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Resumo

Locos microssatélites foram utilizados para investigar a diversidade e estrutura genética e o parentesco de
duas populagdes de Hevea brasiliensis conservadas ex situ, uma em Selviria, estado do Mato Grosso do
Sul e uma em Maraba, estado do Para e assim conhecer seu potencial para programas de melhoramento
e conservacao genética. A populagéo de Selviria apresentou numero total de alelos (100) menor do que a
populacdo Maraba (179) com a média por locos de 6,7 e 11,9 respectivamente. A heterozigosidade esperada
(H,), heterozigosidade observada (#,) e o indice de fixagdo () foram semelhantes entre populagbes, mas
a rigueza alélica (r) foi maior em Maraba. A diferenciagcdo genética entre as populacgdes (6= 0,28) revelou
que 72% da diversidade genética esta distribuida dentro das populagdes. O coeficiente médio de coancestria
dentro de ambas as populagdes foi positivo, mas os valores foram préximos de zero (< 0,08) e considerando
individuos de ambas as populagdes, a coancestria media foi zero (-0,001). Portanto, os cruzamentos entre
individuos dessas populagdes podem ser priorizados para promover uma maior heterose no programa de
melhoramento. Os resultados sugerem que as populagdes sao de interesse para programas de conservagao
e melhoramento genético.
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Abstract

Using microsatellite loci, this study assesses the genetic diversity and structure and relatedness in two
conserved ex situ Hevea brasiliensis populations in Selviria, Mato Grosso do Sul State, and Maraba, Para
State, Brazil. The aim of the study was to determine the potential of these populations for breeding and
conservation programs. The total number of alleles was lower in Selviria (100) than in Maraba (179 alleles),
with an average of 6.7 and 11.9 alleles per locus, respectively. The expected heterozygosity (#,), observed
heterozygosity (#,), and fixation index (r) were similar between populations, but allelic richness (r) was
higher in Maraba. Genetic differentiation between populations (G5,= 0.28) indicates that genetic diversity is
mainly distributed within populations. The mean coancestry coefficient in each population was positive but
close to zero (< 0.08), and when considering both populations together it was -0.001. Therefore, crosses
between individuals of these populations can be encouraged to promote heterotic effects through breeding.
The results suggest that the studied populations can be used in both conservation and breeding programs.
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INTRODUCTION

The rubber tree [Hevea brasiliensis (Willd, ex Adr, de Juss) Muell,-Arg] supplies the raw material
used in the manufacture of a wide range of every-day objects. Despite being a native Amazonian
species, most of the rubber consumed in the Brazilian market is imported (HOMMA, 2012). In order
for Brazil to be self-sufficient in meeting its internal demand, hundreds of thousands of hectares
of rubber trees must be planted, which offers opportunities to provide income for thousands of
small-scale producers (HOMMA, 2012).

While the species continues to be exploited and rubber extracted in natural populations in the
Amazon region, there are very few areas with high levels of productivity. These areas are based on
the system proposed by Kageyama et al. (2002) and the increased productivity is due to the selection
of genotypes, initially conserved ex situ (OLIVEIRA et al., 2015; SOUZA et al., 2017), that enabled
planting in a variety of agroecosystems, such as agroforestry (RIGHI et al., 2008; VIRGENS FILHO,
2014) and monocultures (GONCALVES et al., 2011). However, successful domestication occurred
outside of the species’ center of origin in ecosystems where the fungus Microcylus ulei (Henn,) Arx
does not occur. This fungus causes leaf disease and can have significant impacts on rubber plantations.

Considering the context of deforestation in natural populations in the region where the species
originated, ex situ conservation plans are important not only to maintain the genetic diversity of the
species, but also to enable genetic improvement of genotypes adapted to different environments.
As such, several studies have examined the dissimilarity between genotypes to obtain satisfactory
heterotic effects through crosses, as discussed in Aguiar and Gongalves (2006).

Understanding genetic diversity is crucial to the success of conservation and breeding programs.
Molecular markers have been used to assess genetic diversity through indices such as expected and
observed heterozygosity and fixation index, among others. Some studies have quantified the genetic
diversity of rubber trees using these markers (CUBRY et al., 2014; PERSEGUINI et al., 2012; PETHIN et al.,
2015), offering significant potential for genetic studies involving the species (SOUZA et al., 2009).

Several regions in Brazil have favorable edaphoclimatic conditions for the cultivation of rubber
trees. Therefore, a range of genotypes are being studied for the purpose of genetic improvement in
conserved ex situ populations. In the state of Pard, Brazil, areas suitable for rubber cultivation have
been identified with satisfactory soil and climatic conditions, but without the occurrence of leaf
disease. Marginal areas have also been identified that are predominantly strip E, or areas that could
be suitable for rubber tree cultivation provided there is sufficient water availability and deep soils
(CAMARGO; CAMARGO, 2014). Camargo and Camargo (2014) also highlight areas in Mato Grosso
do Sul State and other regions across the country that range from suitable to optimal for rubber
cultivation.

Using microsatellite markers, the present study aimed to investigate the genetic diversity and
structure, inbreeding, and relatedness in two H. brasiliensis conserved ex situ populations in Selviria,
Mato Grosso do Sul State, and Maraba, Para State, Brazil.

MATERIAL AND METHODS

Study site and sampling

From the two study populations, Selviria (SEL) and Maraba (MAR), only H. brasiliensis
adult trees capable of becoming mother trees in a progeny test that produced fruits in the 2016
reproductive event were sampled. SEL is located in the municipality of Selviria, Mato Grosso do
Sul State, at Fazenda de Ensino, Pesquisa e Extensao, UNESP Ilha Solteira Campus (FEIS/UNESP)
(51° 22" W, 20° 22'S; altitude of 335 m). According to the Koppen-Geiger classification, the climate
is humid tropical type Aw. In 2016, the average annual temperature was 24.7°C, average relative air
humidity was around 75%, and average annual rainfall was 1355.2 mm (UNESP, 2016). The soil is
classified as dystrophic Red Latosol (LVd), according to current soil nomenclature (SANTOS et al.,
2018). This population consists of 18 adult trees from open-pollinated seeds, collected on the occurance
lines of GT1 clones, in a stand that also includes clones PR107, RRIM600, IAN873 and IAN717. The
species has explosive dehiscence, and there may be trees of these clones. The MAR population is
located in the municipality of Maraba, Para State, at the Maraba Rural Campus, Federal Institute of
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Pard (IFPA) (05° 34" 14.8" S, 49° 06' 02.3” W; altitude of 100 m). The population includes 46 adult
trees that are remnants of a plantation established in 1980 with seeds of unknown origin. The area
of this population is 4.2 ha. According to the Koppen-Geiger climate classification, the municipality
of Maraba is AW, occurring in the AM transition zone. Data from the I[FPA Maraba Rural Campus and
ITV weather station for 2016 shows an average annual temperature of 26.5°C (minimum of 14.7°C
and maximum average of 27.5°C). The rainfall index was 1549 mm/year and the soil is classified as
Red-Yellow Argisol (SANTOS et al., 2018).

Microsatellite analysis

DNA extraction and PCR procedures followed the protocol described by Faria et al. (2011).
The initial data were generated on the ABI 3100XL sequencer and exported using the Genotyper
software. The markers were selected based on microsatellite loci from a study by Le Guen et al. (2009),
who analyzed the genetic structure of several H. brasiliensis populations. However, for better quality
and optimization of the analysis, the primers were redesigned by the Hereditas/ Genomax laboratory,
based on the sequence available in GenBank (NCBI, Table 1).

Table 1. Primers used in the characterization of 15 microsatellite loci of Hevea brasiliensis, with locus code, NCBI
accession number, primer sequence, average estimated primer size, and multiplex system code used.

Tabela 1. Primers utilizados na caracterizacdo de 15 locos microssatélites em Hevea brasiliensis, com o codigo do
loco, nimero de acesso ao NCBI, sequéncia do primer, estimativa do tamanho médio do primer e codigo
do sistema multiplex empregado.

NCBI accession

Locus number Primer Mean size (bp) Multiplex
A2365 AY486666 [6-fam]-cattcggtagcgcattatca 144 A
gtttcgcctctctectectgctat
A2368 AY486668 [6-fam]-tcaaggttcaataaagcttcaca 240 A
gtttaaattcagttcacaatgctgtca
A2387 AY486690 [vicl-gtgaggacceaggacttiga 227 A
gtttagctgcagagagccagagac
A2389 AY486679 [ned]-tctittggtcttictcaataaattttc 180 A
gtttcatccaccacagtttcgag
[vic]-cactgacccatagggtatatctca
A2406 AY486697 gttttgctttttgtictgatge 148 A
A2413 AY486681 [ned]-aatagagggaatgeceacag 241 A
gtttccgaagagcttaaggacgtg
A2508 AY486740 [6-fam]-gcagatctaggcccatagaaa 244 B
gtttgccttaggtagcttgtcgat
[ned]-aaaggaagaggttgctgctg
A2684 AY486821 gtttccttttctttttcattttcttga 142 B
A2689 AY486822 [6-fam]-aagccacagccattcttgat 110 A
gtttaactcaaaacccacaaagaaaaa
A2376 AY486841 [vic]-gcaaaactttgcaatttctcaa 238 B
gtttggaaagaacaggaaatcatca
A2762 AY486852 [ned]-tccatgagcacaagttaccaa 047 B
gtttgcgctcacaaattctcaaaa
TA2163 AY486617 [vic]-aaaaatttctggatgatgttatacttt 144 -
gtttgctaacatcagacatgcctagaga
TAS2558 AY486760 [6-fam]-tcctctactcaatacaaaggaagg 202 B
gtttaaccctggtaacccaacg
[6-fam]-cccaacaggtcaaggtttct
BACS5B02 DQ115609 gtttgtcagaatatgtgatttctcttctc 136 B
T2083 AY486904 [ned]-cctcacctgcaatgagaaca 129 B

gtttgctctctctttcecctcttt

Data analysis

Genetic diversity was estimated using the FSTAT program (GOUDET, 2002). The estimated indices
include: number of alleles per locus (), total alleles across loci («), allelic richness (&), observed
heterozygosity (#,), expected heterozygosity in Hardy-Weinberg equilibrium within populations
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(#,), mean heterozygosity among populations (#,), total expected heterozygosity (#,) and fixation
index (r) for the mean and each locus. Because our sample size was less than 50 individuals, 7 values
were estimated based on Weir (1996) to avoid bias. The statistical significance of the r values were
estimated by jackknifing across loci. We estimated the coefficient of genetic differentiation (G, ) based
on Hedrick (2005), as indicated for microsatellite loci:

- 1-H,
where, G, is Nei (1973) index of genetic differentiation. We also estimated the coancestry coefficient

(6,,) between pairwise individuals within populations using the method described in Loiselle et al.
(1995) and implemented in the SPAGEDI program (HARDY; VEKEMANS, 2002).

Gsr

RESULTS AND DISCUSSION

Considering both populations, the total number of alleles identified was 197, ranging among
loci from 3 to 20, and an average of 9.3 alleles. The total number of alleles was lower in Selviria
(100) than in Maraba (179), with an average of 6.7 and 11.9 alleles per locus, respectively (Table 2).
Based on an unpaired t-test, MAR presented significantly (t= 2.75, P= 0.010) higher allelic richness
(R=9.20) than SEL (R = 6.67). However, when considering each locus, there were more heterozygous
loci in SEL (eight loci) than in the MAR population (six loci). These results indicate that through
crossing the SEL population has significant potential to produce new genotypes that can successfully
adapt to different environments. However, the two studied populations have similar levels of genetic
diversity when considering the means of observed heterozygosity (#,), expected heterozygosity (#,),
and fixation index (7).

Table 2. Genetic diversity in the POP SEL and POP MAR populations of Hevea brasiliensis for 15 microsatellite loci.
k is the number of alleles per locus; R is the allelic richness; H, is the observed heterozygosity; H, is the
expected heterozygosity; F is the fixation index; Gy, is the genetic differentiation between populations;
and SD is the standard deviation; *P< 0.05.

Tabela 2. Diversidade genética em duas populacdes de Hevea brasiliensis, POP SEL e POP MAR. k é o numero de
alelos por loco; R é a riqueza alélica; H, é a heterozigosidade observada; H, é a heterozigosidade esperada;
F ¢ o indice de fixagdo; Gy, € a diferenciagdo genética entre populagdes; SD é o desvio padrdo; *P< 0.05.

POP SEL(n=18) POP MAR (n=46) ,

Locus Ggr

k R H, H, F k R H, H, F

A2689 8 8.00 0.833 0.851 0.133 12 9.68 0.739 0.836 0.160 0.508
A2365 7 7.00 0.888 0.794 0.143 1" 8.19 0.803 0.785 0.169 0.494
A2406 8 8.00 0.833 0.799 0.138 1" 7.33 0.630 0.617 0.169 0.308
A2387 7 7.00 0.722 0.680 0.139 12 10.66 0.717 0.887 0.154 0.273
A2413 5 5.00 0.777 0.724 0.140 8 7.34 0.456 0.796 0.137 0.296
A2558 6 6.00 0.499 0.541 0.129 16 11.30 0.609 0.869 0.147 0.978
A2508 4 4.00 0.111 0.758 0.075 14 9.82 0.543 0.856 0.142 0.027
A2163 1" 11.00 0.666 0.830 0.121 16 12.14 0.913 0.879 0.171 0.469
A2376 9 9.00 0.833 0.851 0.133 14 11.52 0.733 0.851 0.158 0.422
A2684 9 9.00 0.889 0.809 0.142 15 11.74 0.913 0.888 0.170 0.110
A2762 4 4.00 0.111 0.758 0.075 10 7.77 0.543 0.818 0.144 0.008
BAC55 6 6.00 0.833 0.706 0.148 9 7.05 0.847 0.766 0.175 0.085
A2368 7 7.00 0.388 0.634 0.107 20 14.06 0.804 0.909 0.160 0.427
T2083 3 3.00 0.499 0.395 0.154 3 2.99 0.522 0.517 0.169 0.010
A2389 6 6.00 0.667 0.644 0.137 8 6.35 0.390 0.698 0.136 0.015
Mean 6.7 6.7 0.637 0.718 0.142* 11.9 9.20 0.677 0.798 0.162* 0.284*
SD 2.2 2.2 0.262 0.125 0.024 41 2.84 0.164 0.110 0.013 0.268

The results observed herein for both populations show levels of genetic diversity similar to other
studies of H. brasiliensis. For example, Le Guen et al. (2009), studying 307 individuals from 19 different
collection points, found #, of 0.59, while Perseguini et al. (2012) reported #, of 0.25 in rubber tree
accessions. Our estimates for SEL and MAR are also comparable with results obtained by Souza et al.
(2015) who analyzed more than 1000 accessions from ex situ collections throughout South America,
including several states in the Brazilian Amazon, and found a mean #, of 0.64 and #, of 0.76.
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For the majority of loci in both populations, the #, was greater than the #,, resulting in positive
F values and a mean significantly greater than zero in SEL (0.142) and MAR (0.162), indicating
inbreeding. Phumichai et al. (2015), analyzing populations of the same species, found positive F
values in two populations (0.015 and 0.254), while Souza et al. (2015) found a mean of 0.160.
As these studies were based on samples of adult trees, it suggests that inbreeding in some H. brasiliensis
populations may not result in inbreeding depression. This could be explained by the fact that the
genetic load or deleterious alleles, the cause of inbreeding depression, is a population characteristic;
while some populations may present inbreeding (homozygosis for identical by descent alleles), there
is no inbreeding depression due to the absence or low frequency of deleterious alleles. Alternative
explanations could include the occurrence of null alleles in some loci and/or the Wahlund effect
(BITENCOURT; SEBBENN, 2007). Microsatellite loci are known to preset null alleles due to the
non-amplification of some alleles. This can result in the misclassification of genotypes as homozygous
when in the fact they are heterozygous, resulting in excess homozygous individuals. Furthermore,
the Wahlund effect can occur if individuals of different populations, or the sampled population, are
composed of mixtures of family structures (BITENCOURT; SEBBENN, 2007).

The coancestry coefficient (6,,) indicates genetic similarity or divergence between pairs of individuals
and determines their degree of relatedness. Pairwise individuals can be considered unrelated (o,, = 0),
first cousins (g,, = 0.0625), half-sibs (¢,, = 0.125), full-sibs or parent-child (¢,,= 0.25), self-sibs or clones
(6,=0.5). The mean coancestry (4,,) across all pairwise individuals for both populations (-0.001)
indicates an absence of relatedness. For SEL, the mean coancestry (0.08) was near to that expected for
first cousins and for MAR it was near zero (0.012). The MAR population showed a high frequency of
unrelated individuals, followed by cousins, half-sibs, and full-sibs (Figure 1). SEL followed the same
distribution pattern, except for half-sibs that showed a similar frequency to unrelated individuals.
Considering the two populations together, a high percentage of unrelated individuals were observed,
suggesting lower levels of relatedness between individuals from different populations than within
populations.
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Figure 1. Estimates of coancestry coefficient (6,,) among 64 Hevea brasiliensis genotypes from two populations:
Maraba (MAR) and Selviria (SEL).

Figura 1. Estimativa de coancestria (8, ) em 64 genotipos de Hevea brasiliensis em duas populagdes: Maraba (MAR)
e Selviria (SEL).

Considering the estimated values for coancestry (¢,,), MAR has a higher percentage of unrelated
individuals in comparison to SEL, as well as a lower percentage of individuals that are first cousins,
half-sibs, and full-sibs. This is consistent with the common maternal origin of the SEL population
and may also explain the inbreeding detected in this population, which could be due to Wahlund
effect, as discussed above. The negative value of coancestry when considering all individuals reveals
that there is high genetic dissimilarity between populations. Therefore, crosses among individuals of
these populations can be encouraged to promote greater heterotic effects through breeding programs.
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Mating between related individuals must be avoided as it can result in inbreeding, and possibly
inbreeding depression, in the resulting descendent individuals.

The result for genetic differentiation (Gz= 0.28) indicates that the gene frequencies between
populations are different, but the largest proportion of genetic diversity is distributed within populations
[100(1-0.284) = 72%]. Furthermore, the pairwise coancestry values including both populations suggest
that all individuals originated from seeds. Both populations have individuals with no or low levels
of coancestry, indicating genetic diversity within populations. This result is significant for the genetic
conservation of the species and provides useful information for breeding programs.

CONCLUSION

The Hevea brasiliensis populations studied herein present genetic diversity and differences in gene
frequencies. As such, they are suitable for inclusion in ex situ conservation and breeding programs.
However, both populations show inbreeding, which is likely due to mating among related individuals.
Nevertheless, inbreeding can be managed by implementing crosses between unrelated individuals of
the same or different populations. To ensure successful breeding programs, crossing among related
individuals within populations must be avoided as it can result in mortality due the occurrence of
inbreeding depression, resulting in increase of cost to replanting.
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