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Abstract
The Atlantic Forest is one of the most threatened biomes in the world. Here, we use a 
common set of microsatellite markers to assess the genetic diversity and population 
structure of three species from the genus Psidium (P. guajava, P. macahense, and P. 
guineense), located in a disturbed environment of the Atlantic Forest, the restinga, in 
Espírito Santo, Brazil. Psidium guajava populations presented the highest number 
of alleles (95) followed by P. guineense (81) and P. macahense (68). The genetic 
variability was high (P. guajava = 0.71; P. guineense = 0.74; P. macahense = 0.63), 
with greater variation within populations (72 to 84%) than among populations (15 to 
27%), reflecting elevated values of genetic differentiation (P. guajava, FST: 0.15; P. 
macahense, ØST: 0.27; P. guineense, ØST: 0.21). The populations were clustered into 
two main groups and considered moderately structured. This is the first report of 
genetic studies and evidence of polyploidy to P. macahense. Our results may provide 
information that can be used in management and conservation strategies, to preserve 
the diversity of Psidium populations.
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Introduction

The Atlantic Forest is a complex ecosystem, with singular geological and cli‑
matic variables, mainly influenced by the rainfall regime, altitude variation, and 
dry season (IBGE 2012). The Atlantic Forest vegetation comprises six categories 
based on species distribution: ombrophilous forest (evergreen), semideciduous 
(seasonally dry forest), deciduous forest, mixed ombrophilous forest, rocky out‑
crop, and restinga (i.e., scrub vegetation on sandy coastal plains) (IBGE 2012). 
These categories cover all major plant habitat types across the Brazilian Atlantic 
Forest, and each vegetation type is associated with a distinct set of environmental 
conditions (IBGE 2012).

The heterogeneity of geographical characteristics, and the large range in alti‑
tude, have favored the high diversity and endemism of the Atlantic Forest, includ‑
ing more than 14,000 species (Stehmann et al. 2009). Despite the high levels of 
diversity and endemism, the degree of threat to the Atlantic Forest conservation 
is alarming (Ribeiro et al., 2011). Currently, the Atlantic Forest survives in small 
degraded patches and protected areas (only c. 8%) making it a global priority for 
biodiversity conservation, i.e., a biodiversity hotspot (Mittermeier et al. 2005).

Myrtaceae is the sixth most represented family (BFG, 2015) in the Atlantic 
Forest, with 710 species and a high number of endemics (Myrtaceae in Flora do 
Brasil 2020). Within the Myrtaceae family, the genus Psidium L., which presents 
at least 92 species, is detached (WCSP 2020), with approximately 60 taxa occur‑
ring in Brazil. The Atlantic Forest is particularly rich in Psidium species with a 
total of 35 species, from which sixteen are endemic in this biome (Proença et al. 
2020).

The genus Psidium is reported to be dominant in particular vegetation types, 
such as restingas (Assis et  al. 2004). Restingas consist of coastal ecosystems, 
which suffer constant anthropic actions (Cunha, 2005). Its vegetation is found 
on sandy and immensely leached soils. Due to the constant vegetation removal 
from these sites, the deposition of organic matter and the addition of nutrients 
are interrupted, which lead to the exposure of some areas, characterizing the 
fragility of these ecosystems (Guedes et  al., 2006). These environments, which 
are extremely fragile, susceptible to disturbance and that present low resilience, 
allow changes in the genetic structure of natural populations (Assis et al., 2004; 
Guedes et al., 2006).

The genetic variability is the basis for species conservation, and studies aiming 
to elucidate populations’ genetic structure are important, either for demonstrating 
the natural environments fragmentation or for assisting the planning of goals that 
seek sustainable use and conservation of species (Forest et al., 2015).

Microsatellite markers are highly used in wild populations studies (Li et  al. 
2017; Nawaz et  al. 2017). Nevertheless, the use of microsatellites to evaluate 
genetic diversity in different species, in the same environment, is not usual. This 
fact may help comprehend the species diversity patterns in a certain location. 
There are no species‑specific microsatellite markers developed for the native spe‑
cies P. guineense and P. macahense; however, an elevated number of conserved 
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microsatellites have been reported in Psidium species, revealing distribution pat‑
terns among groups of species (Tuler et al. 2015). These transferring microsatel‑
lites markers allow us to work with non‑model organisms and their natural popu‑
lations. These markers are abundant in the genome, have codominant nature, are 
highly polymorphic (Ramu et al. 2013), and are intensively indicated to investi‑
gate the genetic diversity among and within populations of different species.

Here, we used the same set of microsatellite markers to assess P. guajava, P. 
guineense, and P. macahense genetic diversity and structure in restinga environ‑
ments of the Atlantic Forest in the state of Espírito Santo, Brazil. The results will 
allow the evaluation of necessary conservation strategies for the natural populations 
and will provide genetic basis for the species management for breeding and conser‑
vation purposes. In addition, the study of three species of a genus considered domi‑
nant in restinga can reflect the status of the natural environment fragmentation of 
this vegetation type, which is extremely fragile, susceptible to disturbance and that 
presents low resilience, hence, can allow changes in the genetic structure of natural 
populations.

Material and Methods

Study Area and Population Sampling

The genetic diversity of the abundant Psidium species in Espírito Santo, P. gua-
java L. (28), P. macahense DC. (73), and P. guineense Sw. (59) was evaluated 
(Supplemental file 1). Our studied site encompassed four areas of restinga and 
one of native fields in Reserva Natural Vale, which presents restinga (Table 1). 
Leaves from 10 populations were collected, packed in paper bags, and lyophilized 

Table 1  Populations from three Psidium species collected in restingas and the respective sample sizes

Species Municipality/Local Populations Sample size

P. guajava Guarapari/ PEPCV Parque Estadual Paulo Cézar Vinha GUA 08
Itapemirim/Itaoca IOC 15
Presidente Kennedy/Restinga Praia das Neves PRK 05
Total 28

P. macahense Guarapari/Parque Estadual Paulo Cézar Vinha GUA 23
Presidente Kennedy/ Restinga Praia das Neves PRK 13
Linhares/Reserva Vale ITV 10
Conceição da Barra/Parque Estadual de Itaúnas ITA 27
Total 73

P. guineense Guarapari/Parque Estadual Paulo Cézar Vinha GUA 16
Itapemirim/Itaoca IOC 17
Conceição da Barra/Parque Estadual de Itaúnas ITA 26
Total 59
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for posterior DNA extraction. Besides the leaves, fertile branches were collected 
from the individuals of the sampled populations and were pressed and herborized.

Microsatellite Genotyping

For the DNA extraction, 200 mg of the dried leaves was macerated with Magna‑
Lyser (Roche). The CTAB 2% method was used (Doyle and Doyle 1990). DNA 
quantification and integrity verification were carried out by agarose gel electro‑
phoresis (0.9%) and nanodrop 2000/2000c (Thermo Scientific).

Nine microsatellites obtained from P. guajava were used for genotyping P. 
guajava, P. macahense, and P. guineense (Supplemental file 2). The polymerase 
chain reaction (PCR) was conducted with the following amplification conditions: 
60  ng of DNA, 1X PCR buffer, 1 U Taq DNA polymerase, 0.2  µM from each 
primer (forward and reverse), 0.2 mM of dNTP, and 1.8 of mM  MgCl2 complet‑
ing with water for a final volume of 15 µL. The following programming was used 
in the thermocycler (Thermo Scientific): four minutes at 94 ºC, 30 cycles of 45 s 
at 94 ºC, one minute at 55 ºC, and 2 min at 72 ºC, with final extension of four 
minutes at 72 ºC (Risterucci et al. 2005). The PCR products were separated and 
visualized by agarose gel electrophoresis (1.5%) and when amplification was con‑
firmed, capillary electrophoresis was carried out (Fragment Analyzer—Advanced 
Analytical Technologies).

Analysis in P. guajava Populations

For the descriptive analysis of genetic diversity in P. guajava, the GDA program 
(Lewis and Zaykin 2001) was used for the obtention of the following estimates: 
average number of alleles per loci (A); number of private alleles (APRIV.); expected 
heterozygosity (He); observed heterozygosity (Ho); inbreeding coefficient (f) 
(Wright 1951); and the deviation from zero of the genotype proportions that were 
in Hardy–Weinberg (HW) equilibrium, which was evaluated through allelic permu‑
tations, within the populations, according to Fisher’s exact test described by Weir 
(1996).

The Arlequin software version 3.1 (Excoffier et al. 2006) was used for the analy‑
sis of molecular variance (AMOVA) and to obtain a matrix of FST pairs among the 
populations (Weir and Hill 2002).

The number of genetic groups clustered among the individuals from P. guajava 
populations was inferred with the STRU CTU RE software version 2.3.4. STRU 
CTU RE is an inference software extensively used to detect the populational genetic 
structure (Kaeuffer et al. 2007), which uses a Bayesian Monte Carlo Markov Chain 
(MCMC) approach (Pritchard et al. 2000). Twenty runs were carried out, the burn‑
in consisted of a set of 250,000 replications, followed by 500,000 steps of MCMC 
for a K = 6 (chosen according to the number of populations). The ΔK criterion was 
used for the best K obtention (Evanno et al. 2005).
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Analysis in P. macahense and P. guineense Populations

Due to the polyploid nature observed through the molecular data from P. macahense 
and P. guineense, these populations’ data were analyzed with the F‑DASH program 
(Obbard et al. 2006) and with the POLYSAT software (Clark and Jasieniuk 2011).

The F‑DASH program possesses a genetic statistic of differentiation denominated 
F’ST, which is based on the diversity of allelic phenotypes. This program is sug‑
gested for polyploid species (allopolyploids or autopolyploids) in which is possible 
to count alleles and loci, although it may not be possible to obtain the dosage effect 
of alleles and the respective genotypes (Obbard et al. 2006). With this program, it 
was possible to verify the number of allelic‑phenotypes, number of alleles identified 
among the loci, to calculate the diversity statistics (H’) (based on allelic‑phenotypes 
analogous to He), and the differentiation statistics (F’ST) (based on allelic pheno‑
types analogous to FST).

The POLYSAT software, used through the R program platform (R Core Team 
2016), analyzes microsatellite data from auto and allopolyploids (Clark and Jasie‑
niuk 2011). With this software, the F’ST and G’ST indexes were calculated among 
population pairs (Polysat 2017). In addition, a Bruvo’s distance matrix, among the 
pairs of samples, was also calculated (Bruvo et al. 2004). The Bruvo’s distance is 
used for polyploids, since it considers the distances between microsatellite alleles, 
when the number of allele’s copies is unknown (Clark and Jasieniuk 2011); how‑
ever, it is known that Bruvo’s distance can cause some biases in polyploid analysis 
as others distance/dissimilarity metrics (Meirmans et al. 2018). The distance matrix 
was used to calculate AMOVA through the Genes program (Cruz, 2013). The Bru‑
vo’s distance matrix was also used in the PCA (principal components analysis) in 
POLYSAT.

The STRU CTU RE software version 2.3.4 (Pritchard et al. 2000) was also used 
for the analysis of the polyploids’ data, with the same methodology used for P. gua-
java. The structure harvester is used to get the exact population number for each 
species independently. (http:// taylo r0. biolo gy. ucla. edu/ struc tureH arves ter/, it is a 
web‑based program for collating results generated by the program STRU CTU RE.

Results and Discussion

Psidium guajava, P. macahense and P. guineense Populations Analysis

This study is one of the first to explore genetic data using populations of three spe‑
cies of Psidium. Psidium guajava populations presented the highest number of 
alleles (95) even though the lowest number of individuals (28), with average of 10.3 
alleles per locus. We detected 68 alleles in 73 individuals of P. macahense (average 
of 7.5 alleles per locus) and 81 alleles in 59 P. guineense individuals (average of 9.0 
alleles). The locus mPgCIR 253 presented the highest number of alleles for P. gua-
java and P. guineense (16 alleles for each species), and the locus mPgCIR 10 pre‑
sented the highest number of alleles for P. macahense (11 alleles). The loci mPgCIR 
29, mPgCIR 253, and mPgCIR 162 presented the lowest number of alleles for P. 

http://taylor0.biology.ucla.edu/structureHarvester/
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guajava, P. macahense, and P. guineense (7, 3, and 5, respectively) (Supplemental 
file 3).

The allelic richness is used to measure the genetic diversity and is considered 
a key parameter for the genetic resource management. A higher number of alleles 
were identified in P. guajava populations; even P. macahense and P. guineense had 
approximately twice as many sampled individuals in relation to P. guajava. Evi‑
dences of P. guineense tetraploid origin from P. guajava were reported (Marques 
et  al. 2016), as the genetic proximity of these two species by microsatellites 
(Tuler et  al. 2015), phylogenetic markers (Tuler et  al., 2015), and genomic SNPs 
approaches (Grossi et  al.; 2021). In addition, the microsatellite markers used here 
are species specific for P. guajava and cross‑species for P. guineense and P. maca-
hense. Some studies related that the origin of the microsatellite markers may impact 
the estimates of genetic diversity (Fischer et al., 2017; Queirós et al. 2015). How‑
ever, there are no species‑specific microsatellite markers developed for the native 
species P. guineense and P. macahense.

The high number of alleles by microsatellites locus in P. guajava has already 
been demonstrated in the literature, as 9.56 alleles per locus detected in 70 acces‑
sions (Mehmood et al. 2016) and 8.9 alleles per locus were detected in 35 American 
P. guajava accessions and three related species, P. guineense, P. sartorianum, and 
P. friedrichsthalianum (Sitther et al. 2014). The average He of P. guajava was 0.83, 
and the Ho was 0.68. The average inbreeding coefficient was 0.17 (Supplemental file 
3). Although the allelic richness of Psidium guajava populations, the inbreeding is 
relevant for the breeding approaches. In addition, Grossi et al (2021), also showed a 
higher diversity of P. guajava individuals of natural occurrence in relation to com‑
mercial/breeding genotypes.

The tetraploid nature of P. guineense reported by Marques et al. (2016) and Tuler 
et al. (2015) was corroborated by the alleles profile in different microsatellite loci 
(Supplemental file 4). An important appointment for P. macahense concerns the fre‑
quent detection of genotypes with 3 to 4 alleles suggesting the species polyploidy. In 
addition, this species occurs in the entire coastal region of Espírito Santo, with pre‑
dominance in restinga areas, different from the other two species that are widely dis‑
tributed in several environments (Tuler et al. 2015; Tuler et al., 2015). The restric‑
tion in environment numbers may result in lower genetic variability of alleles per 
locus (Loveless and Hamrick, 1984), what may have occurred with this species.

Psidium macahense and P. guineense were analyzed as polyploids (Supplemental 
file 4). The analyses considered allelic phenotypes, due to the impossibility of iden‑
tifying all the possible genotypes. Altogether, 134 allelic phenotypes were identified 
in four P. macahense populations and 151 in the three P. guineense populations. Val‑
ues of H’ per locus (analogous to He) ranged from 0.40 to 0.89, with an average of 
0.79 in P. macahense, and for P. guineense ranged from 0.77 to 0.92 with an average 
of 0.84. The average genetic differentiation (F’ST) estimative was 0.19 for P. maca-
hense and 0.12 for P. guineense (Supplemental file 3).

Regarding the populations, the average number of alleles in P. guajava ranged 
from 3.11 (PRK) to 7.22 (IOC) and a great number of private alleles (48) were 
detected in the populations, with notability to the IOC population (31) (Supple‑
mental file 5). In P. guajava populations, He values ranged from 0.58 in (PRK) to 
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0.79 (IOC). Similar results were found in the literature, as He = 0.70 detected for 
P. guajava accessions in the United States (Sitther et al. 2014). Similar values of 
genic diversity were also found for other Myrtaceae species, as He = 0.70 for Myr-
tus communis (Nora et al. 2015) and He = 0.71 for Eugenia francavilleana (Fer‑
reira et al. 2014). The Ho ranged from 0.61 (IOC) to 0.82 (PRK). The inbreeding 
coefficients were positive for the GUA and IOC populations (f = 0.03 and f = 0.24, 
respectively) indicating the presence of homozygotes. Nevertheless, this coeffi‑
cient was negative for the PRK population (f = − 0.49) indicating partiality to the 
heterozygotes in this population (Supplemental file 5).

The diversity estimates based in allelic phenotypes for the P. macahense and 
P. guineense populations showed a wide genic diversity within populations from 
each species, where the H’ average for P. macahense populations was of 0.63, 
ranging from 0.55 (ITV) to 0.69 (PRK), and for P. guineense, 0.74, ranging from 
0.69 (ITA) to 0.81 (GUA) (Supplemental file 5). Polyploidy may be associated 
with elevated variability (Hamrick 1979). This explains why P. macahense and P. 
guineense presented elevated diversity estimates. Similar results were found for 
the Myrtaceae family, showing that the elevated diversity detected by the micros‑
atellites is a characteristic in Myrtaceae species (Ferreira et al. 2014; Sitther et al. 
2014; Nora et al. 2015).

An average of 49.25 allelic phenotypes was observed for P. macahense popu‑
lations, with the highest variation from allelic phenotypes detected in ITA (65), 
local which also presented the highest total number of alleles  (Ae = 49). The low‑
est number of allelic phenotypes was presented by ITV (33), which also presented 
the lowest number of alleles (32). A higher average number of allelic phenotypes 
were detected in P. guineense (69.3) populations, with notability to the GUA pop‑
ulation that presented a higher number of allelic phenotypes (74), with the high‑
est number of alleles (63). The lowest average number of allelic phenotypes was 
observed for the PRK population (61) (Supplemental file 5).

The loci showed the high deviation from HW equilibrium (Supplemental file 
6). The deviation in the HW proportions may indicate the presence of selection, 
mixture in the population or that the mating is not occurring randomly (Rousset 
and Raymond 1995).

Moderated genetic differentiation was observed for three populations of P. 
guajava (GST = 0.16, FST = 0.14), as well as inbreeding (FIS = 0.089). Psidium 
guajava is a species, which cross‑pollination is the most frequent reproductive 
form (Alves and Freitas 2007); however, self‑pollination has been reported, which 
may favor the appearance of homozygotes (Nimisha et  al. 2013). The AMOVA 
for P. guajava populations indicated 84.93% of variation within populations 
(FST = 0.15, P > 0.01) and 15.07% of variation among populations. The elevated 
number of private alleles in P. guajava populations may be related to the diver‑
sity evidence within populations, with notability to the IOC population, which 
presented the highest number of private alleles. The FST values among P. guajava 
pairs of populations were all significant, showing divergence among all the popu‑
lations. The lowest divergence occurred among IOC and GUA (0.11) populations 
and the highest among PRK and IOC (0.18) populations (Supplemental file 8).
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For P. macahense, 72.55% of variation was indicated within populations 
(ØST = 0.27, P > 0.01) and 27.45% among populations and in P. guineense, 78.77% 
within populations (ØST = 0.21, P > 0.01) and 21.23% among populations (Supple‑
mental file 7). These values may indicate elevated differentiation, which may be 
related to the presence of historic gene flow among populations and that may con‑
sequently be associated to the migration among regions (Fuchs and Hamrick 2010). 
For P. macahense populations, all the F’ST comparisons among populations were 
significant, with higher divergence observed among GUA and ITV (0.24) and lower 
between ITA and ITV (0.06). In the P. guineense populations, comparisons were 
not significant (Supplemental file 8). Collectively these results reflect the distribu‑
tion pattern in the PCA analysis for the two species (Supplemental file 9). Also, we 
included a morphological analysis that sowed the proximity between P. guajava and 
P. guineense and the divergence of P. macahense in relation to the other two spe‑
cies (Supplemental file 10). This proximity of P. guajava and P. guineense and their 
divergence in relation the native Psidium species of occurrence in Brazil was also 
shown by SNPs markers analysis (Grossi et al., 2021).

Genetic Structure in P. guajava, P. macahense, and P. guineense Populations

Regarding the genetic structure analysis, K = 2 was detected and this was consid‑
ered the model that best described the genetic structure of the populations from the 
three species (Fig. 1 and Supplemental file 9). This structure reveals the existence 
of a defined pattern of geographical relations. For P. macahense and P. guineense, 
two groups were formed: the South and North regions populations. For P. guajava, 

Fig. 1  Graphics obtained through the STRU CTU RE analysis, each group is represented by one color, 
each individual by one vertical bar. A P. guajava; B P. macahense; C P. guineense. Graph obtained with 
ΔK values indicating the best K = 2 for each species
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all the populations came from the south region and also was the formation of two 
groups (GUA and PRK; IOC). The set of SSR markers used was enough to differen‑
tiate all the individuals.

For Psidium guajava, two groups are noticed (GUA and PRK; IOC); however, 
when K = 3 is used, IOC population was divided into two distinct groups. The popu‑
lation PRK was more homogeneous than the other populations (Fig. 1). The GUA 
population proceeds from an ecological reservation area (Paulo Cézar Vinha State 
Park) probably less injured by human actions. The PRK population, despite a lit‑
tle distant from GUA, was clustered into the same group. This probably happened 
because despite suffering intense human actions, PRK populations still present for‑
estry remainders and well‑preserved restinga shrubby formations, as well as wide 
areas that possess vegetation in distinct rehabilitation stages (Braz et al. 2013). The 
IOC population is located in an area closer to the coastal region and has been suf‑
fering an extensive real‑state agency speculation, which unleashed a higher degrada‑
tion throughout the years in the characteristic restinga vegetation of this local. When 
K = 3 was considered, the IOC population was divided into two distinct groups, what 
shows the great variability within this population, which showed higher number of 
private alleles and higher expected heterozygosity within P. guajava populations.

For P. macahense using K = 2, the populations of the south region (GUA and 
PRK) were clustered and the populations of the north region (ITV and ITA) were 
grouped into another group. With K = 4, GUA population formed a distinct group. 
With K = 5, populations ITV and ITA were differentiated into two other groups and 
with K = 6, and the populations shared even more alleles (Fig. 1).

When K = 2, two main groups were observed for P. guineense. The first group 
comprises GUA and IOC populations (south region), and the second group com‑
prises ITA (north region). When K = 3, GUA forms a distinct group. With K = 4, 
GUA population still constitutes a separated group from IOC, however, sharing sev‑
eral alleles. As for the other species, as long as the K value was elevated, higher 
variability among populations was detected (Fig. 1 and Supplemental file 9).

When K = 3 was considered for P. guineense and K = 4 was considered for P. 
macahense, GUA population was separated into a distinct group. Because GUA 
population origins from a conservation area, these species may be more preserved 
than the others, demonstrating the importance of Conservation Units for the mainte‑
nance of the genetic diversity of the species.

Restingas are the coastal ecosystems that most suffer pressure from agricul‑
tural, industrial, and urban development, highlighting the need for in situ conserva‑
tion strategies (Cunha 2005). In the State of Espírito Santo, an intense degradation 
with consequent reduction on several species populations is observed. Here, a set 
of microsatellite markers revealed inbreeding of three species of Psidium, moder‑
ately structure for P. guajava and elevated structure for native species (P. macahense 
and P. guineense). The Psidium genus has dominant species in this vegetation type, 
which is a disturbed environment of the Atlantic Forest, in Espírito Santo, Brazil. 
The same profile of structuration of the studied species suggests fragmentation of 
restinga in ES. Another information is the evidence of the poliployd nature of P. 
macahense, an endemic species, was the first time showed. This species had a more 
dissimilar profile of diversity detected. In addition, a higher structuration and lower 
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diversity were showed for the considered polyploid native species (P. guineense and 
P. macahense) in relation to P. guajava, a cultivated specie. The higher polyploidy 
is not necessarily an indicative of genetic diversity, as indicated for P. cattleyanum 
(Machado et al. 2021). Then, our results may provide information that can be used 
in management and conservation strategies, to preserve the diversity of Psidium 
populations.

In conclusion, despite the high levels of intrapopulation genetic diversity, Psid-
ium species are discontinued or heterogeneous in restingas, with at least two large 
populations distributed between the north and south of Espírito Santo for native spe‑
cies. The populations of the conserved area (GUA), for the three species, showed 
genetic differences from the remain populations, from not conserved areas, suggest‑
ing that degradation in the restingas also contributes with changes in the genetic 
structure of natural populations of Psidium, both for native and cultivated species. 
This suggests that management and conservation strategies, sustainable commercial 
exploitation, and breeding programs for the three Psidium species should aim at pre‑
serving the diversity of their populations. Thus, a more rigorous legislative agenda 
would guarantee the maintenance of existing biodiversity and protection of restin‑
gas, a fragile, low resilient, coastal, and disturbed ecosystem.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10528‑ 022‑ 10222‑7.
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