género situados na Amazonia e no Cerrado. De acordo com a taxonomia
classica, o género ¢ composto por 21 espécies (JOHNSON,1973). Todavia, Mitchell e
Mori (1987), por meio da taxonomia numérica, reduziram o numero de espécies para 10.
Entretanto, a taxonomia do género ainda ¢ objeto de debate, com proposta de 15
(CUNHA, 2002) e 20 espécies (POWO, 2023).

Considerando as 10 espécies aceitas para Anacardium por Mitchell e Mori, (1987)
e Flora do Brasil (2020), nove ocorrem no Brasil: 1) 4. amapaense J. D. Mitch.; ii) 4.
corymbosum Barb. Rodr. (cajuzinho); iii) 4. giganteum W. Hancock ex Engl. (cajui, caju-
acu); iv) A. humile A. St.-Hil. (cajui, cajuzinho, caju-do-cerrado, caju-mirim, caju-anao,
caju-rasteiro, cajuzinho-do-campo, caju-do-campo, cajuhy, cajuzinho-do-cerrado); v) 4.
microsepalum Loes. (cajui-da-varzea, cajurana); vi) A. nanum A. St.-Hil. (cajuzinho); vii)
A. occidentale L. (caju, caju-ando ou acajaiba); viii) A. parvifolium Ducke; e ix) A.
spruceanum Beth.ex Engl. (cajui, caju-assu, cajueiro-do-mato). Apenas A. excelsum
(Bertero & Balb. ex Kunth) Skeels ndo ocorre no Brasil, estando presente na Venezuela
e de Honduras ao Equador. Além de A. humile, A. giganteum e A. spruceanum também
sao conhecidas popularmente como cajui, sendo A. humile de ampla distribuicdo no
Centro-Oeste, Sudeste e Nordeste, e as outras duas reportadas para a regido Norte do
Brasil apenas. Assim, o termo popular “cajui” ndo ¢ valido para distinguir as espécies,
visto que se refere a varias espécies que possuem frutos e pseudofrutos pequenos
(VIEIRA et al., 2014).

As primeiras relacdes de parentesco para as espécies do género Anacardium foram
estabelecidas empregando uma andlise cladistica por meio de caracteres morfoldgicos
como habitat, base foliar, textura foliar, inflorescéncia e outros caracteres botanicos,
evidenciando que 4. humile e A. occidentale ocupam clados distintos. Além disso, as
espécies A. othonianum e A. microcarpum foram identificadas como sindnimas de 4.
occidentale, uma vez que sdo espécies proximas e muito parecidas morfologicamente

(MITCHELL; MORI, 1987). Mais recentemente, foi realizado o sequenciamento
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completo do plastoma de 4. occidentale e de regides marcadoras trnK-matK, trnl._trnF e
ndhF de A. nanum, A. humile, A. corymbosum e A. excelsum, para investigar a
organizagdo do genoma plastidial e a origem da inser¢do de um segmento do genoma
mitocondrial no plastoma. Embora a amostragem seja limitada, A. nanum e A. humile se
mostraram como espécies irmas, com 4. occidentale irma deste clado e 4. excelsum a
primeira a divergir e unica que ndo compartilhou esta insercdo, que provavelmente
ocorreu hd menos de 20 milhdes de anos atras (RABAH et al., 2017).

Entretanto, ainda ndo existe na literatura um estudo filogenético mais amplo para
o género Anacardium, apesar de ja terem sido realizadas analises filogenéticas para outros
géneros pertencentes a familia Anacardiaceae, como Rhus L., Pistacia L., Schinus L. e
Spondias L. (Y1 et al., 2004; XIE et al., 2014; SILVA-LUZ, 2017; NOBRE et al., 2018;
ARIYARATHNE et al., 2020). Estes estudos utilizaram regides nucleares e plastidiais e
conseguiram gerar filogenias bem resolvidas, sendo possivel determinar as relagdes entre
espécies pertencentes a cada género, revelando que estas regides testadas foram

informativas para os géneros mencionados.

2.4.4. Estudos agrondmicos e citogenéticos no género Anacardium L.

Diversos estudos objetivaram comparar a diversidade genética de espécies do
género Anacardium por meio de descritores morfoldgicos e agrondmicos. Com foco na
caracterizacdo da diversidade de ecotipos de caju cultivados na Costa do Marfim, uma
notavel variabilidade morfologica e agrondmica entre esses ecoOtipos foi observada,
confirmando a hipdtese de alta diversidade genética, com a formagdo de agrupamentos
de procedéncias distintas e distantes umas das outras (KOUAKOU et al., 2018).
Variagdes fenotipicas significativas também foram registradas entre os acessos cultivados
de caju localizados em Benin, na Africa ocidental (DJOLOSSE et al., 2019).

Outros estudos foram conduzidos no Brasil para avaliar a diversidade genética de
populagdes naturais e cultivadas de caju no Piaui, utilizando descritores morfoldgicos e
agrondmicos. Foram incluidos caracteres relativos as folhas, inflorescéncias, frutos e
pseudofrutos, sendo possivel observar diferenciacdo fenotipica e a presenca de
diversidade genética para as populagdes avaliadas (CARNEIRO et al., 2019; COSTA et
al.,, 2020; MATOS-FILHO et al., 2023). Em um estudo que avaliou a diversidade
genética com caracteristicas fisico-quimicas de frutos e pseudofrutos de cajuzinho-do-

cerrado (A. humile) da cole¢do bioldgica ex situ localizada no estado de Goids, foi
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confirmada a existéncia de variabilidade genética dentro das populacdes analisadas
(PEREIRA et al., 2019). Da mesma forma, constatou-se variabilidade genética tanto para
variaveis morfométricas como para multicategéricas ao avaliar a diversidade fenotipica e
morfologica de populacdes naturais de A. humile localizadas em area do Cerrado em
Minas Gerais (SANTOS; SANTOS-JUNIOR, 2015). Também foi registrada varia¢io
fenotipica e divergéncia genética entre matrizes de 4. othonianum, avaliadas por meio de
caracteristicas fisico-quimicas dos frutos e pseudofrutos (OLIVEIRA, 2018).

No que diz respeito aos conhecimentos citogenéticos relacionados ao género
Anacardium, até o momento foram publicadas apenas contagens cromossdmicas para o
caju (A. occidentale), principal representante comercial do grupo. O numero
cromossomico amplamente documentado para o cajueiro ¢ de 2n =40 (GILL; SINGHAL,
1979; GILL et al., 1990; PEDROSA et al., 1999), embora tenha havido também relatos
de 2n = 30 e 42 (MACHADO, 1944; DARLINGTON; JANAKI-AMMAAL, 1945;
ALIYU; AWOPETU, 2007). At¢ o momento, ndo ha dados sobre numeros
cromossomicos, padroes de distribuicdo de bandas heterocromaticas, numero e
distribuicdo dos sitios de DNAr 5S e 35S para outras espécies do género Anacardium em
publicagdes cientificas indexadas.

As informagdes sobre o tamanho do genoma no género se restringem a espécie 4.
occidentale, cujo tamanho médio do genoma ¢ relatado como 0.85 pg/2C, sem indicios
de poliploidia (ALIYU, 2014). Portanto, ¢ crucial conduzir analises intra- e
interespecificas no género, a fim de investigar possiveis variagdes significativas em niveis

agrondmico, molecular e citogenético.
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3. RESULTADOS

Artigo a ser submetido a revista Tree Genetics & Genomes (A2)
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Abstract

Cashew trees are recognized for their economic and ecological importance in the tropics, but their species
delimitations and phylogenetic relationships remain unclear. Here, we analysed the genetic diversity of their
germplasms in Cerrado and restinga biome areas of Northeastern Brazil. Twenty-four accessions of 4.
occidentale L. and two of 4. humile A.St.-Hil. were evaluated using morphological and genetic markers.
The morphological variability extended beyond species boundaries, challenging their differentiation.
Moreover, a lack of molecular differentiation was observed across selected nuclear (I/7) and plastid (matK,
trnLF, ycf1 and rps16) DNA regions between 4. occidentale and A. humile, resulting in an unresolved clade.
We also performed cytogenetic analyses and genome size measurements on twelve accessions of A.
occidentale along with two of A. humile looking for possible undetected genomic differentiation, however

our analysis revealed a strong chromosomal stability, with 2n = 40, CMA*/DAPI bands in the terminal
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region of the short arm of three chromosome pairs and the presence of one pair of 5S rDNA and three pairs
of 35S rDNA sites, the latter co-localized with CMA/DAPI" bands. Genome size were similar, with an
average value of 0.44 pg/1C (435 Mbp), suggesting no significant intra- or interspecific variation among
the accessions and the absence of polyploidy. The lack of differentiation among the accessions may result
from incomplete lineage sorting, hybridization with introgression, or the existence of a single species with

domesticated accessions expressing larger fruits and pseudoftuits.

Keywords: Anacardiaceae; CMA/DAPI banding; Flow cytometry; Fluorescent in situ hybridization -
FISH; morphological characterization; phylogeny.

Introduction

Sustainable management of plant resources is intrinsically linked to the preservation of their
genetic diversity. One of the most important tasks to achieve this goal is the identification of populations
or genotypes that represent the existing variability within a species, using different methods. These methods
also enable the identification of accessions with potential for use in breeding programs (Borém et al. 2021;
Salgotra and Chauhan 2023). In this context, a widely employed strategy to obtain relevant information for
the conservation of genetic diversity is the characterization of germplasm through the analysis of
morphological traits, mainly due to the faster data acquisition compared to molecular analyses (Zuffo et al.
2016; Carneiro et al. 2019; Franca et al. 2020).

However, the phenotypic variability detected through morphological characterization may not
reflect genetic diversity, as morphological traits may exhibit phenotypic plasticity and be influenced by the
environment (Govindaraj et al. 2015). Thus, genetic diversity of different populations can be more directly
assessed by molecular tools, such as nuclear markers - for example, the /nternal Transcribed Spacer (ITS)
region - and/or plastid regions, such as matK, rps16, rbcL, and ycfl (Dong et al. 2015; Turchetto-Zolet et
al. 2017). In addition to morphological and molecular studies, cytogenetic analyses are also useful for
species characterization, providing information related to their complete karyotype (Costa et al. 2017).

In this context, the Anacardiaceae family comprises around 81 genera and approximately 800
species with tropical and subtropical distribution. The genus Anacardium L. includes ten accepted species,
with Anacardium excelsum (Bertero & Balb. ex Kunth) Skeels being the only one that does not occur in
Brazil (Mitchell et al. 2022; Powo 2024). Anacardium occidentale L. (cashew tree), a tree that can range
from 1.5 to 15 meters in height, is one of the most economically important species in this family, along with
Mangifera indica L. (mango tree) and Pistacia vera (pistachio), with its fruits (cashews) and pseudofruits
(peduncles) exploited by the agribusiness industry (Carneiro et al. 2019). Meanwhile, Anacardium
othonianum Rizzini is classified as a synonym of 4. occidentale due to morphological similarities (Silva-
Junior et al. 2021). On the other hand, Anacardium humile A.St.-Hil. is a shrub ranging from 0.3 to 1.5
meters in height, standing out as an endemic species with edible fruits and pseudofruits that are also
exploited, but exclusively through extractivism due to their generally smaller sizes. Its economic
importance is limited to local consumption, primarily by rural communities in the Northeast of Brazil, in

areas of the Cerrado biome, were both species cooccur (Crespo and Souza 2014).
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Among the Anacardium species, only A. occidentale has been targeted for genetic improvement,
aiming to obtain clones that produce high-quality peduncles and cashews (Garruti et al. 2022). For 4.
humile, there is still no formal breeding program established, although pre-breeding studies have already
been conducted (Borges et al. 2018; Dos Santos et al. 2019; Pereira et al. 2019). Molecular phylogenetic
studies in the Anacardium genus are limited to a few taxa (Rabah et al. 2017), which hinders a clear
understanding of the phylogenetic relationships among its species. On the other hand, in other genera of
the Anacardiaceae family, such as Rhus L., Pistacia, Schinus, and Spondias, the use of molecular markers
(ITS, matK, rpsl6, rpli6, ndhF, trnl trnF, psaA_ycf3, atpB_rbcL, and psbA trnH) has allowed the
detection of polymorphisms and contributed to the understanding of phylogenetic relationships, generating
well-supported clades, separating the analysed species into monophyletic groups, and identifying
hybridization events (Yi et al. 2004; Xie et al. 2014; Nobre et al. 2018; Silva-Luz et al. 2019; Ariyarathne
et al. 2020). The taxonomic classification of Anacardium is still controversial, and morphometric analyses,
such as the one performed by Vieira et al. (2014), were unable to clearly distinguish species such as A.
microcarpum and A. occidentale due to the large overlap of leaf data. Cytogenetic analyses are restricted to
A. occidentale, with a reported chromosome number of 2z = 40 (Gill and Singhal 1979; Gill et al. 1990;
Pedrosa et al. 1999), although there are also reports of 2n = 30 and 42 (Machado 1944; Darlington and
Janaki-Ammaal 1945; Aliyu and Awopetu 2007), suggesting intra-specific numerical variation. Genome
size has also been estimated for 4. occidentale only, with an average value of 0.85 pg/2C, with no evidence
of polyploidy (Aliyu 2014).

The present study aimed to test the following hypotheses: (I) Anacardium occidentale and A.
humile are distinct lineages within the genus; (II) the morphological variability present in 4. occidentale
and A. humile is correlated with their molecular differentiation; (III) there is karyotypic variation among
accessions of 4. occidentale and A. humile, and among Anacardium species, which can be successfully
used for germplasm characterization. We also investigated the genetic diversity of A. occidentale and A.
humile and their phylogenetic relationships with other Anacardium species, using morphological,

molecular, and cytogenetic tools to understand the evolution and diversification of the genus.

Materials and Methods

Plant Material and Taxonomic Delimitation

Cashew nuts from 37 accessions were collected from natural populations of cashew and cajui
(Table S1), with the majority of the seeds collected from six different locations in Piaui state, then deposited
into the Active Germplasm Bank of Anacardium Seeds at the Professora Cinobelina Elvas Campus of the
Federal University of Piaui, Brazil. All the accessions were taxonomically evaluated, and most of them
classified as A. occidentale, although they do not fit the size descriptions for fruit and pseudofruit. Another
group of accessions was taxonomically identified as A. humile. Most vegetative and reproductive
characteristics have been revealed as inefficient characters for taxa identification withing this group of
plants, mostly due to considerable morphological variation, primarily displayed by the leaves. Additionally,
there is significant overlap of flower and fruit characteristics, except for the longer peduncle observed in
some A. occidentale accessions, which may result from the domestication process (Mitchell and Mori
1987). However, A. occidentale is often easily distinguishable by its tree-like form, while A. humile is a

subshrub with a substantial underground trunk and ascending branches.
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In addition, seeds of A. occidentale (BRS 226) and specimens of A. occidentale previously
identified as A. othonianum (BGC 45, BGC 45.2, BGC 45.4 and BGC 46) were provided by Embrapa
Agroindustria Tropical, located in Fortaleza, Ceara, Brazil. We also obtained seeds of A. Aumile from the
central region of the Brazilian Cerrado. The germinated seedlings were maintained in the Experimental
Garden of the Laboratory of Cytogenetics and Plant Evolution, in Recife, Pernambuco. Vouchers of the
collected specimens were deposited in the UFP Herbarium at the Federal University of Pernambuco, Brazil

(Table S1).

Morphoagronomic Characterization

For agronomic evaluations, 15 mature fruits (nuts) and pseudofruits (peduncles) were collected
from each of the 26 accessions/mother trees (Table S1) and characterized agronomically. The A. occidentale
accessions previously identified as A. othonianum provided by Embrapa, as well as A. humile from the
central Brazilian Cerrado, were not considered for agronomic characterization, since only a few seeds were
supplied. For the characterization of the accessions, descriptive traits for fruits and peduncles (cashew
apples or pseudofruits) established for cashew by the International Board for Plant Genetic Resources
(IBPGR 1986) were used as the cashew apple shape (CAS); shape of cashew apple base (SCAB); ridges
on cashew apple (RCA); cashew apple apex (CAA); grooves on apex cashew apple (GACA); cavity at apex
cashew apple (CACA); skin of cashew apple (SCA); length cashew apple (LeCA); width cashew apple
(WiCA); diameter cashew apple (DiCA); weight cashew apple (WeCA); relative position of suture and
apex (RPSA); suture of nut (SN); shape of nut apex (SNA); shape of nut base (SNB); nut shape (NS); flanks
of nut (FN); stylar scar on nut (SSN); nut length (NL); nut width (NW); nut thickness (NT); and weight of
nut (WeN). For this, a digital caliper with a range of 150 mm and an accuracy of + 0.02 mm / 100 mm was
used for measurements (in mm), while weighing (g) of samples was performed using an analytical scale
balance (Model AY220 - Tecnal).

The color of the fruits and peduncles was measured using a portable spectrophotometer [model
CbM-700D (Konica Minolta)]. Using the coordinates (L, a, and b) provided by the instrument, luminosity
coordinates were measured on opposite sides of the nuts and peduncles: L [ranging from white (+L) to
black (-L)], a [from red (+a) to green (-a)], and b [from yellow (+b) to blue (-b)]. Color measurement was
performed in the visible spectrum region, in the range of 400 to 700 nm, for all three sections.

The total soluble solids content (TSS) (measured in °Brix) was obtained from the juice extracted
from each of the replicates (peduncle) per accession. After homogenization, two drops of juice from each
replicate were added to the prism of a refractometer (Model GT808 - ATC) to measure the °Brix of each

sample.

Cluster Analysis and Correlations

After performing all measurements, the quantitative morphological data were used as input for
analysis of variance (ANOVA) to check for differences between accessions, using R software version 4.0.5
(R Core Team 2022) with ExpDes package (Ferreira et al. 2021). A completely randomized design with 15
replicates (fruits and pseudofruits) was considered. The Scott-Knott test was performed to separate

accessions means into homogeneous groups (Scott and Knott 1974).
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Multivariate analysis of variance (MANOVA) was used to test the effects of the mean vectors
associated with the accessions. Once this effect was verified, the Pillai's trace method test was used to check
its significance. The accessions were clustered using the unweighted arithmetic means method - UPGMA.
The clustering was based on the generalized Mahalanobis distance matrix, obtained from the quantitative
characteristics evaluated in each of the accessions. The consistency of the clusters was assessed by the
cophenetic correlation coefficient (Sokal and Rohlf 1962). The cluster analysis was based on distance
matrices obtained using the cutoff point established by the Mojena method (1977). Singh (1981) criterion
was used to quantify the relative contribution of the characteristics to genetic divergence. The analyses
were performed with the aid of the Biotools package (Da Silva 2021).

The data obtained were also subjected to Principal Component Analysis (PCA), processed with
the covariance matrix of the original variables, obtaining from it the eigenvalues that constructed the
eigenvectors. The studied accessions were plotted on a biplot for the first two principal components with

the support of the factoextra package (Kassambara and Mundt 2020).

Cytogenetic Characterization

Young root tips from germinated seeds or potted plants grown in the Experimental Garden of the
Laboratory of Plant Cytogenetics and Evolution were previously pre-treated with 2 mM 8-
hydroxyquinoline for 7 hours at 18 °C and then fixed in methanol/acetic acid (3:1, v/v) for 2-24 h at room
temperature, and after stored at -20 °C for later analysis. Each meristem was washed twice in distilled water
and digested in enzymatic solution containing 2% cellulase (Onozuka®), 20% pectinase (Sigma®) and 2%
pectolyase (Sigma®) for 3 hours at 37 °C. Subsequently, slides were prepared with a modification of the
air-drying technique described by De Carvalho and Saraiva (1993), in which after preparation, the slides
were immersed in 60% acetic acid for 3 hours to reduce the excess cytoplasmatic content. After drying, the
slides were stained with 4',6-diamidino-2-phenylindole (DAPI) (2 pg/mL) in glycerol (1:1, v/v) for
selection of the best slides, then destained in ethanol: acetic acid (3:1, v/v) for 30 minutes at room
temperature, and transferred to absolute ethanol for at least 1 hour, air-dried and aged for three days.

Double staining with the fluorochromes Chromomycin Az (CMA) and DAPI was performed as
described by Vaio et al. (2018) with some modifications. After aged, the slides were stained with CMA
(0.5 mg/mL) for 2 hours in a humid and dark chamber at room temperature, then counterstained with DAPI
(1 pg/mL) in glycerol/Mcllvaine buffer pH 7.0 (1:1, v/v) containing 2.5 mM MgCl,, and stored for three
days in the dark at room temperature. Images were captured using a Leica DM5500B epifluorescence
microscope, with a Leica DFC345FX camera through the LAS AF software. At least 10 metaphases per
accession were analysed, and the best images were uniformly adjusted for brightness and contrast using
Adobe Photoshop (v.21.0.2). The slides were destained once more, as described above, for later use in
Fluorescence in situ hybridization (FISH).

The FISH experiments were performed as described by Pedrosa et al. (2002). For the localization
of 5S rDNA sites, a pool of pre-labelled oligonucleotide probes (PLOP, SSTDNA_ang 1-4) with Cy3 was
used (Waminal et al. 2018), and a fragment of 25-5.8S-18S rDNA (35S rDNA, clone pTa71) from Triticum
aestivum L. (Gerlach and Bedbrook 1979) was amplified by mini-prep and labelled with Alexa Fluor 488-
dUTP (Invitrogen®) by nick translation. The hybridization mixture was composed of 50% (v/v) formamide,
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10% (w/v) dextran sulfate, 2x SSC, 8 ng/uL for the plasmid probe, and 25 ng/uL for the oligonucleotide
probe. Chromosomes were denatured at 80°C for 10 minutes and then incubated overnight in a pre-warmed
humid chamber at 37 °C. Stringency washes (~ 76%) were carried out with two washes in 2x SSC, then
two washes in 0.1x SSC, both at 42 °C and for 5 minutes each, after this another wash in 2x SSC was
performed at room temperature for 10 min. All slides were counterstained with 1 pg/mL DAPI in mounting

medium and analysed as described above.

Flow Cytometry

The nuclear DNA content was estimated by flow cytometry for ten accessions of A. occidentale
from different locations and one accession of A. humile (Table 1). Nuclear suspensions were prepared using
the protocol of Aliyu (2012), with the following adaptations: leaf tissues from the internal standard Solanum
lycopersicum L., var. Stupické polnirané, with a genome size of 1.96 pg/2C (Dolezel et al. 1992), were
simultaneously macerated with the sample in a Petri dish containing approximately 750 uL of Woody Plant
Buffer (WPB) isolation buffer (Loureiro et al. 2007). The nuclear suspension was filtered through a 50 pm
mesh, then 30 pL of propidium iodide (I mg/mL) was added to stain the nuclei in suspension.
Measurements were performed using a PARTEC Cyflow Space flow cytometer (Miinster, Germany), each
accession sample was measured three times on three different days. Approximately 5,000 nuclei were
quantified for each measurement, and the results were interpreted by analysing the graphs generated by
FloMax software v. 2.3. Genome sizes in picograms (pg) were estimated for each accession according to
the formula [(mean sample fluorescence/mean standard fluorescence) x standard genome size] (Dolezel
2005). The three accessions with measurements showing the lowest coefficient of variation (CV) were used
to calculate the average 1C content of A. occidentale. The variation in average genome size among the
accessions of A. occidentale and A. humile was evaluated using Analysis of Variance (ANOVA),

considering significance at P < 0.05.

Sampling and DNA Extraction

Leaf samples from the 26 individuals of Anacardium (Table S3), representing the agronomic
variability of the species, were used for DNA extraction. Genomic DNA (gDNA) was extracted from 50-
200 mg of fresh leaves; however, for some accessions, 50 mg of silica-dried leaves were used due to the
unavailability of fresh leaves. DNA extraction followed the method of Ferreira and Grattapaglia (1998) and

was subsequently quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific).

PCR Amplification and Sequencing

From the 26 individuals with extracted DNA, we successfully amplified three plastid regions
(matK, trnL-F and rps16) for 17 accessions using universal primers previously described (Taberlet et al.
1991; Sang et al. 1997; Schiferhoff et al. 2010). These regions were available in GenBank for various
Anacardium accessions and were used for a broad phylogenetic analyses of the family Anacardiaceae (Xie
et al. 2014; Silva-Luz et al. 2019; Ariyarathne et al. 2020). For the nuclear locus (/7S), we could amplify
only 17 accessions using the 17SE and ITS4 primers described by White et al. (1990) and Sun et al. (1994).
PCR reactions were performed in a total volume of 50 pL, containing: 20-100 ng of gDNA, 1x PCR buffer,
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1x TBT [1g/L bovine serum albumin; 8.5 mM Tris-HCL (pH 8.0); 1% (v/v) Tween-20 and 750 mM
Trehalose], 0.2 mM dNTPs, 3 mM MgCl, 0.1 uM of each primer, and 0.2 pL Taq polymerase
(Thermofisher®). Amplification of the regions was carried out using the PCR programs described in Table
S2. All PCR products were visualized on a 1% agarose gel. Successfully amplified products were purified
using 75% isopropanol precipitation, quantified, and sent for sequencing on an ABI 3500 sequencer
(Applied Biosystems®) at the Sequencing Platform of the Bioscience Centre at the Federal University of
Pernambuco. Sequences were edited and aligned using the alignment tool in Geneious software version
7.1.4 (Kearse et al. 2012). All sequences processed here were deposited in GenBank (PV089646-
PV089661, PV089703, PRINA1224782).

Search for additional polymorphic regions in cashew plastomes

We also investigated the most polymorphic plastid regions from A. occidentale plastome
sequences. For this, we mapped Illumina reads available in GenBank from different 4. occidentale
accessions (accession numbers SRX2990990) to its reference plastome (NC_035235) (Table S3) to assess
the intra-specific polymorphism of some /oci and determine which regions would be most informative for
our phylogenetic analysis. As a result, the ycfI region was found to be the most polymorphic. Therefore,
out of the 26 accessions with extracted DNA, we successfully amplified 24 accessions for the ycf7 region
using primers described by Dong et al. (2015), following the amplification cycle described in Table S2.

Subsequently, all amplified PCR products were sequenced as described in the previous section.

Phylogenetic analyses

Sequences obtained from five regions of individuals belonging to A. humile, A. occidentale, along
with sequences available in GenBank for A. occidentale, A. excelsum (Bertero & Balb. ex Kunth) Skeels,
A. parvifolium Ducke, 4. spruceanum Benth. ex Engl., Fegimanra africana (Oliv.) Pierre, Mangifera indica
L., and Spondias mombin L. were included, with S. mombin indicated as the outgroup to root the tree.
Phylogenetic relationships were inferred using Bayesian Inference (BI) with MrBayes v.3.2.6 (Ronquist et
al. 2012). All analyses were performed for each region separately, then a concatenated alignment was
performed only for the plastid regions. These analyses employed a General Time Reversible substitution
model (GTR) with a gamma model of rate heterogeneity (Abadi et al. 2019). Four independent runs with
four Markov Chain Monte Carlo (MCMC) chains were conducted, sampling every 1,000 generations for
10,000,000 generations. Plastid, nuclear, and consensus trees using majority rule and posterior probability

(PP) were visualized and edited in FigTree v.1.4.2 (Rambaut et al. 2014).

Diversity, Differentiation, and Genetic Structure

Diversity, differentiation, and genetic structure were analysed based on the sequencing data
obtained. The nuclear (/7S) and concatenated plastidial (matK, ycfl, rps16, and trnl_trnF) sequences were
edited and aligned using the alignment tool in Geneious software version 7.1.4 (Kearse et al. 2012). The
resulting alignments were used as input in the DNA Sequence Polymorphism (DnaSP v5.0) program
(Librado and Rozas 2009) to determine the number of haplotypes (h) and haplotypic diversity (Hd).

Additionally, nucleotide diversity rates (), population differentiation through pairwise Fst (where values
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close to 0 indicate high genetic similarity, while values close to 1 suggest greater dissimilarity), and
molecular variance analysis (AMOVA) were calculated for the plastidial and nuclear sequence data using
ARLEQUIN software v3.5.2 (Excoffier et al. 1992; Excoffier and Lischer 2010). The statistical significance
of the AMOVA was tested through 10,000 permutations (Shepherd et al. 2016). Furthermore, two haplotype
networks were constructed using the Median-Joining network method, implemented in NETWORK

software (Bandelt et al. 1999).

Results
Morphoagronomic Characterization of Fruits and Peduncles of A. occidentale and A. humile

The morphoagronomic analysis of 4. occidentale and A. humile accessions revealed qualitative
and quantitative variation in fruit and peduncle characteristics. Only the AN-708 accession exhibited a pear-
shaped form (CAS), while others were cylindrical, rounded, or conical to obovate. Regarding the shape of
cashew apple base (SCAB), only AN-701 and BRS 226 were classified as flattened, while others varied
between angular, obliquely flattened, or rounded bases. They also varied in terms of ridges on cashew apple
(RCA), grooves on apex cashew apple (GACA), and cavity at apex cashew apple (CACA). On the other
hand, except for AN-803, which presented an oblique cashew apple apex (CAA), all evaluated specimens
had apices at the same level. Similarly, only AN-718 had rough and opaque skin of cashew apple (SCA),
while others had smooth and shiny skin (Table S4, Fig. 1).
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used here as the basis for the morphological analysis.

Based on quantitative data, cluster analysis and divergence among Anacardium occidentale and
A. humile accessions from different locations indicated the existence of genetic diversity (Table S5). The
weight of the fresh cashew apple (WeCA) was the trait that most indicated distinct groups. Group "a"

exclusively consisted of commercial cashew accession BRS 226, weighing 104.02 g, while groups "b" and
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"c" showed average WeCA values ranging from 29.07 g (AN-800) to 34.06 g (AN-802), originating from
Parnaiba municipality. Group "f," with WeCA ranging from 3.31 g (AN-716) to 6.92 g (AN-702), consisted
of thirteen accessions from different locations and included the two A. humile accessions (AN-710 and AN-
711). Similarly, evaluating the results obtained for length (LeCA), width (WiCA), and diameter cashew
apple (DiCA), it was clear that accession BRS 226, the only one belonging to group "a," had the highest
values for both descriptors. On the other hand, accession AN-716, also from A. occidentale, was the lowest
among those evaluated. However, no trend was observed between such descriptors and their geographical
distribution (Tables S1 and S5).

The Total Soluble Solids (TSS) of cashew apples distinguished the individuals into five different
clusters (Table S5). Group "a" consisted of only BRS 226, recording the lowest °Brix content (11.1%)
among the analysed matrices. Meanwhile, the accession AN-716 exhibited the highest soluble solids
content (°Brix) with a value of 20.0%, indicating a high sugar content. However, this accession does not
stand out in terms of weight and length, essential attributes for product acceptance and commercialization.
From the cluster analysis performed with colorimetric data, significant differences were detected,
distinguishing three colour patterns that vary from yellow to red among the evaluated cashew matrices
(Table S5). The luminosity parameter "L," as well as the color parameters "a" and "b," provided by the
portable spectrophotometer to analyse the color of the fruits and peduncles, grouped the evaluated
accessions into three clusters (Table S5).

When evaluating qualitative data from the cashew nut, it was observed that the relative position
of suture and apex (RPSA) is highly conserved among most analysed accessions, except for BRS 226 and
AN-802, where the suture is in front of the nut apex (Table S6, Fig. 1). Regarding the shape of nut apex
(SNA), it ranged from pointed (only AN-706) to intermediate or rounded. Similarly, the shape of nut base
(SNB) varied between flat, obliquely flat (only AN-706), and rounded (Table S6). For the suture of nut
(SN), angular or rounded accessions were observed, while the nut shape (NS) varied from oblong ellipsoid
to kidney-shaped and the flanks of nut (FN) descriptor varied between bulging, flat, or rounded. Finally,
the stylar scar on nut (SSN) resulted in the division of accessions into either large or small stylar scars
(Table S6).

Quantitative data regarding the nuts also presented a wide variation (Table S7). The nut length
(NL) divided the individuals into eight groups, with values ranging from 1.43 g (AN-707) to 3.63 g (BRS
226). However, when evaluating nut width (NW) and nut thickness (NT), nine groups were formed, with
the lowest averages obtained for accession AN-715 (NW = 1.18 cm; NT = 0.8 cm), while the highest values
were observed for accession BRS 226 (NW = 2.99 cm; NT = 2.22 c¢m). Regarding weight of nut (WeN),
the six distinct groups ranged from 1.03 g (AN-718) to 10.93 g (BRS 226). Although accession BRS 226
of A. occidentale stood out for the higher nut weight, it was not possible to establish direct relationships
with nut length, width, and thickness among all studied accessions. Colorimetric analysis revealed gray
nuts, with a greenish hue in some cases (Table S7).

Considering all variables together, two distinct groups and subgroups were identified (Fig. 2A).
The cophenetic correlation coefficient (CCC) was r = 0.9580, indicating a good representation of the
distance matrix. The first group consisted exclusively of 4. occidentale BRS 226. The second group was

formed by matrices of A. occidentale and A. humile, subdivided into three subgroups. The first subgroup is
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formed by AN-700 and AN-704 from Bom Jesus municipality. The second subgroup consists of accessions
from Bom Jesus, Currais, Alvorada do Gurguéia, and Buriti dos Lopes. The third subgroup consisted
exclusively of accessions from Parnaiba. Thus, geographical structuring between Parnaiba versus
remaining populations could be observed.

The characteristics that most contributed to the formation of the clusters are shown in (Fig. 2B).
The variables cashew apple length (LeCA), nut weight (WeN), nut thickness (NT), and nut length (NL)
accounted for 54.3% of the divergence observed among the analysed accessions (Fig. 2B). Principal
Component Analysis (PCA) separated the accessions along both axes, explaining 73.80% of the variation
(Fig. 2C). There was congruence between the data presented by the Principal Component Analysis (PCA -
Biplot) and the dendrogram generated by the UPGMA analysis (Figs. 2A and 2C). The BRS 226 accession
appeared as the most contrasting among the analysed genotypes. The traits that contributed to this
divergence were: cashew apple length (LeCA), cashew apple width (WiCA), cashew apple diameter
(DiCA), cashew apple weight (WeCA), nut length (NL), nut width (NW), nut thickness (NT), and nut
weight (WeN).
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Fig. 2 Similarity among accessions from natural populations of cashew, as well as the commercial accession
BRS 226. (A) Dendrogram obtained using the UPGMA method; (B) Relative importance of the variables
related to the quantitative data of the cashew apple and nut. Description of the evaluated traits: cashew

apple length (LeCA); cashew apple width (WiCA); cashew apple diameter (DiCA); cashew apple weight
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(WeCA); total soluble solids (TSS); nut length (NL); nut width (NW); nut thickness (NT); nut weight
(WeN); cashew apple color (LCA, aCA, and bCA); and nut color (LN, aN, and bN). (C) Principal
Component Analysis (PCA-Biplot) of the morphoagronomic characteristics of the cashew apple and nut.
In figures (A) and (C), except for BRS 226, the accessions were sampled from different locations: Alvorada
do Gurguéia (AN-705, AN-706, AN-707, AN-708, and AN-709), Bom Jesus (AN-700, AN-701, AN-702,
AN-703, AN-704, AN-710, and AN-711), Buriti dos Lopes (AN-808, AN-809, and AN-810), Currais (AN-
715,AN-716, AN-717, AN-718, and AN-719), and Parnaiba (AN-800, AN-801, AN-802, AN-803, and AN-
804). The first group is represented in blue, the second in pink, while subgroups I, II, and III are represented

in green, purple, and red, respectively.

Chromosomal Numbers, CMA/DAPI Bands, rDNA Sites, and DNA Content

The cytogenetic analysis was conducted with 12 accessions of 4. occidentale, as well as the two
accessions of A. humile and revealed stability in chromosome number, with a karyotype of 2n = 40 for all
accessions (Fig. 3, Fig. 4). Here we report the first chromosome counts for A. humile. The CMA/DAPI
staining analysis also indicated stability in terms of the number of GC-rich heterochromatic bands (CMA™)
and absence of AT-rich bands (DAPI"). We observed CMA*/DAPI" bands located specially in the terminal
region of the short arm of three chromosome pairs in all analysed karyotypes, with one of these pairs being
smaller and showing weaker staining intensity in the heterochromatic block (Fig. 3, Fig. 4). Our
fluorescence in situ hybridization analyses revealed one pair of subterminal 5S rDNA sites and three pairs
of terminal 35S rDNA sites, one being smaller and all sites co-localizing with CMA™ bands (Fig. 5).

The estimated genome sizes for 4. occidentale and A. humile accessions are relatively small, with
a mean value of 0.88 pg/2C. Considering the three accessions with the lowest coefficient of variation (CV),
the genome size of A. occidentale and A. humile was 1C =~ 435 Mb (Table 1, Figure S1). The analysis of
variance (ANOVA) conducted on the accessions of 4. occidentale and A. humile revealed a p-value of 0.304
(p >0.05), suggesting no significant intraspecific variation in genome size among the accessions of the two

species evaluated (Figure S2).

Table 1 Average genome size of ten accessions of 4. occidentale and one accession of A. humile. The three

A. occidentale accessions with the lowest CV (Coefficient of Variation) are indicated in bold

Species Germplasm ID 2n Mean pg/2C  CV (%)  Mean Mbp/1C
A. occidentale AN-700 40 0.88 4.71 435
A. occidentale AN-701 40 0.88 5.79 431
A. occidentale AN-704 40 0.93 7.55 456
A. occidentale AN-705 40 0.92 6.35 450
A. occidentale AN-706 40 0.89 5.50 439
A. occidentale AN-709 40 0.89 4.94 435
A. occidentale AN-717 40 0.89 4.72 435
A. occidentale AN-719 40 0.88 5.04 430
A.  occidentale AN-801 40 0.91 6.87 446
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A.  occidentale BGC-45 40 0.92 5.54 449
Mean 0.88 4.79 435
A. humile AN-712 40 0.88 4.47 434

Fig. 3 Mitotic metaphases of 4. occidentale (A-D and F-H), A. humile (E), stained with CMA (yellow) and
DAPI (blue). AN-706 (A), AN-715 (B), AN-704 (C), AN-701 (D), AN-712 (E), AN-803 (F), AN-708 (G),
AN-714 (H). Arrowheads indicate weaker terminal CMA*/DAPI bands. Bar in (I) corresponds to 5 um

16 17 18 19 20
A & BR m»

Fig. 4 Karyograms of two Anacardium species, showing chromosome number, morphology, and
distribution of CMA™ heterochromatic bands. (A) 4. occidentale (BRS 226), (B) 4. occidentale previously
identified as 4. othonianum (BGC-45), and (C) 4. humile (AN-712). Bar corresponds to 5 pm
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Fig. 5 Distribution of CMA*/DAPI" heterochromatin (A, C, E, G, I) and rDNA sites (B, D, F, H, J) in
Anacardium occidentale (A-F, 1-],) and A. humile (G-H). 5S rDNA (red, arrows) and 35S rDNA (green,
arrowheads). A - B) AN-707; C - D) AN-801; E - F) BGC-45 previously identified as A. othonianum; G -
H) AN-712; and I - J) BRS 226. Scale bar in (J) corresponds to 5 pm

Phylogenetic Relationships in Anacardium

During this study we generated a total of 92 new sequences derived from five regions: 17 from
ITS, 24 from ycfl, 17 from matK, trnl_trnF, and rpsi6 each. Additionally, 24 sequences available on
GenBank database were also added to the data matrix (Table S2). All regions analysed exhibited a high
degree of conservation, with low genetic polymorphism, especially for the plastid regions. Table 2
summarizes the characteristics of the plastid and nuclear regions used in this study.

For some of the plastid regions (matK, trnL-F, and rpsi6) available in GenBank for several
Anacardium accessions, the concatenated phylogenetic analysis showed Fegimanra africana as the sister
genus to Anacardium, which was recovered as a monophyletic group with high posterior probability (PP =
1; Figure S3). Anacardium excelsum was sister to all other Anacardium accessions (PP = 1). Additionally,
A. humile and A. occidentale also formed a clade, but the relationships among these species were not well
supported.

In this context, we chose to conduct an intraspecific plastome search to identify additional
polymorphic regions among A. occidentale accessions (Figure S4). As a result of this comparative analysis,
we identified that the ycfl gene was the most polymorphic locus. The tree based on the ycfi marker
amplified for 24 accessions showed lower posterior probabilities than the concatenated tree of the three
plastid regions (Figure S5), not being enough for predicting phylogenetic relationships alone. Therefore,

we concatenated the ycfl region with the other three plastid regions, and to avoid missing data, eight
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individuals from the 24 ycfl accessions were removed because they were not amplified for the three
remaining plastid regions. The resulting concatenated plastid tree showed five well-supported clades,
similar to those of the three concatenated regions (Figure S6). However, relationships among A4. occidentale
and A. humile remained unresolved.

The data from the ITS1-5.8S-ITS2 region also supported the monophyly of the genus Anacardium,
albeit without strong support (PP = 0.64; Figure S8). Again, A. excelsum was sister to the remaining
Anacardium accessions, but only three clades showed strong support (PP = 1). Thus, we combined the
plastid and nuclear data for Bayesian analysis (Fig. 6), which allowed to observe the monophyletic nature
of the genus with a strong support (PP = 1). Fegimanra africana remained as sister to Anacardium, and A.
excelsum appeared as the first species to diverge within the genus. Another well-supported clade separates
the species 4. occidentale and A. humile from A. spruceanum and A. parvifolium, with one accession each.
Additionally, we observed a well-supported clade that separates a single accession of 4. occidentale from
all other accessions, with three other well-supported subclades.

The A. humile accessions were taxonomically identified based on morphological characteristics,
mainly by their shrubby habit. However, 4. occidentale accessions exhibited an arboreal habit but were
initially collected as cajuis (4. humile), as they had small fruits and pseudofruits very similar to those of A.
humile. Indeed, most A. occidentale and A. humile accessions had fruits and pseudofruits with length and
width measurements within the standards established by Mitchell and Mori (1987) for A. humile. Thus, our
data indicates that many A. occidentale accessions have an intermediate morphology, with fruits and
peduncles similar to 4. humile and an arboreal habit similar to A. occidentale. Therefore, to test whether
these A. occidentale accessions could be hybrids between both species, we removed all possible A.
occidentale “hybrids” from the plastid (Figure S7) and nuclear (Figure S9) trees, as the presence of hybrids
can alter tree topology and reduce support. Even without the supposed hybrids, it was not possible to clearly
separate A. humile and A. occidentale in the plastid analysis, suggesting they may share the same plastid
haplotypes. On the other hand, the /TS tree supported a clade of A. occidentale (PP = 1) separate from A.

humile, but it did not resolve the relationships among these species (Figure S9).

Table 2 Polymorphic nuclear and plastid DNA regions used for phylogenetic analysis in Anacardium L.

Loci Number of  Alignment Informative Variable Conserved Pairwise GC

individuals  length (bp) sites sites sites identity Content
(ingroup) (ingroup) (ingroup)

ITS 17 624 28 96 491 90.9% 65.1%
yefl 24 872 23 66 797 95.7% 30.3%
rpsl6 17 819 1 8 800 96.1% 33.9%
trnL-F 17 787 2 20 769 96.3% 37.1%
matK 17 765 4 42 708 94.2% 35.1%
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Fig. 6 Geographical distribution and phylogenetic relationship of Anacardium accessions analysed. A. Map
of Brazil showing the locations and respective biomes where samples were collected, with the state of Piaui
highlighted in green, indicating areas with more collection sites, along with an enlargement of these
collection locations. B. Bayesian tree of Anacardium derived from the combined analysis of nuclear /7S
and plastid regions (matK, trnL_trnF, rpsi6, and ycfI). Posterior probability (PP) values are shown for each
node, and asterisks indicate accessions of Anacardium occidentale with cajui-type fruits and apples, i.e.,

possible hybrids

Diversity, Differentiation and Genetic Structure

In other to investigate the relationship between Anacardium occidentale and A. humile in more
detail, genetic diversity, differentiation, and population structure were analysed using nuclear and plastid
sequence data. The highest nucleotide diversity index (m) for the nuclear data was observed in the A.
occidentale-Parnaiba and A. occidentale-Alvorada populations, indicating considerably higher nucleotide
diversity, while the A. occidentale-Currais population showed the lowest nucleotide diversity index (Table
S8). Regarding the plastid data, the group composed of cultivated 4. occidentale accessions (BRS 226,
BGC-45, and BGC-46) presented the highest nucleotide diversity index, while the lowest index was
recorded for the A. occidentale-Bom Jesus population (Table S8), except for populations with a reduced
number of samples (= 0.0).

Regarding the population differentiation from the nuclear and plastidial data (Tables S9 and S10),
Fsr values indicated no significant genetic differences between the A. occidentale and A. humile
populations. Although some populations of A. occidentale and A. humile showed Fsr values close or equal
to 1, these results were not significant, as the sample sizes of each population was small. This factor reduces

the significance of the Fsr index, making the results less representative of genetic differentiation between
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the analysed populations (Tables S11 and S12). Additionally, negative values were recorded, suggesting
that the genetic difference between the groups is very small or non-existent.

The AMOVA result for the nuclear data revealed that most of the variation is observed within
populations (96.67%), with only a small fraction (9.96%) attributed to differences between populations.
The variation between groups, corresponding to the two species, 4. occidentale and A. humile, was also
negative (-6.63), suggesting that there is no genetic difference between the species (Table S13). The
AMOVA results for plastidial data indicate that most of the genetic variation (86.24%) occurs within
populations, and the variation between populations was higher than observed with nuclear data but
represented only 13.82% of the total variation. Again, no significant genetic differentiation was observed
between groups/species (Table S14).

While analysing individuals from a phylogeographic perspective through haplotype distributions
and networks (Figures S10 and S11), a certain concordance is observed between the diversity and genetic
structure analyses. The total number of haplotypes for the nuclear dataset was h = 16, with a different
haplotype per individual, except for 2 individuals with the same haplotype (H3). Except for haplotype H13,
which belongs to A. humile, all the other haplotypes belonged to 4. occidentale. The nuclear haplotypic
diversity was Hd = 0.9926. For the plastidial dataset, the total number of haplotypes was also h = 16, with
haplotypes H10, H11, and H12 belonging to 4. humile, and the plastidial haplotypic diversity was Hd = 1.
Haplotype networks did not differentiate 4. occidentale and A. humile, similarly to the phylogenetic
analysis that did not indicate the formation of species-specific clades. Nevertheless, the plastidial network
indicates higher similarities among geographically related accessions. This reinforces the hypothesis of
possible hybridization, recent evolution, or the absence of genetic barriers between A. occidentale and A.

humile populations.

Discussion

Morphoagronomic Diversity of the Pseudofruits and Fruits of A. occidentale and A. humile

The morphoagronomic characterization of the accessions identified variation for most of the
qualitative and quantitative traits of fruits and pseudofruits, thus demonstrating heterogeneity among the
accessions. Morphological variation in the common cashew tree had already been demonstrated by previous
studies, such as those conducted by Asna et al. (2021), who described conical-ovoid pseudofruits for A.
occidentale accessions, and Franga et al. (2020), who identified a predominance of pyriform shapes in
pseudofruits of Anacardium sp. When this phenotypic plasticity was analysed among different species such
as A. occidentale, A. othonianum, and A. humile, the most prevalent traits described were the conical-ovoid,
pyriform, and rounded shapes (Rufino 2004; Castro et al. 2011; Ferreira et al. 2015), corroborating what
was observed in most samples investigated in this study. We also observed variation in qualitative
parameters of the nut (cashew), such as the reniform and oblong-ellipsoidal shapes, as reported by Sultana
et al. (2022) for 4. occidentale.

Our principal component analysis, Scott-Knott test, and UPGMA clustering methods confirmed
the remarkable genetic diversity expressed in morphological dissimilarities. Variation for peduncle weight
had already been reported, with average peduncle weights in Anacardium species ranging from 0.89 to

54.18 g (Rufino 2004; Rocha et al. 2013; Santos and Santos-Junior 2015; Pereira 2018), corroborating the
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data presented here; although, Djolosse et al. (2019) reported an average weight of 74.12 g for A.
occidentale, a value slightly lower than that found here for the BRS 226 accession. As for nut weight (WeN),
there is clear variation among the accessions of 4. humile, from 0.48 to 4.16 g (Rufino 2004; Gomes et al.
2013; Santos and Santos-Junior 2015; Pereira 2018; Borges et al. 2022), while for cashew, Semporé et al.
(2021) found nuts with weights ranging from 4.62 to 9.06 g, compatible with those found in this study. It
is internationally established that the commercial weight of cashew nuts ranges from 7 to 9 g (IBPGR 1986).
Thus, most of the nuts evaluated here would be rejected by the international market.

Previous studies observed variations in peduncle length in cashew tree clones at different
maturation stages, with values between 57.93 and 86.20 mm (Gomes et al. 2006; Lopes et al. 2011). In our
results, the apple length (LeCA) obtained for the commercial accession (BRS 226) was similar to the values
previously published. However, accession BRS 226 shows clearly higher values when compared to other
A. occidentale accessions and to the 4. humile accessions. In natural populations of Anacardium species,
peduncle lengths ranged from 8.00 to 43.60 mm (Rufino 2004; Rocha et al. 2013; Santos and Santos-Junior
2015; Pereira 2018; Borges et al. 2022). These values are similar to those found in our results. Regarding
the nut, the maximum length (NL) of A. humile was 16.1 mm, which indicates that the length of A. humile
nuts can vary up to 20.5 mm (Lima et al. 1988; Santos and Santos-Janior 2015; Pereira 2018). Mitchell and
Mori (1987) recorded values for A. humile nuts of 1.2-2.3 x 1-1.7 cm and peduncles of 1-3 x 1-2 cm,
while for A. occidentale, the values are 2-3.5 x 1-2 c¢m for the nut and 5-20 x 2—-8 c¢m for the peduncle.
Based on these measurements, our results show that the peduncles of A. humile are smaller and are in
accordance with the measurements established by Mitchell and Mori (1987). However, most of the wild
accessions identified here as A. occidentale showed fruit and pseudofruit length and width measurements
within the standards established by Mitchell and Mori (1987) for A. humile. These values also do not meet
the agronomic standards established by the cashew processing industry, especially regarding fruit and
peduncle length and width. Thus, almost all 4. occidentale accessions exhibit fruit and pseudofruit
morphometry that characterizes them as similar to 4. humile, and not to the morphological description of
A. occidentale.

The peduncles were also evaluated for Total Soluble Solids (TSS - °Brix). The BRS 226 accession
presented the lowest value, with 11.1%, while the other 4. occidentale accessions showed values between
12.3 and 20.0%. The two A. humile accessions presented values of 17.4 and 19.6% (Table S5), in accordance
to previous studies which reported values between 5.29% and 21.13%, evidencing considerable variation
among different matrices (Rufino et al. 2002; Rufino 2004; Gomes et al. 2013; Pereira 2018). The values
found in this study are mostly higher than those considered by the cashew juice industry, which establishes
a TSS value between 10 and 12.22% for cashew (Paiva et al. 2000; Sancho et al. 2007; Oliveira et al. 2019),
suggesting that the peduncles of these matrices could be used by the food industry in the production of
beverages, ice creams, jams, and other products, requiring less sugar addition in their preparation.
Moreover, the sweet, fleshy, and juicy peduncle attracts a wide variety of dispersal agents, including
primates, deer, birds, and especially frugivorous bats, which are the most efficient dispersers in propagating
cashew and wild cashew trees, capable of transporting fruits over long distances (Mitchell and Mori 1987;

Takehana et al. 2013).
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Considering the similarity dendrogram for morphoagronomic traits among the accessions, two
main groups were detected, the first associated with the BRS 226 accession and the other with the A.
occidentale and A. humile accessions, with no separation of species. Pereira et al. (2019), when evaluating
the genetic diversity of 4. humile, identified six genetic groups among the 27 genotypes evaluated. In our
results, we observed that, despite some degree of population structure due to geographic location, there was
also clustering among accessions from different localities. This may be influenced by the occurrence of
possible gene flow, which can be facilitated by pollinators such as bees, the main pollinators of Anacardium
flowers, and by dispersal agents such as bats and birds, which can travel long distances; in addition to floral
biology that promotes cross-pollination in Anacardium species (Takehana et al. 2013; Hamrick 2012;

Borges et al. 2018; Gomes et al. 2021).

Karyotypic Stability in Species of Anacardium

The present study demonstrated a remarkable karyotypic stability among Anacardium species. The
observed chromosome number was consistently 2z# = 40, with similar chromosomal morphology. This
finding aligns with previous reports for 4. occidentale, which also indicated 2n = 40 (Gill and Singhal 1979;
Gill et al. 1990; Pedrosa et al. 1999), whereas counts of 2n = 30 and 42 (Machado 1944; Darlington and
Janaki-Ammaal 1945; Aliyu and Awopetu 2007) could not be confirmed. Chromosome counting errors may
arise due to technical difficulties, a high chromosome number, or their small size, which often results in
very similar morphology (Figueredo et al. 2016; Hoang et al. 2022). The reported 2n = 42 may result from
stretched secondary constrictions, which could have been mistaken for small chromosomes (Guerra et al.
1997; Melo et al. 2011). In such cases, CMA/DAPI banding allows more precise karyotype characterization
(Figueredo et al. 2016). Other woody genera such as Schinus (Pedrosa et al. 1999; Da Luz et al. 2015),
Pistacia (Sola-Campoy et al. 2015; Zerey-Belaskri et al. 2018), Spondias (Almeida et al. 2007), Mangifera
(Yonemori et al. 2010; Pierozzi and Rossetto 2011), Eucalyptus (Carvalho et al. 2017), and Citrus (Guerra
et al. 2020) also exhibit chromosomal number stability, suggesting karyotypic conservation across species.

A highly conserved heterochromatin distribution was also observed in Anacardium. CMA*/DAPI
bands were terminaly located in three chromosome pairs. In Schinus, only one chromosome pair exhibited
terminal CMA*/DAPI™ bands (Las Penas and Bernardello 2006), whereas in Pistacia vera L. multiple
DAPI* bands were observed in the proximal and terminal chromosome regions (Sola-Campoy et al. 2015).
In Spondias, CMA*/DAPI" band number and distribution differed among species (Almeida et al. 2007),
suggesting a higher level of structural rearrangements during the evolution of these species. No variation
was detected in the number and position of rDNA sites among the Anacardium accessions analysed. In
Mangifera indica, a similar pattern was found: one 5S rDNA site and three 35S rDNA site pairs (Yonemori
et al. 2010), consistent with the phylogenetic proximity between these two genera. In this context, the
number of 58S sites appears to be constant within Anacardiaceae, while the number of 35S sites is more
variable, though always terminally located (Almeida et al. 2007; Sola-Campoy et al. 2015).

Karyotypic stability observed in Anacardium has also been reported in other woody species, such
as in Cenostigma Tul., which also shows stability in chromosome number, CMA*/DAPI" bands, and in the
number of 5S and 35S rDNA sites (Castro et al. 2023). In Populus L. and Citrus, highly conserved

karyotypes were observed, with no interchromosomal structural rearrangements, maintaining chromosomal
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synteny even after 14 million years of divergence in Populus and 9 million years in Citrus (He et al. 2020;
Xin et al. 2020). These observations support the hypothesis that woody species have more stable karyotypes
compared to herbaceous ones, as they evolve more slowly, which may require longer periods for the
generation and fixation of structural variations. We also observed nuclear DNA content stability, with
genome sizes similar to those reported for cashew (4. occidentale) accessions from Africa, with 0.85 pg/2C
(419 Mb/1C; Aliyu 2014). Small genomes appear to be common in Anacardiaceae, as reported for
Mangifera, Pistacia, Lannea L., Rhus, and Toxicodendron L., with DNA content ranging from 0.30 to 0.75
pg/1C, and records of polyploidy (tetraploidy) only in some Mangifera representatives (Arumuganathan
and Earle 1991; Horjales et al. 2003; Ohri et al. 2004; Bai et al. 2012; Aliyu 2014; Zerey-Belaskri et al.
2018). To date, polyploidy has not been observed in Anacardium.

Phylogenetic Relationships and genetic differentiation in Anacardium

Our combined phylogenetic analyses confirmed a low level of polymorphism between the species
of A. occidentale and A. humile evaluated. Thus, the plastidial and nuclear data did not reveal a clear
distinction between A. occidentale and A. humile, as they were shown to be very similar from a molecular
standpoint. However, A. humile and A. occidentale were expected to be two distinct taxa. Several studies
have successfully used molecular data in phylogenetic reconstruction for different genera within the
Anacardiaceae family. For example, in Rhus, Schinus, and Spondias, phylogenetic studies using ribosomal
DNA regions (/TS and ETS) and plastidial regions (rpsi6 and trnl-F) allowed well-resolved phylogenies
with well-supported clades, enabling the separation of species (Yi et al. 2004; Nobre et al. 2018; Silva-Luz
et al. 2019). Ariyarathne et al. (2020) used /7S and matK regions for phylogenetic analyses with endemic
Anacardiaceae species from Sri Lanka. In this analysis, a close relationship between A. occidentale and the
genus Mangifera was observed, with good support, corroborated by a phylogenomic analysis by Savadi et
al. (2022). Nevertheless, we confirmed that Fegimanra is closer to Anacardium than Mangifera, as
demonstrated by Xie et al. (2014).

We employed NGS data and assembled plastomes to select the most informative loci for
phylogenetic analysis, but the plastidial variation of the selected loci was limited. Rabah et al. (2017)
focused on the complete plastome sequencing of A. occidentale and the sequencing of trnK_matK, trnL-F,
and ndhF from one accession each of A. nanum A.St.-Hil., A. humile, A. corymbosum Barb.Rodr., and A.
excelsum. Despite the limited sampling, they recovered A. nanum and A. humile as sister species, while A.
occidentale formed a distinct clade. Notably, 4. excelsum was the first to diverge and the only one that did
not share a plastome insertion, suggesting that this modification likely occurred less than 20 million years
ago (Xie et al. 2014), what is congruent with our analysis.

Among our Anacardium accessions, we observed high morphological variability but low
molecular polymorphism in the evaluated sequences, especially in plastidial regions, making them less
phylogenetically informative. Most of the molecular variation was observed among individuals of the same
population, with no differentiation between species. Previous investigations on the genetic diversity and
structure of natural populations of Anacardium species, including 4. microcarpum, A. othonianum, A.

occidentale, A. giganteum W. Hancock ex Engl., and 4. excelsum, using ISSR and SSR markers, revealed
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a low to high genetic diversity but low levels of genetic structure, suggesting high levels of gene flow
(Bocanegra-Gonzalez and Guillemin 2018; Borges et al. 2018; Dos Santos et al. 2019; Gomes et al. 2021).

The lack of phylogenetic separation between the accessions of A. humile and A. occidentale could
be caused by weak genetic differentiation and incomplete lineage sorting. It is possible that they represent
two incipient species that have not yet fully differentiated. Generation time and habit can influence the rate
of molecular evolution in plants. Herbaceous or annual plants tend to evolve more rapidly. Indeed, positive
correlations have been established between nucleotide substitution rates and herbaceous habits, as these
species are often small and have shorter generation times. On the other hand, woody and tree species tend
to have slower molecular evolution, both in the chloroplast and nuclear genome (Lanfear et al. 2013; Xin
et al. 2020). Xie et al. (2014) reported that the divergence between A. excelsum and 4. occidentale occurred
approximately 20 million years ago. Considering this divergence of time and the fact that the evaluated
accessions are long-lived trees and shrubs, the high conservation observed may be associated with these
factors. In the genus Cenostigma, for example, genomic stability is observed, likely associated with the age
of the genus, approximately 13.59 million years, the tree habit and the long-life cycle (Castro et al. 2023).

Genomic similarity may also be associated with the absence or low reproductive isolation between
A. humile and A. occidentale, which is consistent with the high cytogenetic stability observed in the
evaluated materials. This karyotypic conservation, the presence of morphological intermediates [accessions
with tree stature similar to cashew (4. occidentale) and fruits similar to those of cajui (A. humile), along
with a supported clade of A. occidentale when intermediates were removed from the /7S tree, may suggest
hybridization. In a study involving natural populations referred to as 4. microcarpum and A. occidentale
from the coastal region of the state of Piaui, an attempt was made to distinguish the evaluated accessions
of these two populations through leaf morphometry. The results of this study indicated that the populations
of A. microcarpum have leaf morphometry very similar to those of A. occidentale; however, significant
overlap in the data did not allow a clear distinction between these two taxa based on this characteristic. This
raises the possibility of the existence of natural hybrids between A. occidentale and A. microcarpum in this
region (Vieira et al. 2014).

In fact, hybridization appears to be a common phenomenon within the genus Anacardium under
natural conditions. As observed by Mitchell and Mori (1987), the three sympatric species of Anacardium
from the Brazilian plateau (4. occidentale, A. humile, and A. nanum) bloom simultaneously where they
coexist. Additionally, their flowers are virtually identical morphologically and are pollinated by the same
insects, such as butterflies and bees. The authors suggest that there are few extrinsic barriers to crossing
between these species, which may explain the intermediate individuals between A. occidentale and A.
humile, as well as between A. humile and A. nanum.

With remarkable morphological variation in habit and size of fruits and pseudofruits, it is also
plausible to consider the influence of domestication on the overlap of these morphological characters. The
process of plant domestication is characterized by genetic selection performed by humans to adapt wild
plants to cultivation and human preferences. This is followed by breeding practices that, although increasing
the productivity and resistance of plants, also tend to reduce the existing genetic diversity, as observed by
N’Danikou and Tchokponhoue (2020). Anacardium occidentale (cashew) is believed to have originated in

the Cerrado of Central Brazil and subsequently colonized the sand dune restingas in Northeast Brazil. The
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Central Brazil region is characterized by a large diversity of Anacardium species, where the distribution of
A. occidentale overlaps with the distribution areas of 4. humile, A. nanum, and A. corymbosum (Mitchell
and Mori 1987). Therefore, for now, we cannot exclude the possibility that the large fruit and cashew apple
forms of A. occidentale (cashew) are domesticated forms of cajui (A. humile), selected for larger fruits and
pseudofruits. Considering this hypothesis, this single species would have a wild range of habits but smaller
fruits than its domesticated form. The use of other molecular markers, such as SSRs or RADseq, could be
more informative in a larger sampling of wild and domesticated accessions to elucidate the genetic structure

of Anacardium species, their species boundaries, and possible hybridization.

Conclusion

Our results suggest significant morphological variability among Anacardium accessions from
northeastern Brazil. However, this high level of phenotypical plasticity contrast with low levels of
molecular variation in plastidial and nuclear regions, as well as the lack of cytogenetic variation. The loci
used as markers here were not sufficiently informative to delimit species, suggesting either incomplete
lineage sorting, the occurrence of hybridization, or differentiation within a single species due to

domestication, which are not mutually exclusive.
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Supplementary Material — Tables

Table S1 Anacardium accessions analysed from the Active Germplasm Bank of the Professor Cinobelina Elvas Campus, Federal University of Piaui, in Bom Jesus-PI (AN: 4.
humile or A. occidentale), and provided by Embrapa Tropical Agroindustry (CNPAT), Fortaleza-CE (BRS: 4. occidentale; and BGC: 4. occidentale, previously identified as
A. othonianum). BRS 226 is a cultivar, and clones from this accession planted in Fortaleza-CE and Parnaiba-PI were evaluated. The abbreviations PI, CE, and GO refer to the

states of Piaui, Ceara, and Goias, respectively, while DF stands for the Federal District

Species Germplasm ID Elevatio Municipality State Voucher Geographic Morphological Description Type of analysis
n (m) Coordinates
A. occidentale AN-700 271 Bom Jesus PI 88.968 09°05°03.1"°S, Tree, red peduncle Agronomy,
44°20°23.37 W cytometry and
molecular
A. occidentale AN-701 264 Bom Jesus PI 88.969 09°05°03.5” S, Tree, yellow peduncle Agronomy,
44°20°23.3” W cytogenetics,
cytometry and
molecular
A. occidentale AN-702 270 Bom Jesus PI 88.970 09°05'51.5"S, Tree, yellow peduncle Agronomy and
44°2033.1" W molecular
A. occidentale AN-703 263 Bom Jesus PI 88.971 09°05°53.5” S, Tree, red peduncle Agronomy and
44°20°34.8° W molecular
A. occidentale AN-704 262 Bom Jesus PI 88.972 09°05°51.7” S, Tree, red peduncle Agronomy,
cytogenetics,

44°20°34.7° W



. occidentale

. occidentale

. occidentale

. occidentale

. occidentale

A. humile

AN-705

AN-706

AN-707

AN-708

AN-709

AN-710

221

117

114

103

202

366

Alvorada do
Gurguéia

Alvorada do
Gurguéia

Alvorada do
Gurguéia

Alvorada do
Gurguéia

Alvorada do
Gurguéia

Corrente dos
Matdes- Bom
Jesus

PI

PI

PI

PI

PI

PI

88.973

88.974

88.975

88.976

88.977

88.978

08°22°35.0” S,
43°51°27.1” W

08°22°35.5” S,
43°51°30.5” W

08°22°32.4” S,

43°51°31.27 W

08°22°53.3” S,

43°51°41.9” W

08°22°43.1” S,
43°51°38.2” W

09°08°31.7” S,
44°40°36.7° W

Tree, red peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Shrub, orange peduncle
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cytometry and
molecular

Agronomy,
cytometry and
molecular

Agronomy,
cytogenetics and
cytometry

Agronomy and
cytogenetics

Agronomy,
cytogenetics and
molecular

Agronomy,
cytometry and
molecular

Agronomy



A. humile

A. humile

. occidentale

. occidentale

. occidentale

. occidentale

. occidentale

. occidentale

AN-711

AN-712

AN-714

AN-715

AN-716

AN-717

AN-718

AN-719

364

361

340

366

377

368

378

379

Corrente dos
Matdes- Bom
Jesus

Corrente dos
Matdes-Bom
Jesus

Corrente dos
Matdes- Bom
Jesus

Currais

Currais

Currais

Currais

Currais

PI

PI

PI

PI

PI

PI

PI

PI

88.979

88.980

88.982

88.983

88.984

88.985

88.986

88.987

09°08°30.3” S,
44°40°36.5” W

09°08°31.3” S,
44°40°36.0” W

09°09°06.9” S,
44°37°23.4° W

09°01°05.6” S,
44°23°52.0” W

09°00'52.7" S,
44°23'45.8" W
09°00°52.6” S,
44°23°46.5” W

09°00'51.4"S
44°23'48.5" W
09°00°52.3” S,
44°23°47.4” W

Shrub, yellow peduncle

Shrub, orange peduncle

Tree, orange/yellowish

peduncle

Tree, orange peduncle

Tree, orange/yellowish
peduncle

Tree, red/orange peduncle

Tree, yellow peduncle

Tree, yellow peduncle
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Agronomy,
Cytogenetics and
molecular

Cytogenetics,
Cytometry and
molecular

Cytogenetics and
molecular

Agronomy,
cytogenetics and
molecular

Agronomy

Agronomy,
cytometry and
molecular

Agronomy and
molecular

Agronomy,
cytometry and
molecular



. occidentale

. occidentale

. occidentale

. occidentale

. occidentale

. occidentale

. occidentale

. occidentale

AN-800

AN-801

AN-802

AN-803

AN-804

AN-808

AN-809

AN-810

10

10

48

46

45

Parnaiba

Parnaiba

Parnaiba

Parnaiba

Parnaiba

Buriti dos Lopes

Buriti dos Lopes

Buriti dos Lopes

PI

PI

PI

PI

PI

PI

PI

90.237

90.238

90.239

90.240

90.241

90.245

90.246

90.247

02°51'5.26"S
41°46'0.03"W

02°51'6.85" S,
41°45'54.21" W

02°51'4.49" S,
41°45'53.95" W
02°50'4.86" S
41°44'21.85" W

02°50'7.56" S,
41°4420.04" W

03°11'34.64" S,
41°52'43.70" W

03°1227.43" S,
41°52'02.51" W
03°12"2.41" S,
41°52'02.27" W

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle

Tree, yellow peduncle
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Agronomy and
molecular

Agronomy,
cytogenetics,
cytometry and

molecular

Agronomy

Agronomy,
cytogenetics and
molecular

Agronomy

Agronomy

Agronomy

Agronomy



A. humile

A. occidentale

A. occidentale

A. occidentale

A. occidentale

A. occidentale

A. occidentale

A. humile

A. humile

A. occidentale

AN-830

BGC-45

BGC-45.2

BGC-45.4

BGC-46

Clone BRS 226

Clone BRS 226

663

670

Goias

Urugui

CNPAT

CNPAT

CNPAT

CNPAT

CNPAT

Parnaiba

Brasilia

Brasilia

Santa Rosa de
Goias

GO

GO

GO

GO

CE

PI

DF

DF

GO

08°5928.9" S
45°0524.7" W

16°13'44.6" S
47°58'15.2" W

16°13'44.6" S
47°58'15.2" W
16°13'44.6" S
47°58'15.2" W
16°13'44.6" S
47°58'15.2" W

09°04'54.5" S
44°19'40.3" W

16°01'54.8" S
49°26'40.9" W

Shrub, yellow peduncle

Tree, red/orange peduncle

Tree, red/orange peduncle

without fruits and
pseudofruits

without fruits and
pseudofruits

Tree, red peduncle
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Molecular

Cytogenetics and
cytometry

Molecular

Molecular

Molecular

Cytogenetics and
molecular

Agronomy

Molecular

Molecular

Molecular




Table S2 PCR (Polymerase Chain Reaction) programs used for amplification of nuclear and plastid loci
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Locus 35 cycles
Denaturation Denaturation Annealing Extension Final Extension
matK 4 min at 94°C 1 min at 94°C 1 min at 55°C 2 min at 72°C 8 min at 65°C

rpsi6, trnL-F and ycfl 5 min at 95°C 1 min at 95°C 1 min at 56°C

ITS 5 min at 95°C 1 min at 95°C 1 min at 55°C

1 min at 72°C

1 min at 72°C

10 min at 72°C

10 min at 72°C

Table S3 The samples used in the phylogenetic analyses. Species sampled, voucher information, and GenBank accession numbers.

with the corresponding publication. New sequences were generated during this study

Sequences taken from GenBank are listed

Taxa Accession ITS matK rpsl6 trnL_trnF yefl Reference (s)
Spondias mombin Jacq - AF445882 NC 035973 NC 035973 KR081860 NC 035973 Becerra (2003); Santos
and Almeida (2019)
Fegimanra africana (Oliv.) - - AY594489 AY594599 AY594515 - Pell (2004)
Pierre
Mangifera indica L. - MF678509 - - - NC 035239 Fitmawati et al. (2017);
Rababh et al. (2017)
Anacardium excelsum Montiel 32769; KF664193 JQ586468 KP055362 KP055484 - Xie et al. (2014);

BioBo0t02020;
Daly 13970

(Bertero & Balb. ex Kunth)
Skeels

Weeks et al. (2014)



Anacardium parvifolium
Ducke

Anacardium spruceanum
Beth.ex Engl.

Anacardium occidentale L.

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Reserva Ducke
(INPA)

INPA2527

Zhang L sn
(KUN)

AN-700

AN-701

AN-702

AN-703

AN-704

AN-705

KF664192;
AB071690

PV089646

PV089647

PV089648

PV089649

NC_035235

PRINA1224782

PRINA1224782

KP055364

KP055365

KF664442

PRINA1224782

PRINA1224782

KP055485

KP055486

AY594497

PRINA1224782

PRINA1224782

NC_035235

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782
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Weeks et al. (2014)

Weeks et al. (2014)

Yonemori et al. (2002);
Pell (2004); Xie et al.
(2014); Rabah et al.
(2017)

This study

This study

This study

This study

This study

This study



Anacardium occidentale

Anacardium occidentale

Anacardium humile A.St.-Hil.

Anacardium occidentale

Anacardium humile

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

AN-708

AN-709

AN-711

AN-714

AN-712

AN-715

AN-717

AN-718

AN-719

AN-800

PV089650

PV089651

PV089703

PV089652

PV089653

PV089654

PV089655

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study



Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium occidentale

Anacardium humile A.St.-Hil.

Anacardium occidentale

Anacardium humile

Anacardium humile

AN-801

AN-803

BGC-45.4

BRS 226

BGC-45.2

BGC-46

830

Goias

663

670

PV089656

PV089657

PV089661

PV089659

PV089660

PV089658

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782

PRINA1224782
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This study

This study

This study

This study

This study

This study

This study

This study

This study

This study




Table S4 Qualitative data of pseudofruits (peduncles) from Anacardium occidentale L. and A. humile A.St.-Hil. accessions of the Active Germplasm Bank

68

BAG ID! CAS? SCAB? RCA* CAAS GACAS® CACA’ SCA3
AN-700 Conical to obovate Angular Broken Level Shallow Shallow Smooth and glossy
AN-701 Cylindrical Flattened Absent Level Shallow Shallow Smooth and glossy
AN-702 Round Obliquely flattened Absent Level Absent Shallow Smooth and glossy
AN-703 Round Obliquely flattened Absent Level Deep Shallow Smooth and glossy
AN-704 Cylindrical Angular Absent Level Shallow Deep Smooth and glossy
AN-705 Conical to obovate Angular Absent Level Absent Shallow Smooth and glossy
AN-706 Round Obliquely flattened Broken Level Absent Shallow Smooth and glossy
AN-707 Conical to obovate Obliquely flattened Absent Level Shallow Deep Smooth and glossy
AN-708 Pyriform Obliquely flattened Broken Level Shallow Deep Smooth and glossy
AN-709 Round Obliquely flattened Entire Level Deep Shallow Smooth and glossy
AN-710 Round Obliquely flattened Absent Level Absent Shallow Smooth and glossy
AN-711 Conical to obovate Obliquely flattened Absent Level Absent Deep Smooth and glossy
AN-715 Conical to obovate Angular Absent Level Shallow Shallow Smooth and glossy
AN-716 Round Rounded Absent Level Absent Shallow Smooth and glossy
AN-717 Round Obliquely flattened Absent Level Deep Absent Smooth and glossy
AN-718 Conical to obovate Angular Absent Level Shallow Deep Rough and dull
AN-719 Conical to obovate Angular Broken Level Shallow Shallow Smooth and glossy



AN-800
AN-801
AN-802
AN-803
AN-804
AN-808
AN-809
AN-810
BRS 226

Round
Conical to obovate
Conical to obovate

Round

Round
Conical to obovate
Conical to obovate
Conical to obovate

Cylindrical

Obliquely flattened
Angular
Rounded
Rounded
Rounded
Angular

Obliquely flattened

Obliquely flattened

Flattened

Entire
Entire
Entire
Absent
Absent
Broken
Broken
Broken

Entire

Level
Level
Level
Oblique
Level
Level
Level
Level

Level

Absent
Shallow
Shallow
Shallow
Absent
Absent
Shallow
Shallow
Absent

Shallow
Shallow
Shallow
Shallow
Shallow
Shallow
Shallow
Shallow
Shallow

Smooth and glossy
Smooth and glossy
Smooth and glossy
Smooth and glossy
Smooth and glossy
Smooth and glossy
Smooth and glossy
Smooth and glossy

Smooth and glossy
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BAG ID' - Identification of the accessions in the Germplasm Bank

CAS? — Cashew apple shape

SCAB? — Shape of cashew apple base

RCA*- Ridges on cashew apple

CAAS — Cashew apple apex

GACA® — Grooves on apex cashew apple
CACA’ — Cavity at apex cashew apple

SCAS® — Skin of cashew apple
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Table S5 Scott-Knott analysis based on agronomic data of pseudofruits (peduncles) from accessions of the Active Germplasm Bank of A. occidentale

L. and 4. humile A.St.-Hil.

BAG ID? LeCA3 WiCA* DiCA> WeCA ¢ TSS? L? a’ b
(cm) (cm) (cm) (8) (%)

AN-700 3.48 ¢! 228 ¢ 2.10f 8.52¢e 152¢ 61.33d 23.79 ¢ 30.03 g
AN-701 220 192¢ 191 f 5.02f 159b 68.31b 13.57 f 50.32 ¢
AN-702 2151 224¢ 2.04 f 6.92 f 14.0 69.61b 18.24d 48.67d
AN-703 2241 2.04f 1.91f 5.44f 162 b 57.61e 34.08 a 33.29 f
AN-704 5.04b 221e 217 e 12.13 ¢ 16.5b 68.86 b 20.78 d 47.60 d
AN-705 213 1.84h 183 ¢ 391 f 13.6d 57.90 e 33.66 a 34.41f
AN-706 2.44h 2.57d 2.52d 9.19 ¢ 14.0 ¢ 75.03 a 1235 ¢ 48.68 d
AN-707 245h 242 232e 9.14 ¢ 15.1¢ 70.10 b 17.25¢ 55.71b
AN-708 270 g 235e 2.50d 9.16 ¢ 13.4d 71.94b 14.60 e 54.92b
AN-709 2271 227e 224¢ 742 123 e 67.64 b 13.57 f 51.44c
AN-710 1.92 2.14f 233 e 6.46 f 17.4b 62.57d 16.39 ¢ 36.71 e
AN-711 2211 1.68 i 182¢ 433 f 19.6a 65.31¢c 24.51¢ 49.82 ¢
AN-715 2.96 f 192¢ 1.79¢g 522f 17.3b 59.45¢e 24.83 ¢ 38.18 ¢
AN-716 1.50 k 1.62 i 1.57h 331f 20.0a 61.66d 23.22¢ 50.93 ¢
AN-717 2.01 j 2.05f 1.98 f 520 f 14.8¢ 58.80 e 27.24b 37.53 ¢
AN-718 230 195¢ 181¢g 536 f 16.0b 59.79 e 19.34d 47.31d
AN-719 2.86¢ 201 ¢g 2.06 f 691 f 13.0d 59.63 e 30.66 a 39.53 ¢
AN-800 3.14f 3.74b 3.55b 29.07 ¢ 13.4d 74.93 a 1093 ¢ 56.36b



AN-801 434 c 3.56b 343b 31.37¢
AN-802 3.94d 3.68b 3.51b 34.06b
AN-803 2.291 2.63d 2.62d 10.14 ¢
AN-804 2.88¢g 3.08 ¢ 3.04c 18.81d
AN-808 3.01f 2.13f 1.82¢g 7.54 ¢
AN-809 1.98] 2.10f 2.00f 6.22f
AN-810 2.00j 1.86 h 1.79¢g 586f
BRS 226 621 a 529a 508 a 104.02 a
CV (%) 10.41 9.25 9.95 36.6

13.4d
14.0c
1540
143 ¢
13.5d
16.1b
13.1d
11.1e
13.86

69.93b
7541 a
69.21b
70.19b
76.17 a
71.08 b
67.270b
59.71e
5.91

1524 ¢
548 ¢
14.09 f
1141¢g
10.05 ¢
12.11¢g
16.09 ¢
32.51a
20.43

60.83 a
55.08b
49.12 ¢
5842 a
55.16b
52.67b
53.48b
45.79d
8.35

"Means followed by the same letter in the column do not differ significantly from each other (p < 0.01)

BAG ID? — Identification of the accessions in the Germplasm Bank
LeCA3 — Length cashew apple

WiCA* — Width cashew apple

DiCAS — Diameter cashew apple

WeCA®— Weight cashew apple

TSS” — Total soluble solids content

L8 — Lightness

a’ — Red/green coordinate (*a indicates red and “a indicates green)

b'% — Yellow/blue coordinate (*b indicates yellow and ~b indicates blue)
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Table S6 Qualitative data of fruits (cashew nuts) from accessions of the Active Germplasm Bank of A. occidentale L. and A. humile A.St.-Hil.

BAG ID! RPSA? SNA3 SN# SNB® NS¢ FN’ SSN?
AN-700 In front of apex Intermediate Rounded Flattened Oblong-ellipsoid Rounded Large
AN-701 In front of apex Round Angular Flattened Kidney-shaped Rounded Small
AN-702 In front of apex Round Angular Flattened Kidney-shaped Flattened Large
AN-703 In front of apex Round Rounded Flattened Kidney-shaped Flattened Large
AN-704 In front of apex Round Rounded Flattened Kidney-shaped Rounded Large
AN-705 In front of apex Round Angular Flattened Kidney-shaped Flattened Small
AN-706 In front of apex Pointed Angular Obliquely flattened Kidney-shaped Rounded Large
AN-707 In front of apex Round Angular Flattened Kidney-shaped Flattened Large
AN-708 In front of apex Intermediate Rounded Flattened Kidney-shaped Flattened Small
AN-709 In front of apex Intermediate Angular Flattened Oblong-ellipsoid Flattened Large
AN-710 In front of apex Intermediate Angular Flattened Oblong-ellipsoid Flattened Large
AN-711 In front of apex Round Angular Flattened Oblong-ellipsoid Flattened Large
AN-715 In front of apex Round Angular Flattened Oblong-ellipsoid Flattened Large
AN-716 In front of apex Intermediate Angular Flattened Kidney-shaped Rounded Large
AN-717 In front of apex Round Rounded Flattened Kidney-shaped Flattened Large
AN-718 In front of apex Round Angular Flattened Kidney-shaped Flattened Large
AN-719 In front of apex Round Rounded Flattened Oblong-ellipsoid Bulging Small
AN-800 In front of apex Intermediate Angular Rounded Kidney-shaped Rounded Large
AN-801 In front of apex Intermediate Rounded Rounded Kidney-shaped Flattened Large
AN-802 In line with apex Round Angular Rounded Kidney-shaped Flattened Large



AN-803
AN-804
AN-808
AN-809
AN-810
BRS 226

In front of apex
In front of apex
In front of apex
In front of apex

In front of apex

In line with apex

Intermediate
Round
Round
Round
Round
Round

Angular
Rounded
Angular
Angular
Angular
Angular

Flattened
Flattened
Rounded
Rounded
Rounded
Rounded

Kidney-shaped
Kidney-shaped
Kidney-shaped
Kidney-shaped
Kidney-shaped
Kidney-shaped

Flattened
Flattened
Flattened
Flattened
Flattened

Flattened

Large
Small
Small
Small
Large
Large

73

BAG ID! - Identification of the accessions in the Germplasm Bank

RPSA? — Relative position of suture and apex

SN3— Suture of nut

SNA* — Shape of nut apex
SNB?® — Shape of nut base

NS¢ — Nut shape
FN’ — Flanks of nut

SSN8 — Stylar scar on nut
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Table S7. Scott-Knott analysis based on agronomic data of fruits (cashew nuts) from accessions of the Active Germplasm Bank of A. occidentale L. and A. humile A.St.-Hil.

BAG ID? NL3 Nw# NT? WeN® L a® b’
(cm) (cm) (cm) (€9)

AN-700 1.51h! 1.69d 1.05f 1.20 f 57.99 a -2.53f 19.21a
AN-701 1.62¢g 149 f 1.08 e 146 ¢ 54.95b -0.62e 16.87b
AN-702 1.76 f 1.54¢ 1.02 f 1.56¢ 5097 ¢ 0.54d 20.09a
AN-703 1.60 g 1.29h 0.92h 1.10 f 5248 ¢ -1.61f 14.96 c
AN-704 1.82f 1.56¢ 1.12¢ 1.74 ¢ 51.06 ¢ 1.16 c 20.15a
AN-705 1.84f 140¢g 098¢ 1.38 52.82¢ 1.19¢ 19.61 a
AN-706 1.69¢g 1.45¢f 097¢g 1.55¢ 5829 a -1.28 e 17.84 b
AN-707 1.43h 1.48 f 099 ¢ 1.50e 50.20 ¢ -0.20d 1526 ¢
AN-708 1.67¢g 1.62¢e 1.10e 1.52¢ 48.74 d 349a 16.52b
AN-709 2.0le 1.58 e 0.92h 1.68 ¢ 47.55d -2.16f 13.53d
AN-710 1.59¢g 1.48 f 1.10e 1.36 f 41.66 f -1.87f 14.16 ¢
AN-711 16lg 1.61le 1.04 f 1.33f 55.67b -1.06 ¢ 20.19 a
AN-715 1.58¢g 1.181 0.831 1.10 f 5943 a -2.50f 16.58 b
AN-716 1.77 f 1.75d 1.18d 1.81e 5021¢ 145c¢ 14.86 ¢
AN-717 1.60 g 1.46 £ 1.03 f 1.37f 48.88d 143 ¢ 15.74 c
AN-718 1.55¢ 1.39¢g 0.90 h 1.03 f 44.68 e 093¢ 18.37b
AN-719 15¢g 1.38¢g 093 h 144 ¢ 48.02d 1.54 ¢ 13.12d
AN-800 2.36d 1.74d 1.18d 348¢ 41.79 f 0.46d 13.07d



AN-801
AN-802
AN-803
AN-804
AN-808
AN-809
AN-810
BRS 226
CV (%)

2,640
250¢
2.06¢
2.09¢
1.6lg
1.86 f
1.85f
3.63a
6.68

198 ¢
223D
1.59¢
1.67d
135¢g
136 ¢
1.36¢g
2.99 a
7.50

1.48b
1.20d
1.12¢
1.37 ¢
1.02 f
1.07 ¢
1.08 ¢
222a
7.74

4.67b
437b
2.77d
3.00d
1.24f
1.75¢
1.60 e
1093 a
21.37

3530h
3849 ¢
39.13 g
45.09 ¢
4131 f
4433 ¢
42.04 f
57.13 a
8.40

1.20 ¢
0.89¢
1.87b
1.96 ¢
-1.64 £
1.32¢
-1.98 f
0.19d
6450

7.84 ¢
11.70
12.67d
12.42d
13.08d
13.01d
13.08d
13.34d
19.25

'Means followed by the same letter in the column do not differ significantly from each other (p < 0.01)

BAG ID? — Identification of the accessions in the Germplasm Bank

NL3 — Nut length
NW* — Nut width

NT® — Nut thickness
WeN°® — Weight of nut

L’ Lightness

a® — Red/green coordinate (*a indicates red and “a indicates green)

b’ — Yellow/blue coordinate (*b indicates yellow and ~b indicates blue)
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Table S8 Nucleotide diversity index (m) between populations for nuclear and plastidial datasets

Populations

Nucleotide Diversity ()

Nuclear Region

Plastidial Region

A. occidentale cultivated

A. occidentale Bom Jesus

A. occidentale Alvorada
A. occidentale Currais

A. occidentale Parnaiba
A. occidentale Santa Rosa

A. humile Bom Jesus

A. humile Brasilia

A. humile Urugui

0.028231 +/- 0.017896
0.009852 +/- 0.007094

0.032895 +/- 0.033707
0.002204 +/- 0.002264

0.052893 +/- 0.040156

0.000000 +/- 0.000000

0.000000 +/- 0.000000

0.089319 +/- 0.051699
0.000976 +/- 0.001127

0.002598 +/- 0.002756
0.000000 +/- 0.000000
0.082844 +/- 0.061894

0.000000 +/- 0.000000

0.003910 +/- 0.004070
0.000000 +/- 0.000000

0.000000 +/- 0.000000

Table S9 Population differentiation based on allele frequency variance, pairwise Fsr for the nuclear dataset

Populations A. occidentale A. occidentale A. occidentale A. occidentale  A. occidentale A. occidentale — A. humile
cultivated Bom Jesus Alvorada Currais Parnaiba Santa Rosa Bom Jesus
A. occidentale cultivated 0.00000
A. occidentale Bom Jesus 0.17088 0.00000
A. occidentale Alvorada 0.12387 0.16418 0.00000
A. occidentale Currais 0.14793 -0.11392 0.20755 0.00000
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A. occidentale Parnaiba -0.00236 0.23596 0.06746 0.18702 0.00000
A. occidentale Santa Rosa -0.26415 0.46667 -0.28000 0.80000 -0.36735 0.00000
A. humile Bom Jesus -0.45652 -0.33333 -0.77778 0.20000 -0.67500 1.00000 0.00000

Table S10 Population differentiation based on allele frequency variance, pairwise Fgsr for the plastidial dataset

Populations A. occidentale  A. occidentale A. occidentale  A. occidentale  A. occidentale A. occidentale A. humile A. humile A. humile
cultivated Bom Jesus Alvorada Currais Parnaiba Santa Rosa Bom Jesus Brasilia Urugui
A. occidentale cultivated 0.00000
A. occidentale Bom Jesus -0.19191 0.00000
A. occidentale Alvorada -0.20337 0.00000 0.00000
A. occidentale Currais -0.78225 0.33333 -0.33333 0.00000
A. occidentale Parnaiba 0.01187 -0.09512 -0.08190 -0.81592 0.00000
A. occidentale Santa Rosa -0.95350 0.92000 0.68000 1.00000 -0.82957 0.00000
A. humile Bom Jesus 0.61078 0.99755 0.99020 1.00000 0.74021 1.00000 0.00000
A. humile Brasilia -0.21322 0.65714 0.50000 0.37500 -0.03496 0.37500 0.98783 0.00000

A. humile Urugui -0.73897 0.91667 0.68000 1.00000 -0.58351 1.00000 1.00000 041176 0.00000




Table S11 Significance analysis based on allele frequency variance, pairwise Fsr for the nuclear dataset
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Populations

A. occidentale
cultivated

A. occidentale
Bom Jesus

A. occidentale
Alvorada

A. occidentale
Currais

A. occidentale
Parnaiba

A. occidentale
Santa Rosa

A. humile
Bom Jesus

A. occidentale cultivated

A. occidentale Bom Jesus

A. occidentale Alvorada
A. occidentale Currais

A. occidentale Parnaiba
A. occidentale Santa Rosa

A. humile Bom Jesus

*

0.12355+-0.0031
0.20404+-0.0035
0.14909+-0.0038
0.55430+-0.0053

0.99990+-0.0000

0.99990+-0.0000

*

0.33997+-0.0048
0.99990+-0.0000

0.02891+-0.0017

0.99990+-0.0000

0.99990+-0.0000

*

0.19226+-0.0043

0.39244+-0.0055

0.99990+-0.0000

0.99990+-0.0000

E3

0.10256+-0.0028

0.99990+-0.0000

0.99990+-0.0000

0.99990+-0.0000

0.99990+-0.0000

0.99990+-0.0000

*




Table S12 Significance analysis based on allele frequency variance, pairwise Fsr for the plastidial dataset
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Populations

A. occidentale
cultivated

A. occidentale
Bom Jesus

A. occidentale
Alvorada

A. occidentale
Currais

A. occidentale
Parnaiba

A. occidentale
Santa Rosa

A. humile Bom
Jesus

A. humile
Brasilia

A. humile
Urugui

A. occidentale cultivated

A. occidentale Bom Jesus

A. occidentale Alvorada
A. occidentale Currais

A. occidentale Parnaiba
A. occidentale Santa Rosa
A. humile Bom Jesus
A. humile Brasilia

A. humile Urugui

*

0.28245+-0.0043
0.31343+-0.0044
0.99990+-0.0000
0.34670+-0.0045

0.99990+-0.0000

0.99990+-0.0000

0.26819+-0.0042

0.99990+-0.0000

*

0.99990+-0.0000
0.99990+-0.0000

0.50460+-0.0050

0.99990+-0.0000

0.99990+-0.0000

0.33215+-0.0048

0.99990+-0.0000

*

0.99990+-0.0000

0.50411+-0.0048

0.99990+-0.0000

0.99990+-0.0000

0.33106+-0.0044

0.99990+-0.0000

*

0.49856+-0.0051

0.99990+-0.0000

0.99990+-0.0000

0.33759+-0.0046

0.99990+-0.0000

0.99990+-0.0000

0.99990+-0.0000

0.51104+-0.0057

0.99990+-0.0000

0.99990+-0.0000

0.34086+-0.0049

0.99990+-0.0000

0.33521+-0.0042

0.99990+-0.0000

0.99990+-0.0000

*




Table S13 Analysis of Molecular Variance (AMOVA) for seven populations of the nuclear dataset

Source of variation df. Sum of Variance Percentage of
squares components variation (%)
Among groups 2 10.613 -0.36860 Va -6.63
Among populations
e 4 27.026 0.55368 Vb 9.96
within groups
Within populations 12 64.467 5.37222 Vc 96.67
Total 18 102.105 5.55730
Fixation Indices
Fsc! 0.108560
Fs1? 0.03330
Fcrd -0.06633

Fsc! - Fixation index among subpopulations within clusters

Fst? — Fixation index among subpopulations relative to the total population

Fcr’- Fixation index among clusters relative to the total population

Table S14 Analysis of Molecular Variance (AMOVA) for nine populations of the plastidial dataset

Source of variation df. Sum of Variance Percentage of
squares components variation (%)
Among groups 1 123.007 -0.06342 Va -0.06
Among populations 7 865.967 15.05904 Vb 1382
within groups
Within populations 10 939.500 93.95000 Vc 86.24

80



Total 18 1928.474 108.94561

Fixation Indices

Fsc! 0.13814
Fst? 0.13764
Fer? -0.00058

Fsc! - Fixation index among subpopulations within clusters
Fst? — Fixation index among subpopulations relative to the total population

Fer®- Fixation index among clusters relative to the total population
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Figure S1 Histograms of relative fluorescence intensities of nuclei isolated from samples of Anacardium. A) A. occidentale
previously identified as A. othonianum (BGC-45), B) A. occidentale (AN-709), and C) A. occidentale (AN-719) against the internal

standard Solanum Iycopersicum, var. Stupicke (control)
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Figure S3 Bayesian tree of Anacardium derived from the analysis of plastidial regions matK, rpsi6, and
trnL-F. The posterior probability (PP) values are shown for each node, and asterisks indicate tree accessions

of Anacardium occidentale with cashew-type fruits and cashew apples, i.e., the possible hybrids
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Figure S4 Alignment of the cashew reference plastome (4. occidentale) with NGS sequences
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Figure S5 Bayesian tree of Anacardium derived from the analysis of the plastidial region ycfI. The posterior
probability (PP) values are shown for each node, and asterisks indicate tree accessions of Anacardium

occidentale with cashew-type fruits and cashew apples, i.e., the possible hybrids
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Figure S6 Bayesian tree of Anacardium derived from the analysis of plastidial regions matK, trnL-F, rpsi6,
and ycfl. The posterior probability (PP) values are shown for each node, and asterisks indicate tree

accessions of Anacardium occidentale with cashew-type fruits and cashew apples, i.e., the possible hybrids
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4. CONSIDERACOES FINAIS

A avaliagdo agrondmica dos acessos avaliados de Anacardium occidentale e A. humile,
empregando descritores quali- e quantitativos para o pedinculo (pseudofruto) e a castanha

(fruto verdadeiro), revelou a existéncia de variabilidade morfologica e genética.

Os acessos avaliados apresentaram sequéncias relativamente conservadas para as regides

plastidiais e nuclear.

As relagdes filogenéticas para as espécies de Anacardium avaliadas neste estudo permanecem
incertas, uma vez que nao foi possivel separar taxonomicamente as espécies e confirmar a

existéncia de possiveis hibridos.

As espécies aqui analisadas ndo diferiram citogeneticamente no nimero de cromossomos,

padrdo de bandas CMA/DAPI, distribui¢do de sitios de DNAr e conteudo de DNA.

A similaridade gendmica e morfoldgica entre Anacardium occidentale e A. humile sugere
especiagdo insipiente ou hibridizagao natural entre elas e talvez o papel da domesticagao na

diferenciagdo previamente reportada entre elas.
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