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The fruits of Annona squamosa L. are highly appreciated for their sweet taste and their nutritional and medicinal
properties. Since the species is threatened by habitat loss, germplasm conservation is of the utmost importance.
The present study aimed to characterize genetic variability among 19 accessions of A. squamosa maintained in
the Active Germplasm Bank (AGB) of Embrapa Meio-Norte, Teresina, Piaui, Brazil, and to determine whether the
geographical distribution of the genotypes influenced population structure. The accessions were derived from
populations originally located in orchards situated some 200 km apart in three municipalities in the northeast of
Brazil, namely Timon, Bom Jesus and Canto do Buriti. Leaf DNA was extracted and analyzed by inter simple
sequence repeat (ISSR)-polymerase chain reaction. Nine ISSR primers generated 127 scorable bands of which 101
(79.52%) were polymorphic. The within-population diversity was high (Canto do Buriti), intermediary (Timon)
and low (Bom Jesus). Unweighted pair-group method with arithmetic averages and Bayesian analysis of poly-
morphic bands separated the genotypes into two main clusters according to genetic distance and ancestry
(vegetative- and seed-propagated groups), indicating that the geographical location of the populations did not
influence the genetic diversity of the accessions. While ISSR marker-based DNA fingerprinting of the 19 studied
accessions revealed a degree of genetic diversity between populations, the variability detected within each
population was somewhat higher. This information will contribute to a better understanding of genetic variation
and population structure of the accessions of A. squamosa in the AGB of Embrapa Meio-Norte, and provide crucial
information for future conservation and genetic improvement programs of the species.

1. Introduction sugar apples or sweetsops, are highly appreciated for their sweet taste as

well as their nutritive value [3-5]. In addition, the seeds are a potential

Brazil is one of the largest global suppliers of fresh fruit with around
1.24 million tons being exported in 2021, representing a value of more
than 1.21 billion US$ [1]. The diversity of climate and soil type within
Brazil affords favorable conditions for cultivating tropical, subtropical,
and temperate fruits, including both common and exotic varieties [2].
One such exotic species is Annona squamosa L., is a diploid species (2n =
14 chromosomes), a small tropical tree that produces compound fruits
with large and numerous seeds embedded in a white fleshy pulp. The
fruits, which are known locally in Brazil as “pinha” and more widely as

source of natural oils for the production of biodiesel, while the leaves,
roots, bark, and fruits contain numerous bioactive principles [6-8]. In
2017, Brazil produced 8753 tons of pinha, with the state of Bahia being
the largest producer [9].

However, species of Annona are threatened by genetic erosion
resulting from modernization of agriculture, changes in land use, and
habitat fragmentation [10]. The process of genetic erosion can be cir-
cumvented, or at least minimized, by conserving the variability of the
species in active germplasm banks (AGBs) which, in the case of Annona
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in general and A. squamosa in particular, are somewhat scarce world-
wide. Such scant supply of genetic material is a limiting factor in studies
on the management, preservation, and genetic improvement of the
species [11].

The conservation and maintenance of germplasm require detailed
knowledge of existing genetic diversity. In this context, DNA markers
have proven extremely useful in germplasm characterization [12-14]
and genetic improvement [15-19], for systematic and evolutionary
studies [8,20-22], and in the detection of traits of economic importance
[23-25]. Methods involving polymerase chain reaction (PCR)-based
markers, such as inter-simple sequence repeats (ISSR), can detect poly-
morphism without sequencing the DNA of the target organisms, thereby
affording simple, inexpensive and powerful methods for the assessment
of genetic diversity.

The few reports that are available relating to the genetic diversity of
Annona species, as determined by molecular markers, have revealed
variable levels of polymorphism. Thus, Ahmad et al. [26] found that
ISSR and random amplified polymorphic DNA (RAPD) primers detected,
respectively, 58 and 52% polymorphism among Annona species grown
in India, while Anuragi et al. [10] reported polymorphism values of 93
and 83% for the corresponding methods. Regarding the intra-specific
diversity of A. squamosa, Bharad et al. [27] recorded 73% poly-
morphism when RAPD markers were used to analyze 11 genotypes from
different Indian locations, but Guimaraes et al. [28] found only 28.7%
polymorphism among 64 accessions from southeastern Brazil using the
same type of markers.

In view of the limited information available concerning the appli-
cation of ISSR markers to the analysis of intra-specific diversity in
A. squamosa, the objectives of the present study were to characterize the
genetic variability among accessions maintained at the AGB of Embrapa
Meio-Norte (Teresina, PI, Brazil) and to determine whether the popu-
lation structure was influenced by the geographical location of the
genotypes.

2. Materials and methods
2.1. Sampling leaf material from accessions of A. squamosa

Nineteen accessions of A. squamosa currently maintained in the AGB
of Embrapa Meio-Norte and located in the experimental field of native
fruit trees (5° 2.255’ S; 42° 48.180° W) were selected for analysis. These
accessions originated from three municipalities in the states of
Maranhao and Piaui (Table 1; Fig. 1) and do not represent materials
native to the region of the AGB. The accessions in the germplasm
collection were propagated at Embrapa Meio-Norte by cuttings (geno-
types) or by seed (progenies). Accessions M3F1, M3F2 and M3F3 are
progenies originated from seeds of genotypes G2 and G5, which were
obtained by vegetative propagation of cuttings collected in the munic-
ipality of Timon, in the state of Maranhao. The M1F1 and M1F2 prog-
enies originated from seeds of the G6 and G11 genotypes and the M4F1,

Table 1
Origin of the three populations of Annona squamosa from northeastern Brazil.
Accessions” Original location - Coordinates
Municipality, State
G2 and G5 (M3F1, M3F2, and M3F3) Timon, Maranhao 5°6’16.463" S
42° 49/
44.108" W
G4, G10, and G16 Bom Jesus, Piaui 9°4'18.491" S
44° 21’
34.826" W
G6 and G11 (M1F1, M1F2), G7, and Canto do Buriti, Piaui 8°6'41.436"S
G8 (M4F1, M4F3, M4F4, M4F6, 42° 57' 7.578"
MA4F7) w

@ G - genotypes propagated through cuttings (vegetative propagation); MF -
progenies originated from G by seed propagation.
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M4F3, M4F4, M4F6 and M4F7 progenies were obtained from seeds
collected in the G8 genotype, which, like the G6 and G11 genotypes,
were cloned from plants located in the municipality of Canto do Buriti in
the state of Piaui.

Fresh leaves of each of these accessions were collected, wrapped in
paper towels, placed in plastic bags for transportation to the Laboratory
of Molecular Biology at Embrapa Meio-Norte, and stored at —20 °C until
required for DNA extraction.

2.2. DNA extraction and analysis

Genomic DNA was extracted using Invitrogen (Thermo Fisher Sci-
entificc Waltham, MA, USA) PureLink™ genomic DNA mini Kkits
following the manufacturer instructions but with two minor modifica-
tions in that the amount of plant tissue employed was increased from 25
to 50 mg and maceration was carried out in a Precellys®24 tissue ho-
mogenizer (Bertin Instruments, Montigny-le-Bretonneux, France). In
order to evaluate the integrity and purity of extracted DNA, samples and
a lambda DNA marker were subjected to 0.8% agarose gel electropho-
resis in 0.5 X TBE running buffer (44 mM Tris; 44 mM boric acid and 1
mM ethylenediaminetetraacetic acid, pH 7.5) at 80 V for 1 h, followed
by staining with GelRed® Nucleic Acid Stain (Biotium, Fremont, CA,
USA). DNA was quantified spectrophotometrically and fluorimetrically
using a Qubit fluorometer (Thermo Fisher Scientific) by comparison
with lambda DNA of known concentration (0.1 pg/pL). DNA samples
were stored at —20 °C until required for PCR amplification.

2.3. ISSR-PCR analysis

Nine 18-mer ISSR primers, acquired from the University of British
Columbia (Vancouver, BC, Canada), were selected for use in the
amplification reactions (Table 2). The PCR mixture contained 6.5 pL
water, 1 pL amplification buffer (100 mM Tris-HCl pH 8.4 and 500 mM
KCl pH 8.5), 0.1 pL Quatro G Taq DNA polymerase (1U/pL; Pesquisa e
Desenvolvimento, Porto Alegre, RS, Brazil), 1 pL. 0.8 mM dNTPs, 0.8 pL
0.4 pM ISSR primer and 0.6 pL of genomic DNA (7 ng/pL) in a total
volume of 10 pL. Amplifications were carried out in a VeritiTM 96 Well
Thermal Cycler (Thermo Fisher Scientific) using the following parame-
ters: initial denaturation at 94 °C for 1 min; 40 cycles of denaturation at
94 °C for 40 s, annealing at 50-57 °C (primer dependent; Table 2) for 45
s, extension at 72 °C for 2 min; and final extension at 72 °C for 7 min.
Amplicons from all accessions, together with 1 kb lambda DNA ladders
(Thermo Fisher Scientific or Bioron, Romerberg, Germany), were sub-
mitted to electrophoresis on 1.5% agarose gel pre-stained with 0.8 pL
GelRed™ in 0.5 X TBE running buffer at 110 V for 4 h. The gels were
visualized on a transilluminator and images were captured and digitized
using the MiniBis Pro gel documentation system (DNR Bio Imaging
System, Neve Yamin, Israel).

2.4. Data analysis

Well-resolved amplicons produced by the same ISSR primer and
present in the same location on gels of different accessions were
considered to belong to the same gene locus and were scored visually as
absent (0) or present (1) for each of the 19 genotypes. A binary similarity
matrix was constructed from the ISSR marker scores and a distance
matrix obtained using the expression 1-J where J is the Jaccard coeffi-
cient. Cluster analysis was carried out by applying the unweighted pair-
group method with arithmetic averages (UPGMA). Bootstrap analysis
with 1000 replicates was performed to test the reliability of individual
branching points of the phylogenetic tree using the approximately un-
biased (AU) test. All calculations were performed with the help of R
software [29] using the algorithm pvclust to calculate the P values for the
AU test [30].

The parameters of genetic diversity within and between populations
were estimated using GPOPGENE software version 1.32 [31], and these
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Fig. 1. Original locations of the populations of Annona squamosa in the Brazilian states of Maranhao (MA) and Piaui (PI) showing “straight-line” distances between
the municipalities of Timon, Canto do Buriti and Bom Jesus. The maps were prepared from the cartographic base of the Instituto Brasileiro de Geografia e Estatistica.

Table 2
ISSR primers used in the analysis of the genetic diversity of Annona squamosa
accessions.

Primer Tm" Ta" Sequence 5'-3 GC Number of
Q) ()] (%) loci
Total
Polymorphic

UBC 45.7 51.0 GAG AGA GAG AGA 47.06 18 18
812 GAG AA

UBC 57.2 57.0 ACA CAC ACA CAC 52.94 13 10
826 ACA CC

UBC 53.0 54.0 ACA CAC ACA CAC 52.94 17 13
827 ACA CG

UBC 49.2 54.0 AGA GAG AGA GAG 50.00 14 13
834 AGA GYT

UBC 48.5 50.0 GAG AGA GAG AGA 55.55 14 10
841 GAG AYC

UBC 48.8 52.0 GAG AGA GAG AGA 55.55 15 10
842 GAG AYG

UBC 52.8 54.0 ACA CAC ACA CAC 50.00 13 12
856 ACA CYA

UBC 43.6 50.0 ATG ATG ATG ATG 33.33 13 10
864 ATG ATG

UBC 52.2 55.0 VHV GTG TGT GTG 58.82 10 5
890 TGT GT

Total - - - - 127 101

@ Melting temperature.
> Annealing temperature.

included the number and percentage of polymorphic loci, Nei’s genetic
diversity index (H) [32], Shannon’s information index (I) [33], the ge-
netic differentiation coefficient (Gsr) and the number of migrants per
generation (Np,), the latter being calculated from the Ggr value. In order
to infer population structure, nonhierarchical Bayesian clustering was
performed using the program STRUCTURE 2.3.4 [34] adopting the

admixture model with correlated allelic frequencies. Ten independent
runs were performed for each value of K, which ranged from 1 to 10,
with 1,000,000 Markov Chain Monte Carlo simulations and 500,000
burn-in generations. The most probable K was determined by calculating
delta-K according to the method described by Evanno et al. [35] with the
aid of STRUCTURE HARVESTER software version 0.6.9 [36].

M3F2
NC

—-adohbuﬂhdb.--d - o

i o

-

Fig. 2. Agarose gel electrophoresis of ISSR fragments of 18 Annona squamosa
accessions. Kb, molecular weight marker, NC, negative control.
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3. Results
3.1. Assessment of ISSR bands

The nine selected ISSR primers were very efficient in amplifying DNA
fragments across the 19 A. squamosa genotypes (Fig. 2), with an average
of 14.11 bands per primer and band sizes varying between 250 and 4000
bp. Of the 127 amplified bands that could be scored, 101 (79.52%) were
polymorphic. The highest number of polymorphic bands (n = 18) was
obtained with primer UBC812 and the lowest (n = 5) with primer
UBC890.

3.2. Genetic diversity within- and between-populations

As shown in Table 3, the highest percentage of polymorphic loci was
observed within the Canto do Buriti population (73.23%), whereas the
lowest was within the population from Bom Jesus (39.37%). The overall
proportion of polymorphic loci in the combined populations was
79.52%.

Nei’s index of within-population genetic diversity ranged from
0.1750 to 0.2574 with an average of 0.2223, while Shannon’s infor-
mation index varied from 0.2506 to 0.3861 with an average of 0.3266.
The between-population variability was 15.85% (Gsr = 0.1585) and the
between-population gene flow was moderate with the occurrence of
around three migrants per generation (N = 2.6539).

3.3. Phylogenetic analysis

Pairwise comparisons based on the binary matrix revealed that the
Jaccard coefficients varied from 0.17 to 0.54 with an average value of
0.38. The accessions presenting the least genetic distant were G4 from
Bom Jesus and G8 from Canto do Buriti, while the most genetically
distant were M1F1 and G11 both from Canto do Buriti. The UPGMA
clustering method generated a rooted tree that separated the accessions
into three groups and the reliability of the grouping was verified by the
high AU percentages (Fig. 3). Group 1 comprised exclusively accession
M1F1 from Canto do Buriti, while groups 2 and 3 contained accessions
from all three populations. Group 2 was formed only of accessions
derived by vegetative propagation, whereas group 3 included accessions
that, with the single exception of G2, were derived entirely from seed.

The overall average genetic distance between all pairs of accessions
was 0.23, while the average distances between pairs within each group
were 0.18 (group 2) and 0.26 (group 3). The most distant pairs of ac-
cessions were M1F2/M4F4, M4F6/M4F3 and M3F2/M4F7 (0.27 each
pair), whereas the pair most closely related was G4/G8 (0.17). The
similarity relationships within the groups are illustrated in the heat map
presented in Fig. 4.

3.4. Population structure
Bayesian clustering analysis indicated that the optimal number of

Table 3
Genetic diversity within- and between-populations of Annona squamosa grown
in northeastern Brazil as determined by analysis of 127 amplified ISSR loci.

Population NPL*  PPL’ H* r Nm® Gst'
Timon 74 58.27% 0.2343 0.3432 - -

Bom Jesus 50 39.37% 0.1750 0.2506 - -
Canto do Buriti 93 73.23% 0.2574 0.3861 - -
Total 101 79.52% 0.2223 0.3266 2.6539 0.1585
2 Number of polymorphic loci.

b

Percentage of polymorphic loci.
Nei’s genetic diversity index.
Shannon’s information index.
Number of migrants per generation.
f Genetic differentiation coefficient.
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Fig. 3. Dendrogram constructed using the unweighted pair-group method with
arithmetic averages (UPGMA) based on Jaccard distances calculated for the 19
Annona squamosa accessions studied. The values in red represent the approxi-
mately unbiased (AU) percentages of reliability of the clustering method (AU >
90% for ideal reliability). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

clusters of A. squamosa accessions was two (K = 2; Fig. 5) and specified
the proportion of the genome of an individual that likely originated from
each inferred population (Fig. 6). According to this analysis, there was
no association between the two distinct genetic groups and their
geographical origins. Of the 19 accessions of A. squamosa, 14 (73.7%)
shared membership coefficients in the two clusters with different de-
grees of admixture. The clone G2, for example had approximately 0.40
membership of cluster 1 (shown red in Figs. 6) and 0.60 of cluster II
(shown in green). Only 5 (26.3%) of the accessions, namely G5, G6, G7,
M3F2 and M1F2, showed uniformity in their genetic structure and
belonged essentially to one cluster or the other. Interestingly, cluster I
(predominantly red in Fig. 6) encompassed all accessions (with the
exception of G2) that had been propagated by cuttings, namely G5, G4,
G10, G16, G6, G11, G7 and G8. On the other hand, cluster II (predom-
inantly green) incorporated the 10 accessions propagated by seed
(M3F2, M3F3, M3F1, M1F1, M1F2, M4F1, M4F3, M4F4, M4F7 and
M4F6) with about 90% compatibility within the group.

In the triangle plot shown in Fig. 7, each accession is represented by a
point, the color of which refers to one of the three populations (Timon,
Canto do Buriti or Bom Jesus), and the vertices correspond to clusters.
The nearer an accession is to a vertex, the greater the genetic proximity
to that particular cluster. However, when points of one population are
found close to the points of another population, the accessions are
considered migrants. In the present case, the overlapping of populations
in clusters I and II confirm the presence of migrants or their descendants
within the populations.

4. Discussion

The high overall polymorphism reported herein (79.52%) demon-
strates the resolving power and efficiency of ISSR primers in detecting
differences between A. squamosa genotypes and is comparable with
levels previously reported for members of the genus Annona. For
example, Nagori et al. [37] reported that the combined ISSR and RAPD
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Fig. 4. Heat map representing the pairwise genetic distances between the 19 Annona squamosa accessions studied. Values were calculated with 1000 permutations.
referred to the Web version of this article.)
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DeltaK = mean(|L"(K)|) / sd(L(K))
600

from Canto do Buriti (H = 0.2574) and Timon (H = 0.2343). Values of H
500

in the range 0.112-0.300 have been reported for populations of
A. crassiflora analyzed using amplified fragment length polymorphism
(AFLP) primers [39], while Cota et al. [40] obtained values between
0.210 and 0.300 for populations of the same species analyzed by RAPD.
. The high diversity within the population of A. squamosa from Canto
400} \
\
‘\
3001 \

Delta K

do Buriti observed in the present study can be explained by the ten ac-
200} I‘

cessions that were propagated via seed, which allowed the random ex-
change of alleles. The population from Bom Jesus showed the least
diversity probably because it consists entirely of clones G4, G10, and
G16 that may share common ancestry, while the intermediate genetic
\
100t \
\

variability within the Timon population may be explained by the pres-

cuttings.

ence of some half siblings, i.e. the sexually propagated accessions
(M3F1, M3F2, and M3F3) originating from G5 that was propagated via

According to Shannon’s diversity index I, which ranges from 0 to 1
with higher values indicating greater diversity [40], the A. squamosa

population from Bom Jesus presented low diversity (I = 0.2506), while
Fig. 5. Estimation of the most probable number of groups (K) represented by

the highest delta-K value determined with the aid of STRUCTURE software.

data from 21 A. squamosa populations from India revealed an overall
polymorphism of 73.91%, while Gwinner et al. [38] employed ISSR

primers to detect an overall polymorphism of 73.72% among 55 ac-
cessions of A. crassiflora Mart.

ISSR-based analysis of genetic diversity revealed moderate genetic
variation within and between populations of A. squamosa. The values of
the Nei diversity index H, which range from 0 to 1 with higher values
indicating greater genetic diversity, reveal that the population from Bom
Jesus (H = 0.1750) exhibited less diversity in comparison with those

those from Timon and Canto do Buriti exhibited moderate diversities (I

= 0.3432 and 0.3861, respectively). Values reported previously for
A. crassiflora populations varied from 0.119 to 0.323 [39] and from
0.310 to 0.440 [40].

The values of GST also range from O to 1, with O representing no
differences in allele frequencies between two populations and 1 indi-
cating that the populations interchange alleles. The Ggr value of 0.1585
obtained for the three populations of A. squamosa is within the range
0.05-0.15 that is considered as high genetic differentiation [41]. GST is
related directly to gene flow and mutation rate but, in many cases, gene
flow is assumed to be high in relation to mutation rate such that the
coefficient may be used to assess migration rates [42]. The occurrence of
gene flow between-populations was verified by the N, value (2.6539),
which is an estimate of the number of migrants successfully entering a
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Fig. 6. Bayesian analysis, performed with the aid of STRUCTURE software, of 19 Annona squamosa accessions from Timon, Bom Jesus and Canto do Buriti showing
separation into two clusters. Each color represents one group and the length of the colored segment represents the estimated membership proportion of each
accession to the designated group. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Triangle plot constructed with the aid of STRUCTURE software using
the functions USEPOPINFO, MIGRPRIOR (0.05) and GENSBACK (3). Each
accession is represented as a colored dot and each color corresponds to one of
the three populations of Annona squamosa. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)

population at each generation. Considering the long distances between
the study populations, gene flow among the accessions probably resul-
ted from anthropic activities rather than from natural dispersion by
Coleopterans [43].

All the indices presented herein indicated that genetic variabilities
within-populations of A. squamosa were generally greater than those
between-populations, thereby confirming findings reported previously
for this species [44], for A. crassiflora [39] and for A. senegalensis Pers
[45]. This finding suggests that efforts to augment the gene pool of
A. squamosa in the germplasm bank at Embrapa Meio-Norte should be
concentrated on each separate population to prevent genetic redun-
dancy within the collection [46].

The UPGMA dendrogram separated the genotypes into three groups
(Fig. 3) according to genetic relatedness, whereby group 2 consisted
exclusively of accessions propagated vegetatively while group 3
comprised primarily the seed-propagated accessions along with clone
G2. The unique member of groupl was accession M1F1, which was
genetically diversified in relation to all other accessions. The UPGMA
groups were comparable with the clusters separated according to

ancestry using the Bayesian method (Fig. 6), while the heat map (Fig. 4)
permitted similar inferences regarding the genetic diversity of the
studied genotypes. These results demonstrate that the half-sibling ac-
cessions G5 (M3F1, M3F2 and M3F3), G6/G11 (M1F1, M1F2) and G7/
G8 (MA4F1, M4F3, M4F4, M4F6 and M4F7) present distinct genetic
structures.

The separation of A. squamosa genotypes into genetically distinct
clusters was associated with the type of reproduction while geographical
provenance seemed not to influence the distribution. Vegetative repro-
duction produces individuals that are genetically identical, or nearly
identical, to the parent plant, while progenies generated via sexual
reproduction are genetically different from their parent plants because
of genetic recombination. In this context, A. squamosa is predominantly
allogamous [47]. This phenomenon is due to a condition known as
protogynous dichogamy in which the sexual organs mature at different
times, thereby preventing self-pollination [48,49]. Gene flow by
cross-pollination produces seeds with high genetic variability as exem-
plified by the seed-propagated accessions of Annona species [10,44].

The low genetic diversity between-populations of A. squamosa could
have been caused by human-assisted gene flow and by parental relat-
edness between the accessions. It is most likely that the three pop-
ulations did not originate at their sampling sites but at one single
location. The geographical dissociation of the three populations likely
resulted from the interaction between indigenous communities in the
area, similar to the situation described by Salazar et al. [44] for Mayan
domestic gardens in the Yucatan Peninsula.

5. Conclusions

While ISSR marker-based DNA fingerprinting of the 19 studied ac-
cessions revealed a degree of genetic diversity between populations, the
variability detected within each population was somewhat higher. The
low variability between the populations can be explained by their his-
torical connections and shared genetic material in combination with the
allogamous reproduction of the species. Bayesian and UPGMA analysis
separated the accessions on the basis of their form of propagation.

The potential loss of species and continuing habitat fragmentation
lend urgency to the need to conserve germplasm of A. squamosa. One
strategy by which this might be accomplished is through the establish-
ment of AGBs. The results recorded herein will contribute to a better
understanding of genetic variation and population structure of the ac-
cessions of A. squamosa in the AGB of Embrapa Meio-Norte AGB and
provide crucial information for future conservation and genetic
improvement programs of the species
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