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RESUMO

SIMULACOES DE PARAMETROS GENETICOS A PARTIR DE
MICROSSATELITES: CONTRIBUICOES PARA A CONSERVACAO
DE RECURSOS FLORESTAIS DE BIOMAS BRASILEIROS

AUTOR: Caetano Miguel Lemos Serrote
ORIENTADORA: Lia Rejane Silveira Reiniger

A crescente destruicdo de ecossistemas florestais tem preocupado a sociedade em
nivel global e determinado que venham sendo elaboradas estratégias cada vez mais
efetivas para a conservacao de seus recursos genéticos. Na presente pesquisa foram
empregados dados de marcadores microssatélites em simulagcdes computacionais
com a finalidade de contribuir nos esforcos relacionados a conservacdo de recursos
florestais de biomas brasileiros. Com essa finalidade, foi utilizado o programa
EasyPop para efetuar simulagbes em populacdes florestais da maioria dos biomas
brasileiros objetivando gerar parametros para o planejamento de intervencdes visando
a conservacdo desses recursos genéticos. Os resultados obtidos indicam uma
tendéncia de reducdo de diversidade genética nas populacdes estudadas como
consequéncia de atividades antropicas. Nesse contexto, nosso trabalho reforca a
necessidade de adogédo de medidas com vistas a minimizar a perda de diversidade
genética, entre as quais a promoc¢ao do fluxo génico entre populacdes/fragmentos

florestais.

Palavras-chave: Conservacdo genética; Easypop; Ecossistemas florestais;

Marcadores moleculares.



ABSTRACT
SIMULATIONG GENETIC PARAMETERS FROM MICROSATELLITES:
CONTRIBUTIONS TO FOREST RESOURCES CONSERVATION IN BRAZILIAN
BIOMES

AUTHOR: Caetano Miguel Lemos Serrote
ADVISER: Lia Rejane Silveira Reiniger

The increasing destruction of forest ecosystems has been of concern to society
worldwide and demands for more effective conservation strategies for these genetic
resources. In this research, microsatellite markers data were used in computer
simulations aiming the conservation of forest resources in the Brazilian biomes. The
EasyPop program was used to perform simulations in forest populations representing
the different Brazilian biomes in order to generate genetic, ecological and reproductive
parameters useful for planning interventions for conservation of these resources. The
results indicate a trend for low genetic variability in the studied populations as a
consequence of anthropic activities. In this context, our work reinforces the need for
adopting measures aiming to minimize the loss of genetic diversity, such as promoting

gene flow between forest populations/fragments.

Keywords: Genetic conservation; Easypop; Forest ecosystems; Molecular markers.
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1 INTRODUCAO GERAL

Nas ultimas décadas os recursos naturais, incluindo os florestais, vém sendo
destruidos em ritmo acelerado pela alegada necessidade de atender as demandas
das populacbes humana que crescem exponencialmente. Além de estarem sendo
destruidos, ecossistemas que albergam populacdes de espécies florestais vém sendo
fragmentados em subpopulagbes de menor tamanho e com isolamento espacial entre
individuos, podendo desencadear processos ecologicos e genéticos com
consequéncias potencialmente desastrosas, representando, assim, a maior ameaca
para a manutencao e viabilidade das popula¢des naturais de plantas (LOWE et al.,
2005; QUESADA et al., 2013).

Populacdes de espécies com tamanho reduzido sdo mais suscetiveis aos
efeitos da deriva genética e da endogamia, conduzindo a uma diminuicdo da
variabilidade genética, que é a componente chave para a sustentabilidade das
espécies, pois fornece matéria-prima para os processos de adaptacdo, evolugéo e
sobrevivéncia, especialmente em um cenario de mudancas ambientais. Em curto
prazo, as populacbes com baixa variabilidade genética tém aumentada sua
susceptibilidade a doencas e pragas, perda de alelos de incompatibilidade e fixacao
de alelos deletérios. Em longo prazo, a perda de variabilidade genética pode conduzir
a reducdo na capacidade das populacGes em responder a alteracdes nas pressdes
de selecdo. Assim, a abordagem genética da conservacéo concentra sua atencao na
minimizacdo dos efeitos do isolamento reprodutivo entre individuos pertencentes a
fragmentos diferentes, através da promocado do fluxo génico entre eles (NEIGEL,
1997; LOWE et al., 2005).

O tamanho de uma populacdo abaixo do qual os efeitos genéticos sdo mais
severos, tornando o risco de extingdo extremamente elevado, é denominado
Populagcdo Minima Viavel (PMV), parametro que pode ser estimado tomando-se em
consideracao aspectos reprodutivos, demograficos e genéticos de uma determinada
populacao. Os dados utilizados na estimagao podem ser obtidos mediante o emprego
de marcadores de DNA, como, por exemplo, microssatélites (CONSON et al., 2013).

O emprego de marcadores de DNA em estudos sobre conservacao tornou-se

mais efetivo com o desenvolvimento de programas de computador que permitem



10

realizar simulacdes. Tratam-se de programas que usam dados da estrutura genética
obtidos com o uso de marcadores de DNA para gerar parametros geneéticos,
ecolégicos e reprodutivos associados a esses dados, permitindo fazer projecdes do
comportamento da variabilidade genética com o decorrer do tempo e, desse modo,
planejar com maior efetividade eventuais intervengdes visando a conservacao
(FLATHER, 2011; PENG et al., 2013).

Entre diversos programas de simulacdo desenvolvidos, no presente trabalho
sera usado o EASYPOP (BALLOUX, 2001) para estudar os padrdes genéticos,
ecologicos e reprodutivos que melhor explicam a estrutura genética de diferentes
espécies arboreas florestais que ocorrem em biomas brasileiros, os quais foram
obtidos com base em marcadores de DNA do tipo microssatélites. Os resultados
obtidos a partir dessas simulacdes poderao fornecer subsidios para o planejamento
visando a conservacao, na medida em que permitirdo analisar a tendéncia de erosao
da variabilidade genética e, quando necessario, serdo sugeridas alternativas para

conter essa erosao.

Diante do exposto, o presente trabalho tem como objetivo geral contribuir para
a conservacao dos recursos genéticos florestais de biomas brasileiros por meio de
simulacbes de parametros genéticos obtidos pelo emprego de marcadores
microssatélites. Foram realizadas sete pesquisas, organizadas em capitulos,
conforme a descri¢cdo a seguir. No capitulo I, foi realizada uma revisdo de literatura
sobre a determinacdo do Contetdo de Informacdo Polimérfica (PIC), que mede a
capacidade de um marcador molecular em revelar polimorfismo. No capitulo Il, foi
realizado um levantamento dos estudos genéticos realizados em biomas brasileiros
com o uso de marcadores de DNA do tipo microssatélites. No capitulo Ill, objetivou-
se estimar, por meio de simulagbes, o padrdao do fluxo génico em fragmentos de
Cabralea canjerana em desenvolvimento no bioma da Mata Atlantica. No capitulo 1V,
recorreram-se a simulagbes para o estudo da estrutura genética de populacdes
Hancornia speciosa, do bioma Caatinga. No capitulo V, foi simulado o sistema
reprodutivo de populacdes de Hymenaea courbaril em desenvolvimento na Amazdénia
Sul-Ocidental. No capitulo VI, foi simulado o padrao de fluxo génico de fragmentos de

Copaifera langsdorffii, do Cerrado. Finalmente, no capitulo VII foi estudado, por meio
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de simulacdes, o fluxo génico em remanescentes de Prosopis rubriflora, localizados

no bioma Pantanal.

1. 2 OBJETIVOS

1.2.1 Objetivo geral
A presente tese tem como objetivo geral contribuir para a conservacao dos
recursos genéticos florestais de biomas brasileiros por meio de simulagdes de

parametros genéticos obtidos a partir de dados de marcadores microssatélites.

1.2.2 Objetivos especificos

Analisar o estado da arte da utilizacdo de marcadores microssatélites em
estudos com populacdes naturais de espécies arboreas florestais nativas de biomas

brasileiros publicados no periodo compreendido entre os anos de 2017 e 2021.

Identificar e selecionar, por meio de simula¢cdes computacionais, estimativas de
parametros que melhor justificam os parametros de estrutura genética obtidos a partir

de analises com marcadores microssatélites.

Estimar parametros genéticos populacionais de utilidade para a conservacao

de espécies florestais de biomas brasileiros.



2 REVISAO DE LITERATURA

2.1 FRAGMENTACAO FLORESTAL E VARIABILIDADE GENETICA

Nas Ultimas décadas tem se observado uma crescente destruicdo e
fragmentacdo de ecossistemas florestais, por ac¢bes antropicas que incluem
construcdo de estradas, ferrovias, cidades e abertura de campos agricolas. Habitats
ocupando extensas areas sdo, com frequéncia, divididos em por¢cdes menores, uma
condicdo que potencializa a ocorréncia de processos ecoldgicos e genéticos com

consequéncias potencialmente desastrosas (ALTER et al., 2007).

Além de isolar reprodutivamente individuos que contém apenas uma peguena
amostra do conjunto génico da populacao original, a fragmentacao florestal pode
causar continua perda de alelos devido a deriva genética (tépico desenvolvido na
sequéncia), caso a populacao remanescente permaneca isolada por varias geracoes,
reduzindo, assim, a diversidade de combinac¢des alélicas e a consequente flexibilidade
adaptativa da populacdo em face de alteracbes climaticas, aumentando a
probabilidade de seu declinio. Enquanto uma area grande de habitat pode ter
sustentado uma Unica populagéo grande, é possivel que nenhum de seus fragmentos
possa sustentar o suficiente uma subpopulagéo para que ela sobreviva por um longo
periodo (ALLARD, 1971; RIDLEY, 2006; VINSON et al., 2015).

Desse modo, pesquisas sobre a conservagao dos recursos naturais tém focado
no estudo da variabilidade genética existente entre e dentro de populacdes,
considerando-se a populacdo como a unidade béasica para a conservagdo da
biodiversidade no nivel de espécies individuais. A conservacdo da variabilidade
genética é determinante para a futura evolucdo e adaptabilidade das populacfes
locais e da espécie no geral, pois a evolucdo atua sobre uma variabilidade existente
na populagéo, permitindo a selecdo natural preservar os individuos com maior aptidao

as condi¢cbes ambientais correntes (SILVA et al., 2014).

2.2 SISTEMAS REPRODUTIVOS EM PLANTAS

O sistema de reproducédo refere-se a forma como as populacdes de uma

espécie recombinam seus genes a cada geracdo para formar a populagao
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descendente, determinando, desse modo, como a variabilidade genética de uma
espécie se organiza no espaco e no tempo. Conforme o modo de reproducao sexual
predominante, populagfes naturais de espécies florestais podem ser classificadas em
autdgamas, aldgamas ou mistas. Existem diversos critérios para classificar uma
espécie quanto ao modo reprodutivo, sendo que, de acordo com a classificacédo
comumente utilizada, quando, em suas populacdes, predomina a autofecundacao
(acima de 95% das fecundagcBes que ocorrem), a espécie é classificada como
autdgama; quando predomina a fecundacao cruzada (acima de 95%) ela € albgama;
espécies intermediarias ou mistas possuem uma taxa de autofecundacéo entre 5 e
95% e sdo, normalmente, tratadas no melhoramento como alégamas (DESTRO;

MONTALVAN, 1999).

A grande maioria das espécies de angiospermas é hermafrodita, com flores
bissexuais que contém 6rgaos reprodutivos tanto androicos como ginoicos (estames
e gineceu respectivamente), e somente 6% delas séo dioicas (BAWA et al., 1985;
MATSUNAGA et al.,, 2003), o que, neste caso, implica, obrigatoriamente, em
alogamia. Apesar de ndo haver separacdo espacial dos 6rgdos sexuais na maioria
das angiospermas, as espécies arboreas tropicais geralmente apresentam sistema
misto de reproducdo com predominio de cruzamentos (taxa média estimada em 0,88),
embora parte dos cruzamentos ocorra de forma ndo aleatéria, mas, sim, entre arvores
aparentadas (cruzamentos endogamicos) e de forma sistematica entre as mesmas
arvores (cruzamentos biparentais), gerando progénies compostas por misturas de
irmaos de autofecundacao, irmaos germanos ou completos, além de meios irméos.
Esse fato se deve a adaptacdes evolutivas desenvolvidas por essas espécies para
evitar a autofecundacdo e conservar a variacdo genética (SEBBENN, 2002;
SOBIERAJSKI et al., 2006).

Dentre os varios mecanismos que favorecem a fecundacdo cruzada, a
autoincompatibilidade é considerada o mais frequente (FRANKEL; GALUN, 1977). A
autoincompatibilidade é um mecanismo genético-fisiolégico que consiste na
impossibilidade de producéao de zigoto pela autofecundacéo ou pela fecundacgéao de
plantas que apresentam os mesmos alelos de incompatibilidade (SOBIERAJSKI et al.,
2006). Sua ocorréncia foi registrada em espécies lenhosas do bioma Caatinga, no

nordeste brasileiro (LEITE & MACHADO, 2010), na espécie arbustiva Camellia
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oleifera, nativa da China (LIAO et al.,, 2014), em Capparis retusa, no nordeste da
Argentina (BIANCHINI & GIBBS, 2000), em Dipterocarpus tempehes, na Malasia
(KENTA et al., 2002), em Eucalyptus globulus, na Australia (MCGOWEN et al., 2010),
entre diversos estudos realizados no mundo todo. No estudo de LEITE & MACHADO
(2010) foram analisada a biologia reprodutiva de 15 espécies do bioma Caatinga,

tendo sido observado que autoincompatibilidade em 73,3% delas.

2.3 MARCADORES MICROSSATELITES

Diversas técnicas moleculares permitem determinar a variacdo presente em
uma espécie e em suas populacdes. Entre essas técnicas, incluem-se aquelas
destinadas a deteccdo de variacdo de sequéncias de DNA, conhecidas como
marcadores de DNA. Elas permitem identificar variabilidade nas sequéncias de DNA
dos individuos analisados a um nivel de resolucdo superior ao polimorfismo passivel
de deteccao ao nivel morfolégico, permitindo estimar parametros genéticos Uteis para
um amplo espectro de estudos, desde identidade genética e construcdo de mapas

genéticos até analises filogenéticas e evolucionéarias (KALIA et al, 2011).

Entre diversos marcadores moleculares, 0s microssatélites (também
denominados “Simple Sequence Repeats — SSR”) consistem de sequéncias curtas de
nucleotideos repetidas, lado a lado (em tandem), cujo nivel de polimorfismo produzido
€ devido a variacdo no numero de unidades de repeticdo em um determinado loco.
Os genomas eucariotos sdo densamente povoados por sequéncias simples repetidas,
consistindo de dois a seis nucleotideos repetidos em tandem. As sequéncias de DNA
gue flanqueiam os microssatélites sdo geralmente conservadas entre os individuos de
uma mesma espécie, permitindo a selecéo de primers ou iniciadores especificos que
amplificam, via Reagdo em Cadeia da Polimerase — conhecida pelo acrénimo em
lingua inglesa “PCR”, fragmentos contendo o DNA repetitivo em todos os gendtipos.
Resultantes de suas altas taxas mutacionais, alelos polimérficos ocorrem sempre que
em um genoma esteja faltando a sequéncia repetida ou naqueles que tém uma
delecdo ou uma insercdo que modifique a distancia entre as repeti¢cdes, permitindo a
comparacdo do material genético de individuos diferentes (KALIA et al, 2011,
RODRIGUES et al., 2010).
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s

A hipervariabilidade dos microssatélites € mantida, principalmente, pelo
pareamento errébneo dos filamentos polinucleotidicos durante a replicacdo do DNA,
com o deslize (slipage) da enzima DNA polimerase. O nimero de repeticbes pode
aumentar ou diminuir, caso ocorra adicdo ou perda de uma ou mais unidades de
repeticdo pela DNA polimerase e se houver falha na atividade exonucleasica dessa
enzima. Por possuirem elevada reprodutibilidade e serem de heranca codominante,
esses marcadores vém sendo bastante utilizados para a estimagédo de parametros
genéticos de populagfes vegetais e para a compreensédo de padrdes de fluxo génico
e parentesco. Porém, sua utilizacdo em espécies florestais ainda hoje é limitada pela
dificuldade de desenvolver iniciadores para essas espécies devido a exigéncia de um
conhecimento prévio, pelo menos de parte, do genoma a ser estudado, ao elevado
custo e tempo necessario para seu desenvolvimento (SENAN et al., 2014;
BARRANDEGUY; GARCIA, 2016).

2.4 ESTRUTURA GENETICA POPULACIONAL

A distribuicdo heterogénea (ndo aleatdria) dos alelos e genétipos no espaco e
no tempo, resultante de forcas evolutivas, € denominada estrutura genética e pode
influenciar significativamente 0s processos genéticos e ecoldgicos das espécies,
resultando, assim, em agregados de genotipos especificos. O nivel de alteracéo
genética entre popula¢des naturais é de importancia critica para o entendimento de
muitos processos biolégicos, como a diferenciacdo genética e a manutencdo da
variabilidade genética em condi¢bes de fragmentacdo de populagbes (HAMRICK,
1982; ZUCCHI, 2002; STEFENON, 2010).

Diversos parametros sdo utilizados para caracterizar as populacdes, entre os
quais o numero de alelos, conteudo de informacao polimérfica, heterozigosidade
observada e esperada, coeficiente de endogamia ou indice de fixagdo. O numero total
de alelos existente na populacdo constitui-se em um parametro populacional
importante por estar relacionado a capacidade de as populagbes se adaptarem as
alteracdes ambientais. Quanto maior o numero de alelos na populagéo, maior a
diversidade de combinacfes possiveis que originam diferentes genaotipos capazes de
se adaptar a determinadas condicdes do ambiente. Uma medida relativa da

guantidade de alelos é a riqueza alélica, a qual corresponde ao numero médio de
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alelos segregando em um loco dentro de uma populacdo, mas pode ser também
abordada em termos de numero medio de alelos por loco. Esse parametro permite
comparar a variabilidade genética de populacfes com diferente tamanho amostral
(baseado no menor tamanho amostral entre as populagcées) (SANCHEZ-MAZAS et
al., 2012; VINSON et al., 2015).

2.5 FLUXO GENICO

A variacao genética existente entre populacdes de uma espécie resulta de um
balanco entre forcas evolutivas que tendem a produzir diferenciacdo genética local —
como a deriva e a selecdo natural — e a forca que tende a promover uma
homogeneizacdo genética entre as populacdes — o fluxo génico. O fluxo génico
corresponde a entrada ou saida de genes, sendo capaz de alterar a composi¢cao
genética original em uma determinada populacdo. O fluxo génico expressa 0 numero
de migrantes entre populagbes por geracdo, Iimportante para conectar
reprodutivamente populagdes isoladas (HELLBERG et al., 2002; ZUCCHI, 2002).

Assim, a maior parte dos programas de conservacao tem seu enfoque na
reducao das barreiras para distribuicdo de genes nas popula¢des de modo a minimizar
a perda de genes. Tais barreiras podem ser fisiolégicas e/ou de distancia, muitas
vezes criadas pela fragmentacédo de populacdes, resultando na restricdo do fluxo de
genes entre as subpopulacdes, propiciando, assim, a endogamia e deriva genética.
Desse modo, o fluxo génico em populacdes naturais de plantas é fundamental na
homogeneizacéao das frequéncias alélicas entre populacdes pequenas, de modo a que
se comportem como uma grande populagdo com cruzamentos aleatorios, mesmo que
separadas geograficamente. Com frequéncias alélicas que, antes do fluxo eram
diferentes, depois do fluxo se tornam homogéneas entre si, minimizando, desse modo,
os efeitos da deriva genética (SLATKIN, 1985; ZUCCHI, 2002).

O fluxo génico entre populagbes pode ocorrer sob diferentes modelos: (a)
modelo de alpondras (stepping stone) uni-dimensional, no qual as popula¢cdes sao
ordenadas ao longo de uma linha, cada uma recebendo migrantes apenas de
populacdes vizinhas; (b) modelo de alpondras (stepping stone) bi-dimensional, uma

extensdo do modelo anterior para duas dimensdes, consistindo de um arranjo
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retangular onde cada populacéo (exceto aquelas na borda) esta conectada a quatro
outras populacdes; (c) modelo de ilhas, em que o fluxo corre aleatoriamente entre
todas as popula¢gbes do grupo; (d) modelo de ilha hierdrquico, uma extensdo do
modelo de ilhas classico para dois niveis hierarquicos; (e) modelos espaciais, que
Incluem modelos de isolamento por distancia, no qual o fluxo ocorre localmente entre
vizinhos, em uma populacédo de distribuicdo uniforme; e (f) modelo continente-ilha,
baseado no modelo de ilhas e que assume migragcdo unidirecional de uma fonte
grande continental com uma frequéncia alélica fixada para uma populagdo menor
isolada (BALLOUX, 2001; KIMURA; WEISSS, 1964).

2.6 POPULACAO MINIMA VIAVEL E TAMANHO EFETIVO POPULACIONAL

O estabelecimento de prioridades para a conservacdo de espécies e de
objetivos quantitativos de manejo passam pela estimacao dos riscos aleatérios de
extingdo enfrentados pelas populagdes isoladas. Os primeiros trabalhos sobre a
estimativa de risco de extincdo tiveram seu foco na Andlise de Viabilidade
Populacional (AVP) e outros métodos relacionados que visavam estimar o tamanho
limiar, abaixo do qual os riscos de extin¢do seriam considerados extremamente altos.
Foi, entdo, proposto o conceito de Populacdo Minima Viavel (PMV), que visa
compreender a viabilidade (sobrevivéncia) em longo prazo de populacdes,
relacionada com a probabilidade de extincdo, sob a premissa de que populacdes
maiores sao mais aptas que aguelas menores para conter os efeitos estocasticos que
ameacam as populacdes em extin¢cdo. Assim, Populacdo Minima Viavel corresponde
ao menor tamanho necessario para que uma populacdo tenha predeterminada
probabilidade de persisténcia para um dado periodo de tempo (KAGEYAMA;
LEPSCH-CUNHA, 2001; FLATHER, 2011).

A populacdo minima viavel € abordada em termos de Tamanho Efetivo
Populacional, que incorpora variaveis relacionadas a estrutura genética da populagéo.
O Tamanho Efetivo Populacional permite quantificar o efeito da deriva (tamanho
efetivo de variancia) e da endogamia (tamanho efetivo de endogamia), relacionados
com a representatividade genética de amostras de individuos de uma populacéo finita,

sendo, entdo, um parametro importante na amostragem para coleta de sementes e na
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delimitacdo de uma area minima viavel para conservacdo in situ de uma espécie
(WRIGHT, 1931). A populacdo minima viavel pode ser também, abordada em termos
de Area Minima Viavel (AMV), parametro muito utilizado como a expressdo do
tamanho de &rea minima de um fragmento florestal capaz de manter populacdes
viaveis (SILVA et al., 2014).

2.7 SIMULACAO DE DADOS GENETICOS

O comportamento futuro de uma dada espécie ou populacéo pode ser previsto
através da sua histéria evolutiva do passado ao presente. Muitos fatores que
contribuem podem ser acessados através da biologia reprodutiva e de marcadores
moleculares, haja vista que a histdria evolutiva é dificil de acessar diretamente (PENG
et al., 2013).

Estudos sobre o sistema reprodutivo podem ser conduzidos para determinar,
entre outros parametros, taxas de cruzamento, de autofecundacédo, a proporcéao de
cruzamentos endogamicos ou biparentais, a distancia de dispersdo de pélen, a taxa
de fluxo génico entre populagbes. Tais estudos podem ser eficientemente realizados
mediante o uso de marcadores de DNA, em especial agueles de heran¢a codominante
e altamente polimérficos, como os microssatélites, desde que se adote uma
amostragem delineada adequadamente para atingir os objetivos do estudo
(SEBBENN, 2006).

O procedimento envolve a utilizacdo de modelos genéticos para descrever
padrées de reproducédo, como o modelo de reproducéo e o modelo de cruzamentos
correlacionados. Devido ao custo e disponibilidade de amostras genéticas, falta de
conhecimento das variantes causais que contribuem para os fenétipos observados e
intratabilidade matematica de modelos evolutivos complexos, simulacbes de
computador tém sido amplamente utilizadas para, entre varias aplicacdes, prever
resultados sob cenarios genéticos reais, comparar e verificar os métodos ou

ferramentas e estimar parametros de modelos evolutivos (PENG et al., 2013).

Com o avancgo cada vez mais crescente na area da informética, novos métodos
e programas de simulacdo vém sendo desenvolvidos na area da biologia evolutiva

para inferir com maior acuracia eventos passados a partir de dados atuais. Pela
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natureza inerentemente desconhecida dos eventos passados, esses programas
permitem desvendar as relacdes evolutivas entre caracteres moleculares simples,

genes, genomas e espécies.

Inimeros programas ja foram desenvolvidos para realizar simulacao de dados
genéticos. Entre estes, 0 EASYPOP (BALLOUX, 2001) € um programa destinado a
simular conjuntos de dados sob uma ampla gama de condi¢fes, permitindo explorar
problemas muito complexos em genética de populagdes. Permite simular dados taxas
e modelos de migracado, taxas e modelos de mutacao, sistema reprodutivo, entre
outros parametros, com base em analises de marcadores moleculares. As entradas
do programa estéo limitadas aos parametros escolhidos pelo utilizador para qualquer
simulacédo, incluindo par@metros ecolédgicos e reprodutivos, ao passo que as saidas
consistem de estatisticas de estruturacdo genética das populacdes tais como
heterozigosidade observada e esperada e as estatisticas F. Isso permite, a partir de
dados reais de estruturacdo genética obtidos mediante marcadores moleculares,
realizar simulacdes visando encontrar 0 modelo ecolégico e reprodutivo que melhor
explica tais resultados. Esses arquivos podem ser analisados diretamente em diversos
programas como o Fstat (GOUDET, 1995) e o Arlequin (EXCOFFIER et al., 2005).

O programa Fstat permite estimar diversidades génicas e estatisticas de
diferenciacéo a partir de marcadores genéticos codominantes ou de dados gerados
em programas de simulacdo. Os seguintes parametros podem ser obtidos pelo
programa: frequéncia alélica, namero observado e esperado de gendtipos,
variabilidade genética por amostra e loco, nimero de alelos, riqgueza alélica,
estimadores de diversidade e genética e testes de equilibrio de Hardy-Weinberg
(GOUDET, 1995). Por seu turno, Arlequim fornece um amplo conjunto de testes
estatisticos a fim de estudar caracteristicas genéticas e demogréficas de populagées.
O programa estima os indices de diversidade genética, numero de alelos e
frequéncias de haplétipos, testes de equilibrio de ligagdo, neutralidade seletiva e
equilibrio demografico, parametros de expansao populacional e analises de
subdivisdo populacional, por meio da Analise de Variancia Molecular (AMOVA)
(EXCOFFIER et al., 2005).
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Abstract

This review was carried out with the purpose of contributing to the discussion on the
equations used in calculating the Polymorphism Information Content (PIC) of
molecular markers. PIC measures the ability of a marker to detect polymorphisms, and
therefore has enormous importance in selecting markers for genetic studies. We
perform a summary analysis of PIC and its difference in relation to heterozygosity,
another parameter used to evaluate the quality of a marker, presenting and discussing
the several equations registered in the literature for both dominant and codominant
markers. Finally, we present a brief direction on estimating PIC for dominant markers.

Keywords: Genetic studies; Marker quality; PIC calculation; Polymorphism.

Introduction

Molecular markers correspond to a class of genetic markers used to evaluate
genetic differences between two or more individuals. They are capable of revealing the
existing polymorphism in a set of genetically related individuals. The technology of
molecular markers enables the genetic characterization of large numbers of genotypes
through relatively simple and inexpensive procedures, and are fundamental in genetic
improvement, phylogeography and analysis of similarity or genetic distance,
identification of plant accesses, animals, microorganism isolates, and support in
taxonomic studies.

The ability to reveal polymorphisms is fundamental in selecting molecular
markers. If a marker is not able to detect the genetic differences existing in a set of
individuals, its usefulness is not effective. In qualitative terms, a marker is considered
polymorphic if it has at least two alleles and the most frequent allele has a frequency
of up to 99% (Shete et al., 1999). Quantitatively, the polymorphism degree can be
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measured by heterozygosity (Nei and Roychoudhury, 1974) and the Polymorphism
Information Content (PIC) (Botstein et al., 1980). Other parameters include the Marker
Index (product of the total number of loci per initiator times the fraction of polymorphic
loci) and Resolution Power (parameter indicating discriminatory marker power). For
example, efficiency of RAPD, ISSR, AFLP and ISTR markers for the detection of
polymorphisms and genetic relationships in Dioscorea spp. was evaluated by Velasco-
Ramirez et al. (2014). The PIC values were quite similar for all markers (=0.48),
heterozygosity was lower for ISTR (0.36), and higher for other markers (RAPD = 0.43;
ISSR = 0.45 and AFLP = 0.47).

Inferences on the attributes of molecular markers contribute to reducing costs
and improving the results, since the discrimination of the individuals can be carried out
by a smaller number of primers, using only the most informative ones. They can also
serve as screening for genetic studies of populations with the objectives to investigate
evolutionary and ecological processes.

In the present review we focus our attention on Polymorphism Information
Content, a widely used parameter in the literature to evaluate the discriminatory power
of molecular markers and to study the genetic diversity in populations of several taxa.
We discriminate the use of PIC for dominant and co-dominant markers. The literature
presents several equations for calculating PIC, some of which are suitable for the class
of marker used, whether dominant or codominant.

Thus, the present review aims to present a brief discussion about these
equations, beginning with a distinction of this parameter with heterozygosity and

ending with a brief direction on estimating PIC for dominant markers.

Heterozygosity and polymorphism information content

The heterozygosity of a marker is the likelihood of an individual being
heterozygous at the marker site and depends on the number of alleles and their
frequency in the population. The heterozygosity value ranges from zero (without
heterozygosity) to 1.0 (high number of alleles with equal frequency). The following

equations enable the heterozygosity of a marker to be calculated:
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L (Nei, 1978)

(1)

k
i=1

(@)
k = number of alleles; pi = frequency of the i" allele.

Equation 1 originates from that used to estimate the genetic diversity in a
population taking into account the frequency of homozygous individuals (Nei, 1978),
instead of considering the frequencies of the heterozygous individuals (Equation 2),
which was elaborated by the authors of the present work with the objective to expand
it for multiple alleles. Equation 1 was derived from Equation 1 by using the capital pi
(IT) notation of productory. The heterozygosity determined by using Equation 1 and
Equation 2 is called expected heterozygosity (He) or genetic diversity, because it is
less sensitive to the sample size in relation to the observed heterozygosity (Ho), which
is obtained by the ratio between the number of heterozygous individuals and the total
number of individuals in the population (Chesnokov; Artemyeva, 2015).

Polymorphism Information Content (PIC) of a marker corresponds to its ability
to detect the polymorphism among individuals of a population, and the higher that
capacity, the greater its value. It is one of the indicators of marker quality in genetic
studies. PIC values for co-dominant markers range from 0 (monomorphic) to 1 (very
highly informative, with several alleles of equal frequency). According to Botstein et al.
(1980), markers with PIC values greater than 0.5 are considered to be very informative,
values between 0.25 and 0.50 are somewhat informative, and values lower than 0.25
are not very informative. For example, a marker that reveals six alleles but one allele
is found to be in very high frequency, has a lower discriminatory capacity than another
with six alleles but with similar frequencies (Smith et al., 1997). Therefore, markers
with PIC values above 0.5 are more recommended to genetic studies while those
below 0.25 are not recommended. There is no available classification for dominant
markers, which PIC values range from 0 to 0.5. Low PIC values are associated with
low or high loci frequencies. According to Grativol et al. (2010), loci with high frequency

prevail among individuals which exhibit a tendency to monomorphism, resulting in low
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PIC value. However, similarly less frequent loci also tend to monomorphism, since they

present the prevalence of absent bands, also resulting in lower PIC values.

PIC calculation for co-dominant markers
Botstein (1980) developed the following equation for calculating PIC with the

use of codominant markers (RFLP):

T n—1 i3
PIC=1— z plﬂ _ z Z Ep:_‘. p}: (BOtSteIn, 1980)
(3) i=1 i=1 j=i+1

In which: n = number of alleles; pi and p; = allele frequency in population i and j,

respectively.

Considering a single population, the PIC is determined by:

PIc=1-— zn: P:; _ (Zn: P::): +zﬂ: PF‘ (Botstein, 1980)
i=1 L

i= i=1

(4)
Among the softwares developed for genetic analysis that help to determine the
PIC, Genetix (Belkhir et al., 1999), Genes (Cruz, 2013) and Cervus (Kalinowski et al.,

2007) may be highlighted in their various versions. In addition, this parameter can also

be calculated online at the following site: https://www.liverpool.ac.uk/~kempsj/pic.html,

which is suitable for allele numbers equal to or less than 10, being required to enter
the frequency values of each band (allele). In its simplest form, the PIC for codominant

markers is calculated in the same way as heterozygosity:

= _ (Botstein, 1980)
PIC=1- Zp;
(5)

This simplified equation is only applied when assuming inbred lineages
(homozygotes), since the third and fourth terms cancel out when there is only a single
allele. Despite some authors used equation 3 in their studies, such as Mei et al. (2012)
to select highly informative SSR markers for screening barley genotypes, several

authors have used this short equation. Landjeva et al. (2006) obtained PIC values
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ranging from 0.10 to 0.80 for 21 microsatellites used to evaluate the genetic diversity
among Bulgarian winter wheat (Triticum aestivum L.) varieties. PIC values ranging
from 0.13 to 0.78 were obtained for a set of 30 polymorphic simple sequence repeats
(SSR) loci by Muis et al. (2015) when assessing the genetic diversity of S3 maize
genotypes resistant to downy mildew in Indonesia. Smith et al. (1997) used SSRs and
restriction fragment length polymorphism (RFLP) loci to evaluate their utility as
molecular markers in maize pedigree. PIC values ranged from 0.06 to 0.91 for SSRs
and from 0.10 to 0.84 for RFLPs. Mean values for PIC for SSRs and RFLPs were
similar, approximately 0.62. Likewise, Senior et al. (1998) used 70 SSRs for
determining genetic similarities and relationships in maize in the United States. PIC
values for these primers ranged from 0.17 to 0.92. The effectiveness of SSR loci were
also tested in local species of Citrullus colocynthis, in Iran, in which seven were
polymorphic and, therefore, were used to access the genetic diversity among the

samples (Avval, 2017).

Expressed sequence tags (ESTSs) represent a useful tool for gene and marker
discovery, which are attractive for gene mapping, functional studies, genome
annotation and comparative genomics. Thirty out of 46 developed EST-SSRs for olive
trees were classified as informative markers (PIC > 0.5) and nine as suitable markers
for gene mapping (PIC > 0.7). PIC values were in a range from 0.040 and 0.833, with
a mean value 0.539 (Arbeiter et al., 2017).

Another class of co-dominant markers, largely used before the discovery of
DNA markers, are the izoenzymes. Despite they have high reproduciblity, the level of
detectable variation due to changes in DNA sequence is reduced as they reveal
polymorphism at the protein level. Three proteins used in soybean (Glycine max L.)
yielded PIC values from 0 to 0.223 (Jain et al., 2017). In another study, Nagy; Marton
(2006) obtained PIC values ranging from 0.04 to 0.55 (mean 0.27) in maize lines.

In all these studies a diversity of PIC values was obtained from values close to
zero to values close to one, which enables the selection of higher polymorphic markers
for further genetic studies. This equation is more frequently used because of its
simplicity in relation to the full equation (4). However, equation (5) determines
heterozygosity, another measure of polymorphism, and overestimates PIC values. In

addition, the simplification of the equation suggests, as already mentioned, to be inbred
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lines, which is not the case in most cases. Therefore, it is more advisable to use the

full equation (4).

PIC calculation for dominant markers

For dominant markers, the PIC value indicates the probability of finding that
marker in two different states (present/absent) in two randomly selected individuals in
a population. Its value ranges from zero for monomorphic markers to 0.5 for markers
present in 50% of individuals and absent in the remaining 50%. Because these markers
have only two possible alleles, the PIC definition is similar to heterozygosity. We
propose the following classification on the informativeness for dominant markers,
based on PIC values: low (0 to 0.10), medium (0.10 to 0.25), high (0.30 to 0.40) and
very high (0.40 to 0.50). The following equations are commonly used for determining

PIC for dominant markers:

PIC=2f(1-f) (ROLDAN-RUIZ et al., 2000)

(6)

In which: f=the frequency of present bands in the developing gel; and 1-f= frequency

of absent bands.

PIC=1-[f?+ (1-f)?] (De Riek et al., 2001)

(7)

In which: f is the frequency of the marker in the data set.

In equation 7, f can be the frequency of amplified loci or the frequency of
unamplified loci. Several authors have used these equations in their studies with
dominant markers. AFLP combinations used in molecular characterization of common
been landraces in Mexico by Langarica et al. (2014) demonstrated an average PIC
value of 0.25. Guo et al. (2014) used moderately informative (P = 0.358) markers to
distinguish whipgrass (Hemarthria compressa L.) clones assess the genetic diversity
and population structure among those genotypes. ISSR markers used to characterize

the genetic diversity in a population of Schizolobium amazonicum, in the State of



29

Espirito Santo — Brazil, by Silva Junior et al. (2017), were also moderately informative
(PIC = 0.37). Aiming to characterize trees, fruits and the genetic diversity of natural
populations of mangaba in Sergipe - Brazil, Silva et al. (2017) used ISSR markers that
which PIC values averaged 0.26. Panyanitikoon et al. (2018) assessed the genetic
variation in cucumber (Cucumis sativus L.) germplasm using RAPD markers with an
average PIC value of 0.27.

Single nucleotide polymorphisms (SNPs), have been used in genetic studies. In
spite of being co-dominant, SNPs are biallelic markers (Vignal et al., 2017) and,
therefore, PIC for these markers is calculated as for dominant markers and the
maximum value is 0.5 (Singh et al., 2013). SNP markers used in Estimation of Genetic
Diversity and Population Structure of Indian Rice Varieties by Singh et al. (2013)
ranged from 0.03 to 0.37 with an average PIC value 0.23. Garcia et al. (2018) found
informative SNPs (PIC = 0.30) to investigate genetic variation in a juniper species
(Juniperus phoenicea ssp. turbinata). Chen et al. (2011) found PIC values from 0.01
to 0.375 with an average of 0.285 in a collection of rice varieties (Oryza sativa L.) by
using SNPs.

There is also an online software to determine the PIC for dominant markers,
which was developed by Abuzayed et al. (2017), and is available at:

http://plantmolgen.iyte.edu.tr/GDdom/.

A simplified equation to estimate the PIC for dominant markers

In dominant markers we elaborate a binary matrix of presence and absence of
bands as a result of the polymorphism revealed by the marker. If we consider the
frequency of bands present as p, and the frequency of absents as ¢, we can establish
the following general equation to estimate the Polymorphism Information Content
(PIC):

PIC =1— (p*+q%)
(8)

This equation considers polymorphism based on the frequencies of
homozygous individuals for the Hardy-Weinberg equilibrium, as opposed to equation
(6) which takes into account the frequency of heterozygous individuals. It is a simplified

equation for quick calculation of PIC, derived from the ones cited in this review.
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The following (Table 2) is an example of using the equation from a binary matrix
of presence and absence of bands in electrophoresis gel (where 1 corresponds to the
presence of the band, and 0 to the absence of the band) for 10 analyzed genotypes
(G1 to G10).

Table 2: A sample of present (1) and absent (0) bands matrix and the PIC calculation
for a dominant marker.

2

B,j‘gd Gl G2 G3 G4 G5 G6 G7 G8 G9 GI0 p q 1‘q(2'c)’ ¥
1 1 0 0 1 1 1 0 1 1 1 07 03 042
> 1 1 1 1 0 0 1 1 0 0 06 04 048
3 0 0o 1 1 1 1 1 0 1 1 07 03 042
4 0 0 0 0 0O 1 0 0 0 1 02 08 032
5 1 1 1 1 1 1 0 1 1 0 08 02 032
6 o0 1 1 1 1 1 1 1 1 0 08 02 032
7 1 1 1 1 1 1 0 0 1 1 08 02 032
g8 1 0 0 0 0 1 1 1 0 1 05 05 05
9 1 o 1 1 1 1 0 1 1 1 08 02 032
0 1 1 1 0 1 1 0 0 0 1 06 04 048

PIC 0.39

The obtained result indicates a high polymorphism revealed by the marker,
according to the PIC scale for dominant markers proposed in the present review. A
simulation of PIC values as a function of the p and q values between zero and one are
presented below in Table 3 and Figure 1. Note that the maximum PIC value is 0.5,
which is reached when the frequency of present bands is equal to the frequency of
absent bands. At the other extreme, when no band is produced or if all genotypes
present all bands, the marker is absolutely unable to reveal polymorphisms in the set

of evaluated genotypes.

Table 3: Simulation of PIC values as a function of the frequencies of present and
absent bands in a developing gel generated by Polymerase Chain Reaction (PCR).

p 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
q 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
PIC 0 0.18 0.32 042 0.48 05 048 042 0.32 0.18 0
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Figure 1: Graphical representation of the simulation of PIC values as a function of the

frequencies of present and absent bands in a PCR-generated fragment gel.

Taking into account the previously referenced definition of polymorphism (Shete
et al., 1999), the high PIC values are obtained when the frequency of bands (present
or absent) is around 0.5. As we move left or right of the graphic (when the difference
between the frequencies of band presence and absence increases), PIC values

reduces.
Final remarks

There are several equations to estimate Polymorphism Information Content
(PIC) and which are similar to heterozygosity, another measure used to assess the
quality of a marker. The equation choice depends on the type of marker used
(dominant or codominant). A simplified equation to estimate the PIC for dominant
markers was presented herein, which can be used in genetic analyzes with this class

of markers.
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4 CAPITULO Il - MICROSATELLITES ARE IMPORTANT FOR FOREST GENETIC
RESOURCES CONSERVATION IN BRAZILIAN BIOMES

Review

(Artigo aceito na revista Acta Botanica Brasilica)

ABSTRACT

Microsatellites are short sequences repeats that make up the genomes of eukaryotes and
prokaryotes. They are of great importance as DNA markers for studies in several fields of
genetics. In the present review, we searched for studies published in the five years period of
2017 to 2021 regarding the use of microsatellites in studies with forest tree species from the
Brazilian biomes, in order to examine the importance of these markers for forest resources
conservation. We searched scientific papers in journals indexed on the Scopus and Web of
Science databases. There were found 38 peer reviewed articles that used microsatellites in the
Brazilian biomes. The Atlantic Forest was the biome with more studies (35.9%) and most of
the studies were published in 2018 (34.2%). In addition, most of the studied species belonged
to the Fabaceae family (34.2%). The conclusions and recommendations made in these studies
ratify the great contribution of microsatellite markers in the conservation of native forest species

in Brazilian biomes.

Keywords: Brazilian ecosystems, genetic diversity, genetic structure, forest conservation, SSR

markers

Introduction

Habitat fragmentation is one of the most issues of concern in conservation biology. Once
large and continuous populations are split into smaller fragments, primarily by human

disturbances such as land clearing and conversion, the genetic diversity is negatively affected
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(Franklin et al. 2002). Genetic diversity is a key component for the sustainability of species as
it enables communities to adapt to changing environments. For this reason, efforts in forest
conservation include genetic tools to analyze the genetic diversity among individuals and
populations (Jump et al. 2009).

The genetic diversity and its distribution among groups can be quantified through the use
of genetic markers, such as Simple Sequence Repeats — SSR. This class of markers contributes
to increase efficiency in genetic studies as they are neutral, can be accessed regardless of the
plant’s development stage and the environment, and do not compromise the viability of the
specimens under study since small amounts of tissue are necessary, allowing additional
analyzes to be performed (Garcia et al. 2004).

Since its development in the 1980s by Litt & Luty (1989), microsatellites or Simple
Sequence Repeats (SSRs) have been used in genetic studies. These markers are abundant and
broadly distributed in eukaryotic and prokaryotic genomes. Due to high rates of DNA
replication error within microsatellites, the length of a microsatellite shows intra- and
interspecific variation. For this reason, microsatellites are used for designing PCR-based
markers for population genetic characterizations, genome mapping, tagging trait-associated
genes during marker-assisted selection, among other applications (Wang et al. 2018). The use
of SSRs is qualified by the information obtained, mainly because their co-dominant inheritance,
allowing access to complete genetic information (Garrido-Cardenas et al. 2018).

The aim of this study was to analyze the state of the art of using microsatellite markers in
scientific articles regarding genetic studies of natural forest populations in Brazilian biomes

published from 2017 to 2021.

Material and methods
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This article is a bibliographic review on the studies regarding the use of microsatellite
markers in genetic analyzes of Brazilian forest ecosystems. It brings together manuscripts
published in the last five years (2017 - 2021). The research was restricted to scientific articles
in journals indexed on the Scopus and Web of Science databases. The access to these databases
was performed through the Coordination for the Improvement of Higher Education Personnel
(CAPES, Brazil) platform. The following keywords were used: "SSR", "microsatellites",
“forest” and “Brazil", in association with the Boolean operator AND. Only publications with
some application in forest tree species conservation were selected.

The obtained data were analyzed in order to get the dimension of the relevance of this class
of DNA markers in studies for the forest resources conservation. The data were submitted to

descriptive analysis, followed by a brief critical analysis of the results.

Results

There were found 38 peer reviewed scientific articles that used microsatellite markers in
forest tree species from different Brazilian biomes from 2017 to 2021. The Atlantic Forest was
the biome with more studies (n = 14; 35.9%), followed by Cerrado (n = 11; 28.2%) and Amazon
(n = 10; 25.6), while Pantanal (n = 2; 5.1%) and Caatinga (n = 2; 5.1%) were the less studied

biomes. No study was recorded in the Pampa biome (Table 1).

Table 1. List of studies published in the Brazilian biomes using microsatellite markers from
2017 to 2021.

Study _ Target species _ Authors and publication
number Biome Family year
Atlantic Cariniana estrellensis and
1 Forest Cariniana legalis Lecythidaceae Souza et al. (2018b)
Anadenanthera colubrina
Atlantic and Anadenanthera
2 Forest peregrina Fabaceae Feres et al. (2021)
Allantic Centrolobium tomentosum Sujii et al. (2017)

3 Forest Fabaceae
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10

11

12

13

14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35
36

37

Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Cerrado
Cerrado
Cerrado
Cerrado

Cerrado
Cerrado
Cerrado
Cerrado
Cerrado
Cerrado
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon

Caatinga
Caatinga

Pantanal

Casearia sylvestris
Myroxylon peruiferum
Myroxylon peruiferum

Rhizophora mangle

Eschweilera ovata
Cedrela fissilis
Eugenia involucrata

Luehea divericata
Campomanesia
xanthocarpa

Anadenanthera peregrina

Schinus terebinthifolia
Dipteryx alata
Dipteryx alata
Casearia grandiflora
GenipaAmericana

Eugenia dysenterica
Hymenaea stigonocarpa
Qualea grandiflora
Dimorphandra wilsonii
Hancornia speciosa
Astronium fraxinifolium
Bertholletia excelsa
Bertholletia excelsa
Bertholletia excelsa
Bertholletia excelsa
Bertholletia excelsa
Bertholletia excelsa
Genipa Americana
Theobroma speciosum
Hymenaea courbaril
Caryocar villosum
Prosopis palida and
Prosopis juliflo
Spondias tuberosa
Prosopis rubriflora and
Prosopis ruscifolia

Salicaceae

Fabaceae

Fabaceae

Rhizophoraceae

Lecythidaceae
Meliaceae
Myrtaceae
Malvaceae
Myrtaceae
Fabaceae

Anacardiaceae
Fabaceae
Fabaceae
Salicaceae
Rubiaceae

Myrtaceae
Fabaceae
Vochysiaceae
Fabaceae
Apocynaceae
Anacardiaceae
Lecythidaceae
Lecythidaceae
Lecythidaceae
Lecythidaceae
Lecythidaceae
Lecythidaceae
Rubiaceae
Malvaceae
Fabaceae
Caryocaraceae

Fabaceae
Anacardiaceae

Fabaceae

Araujo et al. (2017)
Schwarcz et al. (2018)
Silvestre et al. (2018)

Francisco et al. (2018)

Santos et al. (2019)
Gandara et al. (2019)
Stefanel et al. (2021)
Silva et al. (2021)
Petry et al. (2021)
Cortelete et al. (2021)

Velasques et al. (2021)
Berti et al. (2017)
Guimardes et al. (2019)
Costa et al. (2017)
Manoel et al. (2017)
Boaventura-Novaes et al.
(2018)

Moraes et al. (2018)
Potascheff et al. (2019)
Muniz et al. (2020)
Chaves et al. (2020)
Manoel et al. (2021)
Cabral et al. (2017)
Giustina et al. (2017)
Giustina et al. (2018)
Martins et al. (2018)
Vieira et al. (2019)
Baldoni et al. (2020)
Ruzza et al. (2018)
Dardengo et al. (2018)
Rocha et al. (2019)
Francisconi et al. (2021)

Freitas et al. (2019)
Santos et al. (2021b)

Alves et al. (2018a)
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38 Pantanal Prosopis rubriflora Fabaceae Alves et al. (2018b)

Twelve botanic families were represented in the studies. Most of the studied species
belonged to the Fabaceae family (n = 13; 34.2%), followed by the Lecythidaceae family (n =
8; 21.1%). On the other hand, Caryocaraceae, Meliaceae, Apocynaceae, Rhizophoraceae and
Vochysiaceae were represented by only one species (2.6%). The other studied families were
Myrtaceae (n = 3; 5.3%), Anacardiaceae (n = 3; 5.3%), Salicaceae (n = 2; 2.6%), Rubiaceae
(n =2; 26%) and Malvaceae (n = 2; 2.6%). In addition, most of the studies were published
in 2018 (n = 13; 34.2%), followed by 2021 (n = 8; 21.1%), 2017 (n =7; 18.4%), 2019 (n =7,

18.4%), while in 2020 least number of studies (n=3; 7.9%) were published .

Atlantic Forest biome

Most of the published studies with microsatellite markers were performed in the Atlantic
Forest. There was a record of 14 studies (36.8%) in this biome. In a study that involved two
species of the Cariniana genus, microsatellite markers were used to access the gene flow pattern
in fragmented populations of Cariniana estrellensis and C. legalis. For both species, there were
high levels of seed (38.5-61.5%) and pollen (80.1-100%) immigration. No self—fertilization
was detected, but there was evidence of mating among related trees (8.9 - 12.5%). The effective
size in most of the populations varied from 10 to 33 and these values are lower than suggested
for short-term conservation (Ne < 70) (Souza et al. 2018b).

In another study that involved two species, microsatellite markers were used to study the
mating system and gene flow for Anadenanthera colubrina and A. peregrina. The analyses
revealed that A. colubrina is a mixed mating species (multilocus outcrossing rate = 0.619) while

A. peregrina is a predominantly outcrossing species (multilocus outcrossing rate = 0.905). For
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both species, high indices of biparental inbreeding were observed (0.159 and 0.216
respectively), resulting in low effective pollination neighborhood sizes (Feres et al. 2021).

Sujii et al. (2017) used nuclear and plastid microsatellite markers to assess genetic
parameters of juvenile and adult individuals in two Centrolobium tomentosum restoration areas,
one corresponding to a disturbed fragment and the other, a large and well-preserved protection
area. The authors reported that the restoration program was successful as they observed high
genetic diversity and low inbreeding in the restoration areas, which values were similar to the
natural remnants, suggesting gene flow between those areas.

In characterizing two Casearia sylvestris populations, microsatellite markers revealed high
allelic variation in both populations (number of alleles = 101 and 117; allelic richness = 12.5
and 14.4), despite what the authors considered high inbreeding (Fis = 0.640 and 0.363). Due to
low gene flow, the authors found significant genetic divergence between populations (Fst =
0.103)(Araujo et al. 2017).

In genotyping Myroxylon peruiferum populations from reforested and remnant natural
areas, Schwarcz et al. (2018) evaluated the potential of forest restoration for the production of
high genetic diversity tree populations in previously deforested areas. Due to the intense gene
flow, no significant differences were found between areas in terms of inbreeding (Fis = 0.20)
or genetic diversity (He = 0.31 - 0.43; allelic richness = 2.41 - 2.94).

Eight microsatellite loci used to study the reproductive system and genetic diversity in
Myroxylon peruiferum revealed a mixed reproductive system in this species with evidence of
biparental inbreeding at the rate of 0.118. Genetic diversity was low (allelic richness = 1.40 -
4.82; He = 0.29 - 0.52) and the effective sizes for seedlings were much lower (Ne = 27.54 -
34.86) to those recommended for short-term conservation (Ne > 100) (Silvestre et al. 2018).

In studying the genetic diversity and the reproductive system of adult individuals and seeds

from a Rhizophora mangle population, four microsatellite loci yielded a fixation index of -0.222
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and 0.030 for adults and seeds respectively, and a multilocus outcrossing rate (tm) of 0.921.
The coancestry coefficient was 0.180, similar to the expected for half-sib progenies (0.125).
Based on these results, the authors estimated that 62 adult trees are needed for seed collection
for short-term conservation (Francisco et al. 2018).

The genetic variability and gene pool sharing analysis of Eschweilera ovata revealed that
there was moderate genetic diversity, particularly in conservation units with full protection, and
that there was gene pool sharing between the subpopulations, which might reflect the historical
gene flow that occurred before forest fragmentation (Santos et al. 2019).

Through the use of nine microsatellite loci, Gandara et al. (2019) investigated the genetic
structure and diversity of undisturbed and disturbed Cedrela fissilis fragments. Genetic
diversity was higher within than among fragments, with observed and expected
heterozygosities ranging from 0.48 to 0.63 and from 0.55 to 0.70, respectively. The fragments
showed moderate genetic structure (Fst = 0.10). Therefore, authors suggested protecting all
fragments instead of single isolated fragments.

A set of microsatellites used to analyze the variability and genetic structure in Eugenia
involucrata fragments revaled high levels of genetic variability (3.67 alleles per locus; Ho =
0.815; He = 0.625), most of which (93%) was distributed within the fragments (Stefanel et al.
2021).

Silva et al. (2021) studied the genetic variability of three Luehea divaricata natural
fragments and observed high genetic variability, most of which (77%) distributed within
fragments, high gene flow (Nm= 3.853) and low genetic differentiation (Fst = 0.072).

The evaluation of the patterns of genetic diversity, fine-scale spatial genetic structure and
historical gene flow in Campomanesia xanthocarpa fragments revealed that the fragments

presented moderate to high levels of genetic diversity and there was observed the isolation by
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adaptation pattern, which implied the need for maintenance of the current remnants to assure
the conservation of the private alleles (Petry et al. 2021).

The diversity and genetic structure of Anadenanthera peregrina were used as strategies for
ex situ conservation. From a planted population, 42 alleles were detected and negative values
for Fis were observed, indicating escape of inbreeding in the population. According to the
authors, the findings revealed the importance of ex situ conservation of the evaluated genotypes,
allowing future use of the population as a seed orchard (Cortelete et al. 2021).

Microsatellite markers were used in studies of genetic structure among Schinus
terebinthifolia populations from different ecological groups. Genetic structure revealed
differences among populations (37.72%) and significant fixation rates based on Fst (P < 0.001).
The patterns of distribution for the species did not follow the isolation by distance or similarity
by environmental conditions. The most divergent genotype group was found at the
ombrophilous forest, which evidences that conservation efforts should be undertaken to prevent

losses of biodiversity in that area (Velasques et al. 2021).

Cerrado biome

Eleven studies (28.9%) used microsatellites to analyze the genetic diversity in forest tree
species from Cerrado, one of which was performed also in the Pantanal biome. Two of these
studies involved Dipteryx alata. The analysis of the genetic diversity of three natural
populations of Dipteryx alata revealed that these populations presented moderate genetic
diversity (Ho = 0,618; He = 0,715) which is fundamental for their survival along the generations
(Berti et al. 2017). In another study, the genetic diversity of a Dipteryx alata progeny from a
germplasm collection, revealed that the number of alleles was 50 and, due to the high effective
population size (Ne = 96), the germplasm collection had sufficient representativeness for use

as a base population for breeding programmes (Guimardes et al. 2019).
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In studying the genetic structure of Casearia grandiflora in conserved and disturbed
populations, there was observed moderate divergence between populations (Fst = 0.14) and
higher proportion of genetic diversity (85%) was distributed within populations, which were
not structured. In addition, less urbanized populations had greater genetic diversity, confirming
the effectiveness of protected areas in genetic diversity conservation (Costa et al. 2017).

Microsatellites used to investigate the impact of spatial isolation on pollen and seed flow
in a Genipa americana population detected a minimum immigration of pollen (6%) and seeds
at 4% and mating among relatives (20-40%), indicating genetic connectivity with other
populations (Manoel et al. 2017).

The assessment of the pattern of phenotypic and molecular genetic divergence among
natural subpopulations of Eugenia dysenterica suggested that the species has a spatial genetic
structure which must be taken into account for managing its genetic resources for both
conservation and breeding purposes (Boaventura-Novaes et al. 2018).

Microsatellite loci were used to investigate the pollen and seed dispersal and mating
patterns in Hymenaea stigonocarpa. The species presented a mixed mating system, with
variations in the outcrossing rate (0.53 - 1.0). Pollen and seed dispersal occurred over long
distances (>8 km) and the dispersal patterns were isolated by distance. Selfing resulted in a
higher inbreeding depression than mating among relatives (Moraes et al. 2018).

The analysis of reproductive success, pollen dispersal and mating system of Qualea
grandiflora trees revealed that the mean pollen dispersal distance (524.7 m) and the effective
number of pollen donors per mother-tree (Nep = 12.7) were higher than for roadside trees (60.9
m, Nep = 4.6). The results indicated that the spatial isolation of roadside trees decreased

pollinator movements (Potascheff et al. 2019).
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The genetic diversity evaluation of ten Dimorphandra wilsonii populations resulted in 4 to
13 alleles per locus, and heterozygosity values per locus ranged from 0.113 to 0.940 for Ho and
from 0.219 to 0.796 for He (Muniz et al. 2020).

A study aiming to compare quantitative and molecular variation within and among
botanical varieties and subpopulations of Hancornia speciosa revealed a low degree of
divergence among the botanical varieties and significant structuring among the subpopulations
within varieties. According to the authors, divergent selection shaped the genetic structure
among the botanical varieties for some traits, while genetic drift and uniform selection
influenced the variation among the subpopulations (Chaves et al. 2020).

Pollen and seed flow for Astronium fraxinifolium, investigated through parentage analysis
and microsatellite loci, revealed that a large proportion of pollen (76.5%) and seeds (57%)
immigrated from trees outside the sampled populations and the dispersion followed a pattern

of isolation by distance (Manoel et al. 2021).

Amazon Forest biome

In this biome were recorded ten studies (26.3%) using microsatellite markers in forest tree
species. Bertholletia excelsa was the most studied species with six studies. Cabral et al. (2017)
assessed the genetic diversity of a B. excelsa population and observed high genetic diversity
(Ho = 0.512; He = 0.491) and no inbreeding. The analysis of half-sib progenies from different
B. excelsa trees, by Giustina et al. (2017), revealed greater genetic diversity between families
than among progenies from the same family. In studying the mating system in a B. excelsa
population, Giustina et al. (2018) observed that outcrossing rates varied between trees (0.49—
1.0) and fruits (0.53-1.0), but seeds were predominantly produced by outcrossing (0.92).
Martins et al. (2018) observed moderate genetic diversity and high seed-dispersal distances in

B. excelsa populations. Studying two B. excelsa populations, Vieira et al. 2019 found 70 alleles,
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Ho was 0.43 and He was 0.82. The analysis of the genetic diversity of B. excelsa revealed
greater genetic diversity between populations than within populations, allelic variation ranged
from four to nine alleles, and heterozygosity ranged from 0.32 to 0.80 (Baldoni et al. 2020).

The analysis of the genetic diversity and population structure of three Genipa americana
populations revealed 17 alleles, the expected heterozygosity ranged from 0.35 to 0.67 and
remained higher than the observed heterozygosity. The populations presented high inbreeding
(Fis = 0.40), probably because of fragmentation (Ruzza et al. 2018).

In studying the effects of fragmentation on the genetic structure of Theobroma speciosum
populations, Dardengo et al. (2018) found that most of the genetic diversity was distributed
within groups (83%), which means that no significant effect of fragmentation was observed.
However, given the small number of reproductive individuals in the population, the authors
warned that the process of continuous fragmentation might increase inbreeding and favor
genetic drift, leading populations to inbreeding depression and diversity loss.

In another study, SSR markers used to analyzed the genetic diversity of five Hymenaea
courbaril populations detected 10.29 alleles per locus, He and Ho averaged 0.85 and 0.29 per
locus, respectively (Rocha et al. 2019).

The genetic diversity and structure analysis of Caryocar villosum revealed low inbreeding
(Fis=0.127; Fir = 0.173) and low differentiation between regions (Fst = 0.06). Most of the

variation (89%) was found to occur within regions (Francisconi et al. 2021).

Caatinga biome

In Caatinga, only two studies (5.3%) were found in our search. Freitas et al. (2019) found
low levels of genetic diversity (two alleles per locus and He = 0.181) and inbreeding (Fis = -
0.007) for Prosopis palida and Prosopis juliflora, suggesting the presence of genetic bottleneck

and probable events of founders.
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The diversity and genetic structure analysis of Spondias tuberosa accessions resulted in
similarity coefficients from 0.30 to 0.84, indicating the existence of divergence among the
accessions which can be used to increase the germplasm bank genetic diversity of this species

(Santos et al. 2021b).

Pantanal biome

Only two studies (5.3%) with microsatellites were recorded in Pantanal, one of which was
performed also in Cerrado. Microsatellites employed by Alves et al. (2018a) in collections of
Prosopis rubriflora and Prosopis ruscifolia from Cerrado and Pantanal resulted in similar levels
of genetic diversity for both species (He = 0.59 and He = 0.60 respectively) and there was
evidence of genetic bottleneck in 64% of P. rubriflora sampled area and in 36% of P. rusciflia
sampled areas.

In a study of the reproductive system of Prosopis rubriflora, Alves et al. (2018b) found
that the species is preferably allogamous and the obtained progeny was composed,
predominantly by half-sibs (79%). Coancestry coefficients ranged from 0.158 to 0.162 and

there were high levels of crossings due to several mechanisms that prevent selfing.

Discussion

The Fabaceae family was the most studied in the Brazilian biomes. This finding is
supported by the fact that Fabaceae is among the richest families in most Brazilian ecosystems.
According to Lima et al. (2015), there are 222 native genera and 2807 species. In the Caatinga,
for example, this family constitutes about a third of the richness of the biome with 86 genera

and 320 species (Cérdula et al. 2014).

Regarding the evolution of the number of studies published within the analyzed period,

there was a trend of increase until 2018. However, the studies decreased in 2019 and 2020,
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coincidently, during the COVID-19 pandemic outbreak. This period was characterized by
lower allocation of research resources and increased socio-political tension in Brazil. The
syndemic theory by Merrill Singer could explain the negative effect of COVID-19 on
researchers productivity (Singer 1996). In 2021, probably, due to the vaccination process and

the return of many activities, the publications returned its growing.

Considering the importance of microsatellites and the growing need for genetic studies in
Brazilian biomes, there were expected more studies for a five years period. However, forest
species are low studied in Brazil because they are neglected. On the other hand, the need for
prior knowledge of the species genome limits the use of this class of molecular markers in
genetic analysis. Thus, the abundance of alternative molecular markers, which are more
accessible, may have contributed to the less use of microsatellites in genetic analyzes in
Brazilian biomes.

Despite these limitations, researches that use microsatellites are important due to the
quality of the information accessed, mainly in terms of genomic coverage, codominance
characteristics and heritability.

Most of the studies were performed in the Atlantic Forest biome, while Pampa and Pantanal
are the biomes with less studies. In general, the genetic diversity decreased in all biomes,
primarily due to anthropic activities, according to the authors. In addition, the use of
microsatellites was helpful to propose proper alternatives for conservation. However, there was
observed a lack of standardization of the genetic diversity statistics. For example, Berti et al.
(2017) considered Ho = 0.618 and He = 0.715 as moderate genetic diversity, while Cabral et al.
(2017) considered Ho = 0.512 and He = 0.491 high genetic diversity. The probable reasons for
this discrepancy may be the life history traits of each species and the heterogeneity between

ecosystems. For example, Pantanal has richer ecosystems than Caatinga and Pampa.
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Most of the genetic diversity in all biomes is distributed within groups. This pattern is
consistent with the predominance of allogamy in the plant kingdom (Bawa et al. 1985) and the
gene exchange allows recombination, increasing the genetic diversity within groups.

In spite of fragmentation, the studies ratified the role of gene flow in connecting isolated
populations, thus preventing the loss of genetic diversity in the Brazilian biomes. In fact,
allowing gene flow among populations of a species is one successful alternative to reduce the
negative effects associated to small populations such us inbreeding and genetic drift. It is
supported by studies carried out to compare disturbed and undisturbed areas, in which
disturbance did not affect genetic diversity when high levels of gene flow were observed (Sujii
et al. 2017; Costa et al. 2017; Gandara et al. 2019). According to Hellberg et al. (2002), gene
flow is essential in connecting reproductively isolated populations, thereby reducing genetic
differentiation among them. The studies ratified the predominance of crossing in the tropical
forest tree species (Sobierajski et al. 2006). Although most of the flowering plants in nature are
hermaphrodite, many species developed mechanisms, such as self-incompatibility, to prevent
selfing in order to allow gene exchange and avoid gene erosion (Bawa et al 1985; Sobierajski

et al. 2006).

Final remarks

Our research highlighted the prominent contribution of microsatellites in genetic studies in
the Brazilian forest biomes as well as for the genetic conservation. In general, the studies
reinforce that human activities are reducing genetic diversity in the Brazilian biomes. In
addition, the studies ratified the role of gene flow in connecting isolated populations, thus

reducing the probability of species extinction. Thus, in order to slow down the loss of genetic
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diversity, it is recommended to maintain a large number of individuals and allow connectivity

among isolated fragments.
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ABSTRACT

Gene flow is important for the conservation of genetic resources to allow
connectivity of geographically isolated populations and which genetic variability is
reduced. Gene movement is a function of flow rate and model. Understanding how
gene flow occurs can contribute to the conservation and selection of priority
populations that could benefit from an eventual intervention. Simulation softwares
allow making inferences about past events based on current datasets or predict future
phenomena under real genetic scenarios. Adverse phenomena can be predicted and
actions can be taken to avoid them. The aim of this study was to identify a model and
the gene flow rates that could explain genetic structure of eight forest fragments of
Cabralea canjerana in development in the Brazilian Atlantic Rainforest. To do this,
simulations were performed with the EASYPOP software using a microsatellite marker
dataset obtained for the species by Melo and collaborators, in 2012, 2014 and 2016.
We tested five models and nine migration rates and we selected the model that
produced values closer to those previously obtained for them. Criteria used for
selection were the observed and expected heterozygosity and the Wright's F Statistics
obtained in the simulations. The gene flow model selected was the isolation by distance

model that used a rate of 0.1. We observed high levels of genetic differentiation among
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the fragments as result of their reproductive isolation. To allow homogenization of the
allelic frequencies through gene flow, the solution would be to create ecological
corridors with the aim of connecting distant fragments.

Keywords: Cabralea canjerana, reproductive isolation, genetic variability,

EASYPOP, microsatellites.

RESUMO

O fluxo génico, cuja efetividade é funcdo do modelo e da taxa, assume especial
importancia na conservacdo de recursos genéticos por permitir a conectividade de
populacdes isoladas geograficamente, sujeitas a reducdo da variabilidade genética. O
entendimento de como o fluxo génico ocorre pode contribuir no planejamento de
acOes para a conservacao e na selecéao de populagdes prioritarias para uma eventual
intervencdo. Programas de simulacdo permitem inferir sobre eventos passados, a
partir de dados atuais ou prever fenbmenos futuros sob cenarios genéticos reais.
Fenbmenos adversos podem ser previstos e medidas podem ser tomadas para
contorna-los. O objetivo deste estudo foi identificar o modelo e a taxa de fluxo génico
gue melhor explicam a estrutura genética de oito fragmentos da espécie arborea
florestal Cabralea canjerana, em desenvolvimento na regido brasileira do bioma Mata
Atlantica. Foram realizadas simulacdes com o programa EASYPOP usando dados de
marcadores microssatélites obtidos por Melo e colaboradores, em 2012, 2014 e 2016,
sendo testados cinco modelos e nove taxas de migracao, selecionando-se o modelo
gue apresentou os valores mais proximos dagueles que foram publicados. O modelo
de fluxo génico entre os fragmentos foi o de isolamento por distancia a uma taxa de
0.1. Foram observados elevados indices de diferenciacdo genética entre o0s

fragmentos em decorréncia do seu isolamento reprodutivo. Desse modo, sugere-se a
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construcdo de corredores ecolégicos com vistas a conectar fragmentos distantes e,
desta forma, permitir a homogeneizacao das frequéncias alélicas por meio do fluxo
génico.

Palavras-chave: Cabralea canjerana, isolamento reprodutivo, variabilidade genética,

EASYPOP, microssatélites.

INTRODUCTION

In general, most conservation programs are focused on reducing gene flow
barriers between isolated populations that carry a small fraction of the total variability
in relation to continuous populations. Populations of a species can be reproductively
isolated by a physical barrier (e.g. mountains) or by fragmentation, which is often
caused by several types of human activities including construction of roads, railways,
cities, and expansion of farmland. In small fragments, events like genetic drift and
inbreeding may occur, which can reduce genetic variabilty (PRIMACK &
RODRIGUES, 2001; BROQUET et al., 2010).

Over time, populations with low genetic variability have low evolutionary
potential and limited ability to respond to environmental changes in long term. While a
large area habitat can hold a single large population, it is possible that none of its
fragments can maintain a subpopulation for an extended period (PRIMACK &
RODRIGUES, 2001).

Population connectivity and redistribution of genetic variability among the
individuals allows the homogenization of allelic frequencies, thus providing the viability
of populations with sizes below that required to control for the adverse effects of drift
and inbreeding. Thus, small isolated populations start to behave as a large panmitic

population with greater genetic variability and this reduces the risk of its extinction.
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Furthermore, the restoration of gene flow homogenizes the allelic frequencies, thereby
maintaining genetic variability and polymorphism (SLATKIN, 1985; ZUCCHI et al.,
2003; PINHO & HEY, 2010).

Improving our understanding of gene flow (model and rate) between
geographically isolated populations is important for planning conservation strategies,
including the selection of priority populations that would benefit from an eventual
intervention. Wright's island model is a conventional model used in population genetics
to evaluate gene flow between populations and allows the estimation of the actual
number of migrants (Nm) by means of the Fsr statistic for an n set of populations
(WRIGHT, 1965). However, this model does not have realistic assumptions for all
populations, such as the equilibrium between migration and genetic drift, if there is
equal gene exchange between populations, and if all populations have equivalent
sources of migrants. Also, the estimates obtained with this model do not reflect the
contemporary variation in gene exchange between populations or current changes in
the dispersal process.

Due to these limitations, there is need for more accurate methods for unraveling
the models and gene flow rates for specific populations in order to ensure eventual
success of genetic conservation programs. With advances in computer technology,
simulation software was developed to make inferences about past events from actual
data, as well as those that perform simulations forward in time, allowing predictions of
future phenomena using real genetic scenarios (YUAN et al., 2012; DALQUEN et al.,
2012). In this simulation research we focalized Cabralea canjerana ssp. canjerana
(Meliaceae), a dioecious forest species that is considered model to Brazilian Atlantic
Rainforest conservation studies (KLEIN, 1979). The Atlantic Rainforest is the Brazilian

biome most affected by environmental fragmentation. Today's the biome presents itself
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as a mosaic composed of few relatively large areas. Thus, the forest fragments of
diverse sizes and shapes, assume fundamental importance for the perenniality of the
Atlantic Rainforest biome (ZAU, 1998).

The objective of the present study was to identify the model and the gene flow
rate that best explain the genetic structure of eight fragments of C. canjerana using

data from microsatellite markers.

MATERIAL AND METHODS
Simulations

The EASYPOP Version 2.0.1 software (BALLOUX, 2001) was used to simulate
different models and flow rates, which were selected based on how well they could
explain the genetic structure of eight C. canjerana fragments obtained by six
microsatellite markers from MELO et al. (2014). In these population fragments studied
were sampled: (#1) 27, (#2) 33, (#3) 31, (#4) 33, (#5) 17, (#6) 11, (#7) 39, and (#8) 30
individuals. All of the populations were located in the Atlantic Rainforest biome in the
Environmental Protection Area Ferndo Dias, which is in the south of the state of Minas
Gerais, in Brazil (Figure 1 and Table 1). This area has suffered in the last 60 years a
great deforestation for extractivism and potato planting. The Environmental Protection
Area Ferndo Dias has 180,073 hectares and was created in 1997 as an environmental

compensation plan for the duplication of BR 381 (MELO, 2012).
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Figure 1 - Geographical location of the eight C. canjerana fragments used for the

simulations and molecular characterization in the present study. Source: MELO et al.

(2014).

Table 1. Geographical traits of the studied C. canjerana fragments

Fragments Latitude Longitude Elevation
S w (m)
#1 22° 41" 117 45° 54’ 28” 1681
#2 22° 40’ 59” 45° 53’ 58” 1667
#3 22°41° 127 45° 54’ 117 1630
#4 22°41°18” 45° 54’ 06” 1603
#5 22° 41’ 35" 45° 53’ 327 1598
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#6 22°41° 43" 45° 53’ 28" 1600
H#7 22°42° 197 45° 52’ 52" 1810
#8 22042 AT7” 45° 53’ 52" 1928

Source: Adapted from MELO et al. (2014)

Simulation parameters

In this study, we tested the following migration models: one-dimension stepping
stone, island, hierarchical stepping stone (‘contact zone'), hierarchical island, and
spatial (isolation by distance). For the hierarchical stepping stone (‘contact zone')
model, two groups were considered with four fragments in each group. The first group
consisted of 1, 2, 3, and 4; and the second group was composed of 5, 6, 7 and 8
fragments. The contact zone between the groups was composed of fragments 4 and
5. In the hierarchical island model, two archipelagos were composed of four islands
(fragments) each. The archipelago for each fragment was the same composition as
the previous model groups and the distribution of the fragments used was the same as
that in the hierarchical stepping stone model.

In the spatial model simulation, two dimensions based on the real geographic
position of the fragments were used. The average distance of pollen dispersion was
127 m (MELO & FRANCESCHINELLI, 2016). For the seeds, the same dispersal value
was used because, according to SLATKIN (1985), seed dispersal distance estimates
are similar to those of pollen.

The following parameters were considered in our simulations: a dioic species,
migration rates between 0.1 and 0.9, six loci, mixed mutation Single-step Model (SSM)
with a proportion of K allele Model (KAM) mutation events (with a ratio of 0.1) and 25

possible allelic states, maximum variability of the initial population, and a mutation rate
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of 0.00005, which is in accordance with the mean observed in nature (PIRES et al.,
2011). The generation number for each simulation was 100. For each model and
migration rate combination 100 independent replicates were conducted. We selected
the model that showed values of observed and expected heterozygosity and Wright's
F Statistics closest to those previously obtained with microsatellite markers by MELO

et al. (2014).

RESULTS AND DISCUSSION
Model selection

Based on observed and expected heterozygosity average values of 0.69 and
0.72, respectively, obtained by MELO et al. (2014) we pre-selected the following
models for gene flow: the one-dimensional stepping stone model with migration rates
of 0.5 and 0.6; island model, which has a migration rate of 0.1; the hierarchical stepping
stone model with a migration rate 0.2; and the spatial model, which has a migration
rate of 0.1. Using these models, we obtained statistics for genetic structure similar to

those obtained with molecular markers (Table 2).

Table 2. Observed heterozygosity estimates (Ho), expected heterozygosity
(Hs), fixation index between fragments (Fst) and total inbreeding (Fit) generated by
simulations (software EASYPOP) in function of different models and migration rates in
eight fragments of C. canjerana.

Migration rates

0.1 02 03 04 05 0.6 0.7 0.8 0.9

One-dimension Ho 0.577 0.643 0.643 0.666 0.697 0.696 0.716 0.729 0.728
Stepping Stone Hs 0.581 0.643 0.645 0.667 0.698 0.699 0.716 0.727 0.726

Model Fst 0.266 0.185 0.159 0.140 0.103 0.100 0.072 0.066 0.062
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Fr 0.271 0.184 0.163 0.141 0.104 0.104 0.072 0.064 0.060

Ho 0.709 0.733 0.747 0.755 0.759 0.768 0.763 0.765 0.673

Hs 0.714 0.730 0.741 0.752 0.756 0.761 0.759 0.761 0.668
Island Model

Fst 0.101 0.051 0.032 0.019 0.014 0.011 0.008 0.005 0.002

Fr 0.107 0.047 0.025 0.016 0.010 0.002 0.002 0.001 -0.006

Ho 0.640 0.665 0.694 0.733 0.728 0.747 0.735 0.744 0.730
Hierarchical Hs 0.642 0.673 0.700 0.734 0.733 0.746 0.738 0.744 0.729
Stepping Stone Fst 0.181 0.126 0.098 0.068 0.059 0.045 0.045 0.047 0.051

Fr 0.184 0.137 0.106 0.069 0.064 0.043 0.049 0.046 0.050

Ho 0.772 0.769 0.776 0.765 0.768 0.762 0.765 0.756 0.760

Hs 0.767 0.765 0.776 0.764 0.765 0.759 0.759 0.754 0.760
Hierarchical

Fst 0.004 0.004 0.000 0.000 0.000 0.000 0.002 0.003 0.004
Island Model

Fir 0.000 0.000 0.000 -0.007 0.001 0.003

0.002 0.003 0.005

Ho 0.709 0.720 0.758 0.742 0.754 0.771 0.755 0.763 0.777
Spatial Model

Hs 0.704 0.723 0.754 0.741 0.753 0.768 0.751 0.763 0.770
(isolation by

Fst 0.107 0.047 0.027 0.021 0.014 0.010 0.008 0.006 0.005
distance)

Fr 0.101 0.050 0.023 0.019 0.012 0.007 0.003 0.006 -0.005

The exclusion criteria used in the model selection was pollen dispersal distance;

the average distance obtained from the microsatellite markers was 127.33 m, and a

range of 42 - 1,040 m. Given that physiological barriers may prevent gene exchange

between fragments, the statistical pairwise difference (Rst) was assessed. The data

obtained by MELO & FRANCESCHINELLI (2016) showed a strong correlation with the

Mantel test (r= 0.836, p< 0.0001) (Table 3). It was; therefore, considered that fragments
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with a distance of more 1,040 m could not exchange genes with each other. The
fulfillment of the first law of geography (TOBLER, 1970) was also observed, with less

genetic differentiation occurring among the closest fragments and vice versa.

Table 3. Rst pairwise (upper diagonal) and geographic distance (km, lower diagonal)
based on the Euclidean distance for the eight fragments of C. canjerana. All Rst

pairwise values were significant at 95%.

Frag. 01 Frag.02 Frag.03 Frag.04 Frag.05 Frag.06 Frag.07 Frag. 08
Frag. 01 - 0.0110 0.0093 -0.0091 0.0951 0.0798 0.1626 0.3357
Frag. 02 0.9400 - -0.0014  -0.0075 0.0843 0.0798 0.1856 0.3519
Frag. 03 0.4200 0.6600 - 0.0034 0.0698 0.0684 0.1404 0.3084
Frag. 04 0.7400 0.6200 0.3600 - 0.0986 0.0975 0.1991 0.3628
Frag.05 1.7800 1.3900 1.4100 1.0700 - 0.0168 0.0984 0.2520
Frag. 06 2.0300 1.6500 1.6600 1.3100 0.3100 - 0.0832 0.2323
Frag. 07 3.5300 3.1100 3.1300 2.7800 1.7400 1.4900 - 0.0868

Frag. 08 3.2600 3.3500 2.9700 2.7500 2.1400 2.0100 1.7600 -

Source: MELO (2012).

Based on the pollen dispersal distance and geographic arrangement of the
population fragments, the fragment groupsl, 2, 3, and 4 were exchange genes with
each other. This exchange was also observed between fragments 5 and 6, but not in
the groups that were over 1,040 m apart (MELO & FRANCESCHINELLI, 2016). Thus,
only the spatial model of isolation by distance with migration rate of 0.1 could explain
the pattern of gene flow between the eight C. canjerana fragments studied (Table 2).

The difference of statistics in migration rate 0.1 in relation to others is significant, by t
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test at 5% error probability. Spatial model and migration rate are the most suitable for

the genetic characterization of these population fragments.

Characterization of the Fragments

The gene flow rate between C. canjerana fragments was 0.1, as indicated in the
isolation-by-distance model. Only proximal fragments could exchange genes between
them, if they were limited to the maximum dispersion distance of 1,040 m; however, a
migration rate of 0.1 underestimates the actual movement of pollen and seeds, since
it considers only the successful migrants.

According to ENNOS (1994), the estimation of gene flow in plant populations is
complex because it is done in two ways - through both pollen and seeds. Gene flow
via pollen involves the dispersal of pollen of one population and the successful
fertilization the flowers of another population; while gene flow via seeds involves the
dispersal of seeds of one population and their successful establishment in a new
population (RIDLEY & MALLORY-SMITH, 2015). A complete description of gene flow
between plant populations should ideally include the evaluation of the relative
importance of both pollen and seeds as gene flow agents. This analysis is very
complex and highlights the value of simulation models, which can be based on the
genetic structure that is actually observed in the population.

Due to species population fragmentation, both the observed and expected
heterozygosity decreased over 100 generations (Figure 2A). This reduction in
heterozygosity occurred due to the loss of alleles for genetic drift. Simulations
performed by STEFENON & COSTA (2012) with EASYPOP software indicated an
increase in the inbreeding coefficient over generations in small populations compared

to larger populations, resulting in lower genetic variability. However, random mating
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contributed to an observed heterozygosity that was similar to that expected from the
Hardy-Weinberg equilibrium in all generations. This result confirms the importance of
intra-population gene flow for the conservation of genetic variability within these
fragments. A study of Luehea divaricata fragments in the Pampa biome showed that
the largest fraction of genetic variability was distributed within the fragments due to

high crossing rates (NAGEL et al., 2015).
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Figure — 2 Geographical location of the eight C. canjerana fragments used for the
simulations and molecular characterization in the present study. Source: MELO et al.

(2014).
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Another effect of gene flow is the reduction of genetic divergence between
populations. To study this effect in the C. canjerana fragments, we plotted Fst values
with migration rates of 0.1 and 0.9 (Figure 2B). There was a differentiating coefficient
near zero when the migration rate was 0.9, resulting in homogeneous fragments. This
indicates that fragmentation of the population was not strongly affected by inbreeding,
which is attributed almost exclusively to two-parent crossings within the fragments. A
migration rate of 0.1 caused high levels of inbreeding due to reproductive isolation that
limited the gene exchange between the fragments. Genetic differentiation was more
pronounced in the first generations, as observed in the stabilization after the thirtieth
generation. This delayed stabilization suggested that the loss of genetic variability in
all fragments did not allow genetic differentiation to continue growing.

The decrease in heterozygosity suggested the same behavior in the future,
requiring the adoption of interventional measures that reduce the risk of population
extinction. Similarly, the simulation using a higher migration rate allowed us to predict
how much genetic variability was lost due to the low migration rate, further confirming
the need for the development of strategies for the conservation of these genetic
fragments.

Assuming that all fragments of the first group (1, 2, 3, 4) exchange genes
between each other, as a function on their geographical distance and the correlation
between the geographical distance and the value of Rst, we proposed the creation of
ecological corridors that would connect the fragments 7 and 8, 6 and 7, 5 and 8, and 6
and 8 as a potential intervention plan. This plan could also include a contact area
between fragments 4 and 5, which would follow the hierarchical island model for gene
flow, and form a second island between the fragments 5, 6, 7 and 8. A more

economical but less effective alternative could include ecological corridors only among
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the 4 and 5, 6 and 7, and 7 and 8 fragments, in which case the gene flow would be

governed under the mixed model of islands and stepping stones.

Implications for conservation

The studied area has a deforestation history of more than 60 years, which led
to its fragmentation. In addition, C. canjerana does not have long-distance pollen
dispersers. The main pollen dispersers are the moths of the Lepidoptera order, which
have short flight behavior, pollinating nearby trees (PIZO & OLIVEIRA, 1998). The
dispersion of fruits and seeds is zoocorical, mainly by birds, attracted by the orange
color of the aril (PIZO, 1997). As a result, high levels of genetic differentiation were
observed among fragments due to their reproductive isolation characterized by low
migration rates. This condition propitiates the occurrence of inbreeding and genetic
drift that lead to progressive loss of genetic variability and, ultimately, population
extinction.

Therefore, the findings in this study allowed a better management of the area
toward its conservation by enabling gene flow among fragments, thus increasing the

genetic variability.

CONCLUSION

The eight fragments of C. canjerana studied have high levels of genetic
differentiation due to reproductive isolation (the gene flow model is isolation by
distance), and because a gene flow rate equivalent to 0.1 is not sufficient for the
homogenization of allelic frequencies. In this condition these fragments demand

special attention to reduce their vulnerability to adverse events. We suggested the
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creation of ecological corridors in order to increase the flow rate, connect the distant

fragments, and provide homogenization of the fragments via gene flow.
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ABSTRACT

Mangaba tree is a fruit tree species whose natural populations are fragmented by anthropic
actions. For this reason, studies assessing the impact of fragmentation on the diversity and
genetic structure of these populations are required in order to establish suitable conservation
strategies. In our study, we used data from analyzes through microsatellite markers in computer
simulations to estimate the rates of migration and selfing of six mangaba populations. The
studied populations are located in the northeastern states of Ceara, Pernambuco and Sergipe.
We tested different selfing and migration rates and selected the combination that showed values
of observed and expected heterozygosity closest to those previously obtained with
microsatellite markers. According to our simulations, selfing and migration were moderate.
This may have led to an increase in inbreeding and genetic drift, resulting in low genetic
diversity. We recommend expanding the area and reducing disturbance to promote the

occurrence of pollinators, which play an important role in increasing genetic diversity.

Keywords: Easypop, genetic diversity, habitat fragmentation, mangaba tree, microsatellites.

RESUMO
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A mangabeira é uma espécie frutifera cujas populac6es naturais se encontram fragmentadas por
acOes antrdpicas. Desse modo, sdo necessarios estudos sobre a avaliagdo do impacto da
fragmentac&o sobre a diversidade e estrutura genética dessas populac¢des para o estabelecimento
de estratégias de conservacdo adequadas. No presente estudo, foram utilizados dados de
anélises com marcadores microssatélites em simulagdes computacionais para estimar as taxas
de migracéo e autofecundacéo de seis populagdes de mangaba. As populag6es estudadas estéo
localizadas nos estados nordestinos do Ceard, Pernambuco e Sergipe. Foram testadas diferentes
taxas de autofecundacdo e migracédo, e selecionada a combinacdo que apresentou valores de
heterozigosidade observada e esperada mais préximos dos obtidos com marcadores
microssatélites. Com base nas simulaces, a autofecundacdo foi de 0,3 e a taxa de migracdo
variou de 0,5 a 0,6, valores que podem ter conduzido ao aumento da endogamia e deriva
genética, resultando em baixa diversidade genética. Recomenda-se a expansdo da area e a
reducdo de perturbacdes para promover a ocorréncia de polinizadores, que desempenham um

papel importante no aumento da diversidade genética.

Palavras-chave: Easypop, diversidade genética, fragmentacdo de habitat, mangabeira,

microssatélites.

INTRODUCTION

Habitat fragmentation is the process by which a large and continuous habitat is split into
smaller and more isolated remnants, primarily by human disturbances such as land clearing and
conversion of vegetation from one type to another. This phenomenon affects many ecosystems
and species such as mangaba tree (Hancornia speciosa Gomes), a fruitful species native to
Brazil (FRANKLIN et al., 2002; MOURA et al., 2005; SCHLAEPFER et al., 2018). It is a

perennial species native to several regions and ecosystems in Brazil, extending along the coast,
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occurring naturally in marginal soils, subject to long periods of drought such as savannas and
semi-arid areas in the Northeast. It is also reported throughout the Cerrado region of Central
Brazil to the Pantanal biome (LEDERMAN et al., 2000). Among many consequences, habitat
fragmentation in forest ecosystems affects the phenology, pollination patterns and reproductive
success of species. The reduction in population size may reduce the density of reproductive
trees, limit pollen availability and propitiate the occurrence of inbreeding and genetic drift
effects. Besides the size reduction, the lack of connectivity can affect pollen and seed dispersal
and limit gene flow among isolated fragments. These factors can lead to progressive loss of
genetic diversity and, ultimately, to extinction (DUMINIL et al., 2016). For this reason, it is
important to assess the impact of fragmentation on the genetic diversity and structure of forest

tree populations in order to establish appropriate strategies for conservation.

Some conservation programs focus on promoting gene flow among isolated fragments.
Gene flow is an evolutionary force that enables the allele exchange, thus increasing the genetic
diversity. Moreover, the reproductive system plays an important role in the genetic diversity
since selfing limits the pollen and seed dispersion and the potential for recombination between
alleles from different individuals, in contrast to crossing. As a result, it is expected that crossing
species preserve higher genetic diversity than autogamous species (JULLIEN et al., 2019). In
our study, we used data from microsatellite markers in computer simulations to estimate the
selfing and migration rate of six H. speciosa populations from the Caatinga biome, covering
the northeastern Brazilian states of Ceara, Pernambuco and Sergipe. The software used for the

simulations was the Easypop 2.0.1 (BALLOUX, 2001).

MATERIALS AND METHODS
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The Easypop 2.0.1 software was used to simulate different rates of selfing (0.1, 0.3, or
0.5) and migration (from 0.1 to 0.9, with steps of 0.1), which were selected based on how well
they could explain the genetic structure of six H. speciosa populations obtained by
microsatellite markers from AMORIM et al. (2015). In the referred study, the average observed
heterozygosity was 0.47, and the average expected heterozygosity was 0.60. The studied
populations were: Reserva do Caju (SE), Abais (SE), Barrados Coqueiros (SE), Jacarecoara
(CE), Tapera (CE) and Tamandaré (PE), all located in northeast Brazil, in the Caatinga biome
(Table 1). A total of 94 individuals were collected, 59 from the state of Sergipe (SE), 20 from
Ceara (CE), and 15 from Pernambuco (PE). According to the authors (AMORIM et al., 2015),
in some cases, the total number of individuals was exactly the population size because these are

remnant populations.

Table 1 — Sample sizes and geographic coordinates of the studied Hancornia speciosa
populations used in the simulations.

Population Sample size  Geographic coordinates
Reserva do Caju (SE) 19 11°11'6"S and 37°11'18"W
Abais (SE) 20 11°18'18"S and 37°17'18"W
Barrados Coqueiros (SE) 20 10°49'10"S and 36°56'52"W
Jacarecoara (CE) 14 4°07'10"S and 38°10'34"W
Tapera (CE) 6 3°56'20"S and 38°20'18"W
Tamandaré (PE) 15 8°43'50"S and 35°6'10"W
Total 94

Source: AMORIM et al. (2015).

For the simulations, we considered diploid hermaphrodite species, with non-random
mating system and non-clonal reproduction. According to the study by DARRAULT,;
SCHLINDWEIN (2006), it is self-incompatible, demanding different genotypes of the species

and specific pollinators for crossing and fruit production to occur. The flowers have a complex
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pollination mechanism co-adapted to pollination by moths and butterflies. The fruits are
dispersed by large and medium-sized mammals. A spatial migration model was considered,
with coordinates based on the geographic location of the populations which were obtained from
the geographical coordinates (latitude and longitude) according to the map. Regarding the
mutation settings, we assumed nine loci evolving according to the single-step mutation model
(SSM), which is assumed to be typical for microsatellites (VALDES et al., 1993), and
considered a proportion of 0.1 K-allele model (KAM) events, under 42 possible allelic states,
according to the data obtained by Amorim et al. (2015). A mutation rate of 0.0001 mutations
per locus and per generation was assumed. The genetic variability of the initial population was
considered the maximum, and authors simulated 100 generations. Each combination of selfing
and migration rates was replicated 100 times. The observed and expected heterozygosities from
AMORIM et al. (2015) were used to select the model settings that presented values closest to
the field observations. The two independent sample t-tests at a 5% level of probability were
used to compare the observed and expected heterozygosities of the selected combination of

selfing and migration rates with other combinations.

RESULTS AND DISCUSSION

According to our simulations, there is a clear trend of increasing heterozygosity (both
Ho and He) with increasing migration rate and decreasing selfing (Figure 1). Heterozygosity is
one of the parameters of genetic diversity. While gene flow increases the genetic diversity by
enabling the allele exchange among populations (SMITH et al., 2020), selfing reduces genetic
diversity by limiting the pollen and seed dispersion and; therefore, the potential for

recombination (JULLIEN et al., 2019).

The closest values of Ho and He to those obtained through the use of microsatellites
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(0.47 and 0.60, respectively) were generated under the selfing of 0.3 and the migration rate of
0.5 to 0.6 and these values were significantly different from the other rates, based on two
independent sample t-tests at a 5% level of probability of error. Migration rates are higher than
selfing rates, which suggested that spatial patterns may be more important than the degree of

inbreeding for H. speciosa.
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Figure 1 - Estimates of observed (Ho) and expected (He) heterozygosities generated by

simulations, for different rates of selfing and migration.

The rate of selfing of 0.3 generated from the simulations implies an outcrossing rate of
0.7 which enables us to classify the mode of reproduction of the population as mixed, with a
predominance of outcrossing, according to the classification of DESTRO & MONTALVAN
(1999). This author classifies vegetal populations as autogamous (outcross from 0 to 0.05),
mixed (outcross from 0.05 to 0.95) and allogamous (outcross from 0.95 to 1.0). Outcrossing in
hermaphrodite plants, like H. speciosa is usually enforced by self-incompatibility. According

to TAKAYAMA & ISOGAI, 2005), self-incompatibility is an important mechanism in
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flowering plants that prevents selfing and thereby generate and maintain genetic diversity
within a species. The estimated rate of self-incompatibility among tropical tree species is 0.88
(SOBIERAJSKI et al., 2006). In studying the reproductive system of Shorea congestiflora and
S. trapezifolia from Sri Lankan tropical rain forests, MURAWSKI et al. (1994) observed
differences in the outcrossing rates between the two species due to differences in the degree of
self-incompatibility. This finding ratifies the importance of self-incompatibility in promoting

outcrossing; therefore, increasing genetic diversity.

Regarding the migration settings, the simulations derived a rate of 0.5 to 0.6. Migration
in these populations occurs, probably, through seed dispersal, mediated by long-distance
dispersers, considering the long distances among them. Gene flow is the exchange of alleles
among populations, capable of altering the original gene composition. It can be translated as
the number of migrants among populations each generation (SLATKIN, 1985). High levels of
gene flow increase the genetic diversity in populations (BURCZYK et al., 2004), as observed

by plotting the heterozygosity (observed and expected) and the migration rate (Figure 1).

Gene flow in plant populations is an evolutionary force that promotes the
homogenization of gene frequencies between populations. Through gene flow, the allele
frequencies between populations become more similar. It is opposite to genetic drift that
promotes genetic differentiation between populations (ELLSTRAND, 1992). Some
conservation programs focus on reducing barriers to gene flow in fragmented populations
(KWAK et al., 1998; AULER et al., 2002; KAMM et al., 2010). Such barriers can be physical
or distance barriers, often created by populations fragmented into small groups which are more
susceptible to genetic drift (NEIGEL, 1997). In another study, BUSCHBOM et al. (2011)

observed effective long-distance gene flow that contributed considerably to the genetic
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diversity of an oak stand at St Sibay east of the Ural Mountains. This result reinforces the

importance of gene flow in the long-term persistence of this relict stand.

In our simulation, there was a gradual decrease in the genetic diversity parameters number of
alleles, observed heterozygosity and expected heterozygosity over generations, probably due to
anthropic activities (Figure 2). The number of alleles determines the probability for a population
to survive over generations under adverse events such as forest fires, insect and disease
outbreaks, drought, which result in the loss of part of the original genetic diversity. High genetic
diversity increases the chance of existing pre-adapted genotypes to future perturbations. When
populations are fragmented, there is a decrease in the number of alleles in each fragment
(GAMFELDT & KALLSTROM, 2007). In analysing the genetic diversity of Dalbergia

odorifera, LIU et al. (2019) obtained a higher number of alleles in larger populations.
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Figure 2 - Evolution of the number of alleles (A) and heterozygosity (B) over time. Ho:
observed heterozygosity; He: expected heterozygosity.

The heterozygosity of a population is defined as the probability that two randomly
sampled gene copies are different, being a good measure of genetic diversity (NEI, 1978). The

possibilities of combining different alleles rely on the number of alleles in the population.
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Therefore, the decrease in the number of alleles contributes to reducing the heterozygosity. It
can be confirmed by the similar behavior of graphs for these parameters (Figure 2). In addition,
when the lost alleles include self-incompatibility alleles, it leads to an increase in selfing,

increasing the proportion of homozygosity (VINSON et al., 2015).

Our results reinforced the importance of conserving high genetic diversity in forest
populations in order to ensure the sustainability of this important natural resource. The studied
populations of H. speciosa result from a long fragmentation process by anthropic activities.
Furthermore, the genetic erosion of this species can also be explained by human selection
throughout domestication due to the real estate expansion and the intensification of agriculture
in areas of natural occurrence (SOARES et al., 2019). According to the simulations, the genetic
diversity of this species will diminish in the long-running. The long distances that separate these
populations today limit the connectivity through gene flow. Therefore, local mutations are the
unique source for new alleles. which are recombined through crossing, contributing to a level
of genetic diversity in these populations. Thus, local strategies must be adopted to contain
genetic erosion. We recommend enriching the area with high genetic diversity germplasm and

minimizing disturbance to promote the occurrence of pollinators.

CONCLUSION

The H. speciosa populations have a selfing rate of 0.3 and a migration rate of 0.5 to 0.6.
The observed selfing and migration rates could be the result of genetic drift and isolation,
respectively, reducing the genetic diversity. Strategies to contain the loss of genetic diversity
must be adopted locally. We suggest expanding the area and reducing the disturbance to
promote the occurrence of pollinators, which are responsible for increasing the genetic diversity

by promoting crossing.
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7 CAPITULO V- SIMULATING THE REPRODUCTIVE SYSTEM OF HYMENAEA
COURBARIL L. POPULATIONS IN THE SOUTHWESTERN AMAZON FOREST

(Manuscrito submetido a revista Pesquisa Florestal Brasileira em 19/11/2021)

Abstract: In this study we used genetic structure data from three Hymenaea courbaril
populations growing in the southwestern Amazon forest, obtained through microsatellite
markers, to simulate their reproductive system. We tested different selfing, migration and clonal
reproduction rates using the Easypop software and selected the combination that showed values
of observed and expected heterozygosity closest to those previously obtained with
microsatellite markers. According to our simulations, selfing was 0.1, migration rate was 0.1
and the clonal reproduction rate was 0 to 0.2. These results suggest the presence of both sexual
and clonal reproduction in these populations. The populations showed a gradual decrease in
genetic diversity due to low gene flow. To minimize the loss of genetic diversity we suggest
expanding the area and replacing the explored trees using high genetic diversity germplasm.

Our study stressed the importance of using computer simulations in genetic conservation

Keywords: computational simulations, conservation biology, Easypop, genetic diversity,

microsatellite markers, reproductive mode.

INTRODUCTION

The Amazon rainforest is the largest continuous rainforest ecosystem in the world. It is
characterized by high heterogeneity of habitats, soil and micro-climates, resulting in high
biodiversity. This biodiversity has attracted worldwide attention regarding the sustainable
exploitation and conservation of this ecosystem. However, sustainable exploitation requires

research on the impact of forest management activities on the distribution, structure, genetic
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diversity and ecology (pollination and dispersion) of potential timber species as deforestation

of the Amazon advances at an alarming pace (Werth & Avissar, 2002, Silva et al. 2014).

Among several consequences, deforestation causes populations fragmentation and size
reduction. Small-sized populations are more susceptible to genetic drift and inbreeding effects,
leading to genetic diversity reduction. Genetic drift is a random process in which allele
frequencies within a population fluctuate by chance, being capable of leading to extinction.
Inbreeding is the mating of individuals that are closely related through common ancestry,

leading to homozygosity (Matesanz et al. 2017).

Genetic variability is the key component for the sustainability of species, as it provides
raw material for adaptation, evolution and survival under environmental changes. In the short
term, populations with low genetic diversity have high susceptibility to diseases and pests, loss
of incompatibility alleles and fixation of harmful alleles. In the long term, the loss of genetic
diversity can lead to low ability of populations to respond to changes in selection pressures

(Lowe et al. 2005).

The genetic diversity of populations is affected by the reproductive system. According
to the prevailing sexual reproduction mode, natural populations of forest species can be
classified as autogamous (when selfing prevails), allogamous (when outcrossing prevails) or
mixed. Outcrossing favors the increase of genetic diversity through the recombination of genes

while selfing and clonal reproduction reduce the genetic diversity.

In this sense, aspects related to the reproductive system should be considered in genetic
diversity conservation programs, in addition to the gene flow, which is important to reduce
inbreeding. In this study, we used Easypop (Balloux 2001) program to perform simulations of

genetic data obtained through the use of microsatellite molecular markers by Silva et al. (2014),
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in order to estimate the rates of selfing, migration and clonal reproduction of three Hymenaea

courbaril populations in southwestern Amazon forest.

MATERIAL AND METHODS

We used the computer program Easypop version 2.0.1 (Balloux, 2001) to simulate different
rates of selfing (0.1, 0.3 or 0.5), migration (0.1, 0.3, 0.5, 0.7 or 0.9) and clonal reproduction
(0.0, 0.2, 0.4 or 0.6) in order to select the combination that would result in parameters similar
to Silva et al. (2014) when studying the genetic structure of three Hymenaea courbaril L.
populations through the use of microsatellite markers. The studied populations were sampled
from Labrea (AM), Capixaba (AC) and Porto Acre (AC), in the southwestern Amazon forest.
In the referred study, the average observed heterozygosity was 0,6197, and the average expected

heterozygosity was 0,6963.

For the simulations, we considered diploid hermaphrodite specie, with non-random
mating and no clonal reproduction. A spatial migration model was considered, which
coordinates were based on the geographic location of the populations, obtained from the real
geographical coordinates (latitude and longitude) according to the map (Silva, unpublished
data). With respect to the mutation settings, we assumed 10 loci evolving according to the
single-step mutation model (SSM), with a proportion of 0.1 K-allele model (KAM) events,
under 107 possible allelic states, according to the data obtained in the original study. A mutation
rate of 0.0001 mutations per locus per generation was assumed. The genetic variability of the
initial population was considered the maximum, and we simulated 100 generations. For each

combination of selfing and migration rates, we replicated 100 replicates.

We selected the combination that showed values of observed and expected

heterozygosity closest to those previously obtained with microsatellite markers.
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RESULTS

Values of observed (Ho) and expected (He) heterozygosities generated from Easypop
simulations for different selfing, migration and clonal reproduction rates are summarized in
Table 1. There is clear trend of increasing heterozygosity (both Ho and He) with increasing
migration rate and reducing selfing and clonal reproduction. The closest values of Ho and He
to those obtained through the use of microsatellite markers (0,6197 and 0,6963 respectively)
were generated under the selfing of 0.1, the migration rate of 0.1 and the clonal reproduction
rate of O to 0.2 (Table 1). These values were significantly different from the other rates, based

on two independent sample t-tests at a 5% level of probability of error.

Table 1. Estimates of observed (Ho) and expected (He) heterozygosities generated by simulations,

for different rates of selfing, migration and clonal reproduction.

Clonal reproduction rates

. . 0,2 0,4 0,6
Migration

Selfing rates rates Ho He Ho He Ho He Ho He

0,1 0,654 0,693 0,653 0,693 0,65 0,691 0,650 0,681

0,3 0,683 0,711 0,674 0,705 0,684 0,725 0,686 0,713

0,1
0,5 0689 0,721 0685 0,724 0685 0,721 0,689 0,722
0,7 0,697 0,731 0,678 0,712 0,689 0,718 0,702 0,734
0,1 0,568 0,684 0,567 0,689 0,559 0,672 0,565 0,676
0,3 0,3 0,630 0,711 0563 0,68 0,585 0,695 0,550 0,669

0,5 0,566 0,679 0,557 0,686 0,583 0,704 0,577 0,690
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0,7 0,572 0697 0581 0,700 0,580 0,692 0,588 0,707

0,1 0,418 0,628 0417 0621 0,445 0,657 0,423 0,616

0,3 0,435 0,657 0431 0,641 0,442 0,646 0,445 0,649
0,5

0,5 0,436 0,656 0,442 0,655 0,443 0,658 0452 0,668

0,7 0,459 0677 0436 0,648 0444 0,668 0,443 0,657

Gene flow enables the gene exchange among populations, thus increasing the genetic
diversity (Madsen et al., 1995). On the other hand, selfing and clonal reproduction limit the
gene flow and the potential for recombination, resulting in low genetic diversity in populations

with these reproductive systems (Loveless & Hamrick 1987).

The simulation carried out over 100 generations for the selected model indicated a
gradual reduction in the number of alleles (Figure 1) and heterozygosity (Figure 2). The number
of alleles and heterozigosity are parameters of the genetic diversity usually used in genetic
analyzes. These parameters enable assessing the conservation state and evaluating the effects

of conservation programs.
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Figure 1. Simulation of number of alleles heterozygosities across 100 generations in three Hymenaea
courbaril populations
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Figure 2. Simulation of observed (Ho) and expected (Hs) heterozygosities across 100 generations in
three Hymenaea courbaril populations
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DISCUSSION

Our results suggest evidence of natural clonal reproduction in Hymenaea courbaril, although it
has not yet been officially registered. Clonal reproduction is common in natural forests
(Silvertown 2008). It was registered in the congener species Hymenaea stiginicarpa (Moreno,
unpublished data). This reproductive system refers to the reproduction by which new plants are

produced from roots, rhizomes, stems, tubers, leaves and inflorescences.

Regarding sexual reproduction, the rate of selfing of 0.1 generated from simulations
implies an outcrossing rate of 0.9. This finding enables us to classify the populations as mixed,
with a predominance of outcrossing, according to the classification of Destro & Montalvan
(1999). This author classifies populations as autogamous (outcross from 0 to 0.05), mixed
(outcross from 0.05 to 0.95) and allogamous (outcross from 0.95 to 1). Outcrossing in H.
courbaril was described by Bawa (1974) and confirmed by Crestana et al. (1985). According
to these authors, bats are the main pollinators of this species, in addition to some daytime

visitors such as hymenopterans, dipterans and hummingbirds.

Mixed reproduction system in hermaphrodite vegetal species, like Hymenaea courbaril,
suggests the presence of self-incompatibility mechanism in these species that reduce selfing.
Self-incompatibility is a genetic mechanism frequently used by angiosperms to prevent
inbreeding and the subsequent loss of genetic variability (Bawa 1974). In studying Ceiba
aesculifolia populations, Quesada et al. 2013 observed outcrossing rates close to 1 due to a self-

incompatibility mechanism present in this species.

There was low gene flow among populations due to the distances among them.
Hymenaea courbaril has animal-mediated fruits and seeds dispersal, however, gene flow is

limited by the distance among the populations (Silva et al. 2014).
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In small-sized populations, there is increased loss of alleles by genetic drift and
decreased heterozygosity through the increase in inbreeding level (Ellstrand & Elam 1993).
Simulations carried out by Stefenon & Costa (2012) using the Easypop program indicated that
smaller populations had greater increase in the inbreeding coefficient over generations,

resulting in less genetic variability, compared to larger populations.

Another effect of fragmentation is the deviation of allele frequencies from the expected
in the Hardy-Weinberg equilibrium. Under Hardy-Weinberg equilibrium, observed
heterozygosity equals expected heterozygosity. However, inbreeding reduces observed
heterozygosity from the expected heterozygosity (Ellstrand & Elam 1993) as shown in Figure

2.

For this reason, gene flow, a opposite force to genetic drift and inbreeding, has been
explored in programs that prioritize genetic diversity such as restoration and conservation. In
our previous work (Serrote et al. 2019), we simulated the effect of two extreme migration rates
(0.1 and 0.9) on the genetic diversity of Cabralea canjerana fragments. The high migration rate
homogenized the fragments, decreased the genetic differentiation coefficient among the
fragments and increased the genetic diversity, in contrast to the low migration rate that

increased inbreeding, increased genetic differentiation and reduced genetic diversity.

The populations of Hymenaea courbaril result from a long fragmentation process by
anthropic activities, which resulted in a gradual loss of genetic diversity. The distances that
currently separate these populations limit the interpopulational gene flow due to the distances
covered by pollinators and fruit and seed dispersers. For this reason, strategies to contain the
loss of genetic diversity should be local, for each population. One strategy could be expanding

the area and replacing the explored trees using high genetic diversity germplasm. The results
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of our study contribute to the sustainable management of Hymenaea courbaril through

promoting the increase in genetic diversity.

CONCLUSION

Based in our simulation, the three Hymenaea courbaril populations reproduce both sexually
and clonally. The main mode of sexual reproduction is through outcrossing (90%). The
populations showed a gradual decrease in genetic diversity due to low gene flow (migration
rate equal to 0.1). One strategy to minimize the loss of genetic diversity could be expanding the
area and replacing the explored trees using high genetic diversity germplasm. This study

stressed the importance of using computer simulations in genetic conservation.
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8 CAPITULO VI - GENE FLOW AFFECTS THE GENETIC DIVERSITY OF
COPAIFERA LANGSDORFFII DESF. IN CERRADO

(Manuscrito aceito na revista Acta Botanica Brasilica)

ABSTRACT

Gene flow allows connectivity of geographically isolated populations and which genetic
diversity is reduced. Understanding how gene flow occurs is essential to conservation and
selection of priority populations for intervention. In this study, the rates of migration and selfing
of Copaifera langsdorffii Desf. sampled in Cerrado fragments in the State of Sdo Paulo, Brazil,
were estimated through computer simulations. Different selfing and migration rates were tested
and the combination that showed values of observed and expected heterozygosity closest to
those previously obtained with microsatellite markers was selected. According to the
simulations, selfing and migration were low. Due to the high geographical distances among
the fragments, gene flow was limited and may have led to low genetic diversity in the fragments.
It is recommend enriching the area with high genetic diversity germplasm and reducing

disturbance to promote the occurrence of pollinators, in order to increase the genetic diversity.

Keywords: fragmentation, reproductive isolation, genetic diversity, EASYPOP,

microsatellites.

INTRODUCTION

Ecosystems vulnerability is an issue of great concern worldwide. Human disturbances,
such as land clearing, negatively affect the environmental sustainability of forest ecosystems

that lead to habitat fragmentation (Schlaepfer et al., 2018).
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Among the consequences of habitat fragmentation, it propitiates the occurrence of
inbreeding and genetic drift, especially when there is a lack of connectivity among fragments
through gene flow, thus, reducing the genetic diversity, which is important for environmental
sustainability (Duminil et al., 2016). For this reason, many conservation programs are focused
on reducing gene flow barriers between isolated populations (Birnbaum et al., 2013).
Understanding the gene flow pattern between geographically isolated populations enables
conservationists to plan conservation strategies, including the selection of priority populations

for intervention (Ellstrand, 1992).

Moreover, genetic diversity is affected by the reproductive system of a species. Selfing
limits pollen and seed dispersion and the potential for gene recombination, in contrast to
crossing. For this reason, allogamous species are expected to preserve higher genetic diversity

than autogamous species (Dias et al., 2004).

In this study, the rates of gene flow and selfing of Copaifera langsdorffii trees located

in Cerrado fragments were estimated through computer simulations.

Easypop version 2.0.1 (Balloux, 2001) was used to simulate different rates of selfing
(0.1, 0.3 or 0.5) and migration (from 0.1 to 0.9, with steps of 0.1) of four Copaifera langsdorffii
fragments. All fragments (Assis, Itirapina, Pedregulho and Brotas) are located in the Cerrado
biome in the State of So Paulo, Brazil. Criteria used for selection were the values of observed

and expected heterozygosity (Ho = 0.68;  He = 0.87) reported by Antiqueira et al. (2014).

For the simulations, we considered a diploid hermaphrodite species, with non-random
mating and no clonal reproduction. A spatial migration model was considered, with coordinates
based on the geographic location (latitude and longitude) of the genotyped populations.
Regarding the mutation settings, there were assumed eight loci evolving according to the single-

step mutation model (SSM), with a proportion of 0.1 K-allele model (KAM) events, under 103
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possible allelic states (Antiqueira et al., 2014). We considered a mutation rate of 0.0001
mutations per locus per generation and assumed 100 generations. Each combination of selfing
and migration rates was replicated 100 times. The observed and expected heterozygosities from
Antiqueira et al. (2014) were used to select the model settings that presented values closest to
the field observations. The two independent sample t-tests at a 5% level of probability were
used to compare the observed and expected heterozygosities of the selected combination of

selfing and migration rates with other combinations.

According to the simulations, there is an increase in heterozygosity (observed and
expected) as selfing reduces and migration rate increases. The closest values of Ho and He to
those obtained using microsatellite markers (Ho = 0.68;  He = 0.87) were obtained under the
selfing of 0.3 and the migration rate of 0.1 and these values were significantly different from
the other rates, based on two independent sample t-tests at a 5% level of probability of error

(Figure 1).
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Figure 1. Estimates of observed (A) and expected (B) heterozygosities generated by

simulations, for different rates of selfing (S) and migration.

The low selfing rate can be justified by the reproductive mode of this species. According
to Carvalho (2003), C. langsdorffii is predominantly allogamous. Outcrossing in hermaphrodite

plants, like C. langsdorffii is usually enforced by self-incompatibility, an important mechanism
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in flowering plants that prevents selfing and consequently generating and mantaining the
genetic diversity (Takayama & Isogai, 2005). Therefore, although most flowering plants are
hermaphrodites, outcross prevails in the plant kingdom. In a study on the reproductive system
of Copaifera langsdorffii from a preserved area in Minas Gerais, Brazil, Oliveira et al. (2002)

found high rates of multilocus and unilocus outcrossing (0.917 and 0.877, respectively).

In regard to migration, there is low gene flow among the studied fragments. Gene flow
via pollen in Copaifera langsdorffii is performed by bees and seed dispersal is zoochoric. The
main animal seed dispersers are monkeys and birds, which both swallow arils and eventually
regurgitate the seeds close to the mother plant, limiting gene flow (Martins et al., 2008; Sebbenn
et al., 2011). Assis and Pedregulho are the most distant fragments (460 km away), followed by
Assis — Itirapina (350 km), Pedregulho — Itirapina (280 km), Pedregulho — Brotas (280 km),
Assis — Brotas (275 km) and Itirapina — Brotas (24 km) (Antiqueira et al., 2014). Thus, the long
distances between the fragments and the dispersal syndrome in this species can justify the low

gene flow obtained in our simulations.

According to Ellstrand (1992), gene flow in plant populations is an evolutionary force
that promotes the homogenization of gene frequencies between populations in contrast to
genetic drift that promotes genetic differentiation between populations. For this reason, various
conservation programs focus on reducing barriers (physical or distance barriers) to gene flow
in fragmented populations (Birnbaum et al., 2013). In a study by Sebbenn et al. (2011), there
was restricted gene flow in a fragmented population of Copaifera langsdorffii from the

Brazilian Atlantic forest.

This study reinforces the importance of tree species genetic diversity in order to ensure
its conservation. The studied populations of C. langsdorffii result from a long fragmentation

process by anthropic activities. On the other hand, the long distances that separate these
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populations limit the connectivity through gene flow. Therefore, local strategies must be
adopted to contain genetic erosion, such as enriching the area with high genetic diversity
germplasm and reducing disturbance to promote the occurrence of pollinators in these

fragments.
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9 CAPITULO VII - STUDY OF GENE FLOW IN PROSOPIS RUBRIFLORA
REMNANTS FROM THE PANTANAL BIOME THROUGH COMPUTER
SIMULATIONS

(Manuscrito submetido a revista Biodiversidade Brasileira em 17/08/2022)

ABSTRACT - Understanding the pattern of gene flow between isolated populations is crucial
in forest conservation. In this study was estimated the pattern of gene flow in eight Prosopis
rubriflora fragments from the Pantanal biome, in Brazil, through computer simulations.
Different models and rates of migration were tested and selected the combination that showed
values of observed and expected heterozygosity closest to those previously obtained with
microsatellite markers. According to the simulations, gene flow is performed through the
isolation by distance model in a rate of 0.3. The high geographical distances between the
fragments may have limited the gene flow, resulting in a decrease of genetic diversity over
generations. It is recommend adopting local strategies to contain genetic erosion, such as
enriching the area with high genetic diversity germplasm and reducing disturbance to promote
the occurrence of pollinators in these fragments.

Keywords: Forest fragmentation; genetic diversity; EASYPOP; microsatellites.

Estudo do fluxo génico em remanescentes de Prosopis rubriflora do bioma

Pantanal por meio de simulagdes computacionais

RESUMO - A compreensao do padrdo de fluxo génico entre populagdes isoladas é crucial para
a conservacao florestal. Neste estudo foi estimado o padréo de fluxo génico em oito fragmentos
de Prosopis rubriflora do bioma Pantanal, no Brasil, por meio de simulagdes computacionais.
Foram testados diferentes modelos e taxas de migracéo e foi selecionada a combinagdo que
apresentou valores de heterozigosidade observada e esperada mais préximos aos obtidos
anteriormente com marcadores microssatélites. De acordo com a simulagéo, o fluxo génico é
efetivado segundo o modelo de isolamento por distancia sob a taxa de 0,3. As grandes distancias
geogréficas entre os fragmentos podem ter limitado o fluxo génico, resultando na reducdo da

diversidade genética ao longo das geragdes. Recomenda-se a adocdo de estratégias locais para
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conter a erosdo genética, como o enriquecimento da area com germoplasma de alta diversidade
genética e reduzir perturbacOes para promover a ocorréncia de polinizadores nesses fragmentos.

Palavras-chave: Fragmentacdo florestal; diversidade genética, EASYPOP, microssatélites.

Estudio del flujo de genes en remanentes de Prosopis rubriflora del bioma

Pantanal mediante simulaciones por computadora

RESUMEN: Comprender el patron del flujo de genes entre poblaciones aisladas es crucial para
la conservacion de los bosques. En este estudio, se estudio el patrdn de flujo de genes en ocho
fragmentos de Prosopis rubriflora del bioma Pantanal, en Brasil, mediante simulaciones por
computadora. Se probaron diferentes modelos y tasas de migracién y se selecciond la
combinacion que presentaba valores de heterocigosidad observada y esperada mas similar a los
obtenidos previamente con marcadores microsatélites. Segun la simulacion, el flujo génico se
realiza segun el modelo de aislamiento por distancia a tasa de 0,3. Las grandes distancias
geograficas entre los fragmentos pueden tener limitado el flujo de genes, lo que da como
resultado una diversidad genética reducida a lo largo de las generaciones. Se recomienda la
adopcidn de estrategias locales para contener la erosion genética, como enriquecer el area con
germoplasma de alta diversidad genética y reducir las perturbaciones para promover la

ocurrencia de polinizadores en estos fragmentos.

Palabras Ilave: Fragmentacion de bosques; diversidad genética, EASYPOP, microsatélites.

Introduction

Human activities in forest ecosystems such as logging, conversion to agriculture, and
road construction result in forest fragmentation. Due to their small size, forest fragments are
more susceptible to the genetic drift and inbreeding effects than continuous forests. These
factors are recognized as determinants to the biodiversity erosion. For this reason, special
attention is required for fragmented forests (Slatkin, 1985, Pinho & Hey, 2010).

Connecting fragments through gene flow is an important issue in conservation genetics

as it allows the sharing of genetic diversity, reducing the fragments vulnerability (Slatkin,
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1985). Most conservation programs are focused on reducing gene flow barriers between
isolated fragments. Improving the understanding on the gene flow pattern among
geographically isolated populations allows conservationists to plan conservation strategies,

including the selection of priority populations for intervention (Broquet et al., 2010).

Wright’s island model is a conventional model used in population genetics to evaluate
gene flow between populations. This model allows the estimation of the actual number of
migrants (Nm) by means of the Fsr statistic for a set of populations (Wright, 1965). However,
this model does not have realistic assumptions for all populations, such as the equilibrium
between migration and genetic drift, if there is equal gene exchange between populations, and
if all populations have equivalent sources of migrants. Also, the estimates obtained through this
model do not reflect the contemporary variation in gene exchange between populations or

current changes in the dispersal process.

For these reasons, more accurate methods to investigate the gene flow pattern for
specific populations are needed to ensure the success of conservation programs. In this study,
the EasyPop program (Balloux, 2001) was used to simulate models and rates of gene flow in
eight fragments of the forest tree species Prosopis rubriflora growing in the Pantanal biome, in

Brazil, using data obtained from microsatellite markers analyzes.

Material and Methods

Molecular data of eight Prosopis rubriflora fragments obtained through microsatellite
markers by Alves et al. (2018) were used in simulation of migration model and rate using the
Easypop version 2.0.1 program (Balloux, 2001). All fragments are located in the Pantanal
biome in the Brazilian State of Mato Grosso do Sul (Figure 1; Table 1). Criteria used for
selection were the values of observed and expected heterozygosity (Ho = 0.56; He = 0.58)
reported by Alves et al. (2018).
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Figure 1 — Locations at which samples were collected. The sampled areas for Prosopis rubriflora are

represented by red triangles. Only the purple areas, which represent the Pantanal domain, were used in
the simulations. FPT1: Patola Farm Area 1; FPT2: Patola Farm Area 2; FSC: Santa Cristina Farm;
FTR1: Tereré Farm Area 1; FTR2: Tereré Farm Area 2; FRC1: Retiro Concei¢do Farm Area 1; FRC2:
Retiro Conceicdo Farm Area 2; FSV: Santa Verginia Farm. Source: Alves et al. (2018).

Table 1 — Fragments at which samples of Prosopis rubriflora used in the simulations were collected.

Sampled area (initials) Geographic coordinates Ho He
Patolad Farm Area 1 (FPT1) 57°42'11"W-21°42'09"S  0.40 0.49
Patola Farm Area 2 (FPT2) 57°43'16"W-21°41'21"S  0.59 0.61
Santa Cristina Farm (FSC) 57°48'36"W-21°34'35"S  0.64 0.61
Tereré Farm Area 1 (FTR1) 57°46'43"W-21°24'42"S  0.61 0.60
Tereré Farm Area 2 (FTR2) 57°49'59"W-21°28'40"S  0.57 0.60
Retiro Conceigdo Farm Area 1 57°45'49"W-21°42'08"S  0.53 0.57
(FRC1)

Retiro Conceigdo Farm Area 2 57°46'43"W-21°41'05"S  0.52 0.55
(FRC2)

Santa Verginia Farm (FSV) 57°50'01"W-21°06'42"S ~ 0.58 0.61
Average 0.56 0.58

Source: Adapted from Alves et al. (2018).
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There were tested different rates of migration (from 0.1 to 0.9 in steps of 0.2) and the
following migration models: one-dimension stepping stone, island and spatial. For the spatial
model simulation, two dimensions based on the real geographic position of the fragments were
used. The following parameters were considered in all simulations: a dioic species, twenty loci,
400 generations, mixed Single Step Mutation Model (SSM) with a proportion of 0.1 K-allele
model (KAM) events, under 100 possible allelic states (Alves et al., 2018). Each combination
of selfing and migration rates was replicated 100 times. We selected the model that showed
values of observed and expected heterozygosity closest to those previously obtained with

microsatellite markers by Alves et al. (2018).

Results

Based on the observed and expected heterozygosity average values of 0.56 and 0.58,
respectively, from Alves et al. (2018), gene flow among the studied fragments is performed
through the spatial model in a rate of 0.3 (Table 2). The difference of statistics in migration rate

0.1 in relation to others is significant, by t test at 5% error probability.

Table 2 — Estimates of observed heterozygosity (Ho) and expected heterozygosity (He) generated by

simulations for different models and migration rates in eight P. rubriflora fragments.

Migration rates

0.1 0.3 0.5 0.7 0.9

Ho 0.52 0.54 0.58 0.00 0.64

One-dimension stepping stone model  He 0.60 0.65 0.68 0.69 0.75
Ho 0.43 0.48 0.51 0.57 0.60

Island model He 0.60 0.60 0.63 0.67 0.70
Ho 0.52 0.57 0.61 0.63 0.64

Spatial model He 0.60 0.60 0.63 0.67 0.70
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By simulating the behavior of the number of alleles over generations it is observed a
clear trend of gene erosion due to fragmentation (Figure 2). Through fragmentation, large
populations are split into smaller patches, propitiating the occurrence of inbreeding and genetic

drift, resulting in the loss of the genetic diversity (Cuenin et al., 2019).
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Figure 2 — Behavior of the number of alleles over generations for eight Prosopis rubriflora fragments

from the Pantanal biome, Brazil.

Discussion

Isolationn by distance is a term used to describe patterns of population genetic variation
that derive from limited gene flow. It is defined as a decrease in the genetic similarity among
populations as the geographic distance between them increases. In other words, due to limited
dispersal, individuals geographically closer tend to be genetically more similar than individuals
that are far apart. As a consequence, populations can be structured in a hierarchical way and
experience high genetic differentiation (Jensen et al., 2005; Meirmans, 2012).

Due to the isolation by distance model, the studied fragments present low rate of gene flow.
Once gene flow is limited to closer fragments, there is a minimum possibility of gene exchange
between Santa Verginia Farm and the rest of the fragments. On the other hand, most of the gene
flow is performed between Patola Farm Area 1, Patold Farm Area 2, Retiro Concei¢do Farm
Area 1 and Retiro Conceigéo Farm Area 2, according to the distances between these fragments

(Figure 1). According to Ellstrand & Ellam (1993), in a fragmented habitat, as distances
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between patches increase, gene flow decreases, further increasing differentiation through higher
inbreeding. This pattern was also observed in a study in F. mauritiana patches in a fragmented

forest from the Mascarene Islands (Cuénin et al., 2019).

The estimation of gene flow in plant populations is complex because it is performed
both through pollen and seeds (Ennos, 1994). Gene flow via pollen involves pollen dispersal
from one population and the successful fertilization into flowers of another population; on the
other hand, gene flow via seeds involves seeds dispersal from one population and their
successful establishment in a new population (Ridley & Mallory-Smith, 2015). A complete
description of gene flow between plant populations should ideally include the evaluation of the
relative importance of both pollen and seeds. However, it is a very complex analysis, which
makes computer simulation an important tool for studies on the gene flow pattern in forest

populations.

Gene flow in is an evolutionary force that promotes homogenization of allelic
frequencies between populations in contrast to genetic drift that promotes genetic
differentiation. For this reason, it is fundamental reducing barriers to gene flow in fragmented

populations for forest conservation (Ellstrand, 1992).

Simulations performed with the EASYPOP software showed an increase in inbreeding
over generations in small populations compared to larger populations. However, random mating
contributed to increase the heterozygosity in all generations. This result ratifies the importance

of gene flow for genetic diversity conservation (Stefenon & Costa, 2012).

This study reinforces the importance of genetic diversity for forest conservation. The
long distances that separate the studied fragments of P. rubriflora limit the connectivity through
gene flow. Therefore, we propose local strategies to contain genetic erosion, such as enriching
the area with high genetic diversity germplasm and reducing disturbance to promote the

occurrence of pollinators in these fragments.

Conclusion

The P. rubriflora fragments showed continuous decrease in genetic diversity over

generations due to the pattern of gene flow. These fragments exchange genes through the
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isolation by distance in arate of 0.3. In this condition, local strategies must be adopted to contain
the loss of genetic diversity. We suggest expanding the areas using high genetic diversity
germplasm and reducing disturbance to promote the occurrence of pollinators and seed

dispersers.
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10 DISCUSSAO GERAL

Em face das crescentes ameacas a diversidade genética, o uso de tecnologias
cada vez mais apuradas revela-se de extrema importancia para contribuir na
conservacdo dos recursos genéticos. A descoberta da técnica de marcadores
moleculares revolucionou o campo de pesquisa em diversas areas da genética,
incluindo os estudos da diversidade genética. Nesse estudo buscou-se aprofundar a
aplicabilidade de uma das classes de marcadores moleculares, os microssatélites
(SSRs), em estudos visando a conservacao de espécies florestais de diversos biomas
brasileiros. Esses marcadores apresentam as vantagens de serem amplamente
distribuidos nos genomas de eucariotos e de procariotos, possuirem heranca co-
dominante e elevadas taxas de mutagédo (GARRIDO-CARDENAS et al. 2018).

Assim, a reviséo realizada na presente tese ratificou a ampla utilizacdo de
microssatélites em estudos envolvendo espécies florestais, porém, abaixo do
esperado, devido a necessidade de conhecimento prévio do genoma da espécie a ser
estudada (FERREIRA & GRATTAPAGLIA, 1998). Essa limitacdo restringe o uso de
microssatélites a espécies com genoma pelo menos parcialmente sequenciado ou
aguelas em que foram realizados testes de transferibilidade de outras espécies. Por
outro lado, o baixo numero de estudos com microssatélites em biomas brasileiros
pode estar relacionado ao fato das espécies florestais serem pouco estudadas no
Brasil, a reducéo de pesquisas no periodo da pandemia da COVID-19 e a existéncia
de outras classes de marcadores. Ainda assim, 0s microssatélites se apresentam
como sendo de extrema importancia para a conservacao de espécies florestais no

Brasil.

Os estudos com marcadores moleculares permitem o monitoramento do
comportamento da diversidade genética e permitem a recomendacdo de estratégias
mais adequadas para a sua conservacdo. Entretanto, analises mais apuradas
demandam a escolha de bons marcadores com base na sua capacidade de revelar
polimorfismo entre individuos analisados, sendo a heterozigosidade (NEI;
ROYCHOUDHURY, 1974) e o Conteudo de Informacéo Polimorfica (PIC) (BOTSTEIN
et al., 1980) os parametros mais usados. Assim, a revisdo de literatura realizada na

presente tese, relativa a determinacdo do PIC para marcadores moleculares, revelou-
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se de extrema importancia na medida em que ira auxiliar na qualidade das analises
geneéticas, através da escolha correta dos marcadores a usar, além de ter contribuido
com uma equacéo simples para a determinacao do PIC para marcadores dominantes,

contribuindo assim na conservacao dos recursos genéticos florestais.

Por outro lado, o desenvolvimento de programas de simulacdo de dados
genéticos tornou mais efetivos os estudos sobre diversidade genética na medida em
que permitem também predizer os efeitos dos fatores atuando sobre populagcbes de
espécies florestais (PENG et al., 2013). Nesse sentido, os estudos que serviram de
base para as simulacbes na presente tese forneceram informacfes em relacdo a
situacdo atual de espécies florestais em diversos biomas brasileiros, ao passo que as
simula¢cBes forneceram estatisticas adicionais importantes para a tomadas de

decisdes visando a conservagao.

Por exemplo, por meio das simulacdes, foi observado que o fluxo génico entre
fragmentos de Cabralea canjerana localizados na Mata Atlantica, entre
remanescentes de Prosopis rubriflora, do bioma Pantanal, e entre fragmentos de
Copaifera langsdorffii, do Cerrado, ocorre sob o modelo de isolamento por distancia a
uma taxa reduzida e que, em fun¢éo disso, os niveis de diferenciagdo genética foram
altos. Por seu turno, popula¢des de Hancornia speciosa do bioma Caatinga foram
classificadas, quanto ao modo reprodutivo, como mistas, com uma taxa de
autofecundacéo de 0,3 e que trocavam genes a uma taxa de 0,5 a 0,6, fato que
resultou em baixa diversidade genética. As simula¢fes sugeriram também a presenca
de reproducéo clonal em populacdes de Hymenaea courbaril localizadas na Amazdnia
Sul-Ocidental, fato previamente observado na espécie congénere Hymenaea
stiginicarpa (MORENO, 2009).

Em funcéo desses resultados foram realizadas recomendagfes tais como a
criagdo de corredores ecoldgicos, que € a principal medida adotada em diversos
estudos para prevenir ou restaurar populagdes subdivididas, pois conectam habitats
isolados que passam a trocar genes como se uma unica populacéo de tamanho maior
(BRUDVIG et al.,, 2009; CHRISTIE et al.,, 2015; LEMOS et al.,, 2015). Outras
recomendacgfes incluiram a manutencdo ou expansdo das éareas isoladas, o
enriguecimento das areas com germoplasma de alta diversidade genética e por forma

a aumentar o tamanho e reduzir os efeitos da deriva genética e da endogamia,
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substituicdo de arvores exploradas com germoplasma de elevada diversidade
genética, reducdo da perturbacéo para promover a ocorréncia de polinizadores, que

promovem o aumento da diversidade genética através da promog¢ao de cruzamentos.

Dessa forma, percebe-se a contribuicdo das simulacbes de dados de
marcadores microssatélites na geracdo de parametros genéticos importantes para
recomendar alternativas adequadas para a conservacdo de recursos florestais de
biomas brasileiros. Espera-se que esta seja uma tendéncia mundial numa altura em
que os niveis de desmatamento e consequente erosdo genética seguem em ritmo

acelerado.



11 CONSIDERACOES FINAIS

A presente tese de doutorado objetivou, em complementacédo a dissertacdo de
mestrado, aplicar a ferramenta de simulacdo de dados genéticos de populagcbes de
espécies florestais abrangendo os seis biomas brasileiros. Assim, em continuidade da
simulacdo de um trabalho do bioma Pampa realizado no mestrado, na presente tese
foram simulados dados dos biomas Amazonia, Mata Atlantica, Cerrado, Pantanal e

Caatinga.

Os trabalhos usados na revisdo e nas simulacdes da presente tese, 0s quais
recorreram ao uso de marcadores microssatélites para as andlises, confirmaram a
crescente reducéo da diversidade genética nos biomas brasileiros como resultado do
desmatamento acelerado. Esse fato ratifica a elevada potencialidade da contribuicéo
dessa classe de marcadores de DNA para estudos genéticos com espécies florestais
nesses biomas, como ferramenta para auxiliar em programas da conservagao da
biodiversidade por meio da estimacao da variabilidade genética e sua distribuicdo
entre e dentro de grupos ou populagdes. Ainda assim, o levantamento de estudos que
fizeram o uso de microssatélites em biomas brasileiros revelou uma baixa quantidade
de estudos no periodo considerado (2017 - 2021), fato que pode ser atribuido a
reducdo de pesquisas no periodo da pandemia da COVID-19, a existéncia de outras
classes de marcadores e ao fato da pesquisa com espécies florestais brasileiras ser

negligenciada.

Por seu turno, os programas de simulacdo usados na tese (EasyPop e Fstat)
mostraram-se eficientes na estimacdo de parametros como taxas de migracado, de
autofecundacgéo, de reproducado clonal e modelos de migracdo, importantes para
direcionar a adocdo de estratégias mais efetivas de conservacdo dos recursos
genéticos florestais. Assim, recomenda-se a inclusdo de simula¢des nos programas
de conservacéo florestal nos biomas brasileiros em complementacao as anélises com

marcadores moleculares.
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