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Abstract: Spondias mombin is an arboreal species, the fruits of which possess
a unique flavor and aroma and contain both nutritive and bioactive compounds.
Considering that knowledge regarding the genetic variability in S. mombin is im-
portant for the establishment of a genetic improvement program, the aim was to
characterize S. mombin accessions collected in the states of Maranh3do and Piaui,
northeastern Brazil, using molecular analysis with simple sequence repeats markers
(ISSR). Twenty-six accessions maintained in the Embrapa Meio-Norte germplasm
bank (Teresina, PI, Brazil) and two dwarf accessions collected from a private prop-
erty in Teresina-Pl were evaluated. The 12 ISSR markers employed presented strong
discriminatory power as demonstrated by the high percentage of polymorphism
(88.75%) and mean polymorphic information content (0.641). High genetic diversity
among the accessions was demonstrated by the diversity indices of Nei (H=0.37)
and Shannon (1=0.55), while gene flow between populations was considered moder-
ate (Nm=0.6268 migrants per generation). The genetic diversity could be explained
mainly by variability within-populations (88.71%) rather than between-populations
(11.29%), although the genetic differentiation coefficient between-populations was
moderate (GST=0.11) and statistically significant (P < 0.01). Unweighted pair group
method with arithmetic mean (UPGMA) clustering and Population Structure analy-
sis showed genetically distinct groups. The dwarf accessions were the most diver-
gent and should be incorporated into the germplasm bank. Our study verified the
existence of genetic differentiation between the tested S. mombin accessions and
confirmed that such variability could be exploited through genetic improvement
programs.
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Diversidade geneética entre acessos
de Spondias mombin L. coletados no
Nordeste do Brasil

Resumo - Spondias mombin é uma espécie arbdrea cujos frutos possuem sabor e aroma
Unicos e contém compostos nutritivos e bioativos. Considerando que o conhecimento sobre
a variabilidade genética em S. mombin é importante para o estabelecimento de um progra-
ma de melhoramento genético, objetivou-se caracterizar acessos de S. mombin coletados
nos Estados do Maranhdo e Piaui, Nordeste do Brasil, utilizando analise molecular com re-
peticGes simples de sequéncia: marcadores (ISSR). Foram avaliados 26 acessos mantidos no
banco de germoplasma da Embrapa Meio-Norte (Teresina-Pl, Brasil) e dois acessos andes co-
letados em propriedade privada, em Teresina-Pl. Os 12 marcadores ISSR empregados apre-
sentaram forte poder discriminatério demonstrado pelo alto percentual de polimorfismo
(88,75%) e conteludo médio de informacgao polimdrfica (0,641). A alta diversidade genética
entre os acessos foi demonstrada pelos indices de diversidade de Nei (H=0,37) e Shannon
(1=0,55), enquanto o fluxo génico entre populac¢des foi considerado moderado (Nm=0,6268
migrantes por geracao). A diversidade genética pode ser explicada, principalmente, pela va-
riabilidade dentro das populag¢des (88,71%) e ndo entre populagdes (11,29%), embora o co-
eficiente de diferenciacdao genética entre populagdes tenha sido moderado (GST = 0,11) e
estatisticamente significativo (P <0,01). O método de grupos de pares ndo ponderados com
agrupamento de média aritmética (UPGMA) e a andlise de estrutura populacional mostra-
ram grupos geneticamente distintos. Os acessos andes foram os mais divergentes e deve-
riam ser incorporados ao banco de germoplasma. Nosso estudo verificou a existéncia de
diferenciacdo genética entre os acessos testados de S. mombin e confirmou que tal variabili-
dade poderia ser explorada através de programas de melhoramento genético.

Termos para indexagao: cajazeira, recursos genéticos, marcador molecular, banco de
germoplasma.

reason of their high content of vitamins B1
and C (ALOBI et al., 2017), and may be con-
sumed in natura or processed as juice, jam
or ice cream. In addition, extracts of S. mom-
bin are used in traditional medicine for the
treatment of a number of diseases (NWIDU
et al., 2018). The native fruits are particular-
ly valued in the North and Northeast regions
of Brazil and have significant socioeconomic
importance (SILVA et al., 2017a).

Introduction

Species of the genus Spondiaceae
(Anacardiaceae) are widely distributed in
the tropical region of America, Africa and
Asia (SILVA et al., 2017a). The arboreal spe-
cies Spondias mombin L. is found extensive-
ly in the North, Northeast, Southeast and
Midwest regions of Brazil, where it is com-
monly known as “cajazeira”. The deciduous
trees, which can grow to a height of some 25

m, produce ovoid-shaped dupe-type fruits
(3 to 4 cm in length) that are orange-yellow
in color and have a thin pulp and an acidic
taste (LOURENCO et al., 2018). The fruits
are appreciated for their pleasant flavor and
aroma, as well as their nutritive potential by

Despite the economic and medicinal poten-
tial of S. mombin, little information is avail-
able concerning the genetic diversity of the
species, although some studies have been
performed with random amplified polymor-
phic DNA (RAPD) (LIMA et al., 2011; GOIS



et al., 2014) and inter simple sequence re-
peats (ISSR) (SILVA et al., 2017b) markers.
However, broader studies are required in
order to conserve and manage the species
more efficiently and to exploit better the ge-
netic resources available. In this context, ge-
netic markers are important tools for expe-
diting the characterization and selection of
genotypes with desirable traits, particularly
in the case of perennial species (SILVA et al.,
2017b). The ISSR technique affords a num-
ber of advantages in that it is simple, rapid
and cost-effective, and does not require pri-
or knowledge of the nucleotide sequences
of the genome (BARUAH et al.,, 2017). The
high reproducibility and species-specificity
of the procedure are due to the size of the
microsatellite primers and the stringency of
the annealing temperature that can mini-
mize non-specific primer annealing and the
generation of undesired products. The abun-
dance of microsatellites allows the detection
of large numbers of polymorphic loci and the
differentiation of closely related genotypes
(BUHROO et al., 2018).

Considering that knowledge regarding the
genetic relationship among S. mombin ac-
cessions is important for the establishment
of a genetic improvement program targeting
the conservation and management of the
species, we aimed to characterize 28 acces-
sions of cajazeira collected from the states
of Maranh3do and Piaui, northeastern Brazil,
using ISSR markers.

Materials and Methods
Plant material

Twenty six accessions of S. mombin from 4
different sample locations currently main-
tained in the active germplasm bank (AGB)
of Embrapa Meio-Norte (Teresina, Pl, Brazil),
together with two dwarf accessions collect-
ed from a rural property in the municipal-

ity of Teresina, were selected for analysis.
Therefore, 5 study populations from 4 dif-
ferent locations were considered: 1) Timon-
MA, with 2 accessions; 2) Altos -PI, with 2 ac-
cesses; 3) Teresina-Pl (a), with 20 accesses;
4) Teresina-PI (b), with 2 dwarf accessions;
and 5) Demerval Lob3o-PIl, with 2 accesses.

Figure 1 presents the sampling sites in the
states of Maranhdo (Timon) and Piaui (Altos,
Demerval Lob3do and Teresina). Fresh leaves
of each of the accessions were collected,
wrapped in paper towels, placed in an ice
box for transportation to the Laboratory of
Molecular Biology at Embrapa Meio-Norte,
and stored at -20 °C until required for DNA
extraction.

DNA extraction

Leaves were macerated in a Precellys® 24
tissue homogenizer (Bertin Instruments,
Montigny-le-Bretonneux, France) and ge-
nomic DNA extracted using DNeasy Plant
Mini Kits (Qiagen, Venlo, Netherlands) fol-
lowing the recommendations of the manu-
facturer. Extracted DNA was resuspended in
TE buffer (10 mM Tris-HCl and 1 mM EDTA,
pH 8.0) and kept at -20 °C until required for
analysis. In order to quantify the DNA, ex-
tracts and lambda DNA of known concentra-
tion (0.1 pg/pL) were subjected to 0.8% aga-
rose gel electrophoresis in 0.5 X TBE running
buffer (44 mM Tris-HCI, 44 mM boric acid
and 1 mM EDTA, pH 7.5) for 1 h at 80V, fol-
lowed by staining with GelRed® Nucleic Acid
Stain (Biotium, Fremont, CA, USA). Gels were
visualized on a transilluminator and images
captured and digitized using the MiniBis Pro
gel documentation system (DNR Bio Imaging
System, Neve Yamin, Israel). DNA samples
were diluted with sterile ultrapure water
to a standard concentration of 10 ng/uL
and stored at -20 °C until required for ISSR
analysis.
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Figure 1. Sampling points of Spondias mombin accessions in the Brazilian states of Maranhdo (MA)
and Piaui (Pl), northeastern Brazil. Asterisks indicate the dwarf genotypes.

ISSR analysis

ISSR primers were selected from among the
50 included in the UBC (University of British
Columbia, Vancouver, BC, Canada) primer
set #9 based on polymorphism and band
resolution obtained by PCR of four randomly
selected DNA extracts (Table 1). The reaction
mixture contained 1 X amplification buffer
[20 mM Tris-HCl pH 8.0, 0.1 mM EDTA, 1 mM
DTT; 50% (v/v) glycerol], 2.0 mM MgCl,, 0.8
mM dNTPs, 0.8 mM ISSR primer, Tag DNA
polymerase (1U/ pL; Invitrogen), 1 uL of ge-
nomic DNA (7 ng/uL) and ultrapure water

to a total volume of 10 pL. Amplifications
were carried out in a 2720 Thermal Cycler
(Applied Biosystems, Foster City, CA, EUA)
under the following conditions: initial dena-
turation at 94 °C for 1 min, followed by 40
cycles each with denaturation at 94 °C for 40
s, annealing at 50 - 57 °C (primer dependent)
for 45 s, extension at 72 °C for 2 min, and a
final extension at 72 °C for 7 min. Amplicons
from all accessions, together with 1 kb lamb-
da DNA ladders (Kasvi, Sdo José dos Pinhais,
PR, Brazil), were submitted to electrophore-
sis on 1.5% agarose gel pre-stained with 1 pL



GelRed™ in 0.5 X TBE running buffer for 4 h
at 110 V. Gels were visualized on a transillu-

minator and images were captured and digi-
tized using the system previously described.

Table 1. ISSR primer sequences and banding patterns of 28 Spondias mombin (cajazeira) accessions

collected in northeastern Brazil.

Primers Primer sequence 5'- 3’
UBC-807 (AG),T
UBC-808 (AG),C
UBC-810 (GA), T
UBC-811 (GA),C
UBC-826 (AC),C
UBC-827 (AC),G
UBC-836 (AG),YA
UBC-842 (GA),YG
UBC-856 (AC),YA
UBC-857 (AC),YG
UBC-890 VRV (GT),
UBC-891 HVH (TG),

Mean

Total

PIC TNB (n) NPB (n) PPB (%)
0.623 11 11 100.00
0.489 8 8 100.00
0.764 16 14 87.50
0.637 13 10 73.92
0.691 16 16 100.00
0.484 13 09 69.23
0.744 13 12 93.30
0.817 18 17 94.44
0.424 10 08 80.00
0.661 12 12 100.00
0.618 15 12 80.00
0.527 15 13 86.66
0.641 13.41 11.83 88.75

161 142

Abbreviations: PIC: polymorphic information content; TNB: total number of bands; NPB: number of polymorphic bands;
PPB: percentage of polymorphic bands; A: adenine; T: thymine; G: guanine; C: cytosine; Y: Cor T; V: A,Gor C; H: A, Cor G.

Statistical analysis

The accesses were initially clustered using
R software (R CORE TEAM, 2022), pvclust
package (SUZUKI; SHIMODAIRA, 2006). Well-
resolved amplicons produced by the same
ISSR primer and present in the same loca-
tion on gels of different accessions were
considered to belong to the same gene lo-
cus and were scored visually as absent (0)
or present (1) for each of the 28 genotypes.
Polymorphic information content (PIC) was
calculated for each of the ISSR markers ac-
cording to Eg. 1 in which fi is the frequen-
cy of the it"amplified allele (BOTSTEIN et al.,
1980).

PIC=1 - ) fi?
Eq.1

A binary similarity matrix was constructed
from the ISSR marker scores and a distance
matrix obtained using Jaccard’s coefficients
of genetic similarity. Hierarchical cluster
analysis was performed by applying the un-
weighted pair-group method with arithmetic
averages (UPGMA) to produce a dendrogram

from the distance matrix. The cophenetic
correlation coefficient (r) and the bootstrap
confidence index were calculated from the
binary matrix of amplified fragments and the
dendrogram following 1000 replicates.

Genetic diversity parameters were estimat-
ed using POPGENE version 1.32 software
(YEH, et al., 1999), including the number of
polymorphic bands (NPB), percentage of
polymorphic bands (PPB), Nei genetic diver-
sity index (H) (NEI, 1987), Shannon diver-
sity index (1) (SHANNON; WEAVER, 1949),
genetic differentiation coefficient (G), and
the number of migrants (Nm) from the es-
timated value of G. Based on ISSR marker
patterns, the distribution of the genetic vari-
ation within and between populations was
determined by analysis of molecular vari-
ance (AMOVA) using the software Arlequin
version 3.5.1.2 (EXCOFFIER; LISCHER, 2010).

The population structure analysis was ob-
tained using the Structure software (v.2.3.4)
(PRITCHARD; STEPHENS; DONNELLY, 2000).
The mixture model with correlated allele fre-
guencies was adopted, so that 10 indepen-



dent runs were performed for each K value,
which ranged from 1 to 10; with 1,000,000
simulations in MCMC (Markov Chain Monte
Carlo) and 500,000 burnin generations. The
most likely K was determined using the AK
values according to the methodology of
Evanno, Regnaut and Goudet (2005) ob-
tained in Structure Harvester v. 0.6.9 (EARL;
VONHOLDT, 2012) and through the cross-en-
tropy method (FRICHOT; FRANCOIS, 2015).

Results and Discussion

A detailed knowledge of the variability with-
in and between populations is fundamen-
tal in designing breeding strategies that ex-
ploit available genetic resources effectively.
The PIC and PPB values presented in Table
1 demonstrate that the ISSR markers were
efficient in assessing genetic diversity and
relationships among the 28 accessions of
S. mombin from five assumed populations,
four of which were maintained in the AGB of
Embrapa Meio-Norte.

The 12 selected ISSR primers produced a
total of 161 bands of which 142 (88.75%)
were polymorphic. Primer UBC-842 gener-
ated the highest NPB while primers UBC-
808 and UBC-856 produced the lowest. The
mean PPB for the primers used in this study
(88.75%) was considerably higher than that
reported by Silva et al. (2017b) for the same
species (64.65%), indicating that the stud-
ied genotypes embody high genetic diversi-
ty. The parameter PIC is an indicator of the

discriminatory ability of a molecular mark-
er and, according to Botstein et al. (1980),
a quality marker would be characterized by
a PIC > 0.5. The PIC values obtained in the
present study ranged from 0.424 (UBC-856)
to 0.817 (UBC-842) with a mean of 0.641,
indicating that the ISSR markers exhibited
strong discriminatory power for individuals
of the studied species.

The existence of large genetic diversity
among the individual populations of S. mom-
bin was confirmed by the values of the di-
versity indices H, which ranged from 0.13 to
0.35, and |, which ranged from 0.18 to 0.51
(Table 2). Considering all populations togeth-
er, the diversity indices were 0.37 for H and
0.55 for I. The Teresina population presented
the highest value for PPB (93.17%) while the
Demerval Lob3ao population exhibited the
lowest (26.71%). Overall polymorphism at
the species level was 99.39%. The significant
genetic diversity among the evaluated acces-
sions is compatible with the high PPB detect-
ed for the ISSR markers. Silva et al. (2017b)
also reported the existence of considerable
genetic diversity (H = 0.26; | = 0.39) among
populations of S. mombin from three geo-
graphical areas. Considering that S. mombin
is undergoing domestication, a large diversi-
ty among accessions is to be expected (LIMA
et al., 2011) in contrast to domesticated spe-
cies that tend to be more genetically uni-
form because of successive artificial selec-
tion processes.

Table 2. Genetic diversity of five populations of Spondias mombin (cajazeira) collected in northeast-

ern Brazil.
Population H
(municipality, state)

Timon, MA 0.16
Altos, PI 0.19
Teresina, PI 0.35
Demerval Lob&o, PI 0.13
Teresina, Pl (dwarf type) 0.22
All populations together 0.37

| NPB (n) PPB (%) Nm
0.22 52 32.20
0.27 64 39.75
0.51 150 93.17
0.18 43 26.71
0.30 71 44.10
0.55 160 99.39 0.6268

Abbreviations: H: Nei’s genetic diversity index; I: Shannon’s diversity index; NPB: number of polymorphic bands; PPB:

percentage of polymorphic bands; Nm: gene flow.



According to Govindaraju (1989), gene flow
can be classified as low (Nm < 0.25 migrants
per generation), moderate (Nm = 0.25 - 0.99
migrants per generation) or high (Nm > 1
migrants per generation). On this basis, the
Nm coefficient of 0.6268 migrants per gener-
ation estimated for the studied populations
of S. mombin (Table 2) indicates moderate
gene flow, suggesting that the populations
were not genetically isolated although the
movement of genes from one population to
another was not strong enough to reduce
genetic differences between populations.
Gene flow is driven by a variety of agents,
the most important of which are animal pol-
linators (SLARKIN, 1985). Species of stingless
bees are regular visitors and potential polli-
nators of S. mombin, although they have a
short flight radius and their foraging activi-
ties are of low intensity (FREITAS; BOMFIM,
2017). The Nm index obtained in this study
indicates that, despite being close, the dis-
tances between the locations of the stud-
ied accessions are greater than the radius
reached by the pollinators. The Nm index of
2.0684 recorded by Silva et al. (2017b) for
natural populations of S. mombin collected
from three different municipalities in the
state of Mato Grosso is considerably higher
than that reported herein. This disparity can
be explained by the fact that the accessions
evaluated in this study were collected from
urbanized areas, and urbanization is a bar-
rier that isolates populations of species and
reduces gene flow.

Accordingto AMOVA, 88.71% of the total vari-
ability of S. mombin was found within-pop-
ulations while only 11.29% was found be-
tween-populations (Table 3). Nevertheless,
the between-population genetic diversity
was considered moderate (G, = 0.11) and
statistically significant (P < 0.01). The Nei G,
coefficient is analogous to Wright’s fixation
index (F; (WRIGHT, 1978) and is defined as
the proportion of genetic diversity that re-
sides among populations regardless of the
size of the assumed populations. The G, co-
efficient obtained for S. mombinin the pres-
ent study indicates that there is a moderate
level of genetic differentiation between the
Timon, Altos, Demerval Lob3do and the two
Teresina populations since, according to
Wright (1978), F, values ranging from 0.05
to 0.25 are considered intermediary. Silva
et al. (2017b) also reported that the genetic
diversity between the three S. mombin pop-
ulations in Mato Grosso could be explained
mainly by the variability within-populations
(77.38%) rather than between-populations
(22.62%). A high intrapopulation variability
is expected in S. mombin because sexual re-
production in this species is preferentially al-
logamous (cross-fertilization). Indeed, Adler
and Kielpinski (2000) demonstrated that the
breeding system in several S. mombin pop-
ulations from Panama favored allogamy by
identifying patterns of seasonal and synchro-
nous flowering.

Table 3. Analysis of molecular variance (AMOVA) based on ISSR markers in five populations of

Spondias mombin collected in northeastern Brazil.

‘e Degrees of Sum of Variance Percentage of
Source of variation freedom squares component total variability Csr P value
Between- populations 4 167.43 3.75 11.29 0.1 0.0000**
Within- populations 23 678.75 29.51 88.71

Abbreviation: G, genetic differentiation coefficient (fixation measure).

Jaccard’s coefficients of genetic similarity
varied between 0.27 and 0.84 with a mean
of 0.52, demonstrating not only the exis-
tence of large variability among the 28 ac-

cessions but also the efficiency of the ISSR
markers in detecting the genetic diversi-
ty at the species level. UPGMA clustering
analysis generated a dendrogram (Figure 2)



that faithfully preserved the data points of
the initial similarity matrix according to the
cophenetic coefficient (r = 0.88), statistically
significant (P<0,01). By adopting the maxi-
mum variation between the branches as the
cut-off point, the accessions could be divid-
ed into three groups as follows: group | com-

prised only one accession (P8), group Il com-
prised BGC-04 and BGC-14, while group Il
encompassed all of the remaining accessions
(89.28%). Group Il could be subdivided into
sub-groupings and sub-groups showing vary-
ing degrees of similarity and containing rep-
resentatives of the five populations studied.
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Figure 2. Dendrogram based on ISSR polymorphism and unweighted pair-group method with arith-
metic averages (UPGMA) clustering showing the genetic similarities between 28 Spondias mombin
accessions. Genetic distances were determined through the Jaccard coefficients. The locations of
origin of the accessions are represented by rectangles of different colors.

The Bayesian analysis performed in the
Structure software (Figure 3) reveals that
there was no correspondence between the

observed genetic variability and the geo-
graphic origin of the S. mombin accessions
since individuals from different collection lo-



cations presented a high possibility belonging
to the same genetic group. The S. mombin
accessions were separated into two distinct
genetic groups, as the most likely value of AK
was K=2. According to the entropy method to
determine the ideal value of K, the value of

1.00

K=2 was also found. Only accessions BGC-03,
BGC-18, BGC-20, BGC 25, and P1 presented
less than 80% of the constitution of a single
genetic group. Accessions BGC-11, BGC-12,
BGC-24, BGC 28, BGC-29, and P8 showed uni-
formity in their genetic structure.
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Figure 3. Population structure of S. mombin accessions. The probability of an access belonging to
group 1 or group 2 is represented by different colors, red and green, respectively. The locations of
origin of the accessions are represented by rectangles of different colors.

This finding suggests that there is large ge-
netic diversity in S. mombin at species level.
Although the accessions could be classified
into distinct genetic groups, there was sig-
nificant allele exchange between them so
that the assumed populations could not be
structured based on geographic location.
It was noteworthy that more than 80% of
the accessions formed a single cluster and
this finding indicates that, despite their ge-
netic divergence, there is a certain degree
of connection among the accessions. This
is strongly supported by the moderate Nm
index found while, according Chhajer et al.
(2018), an independent grouping demon-
strates great genetic variability.

Although both dwarf accessions were collect-
ed in Teresina, their actual origin is uncertain
since the producer cultivates seeds without
control of origin. This justifies the allocation
of P8 and P1 into different groups together
with other accessions from Teresina and oth-
er locations. The genetic distance values of
these two dwarf accessions were above the
mean distance of all accessions. It is suggest-
ed, therefore, that P1 and P8 be integrated
into the AGB of Embrapa Meio-Norte with

the purpose of enriching the stored and con-
served variability. Previous studies on the
genetic diversity of Spondias species car-
ried out using ISSR analysis also found that
accessions collected from the same location
were grouped separately (SANTANA et al.,
2011; YAMAMOTO et al., 2017). Moreover, a
study carried out by Lima et al. (2011) involv-
ing RAPD analysis of many of the accessions
studied herein revealed that the majority
(84.37%) were included in a single group and
that the generated dendrogram was similar
to that presently reported. These research-
ers also emphasized that the geographic lo-
cations of the sampling sites were not deter-
minant in forming groups.

Our findings demonstrate that the exchange
of alleles, as expressed by the Nm coefficient,
favored the homogenization of the different
populations of S. mombin and increased in-
trapopulation differentiation. Furthermore,
our study verified the existence of genetic
differentiation between the studied S. mom-
bin accessions and confirmed that such vari-
ability could be exploited through genetic
improvement programs.



Conclusions

ISSR analysis revealed the presence of large
genetic variability among the 28 acces-
sions of S. mombin. Such diversity cannot
be attributed to the spatial distribution of
the accessions but to individual differences
originating from both the non-domesticat-
ed status of the species and to allogamous
reproduction. Within-population variability
outweighed between-population variability.
Although the accessions were separated into
distinct genetic groups, they are strongly re-
lated, and the five sampling points did not

constitute subpopulations since they were
not subjected to reproductive isolation, as
demonstrated by the moderate exchange of
alleles (moderate Nm) and intermediate ge-
netic differentiation between the assumed
populations (moderate G ). The dwarf ac-
cessions were the most divergent of the en-
tire collection.
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