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In order to evaluate the genetic diversity and structure of Melipona mandacaia, we analyzed 104 colonies collected in 12 localities
in Bahia state, northeastern Brazil, using ISSR-PCR. A total of 109 bands were obtained with a significant polymorphism of
72.47%. Estimates of genetic diversity indicated low values of heterozygosity (He and Hp values were 0.2616 and 0.2573, resp.).
These reduced values have been reported in other studies in stingless bees and maybe justified by dispersion process in the origin
of new nests. AMOVA revealed that the higher percentage of variation is within localities (70.39%). The ®sr and 85 values
were, respectively, 0.2961 and 0.3289, thereby indicating a moderate population structuring. The correlation between genetic
and geographic distances (r = 0.4542; P < 0.01) suggests isolation by distance. Our study contributes to describing the genetic

diversity of endemic organisms from Caatinga and may help future efforts to preserve this threatened biome.

1. Introduction

The bee species Melipona mandacaia SMITH 1863 belongs to
the subtribe Meliponina, which comprises the stingless bees.
This species is endemic to Caatinga biome, being widespread
in the Brazilian states of Piaui, Ceard, Bahia, Paraiba, and
Pernambuco, usually close to Sao Francisco River [1, 2]. It
plays an important role in Caatinga, acting as specific polli-
nators of this biome, besides presenting a great potential in
meliponiculture [3].

The Caatinga is an exclusively Brazilian biome, com-
prising a wide drought belt in South America. This biome
encompasses about 800,000 km? (8.6% of Brazilian territory)

being surrounded by Atlantic Forest to the east, Amazon For-
est to the west, and Brazilian savannah (Cerrado) to the south
[4].

The genetic resources from Caatinga suffer accentuated
pressure by continuous deforestation and expansion of agri-
cultural frontiers. Consequently, the number of trees used for
nesting of stingless bees is becoming more and more scarce
[5], leading to population decreases or even local extinction
of some bee species [6]. Studies in Caatinga bees have shown
several peculiarities, such as endemism and specific interac-
tions between bees and local flora [7]. Therefore, knowledge
about this ecosystem and its potentialities, as well as the con-
servation of original covers, is essential.
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FIGURE 1: Map of collection sites of M. mandacaia. The grey area represents the Caatinga biome and the black thick line the Sao Francisco
River. The circles indicate the sampled localities: 1 (Paulo Afonso), 2 (Macururé), 3 (Uaud), 4 (Juazeiro), 5 (Lapao), 6 (Irecé), 7 (Sao Gabriel),
8 (Central), 9 (Uibai), 10 (Morpard), 11 (Muquém do S. Francisco), and 12 (Serra do Ramalho).

However, little is known about the genetic population
structure of endemic species from Caatinga, and the conser-
vation and the importance of its biota to local biodiversity
remain overlooked [8]. Studies of genetic diversity in natural
populations usually refer to quantification of levels of vari-
ation within and among populations [9]. When combined
to other biological aspects such as reproductive behavior
and dispersion process, these studies are able to provide
valuable insights for defining conservation programs of a
given species [10].

Amongst the several molecular markers available for
genetic studies, the Inter Single Sequence Repeats (ISSRs)
stands out as an efficient technique in the genome charac-
terization of plants, fungi, vertebrates, and insects [11]. This
methodology allows detecting polymorphism in DNA re-
gions flanked by microsatellites without requiring previous
isolation and sequencing of specific DNA fragments.

Moreover, the estimates of genetic diversity of M. man-
dacaia might contribute for defining further management
and conservation strategies. Therefore, the goal of the present
study was to estimate the genetic diversity and structure of M.
mandacaia throughout Bahia state, focusing on three main
questions. (i) How much genetic diversity is there in M.
mandacaia? (ii) How this diversity is structured? (iii) Is the
genetic variation correlated to geographic distribution?

2. Material and Methods

2.1. Sampling and DNA Extraction. Samples of 104 colonies
of M. mandacaia were collected in 12 localities in Caatinga
along Bahia state between 2003 and 2010 (Figure 1 and
Table 1). The collected specimens were stored in absolute
ethanol and kept at —20°C prior analyses. The total DNA
was extracted from one worker bee per colony, based on the
methodology proposed by Waldschmidt et al. [12]. The DNA
samples were quantified in 0.8% agarose gel to verify their
concentration and integrity.

TaBLE 1: Sampled localities of Melipona mandacaia, number of
colonies per locality (N), altitude, and geographic coordinates.

. Altitude Longitude .

Code/Localit N Latitude (S

Y (m) (W) )
PA—Paulo 10 243 38°12/52"  9° 24/ 22"
Afonso
MC—Macururé 12 357 39903/ 267 9° 10' 03"
UA—Uaua 14 439 39°28' 53" 9° 50’ 29"
JU—Juazeiro 14 368 40°29' 55”7 9% 24’ 43"
LA—Lapdo 3 775 41°49' 54”7 11°22' 60"
[R—Irecé 6 721 41°51207  11° 18 16"
SG—Sao et o rar g
Cabridl 8 692 41°54' 43" 11° 13’ 46
CE—Central 3 698 42°06' 457 11° 08’ 09"
UI—Uibaf 15 582 42°07' 56" 11° 20" 13"
MO—Morpard 6 405 43°16' 517 11° 33 31"
MU—Muquém ¢ 560 39°3159"  12° 18 60"
do S. Francisco
SR—Serrado 497 43° 35 48" 13° 33 45"
Ramalho

2.2. ISSR-PCR. Firstly, 70 ISSR primers (manufactured by
UBC) were tested and 15 were selected based on their repro-
ducibility, definition, and number of bands. Afterwards, the
effects of concentration of primer (0.05; 0.10, and 0.15 yuM),
DNA (10 and 50ng), and annealing temperature (48 to
60°C) were analyzed. After optimizing the PCRs, 10 primers
were selected for population analyses (Table 2). The ampli-
fication reactions were adjusted based on the methodology
proposed by Eiadthong et al. [13].

The PCRs comprised a final volume of 25 uL including
10 ng of template DNA, 2.5 uL of 10x buffer (Biotools), 2.0 uL
of dNTPs at 200 uM each, 0.5 U of Taq polymerase (Biotools)
and 0.4 pmoles of primer. The PCR conditions involved an
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TABLE 2: Selected ISSR primers with their respective sequences, number of bands, and percentage of polymorphism.
Primers Sequence (5" — 3') Total number of bands Number of polymorphic bands %
UBC 807 AGAGAGAGAGAGAGAGT 10 10 100
UBC 808 AGAGAGAGAGAGAGAGC 10 5 50.0
UBC 811 GAGAGAGAGAGAGAGAC 10 6 60.0
UBC 813 CTCTCTCTCTCTCTICTT 9 6 66.6
UBC 815 CTCTCTCTCTCTCTCTG 13 10 77.0
UBC 835 AGAGAGAGAGAGAGAGYC 14 11 78.6
UBC 841 GAGAGAGAGAGAGAGACTC 8 6 75.0
UBC 855 ACACACACACACACACCTT 10 9 90.0
UBC 857 ACACACACACACACACYG 11 7 63.6
UBC 889 AGTCGTAGTACACACACACACAC 14 8 57.1
initial denaturation step at 94°C for 3 minutes, followed by 3. Results

40 cycles at 92°C for 1 minute, 53°C for 2 minutes, and
72°C for 2 minutes; plus a final extension step at 72°C for
7 minutes. All reactions included a negative control with
all PCR components but without DNA. The PCR products
were separated by electrophoresis in 1.2% agarose gel with
0.2 pg/ml of ethidium bromide, immersed in 1X TBE buffer
(Tris-Borate 90 mM, EDTA 1 mM, and pH 8.0). The DNA
fragments (bands) were visualized under ultraviolet light and
photodocumented.

2.3. Data Analysis. The amplification products were trans-
formed into binary data according to the presence (1) or
absence (0) of bands. The genetic diversity (He) [14] and
the percentage of polymorphic loci were estimated using the
software TFPGA v1.3 [15].

The analysis of molecular variance (AMOVA) [16] and
the estimate of structuring index among localities (®st) were
performed using the software Arlequin v3.5.1.2 [17]. The test
significance was based on 1,000 permutations.

Genetic diversity and population structure were also esti-
mated using the Bayesian approach [18] available in the soft-
ware HICKORY 1.1 [19]. The Hp and 85 indexes, analog with
H. and @gr, respectively, were estimated as well. The analyses
were carried out using four a priori models: full model,
f = 0 model, 8§ = 0 model, and f free model. The best
model was determined based on the deviance information
criterion (DIC) according to software’s authors, in which
the lowest DIC values indicate the best adjusted model.
A total of 100,000 MCMC (Markov Chain Monte Carlo)
generations and a burn-in of 20% were implemented. The
analyses were run twice in order to check the convergence of
parameters.

Mantel’s test was also performed to check the correla-
tion between geographic distance and ®st values amongst
localities. This test was applied in order to verify whether
distance isolation between localities was present or not.
The analyses were carried out using the software Arlequin
v3.5.1.2 [16] and the statistical significance was based on
1,000 permutations.

The 10 selected ISSR primers yielded 109 bands with a mean
polymorphism of 72.47% (Table 2). The primers UBC-889
and UBC-835 presented the highest number of bands (14)
while UBC-841 had the lowest number (8). The primer UBC
807 presented the highest polymorphism (100%). The mean
number of bands per primer was 10.9. The direct estimate of
gene diversity (H) was equal to 0.2616.

The genetic structure based on AMOVA partitioned
in two hierarchical levels showed that 70.39% of genetic
variation was within localities whereas 29.61% of variation
was related to variation among localities. The @gr value was
0.2961 (P < 0.000001; Table 3). When three hierarchical
levels were considered (assuming localities between left and
right bank of the Sdo Francisco River as groups in the
third hierarchical level) in AMOVA, no genetic variation
among groups was revealed, resulting in 70.43% of varia-
tion observed among localities within groups and 29.67%
within localities (Table 3). The ®sr obtained using three
hierarchical levels was equal to 0.29568. The pairwise Ogr
estimate among localities showed sites with moderate genetic
structure and others with extremely low ®gr values (Table 4).

When genetic diversity was estimated using Bayesian
analysis, the full model presented the best adjustment based
on DIC (Table 5). The estimates of genetic diversity (Hg) and
genetic structure (6g) in this analysis were 0.2573 (highest
posterior density (HPD) 97.5%: lower 0.2397, upper 0.2759)
and 0.3289 (HPD 97.5%: lower 0.2746, upper 0.3809),
respectively.

Mantel’s test showed a positive correlation between ge-
netic and geographic distances (r = 0.4542; P < 0.01), indi-
cating isolation by distance among localities.

4. Discussion

The significant percentage of polymorphism and the mean
number of bands obtained were 72.47% and 10.9, respec-
tively. These values differ from previous reports in other
species of Hymenoptera. Nascimento et al. [20] using 11
ISSR primers observed 13.36 bands per primer, on average,
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TaBLE 3: Analysis of molecular variance (AMOVA) with two hierarchical levels and with three hierarchical levels, testing the Sao Francisco

River as a geographic barrier in M. mandacaia.

Source of variation d.f Sum of squares Variance components Variation (%) P value
Two hierarchical levels
among populations 11 340.738 2.85713 Va 29.61
within populations 92 624.724 6.79048 Vb 70.39 <0.001
Total 103 965.462 9.6476
Fixation index Ogr = 0.2961
Three hierarchical levels
Among groups 1 39.166 —0.00989 Va 0
Among populations within groups 10 301.571 2.86056 Va 29.67 <0.001
within populations 92 624.724 6.79048 Vb 70.43
Total 103 965.462 9.64115
Fixation index Dgr = 0.29640

Populations refer to sampled localities.

TABLE 4: Matrix of @gr values for each pairwise combination among specimens from 12 localities based on 109 ISSR loci.

PA MC UA JU LA IR SG CE Ul MO MU SR

PA 0
MC 0.55677 0

UA  0.32338 0.34428 0

JU 0.46979 0.15931 0.24881 0

LA 0.49314 0.4858 0.28199 0.29895 0

IR 0.38122 0.32182 0.23765 0.19623  0.09091 0

SG 033165 0.32086 0.16698 0.15168 0.09663 0.10783 0

CE 0.55384 0.46495 0.29448 0.29988 0.18367 0.16749  0.2235 0

Ul  0.36049 0.29423 0.20965  0.2022  0.20736  0.18062 —0.0254  0.28913 0
MO 0.54598 0.45746 0.35337 0.35786 0.39932 0.28588 0.30723  0.35402 0.3406 0
MU 0.35722  0.49369 0.32324 0.41837 0.41837 0.33353  0.28858 0.4856 0.32608 0.40166 0

SR 0.36774 0.32721 0.21991  0.2491  0.24141 0.22776 0.20532  0.33568 0.22515 0.34242 0.33757 0

The pairs with highest structuring levels are shown in bold.

with 59.18% of polymorphism in M. quadrifasciata from
Minas Gerais state. Paplauskiené et al. [21] observed a mean
number of six bands per primer using 11 ISSR primers for
a subspecies of Apis mellifera. Borba et al. [22], studying
lineages of Trichogramma, a group of small parasitic wasps,
using 11 ISSR primers reported a mean number of 16 bands
per primer and a high polymorphism (96%).

The low value of genetic diversity (He = 0.2616 and
Hp = 0.2573) herein observed has been reported in other
studies based on molecular markers in stingless bees. Tavares
et al. [23], using RAPD markers, observed an He = 0.21
for M. mondury and H. = 0.23 for M. rufiventris. Borges
et al. [24], based on studies of microsatellite markers in
Partamona helleri that reported a genetic diversity (He) of
0.18. Nascimento et al. [20], analyzing the genetic variability
of M. quadrifasciata with ISSR markers, reported a genetic
diversity of He = 0.20. Such reduced values of genetic
diversity might be related to the swarming behavior for
formation of new nests. In this process, the new nest can
only be funded within short distances since it will depend

on both food and workers from the mother colony up to its
full establishment, which favors endogamy [25].

The two-hierarchical level AMOVA revealed a higher
percentage of variation within localities (70.39%). The high
concentration of genetic variability within localities is usually
associated with lack or restrictions to gene flow among
individuals from different localities, which might potentially
lead to increased inbreeding within localities. When we
partitioned the AMOVA into three hierarchical levels, placing
Sao Francisco River as a geographic barrier among groups,
no variation was observed, while the variation within
localities remained high (70.43%).

The variation percentage detected by AMOVA and both
Ogr (0.2961) and Oy (0.3289) values showed that M. man-
dacaia is moderately structured through sampled localities
when compared to other studies in stingless bees, where
higher ®@gr indexes suggest high genetic structuring ([26],
(DST = 0.90; [27], q)s]“ = 0.76 and 0.77; [20], (DST = 0.59),
even though these studies were based on distinct molecular
markers.
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TaBLE 5: Model comparison of posterior means for Bayesian Hg and 05 by Hickory. Comma values for Hg and 05 represent lower and upper
limits for 97.5% of high posterior density. Best fit model chosen based on DIC is indicated in bold.

Model H;p Os DIC

Full 0.2573 (0.2397-0.2759) 0.3289 (0.2746-0.3809) 2460.29
=0 0.2730 (0.2634-0.2826) 0.2859 (0.2546-0.3183) 2512.8
theta=0 0.3585 (0.3506—0.3664) 0.2837 (0.2277-0.3486) 4573.75
f free 0.2519 (0.2417-0.2623) 0.3490 (0.3138-0.3842) 2567.54

Moreover, the pairwise ®st matrix among localities also
confirms the genetic differentiation of M. mandacaia in
Bahia state, revealing localities with high values of genetic
structure, close to those reported by Nascimento et al. [20],
while others presented low levels of structure (Table 5).

Mantel’s test (r = 0.4542; P < 0.01) indicated a pos-
itive correlation among geographic and genetic distances,
revealing an isolation by distance among sampled localities.
Nascimento et al. [20] reported r = 0.3998 (P < 0.05) and
also inferred that isolation by distance was present in M.
quadrifasciata. This evidence corroborates the results of ge-
netic structure obtained by AMOVA, ®gr, and Bayesian anal-
ysis.

Mantel’s test values and the pairwise ®@gr matrix among
localities showed that the longer the geographic distance
between them, the higher the genetic differentiation is.
According to the @sr matrix (Table 4), three groups can be
distinguished: group 1 (1 (Paulo Afonso), 2 (Macururé), 3
(Uaud) and 4 (Juazeiro)); group 2 (5 (Lapdo), 6 (Irecé),
7 (Sao Gabriel), 8 (Central) and 9 (Uibai)); group 3 (10
(Morpara), 11 (Muquém do S. Francisco) and 12 (Serra
do Ramalho)). The second group presented the lowest
genetic differentiation among localities due to the increased
geographical distance, when compared to groups 1 and 3, it
presents intermediary ®gsy values, as expected according to
geographical distances. The groups 1 and 3 presented high
levels of genetic differentiation when compared to group 2.
However, the differentiation within groups 1 and 3 is as high
as the differentiation between groups. This result might be
related either to a preexisting differentiation among analyzed
samples or to the geographic distance among the localities in
this group.

The moderate genetic structure observed in this work
could be explained due to the short period of separation
among analyzed localities or else to a restricted gene flow.
The restriction or lack of gene flow might be a consequence
historical habitat fragmentation of biome Caatinga. Phylo-
geographic analyses using DNA sequences can help elucidate
this scenario.

The environmental degradation has threatened bee pop-
ulations worldwide [28], once woody and large trees, one
of the main resources for nesting of bees, have decreased
[29]. In spite of its continuous deforestation, there are only
11 protection areas (including national parks, ecological
stations, and biological reserves) in Caatinga that, together,
represent less than 1% of the original biome [30]. Taking into
account the relevance of M. mandacaia as pollinators to the
maintenance of Caatinga and the increased environmental

impacts on this biome, our data suggest that further genetic
studies, such as phylogeographic ones, are necessary to depict
how the shape of genetic variation in this species across its
geographic distribution is organized.
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