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Abstract – The present study characterised the population genetic structure of Plebeia remota through
mitochondrial DNA (mtDNA) analysis and evaluated evolutionary and ecological processes that may have
contributed to the species current genetic scenario. Seventy feral nests were sampled representing four
geographic regions (Cunha, Curitiba, Prudentópolis, and Blumenau). Fifteen composite mtDNA haplotypes
were determined and a high genetic structure was detected among all populations. The current population
structure may be a result of queen philopatry and vegetation shifts caused by palaeoclimatic changes and
uplift of Brazilian coastal ranges. Finally, this study strongly suggests a revision of the taxonomic status of
P. remota from the Prudentópolis region.
stingless bees / mtDNA / rflp / Meliponini / population genetics

1. INTRODUCTION
The stingless bees (tribe Meliponini) exhibit a wide geographic distribution, as they
are found in all tropical and subtropical regions on Earth (Wille, 1979; Silveira et al.,
2002). The biogeographical history of this
tribe is a controversial issue, and there is no
consensus on whether the tribe originated from
the Neotropics or Africa (see Kerr and Maule,
1964; Wille, 1979; and some considerations in
Rasmussen and Cameron, 2007). The greatest
abundance and diversity of stingless bees are
found in the Neotropics (Wille, 1979), with
approximately 30 genera and 300 species described (Camargo and Pedro, 1992). These
data strongly argue in favour of the Neotropical origin (Camargo and Pedro, 1992).
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Studies on the biology and ecology of
Meliponini have proven their important role
in the maintenance of several ecosystems. The
pollination of many floral species from the
Brazilian Atlantic forest is strictly dependent
on these bees (Kerr et al., 1996). Recently,
Bacelar-Lima et al. (2006) described the importance of stingless bees in scattering seeds
of the Amazon forest.
The genus Plebeia Schwarz exhibits
Neotropical distribution and, according to
Michener (2000), is comprised by three
subgenera: Plebeia Schwarz, Scaura Schwarz,
and Schwarziana Moure. Bees from the
subgenus Plebeia are morphologically characterised by small length (3–6 mm) and the
presence of whitish or yellow stripes on
the face and thorax (Michener, 2000). This
subgenus ranges from Mexico to Argentina
and is considered a post-Gondwanan group
due to its Neotropical endemism. Approximately 30 species of Plebeia have been
described (Michener, 2000). Brazil includes
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16 recognised species and an unknown
number of undescribed species (Silveira
et al., 2002). South-eastern Brazil has been
considered the geographical centre of origin
for this subgenus (Camargo and Wittmann,
1989).
The species Plebeia remota (Holmberg,
1903) is widely distributed in southern Brazil,
occurring in the states of Minas Gerais (MG),
São Paulo (SP), Paraná (PR), Santa Catarina (SC), and Rio Grande do Sul (RS)
(Fig. 1A) (Wittmann and Hoﬀmann, 1990;
Silveira et al., 2002; Mouga, 2004). These
bees nidify in tree cavities, and a colony
can reach 5,000 individuals (van Benthem
et al., 1995). Natural hives are very diﬃcult to be located; the nest’s entrance is very
small and only permits the entrance or exit of
one individual at a time. Furthermore, workers are very cryptic and any disturbance outside interrupts foraging activity. Ribeiro et al.
(2003) reported diﬀerences in nest architecture and fall-winter reproductive diapause between P. remota colonies from two geographically distant populations in Brazil: Cunha
(SP state) and Prudentópolis (PR state). Further, Patrício and Imperatriz-Fonseca (2004)
found diﬀerences in the external morphology
of queens’ scutella and composition of Dufour
glands secretions. Hilário (2005) detected differences in foragers’ flight activity and nest
temperature control. Recently, Francisco et al.
(2008) also verified diﬀerences through mitochondrial DNA (mtDNA), patterns of wing
venation, and cuticular hydrocarbons analyses
between these two populations.
MtDNA is one of the most widely studied molecules for systematics, species characterisation, population structure, and phylogenetic analyses. Analysis by restriction
fragment length polymorphism (RFLP) technique allows the investigation of this molecule
as a whole, including both conserved and
variable regions. Particularly in Meliponini,
the mtDNA-RFLP approach has been tested
and proved useful for the detection of interspecific variation within the subgenus Plebeia
(Francisco et al., 2001) and others (Weinlich
et al., 2004; Brito and Arias, 2005; Arias et al.,
2006).
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To date, molecular genetic analysis of
P. remota has been restricted to mtDNARFLP of only few samples (Francisco et al.,
2008); therefore, the available literature for
this species is predominantly non-genetic. In
this investigation, mtDNA-RFLP analysis was
utilised to characterise samples of P. remota
collected within its endemic area, representing four distinct populations. Our investigation
aimed to: (i) characterise the population structure of P. remota by mtDNA-RFLP analysis,
(ii) determine the genetic and evolutionary status of each surveyed population, and (iii) confirm the isolation of the Prudentópolis population. Therefore, this study provides a better
understanding of evolutionary and ecological
processes that were responsible for the species
current population genetic structure.
2. MATERIAL AND METHODS
2.1. Sampling
Adult workers were collected from 70 nests in
four localities of Brazil (Fig. 1B): Cunha, SP (n =
18); Prudentópolis, PR (n = 33); Curitiba, PR (n =
7); and Blumenau, SC (n = 12). The samples were
initially kept in liquid nitrogen and stored at −80 ◦ C.
Bees were checked for species identity by a taxonomist.

2.2. mtDNA analysis
Total DNA was isolated according to the protocol of Sheppard and McPheron (1991), with
slight modifications as described in Francisco et al.
(2001). The DNA was subjected to single and double digestion overnight with the following 15 restriction enzymes: BamH I, Bcl I, Bgl II, Cfo I,
Cla I, EcoR I, EcoR V, Hae III, Hind III, Nde I,
Pst I, Pvu II, Sca I, Xba I, and Xho I. The RFLP
patterns were verified via Southern blot analysis, as
previously described (Francisco et al., 2001). The
PCR-RFLP technique was utilised to identify restriction sites in close proximity. Methods used for
PCR reactions, digestions, and visualisations are
also described by Francisco et al. (2001).

2.3. Statistical analyses
REAP v4.0 package (McElroy et al., 1992)
was used to calculate the genetic distance between

218

F. de O. Francisco, M.C. Arias

18

33

Figure 1. (A) Map of Brazil indicating the states of Plebeia remota occurrence. MG: Minas Gerais, SP:
São Paulo, PR: Paraná, SC: Santa Catarina, RS: Rio Grande do Sul. (B) Collected sites and number of nests
sampled.

haplotypes (d), nucleotide (π) and haplotype (h)
diversities within samples, and nucleotide divergence among populations. The Monte Carlo (Roﬀ
and Bentzen, 1989) test was used to determine
genetic heterogeneity among populations. ARLEQUIN v3.11 (Excoﬃer et al., 2005) was used
to detect population diﬀerentiation through the
Markov chain method and exact test. AMOVA
(Excoﬃer et al., 1992) was used for calculation of
the intra- and inter-population diversity and ΦS T
and FS T values. Based on d values, unrooted minimum evolution (ME) trees (Rzhetsky and Nei,
1992) were estimated using the program MEGA4
(Tamura et al., 2007). Plebeia saiqui served as outgroup. Mantel tests (10 000 permutations) were performed by GENEPOP package v3.4 (Raymond and
Rousset, 1995) to correlate genetic (nucleotide divergence and FS T ) and geographical distances.

3. RESULTS
MtDNA from 70 nests was screened with
15 restriction endonucleases. Fragment size
and number were calculated from Southern blot membranes, and the total length of
mtDNA for all samples was estimated to be
approximately 18 500 bp. Two restriction enzymes (Cfo I and Pvu II) did not cut the
mtDNA for any sample. The remaining 13 enzymes generated a total of 27 diﬀerent restriction sites, and 15 haplotypes were obtained
(see figure in the electronic supplementary
material). Most haplotypes were not shared

among populations (Tab. I). Only haplotypes
h01 and h02 were both present in Cunha and
Curitiba populations. The ME tree based on
genetic distances between haplotypes (Fig. 2)
defined four clusters, which were well related
to the respective geographic origin: Prudentópolis, Blumenau, Curitiba, and Cunha. Notably, haplotype h10 (Curitiba) is genetically
distant from all haplotypes, but closely related
to the outgroup P. saiqui. Haplotype (h) and
nucleotide (π) diversities within each population were relatively high, except in Prudentópolis (Tab. II). Samples from Prudentópolis
and Curitiba presented the lowest and the highest π values of 0.2191 and 2.2383%, respectively.
Values of FS T and nucleotide divergence
between populations are shown in Table III.
Cunha and Curitiba presented the lowest nucleotide divergence (0.0060), and in contrast,
Cunha and Prudentópolis presented the highest (0.0386). High diﬀerentiation among the
four populations (0.1659 to 0.7266) was observed according to FS T values.
The Monte Carlo distribution indicated significant heterogeneity of haplotype frequencies (P < 0.0001) among population pairs.
Exact tests, which were also based on haplotype frequencies, exhibited diﬀerentiation
among population pairs (all P < 0.0114).
The analysis of molecular variance (AMOVA)
revealed significant genetic variation within
and among populations (41.65% and 58.35%,
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Figure 2. Minimum evolution tree of mitochondrial DNA haplotypes based on genetic distance. The species
Plebeia saiqui was included as the outgroup.

respectively). The ΦS T value also revealed a
highly significant population structure (ΦS T =
0.5835; P < 0.0001). Mantel’s tests based on
nucleotide divergence and FS T values demonstrated that the genetic distances were not correlated with the geographical distances (P =
0.2942 and P = 0.4184, respectively).
4. DISCUSSION
4.1. Causes of interpopulation mtDNA
diﬀerentiation
The distribution of mtDNA haplotypes and
statistical analyses demonstrated a clear isolation among the four populations, suggesting an
absence of gene flow mediated by queens. This
result can be explained in part by the swarming behaviour of stingless bees. The new nest
is built only a few metres from the mother
colony and keeps a high dependence on it until
a virgin queen and a group of workers migrate
to the new site (Michener, 1979; Engels and
Imperatriz-Fonseca, 1990). Queen philopatric
behaviour has been associated to population
structure in other social insects (Ross, 2001).
Palaeoclimatic and palaeogeographic
events should also be considered here since
they aﬀected drastically the landscape. It
is well known that the climatic changes

in Pliocene and Pleistocene led to habitat
fragmentation which in turn may have promoted speciation and extinction events, and
organism diversity as an ultimate consequence
(Potts and Behrensmeyer, 1992). The current
distribution of several organisms in Europe
has been associated to Pleistocene climatic
changes (Hewitt, 1999). South America was
not subjected to severe glaciation, but the
climate was strongly altered (Hewitt, 1996).
Glaciations began approximately 2.5 million
years (Myr) before present (BP) in the Late
Pliocene (Hewitt, 1996, 1999) and were
more intense during the Pleistocene, with
cycles of 100 000 yr interrupted by short
warm periods (Potts and Behrensmeyer, 1992;
Hewitt, 1996). Forests expanded during warm
and moist periods and then contracted after
the climate became cold and dry. Diﬀerentiation among P. remota populations may
have occurred during forest contractions.
The high rate of exclusive haplotypes and
the high values of FS T are indicative of
an ancient isolation. Considering the rate
of 2% divergence per 1 Myr for mtDNA
coding sequences (De Salle et al., 1987),
bees from Prudentópolis and Cunha can be
inferred to be isolated for 1.9 Myr (Late
Pliocene). The population from Prudentópolis
seems to have been isolated from the other
populations for approximately 1.5–1.4 Myr
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Table I. Haplotype frequencies and distribution detected in four populations of Plebeia remota.
Cunha

Prudentópolis

Curitiba

Blumenau

(n = 18)

(n = 33)

(n = 7)

(n = 12)

12
4
1
1
-

30
1
1
1
-

1
1
1
1
1
1
1
-

4
8

Haplotypes
h01
h02
h03
h04
h05
h06
h07
h08
h09
h10
h11
h12
h13
h14
h15

Table II. Haplotype (h) and percentage nucleotide (π) diversity within the populations of Plebeia remota.
Population

N. of haplotypes

h± s.e.

π± s.e. (%)

4
4
7
2
4.25

0.5294 ± 0.1170
0.1761 ± 0.0881
1.0000 ± 0.0764
0.4848 ± 0.1059
0.5476 ± 0.0289

0.5807
0.2191
2.2383
0.2390
0.8193 ± 0.0023

Cunha
Prudentópolis
Curitiba
Blumenau
Overall

Table III. Pairwise comparisons of nucleotide divergence (above diagonal) and FS T estimates (below diagonal) between pairs of Plebeia remota populations.

Cunha
Prudentópolis
Curitiba
Blumenau

Cunha

Prudentópolis

Curitiba

Blumenau

0.6857*
0.1659+
0.4902*

0.0386
0.6001*
0.7266*

0.0060
0.0291
0.2911−

0.0184
0.0287
0.0169
-

*P < 0.0001; + P = 0.0258 ± 0.0028; − P = 0.0003 ± 0.0003
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(Early Pleistocene). Conversely, populations
from Cunha and Curitiba presented the most
recent isolation of approximately 300 000 yr
BP (Late Pleistocene), and the two haplotypes
common to both populations (h01 and h02)
can be remnants of the haplotype diversity
before ancestral population split. Although
inferences of evolutionary time based on
molecular clocks should be used with caution
(Pulquério and Nichols, 2007), other studies
have successfully applied such estimates to
understand bee population structure dynamics.
For example, Franck et al. (2000) suggested
that glaciation has isolated lineages of A.
mellifera in Italian refuges at approximately
190 000 yr BP. Dick et al. (2004) estimated
that the divergence time among cross-Andean
Euglossini bees ranges from 0 to 1.42 Myr
BP, indicating cross-Andean dispersal after
the uplift of the Andes mountain range.
The uplift of coastal ranges (Serra do
Mar) also exhibited a strong influence over
the flora distribution in southern and southeastern Brazil and, consequently, might have
isolated populations by habitat fragmentation
(Lara and Patton, 2000). The uplift began in
the Palaeocene, about 65 Myr BP (Petri and
Fúlfaro, 1988) and lasted until the Pleistocene
(Freitas, 1951). Ancient habitat fragmentation
caused by climatic changes, uplift of coastal
ranges, and also female philopatry may have
been responsible for the isolation detected
among P. remota populations.
4.2. Causes of intrapopulation mtDNA
diversity
Interestingly, the lowest mtDNA genetic diversity was found in the region with the largest
sample size (Prudentópolis, n = 33). Although
four haplotypes were found in Prudentópolis,
three were very rare, and each was found in
only one nest. Haplotype h05 was the predominant form, being present in the remaining 30 nests. Moreover, the haplotypes found
in Prudentópolis were highly similar as evidenced by the low π value, which indicates
a shorter coalescence time and suggests a recent bottleneck or a small founder population. In a palynological study, Behling (1997)
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demonstrated that the last cold and dry period in the Paraná highlands was approximately 12 480–9660 14 C yr BP. At that time,
vegetation was predominantly grassland and
the forests were restricted to moist environments such as low-elevation valleys. As Prudentópolis is located in the Paraná highlands,
the habitat restrictions abovementioned certainly aﬀected this region and moreover may
have confined bees to refuges. After this period, the climate gradually became moister,
which allowed the expansion of forests and
bee populations. Our data suggest that habitat
re-colonisation was performed mainly by bees
carrying haplotype h05, and the other three
haplotypes may have appeared in the populations as a result of new mutations.
In contrast, samples from Curitiba presented higher haplotype and nucleotide diversities. Unexpectedly, these values were obtained from a low sample size (7 nests). These
results indicate that Curitiba may represent an
ancient population, and that this region is the
possible centre of origin for the species. Similar results obtained for A. mellifera strongly
support the northeastern Africa as the species
origin centre, since three mitochondrial lineages exist simultaneously in that region
(Franck et al., 2001). The high genetic variability verified in the population from Curitiba
may be interpreted as a result from the climatic
changes in the Late Pleistocene and Holocene,
leading to the existence of several refuges in
this geographic area. Indeed, Curitiba is in
close proximity to Serra do Mar, a mountain
chain that follows the Brazilian coast from
Santa Catarina to Espírito Santo states. During
the cold and dry period, the Atlantic forest lost
continuity and was restricted to refuges with
high humidity and substantial orographic rain
(Ab’Saber, 1977, 1979) in the Atlantic Ocean
slope. Therefore, multiple refuges would have
allowed the evolution of multiple haplotypes.
Palynological evidence of contraction and
expansion of forests in the Late Pleistocene
and Holocene has also been found in regions near Cunha (Behling et al., 2007) and
Blumenau (Behling and Negrelle, 2001), indicating that the intrapopulational diversity of
P. remota in those regions may also be explained by these events.
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5. CONCLUSIONS
This work demonstrated that the four studied populations exhibited exclusive genetic
characteristics. The population from Prudentópolis is the most genetically distant and may
have diverged from the ancestral populations
in the Late Pliocene. Previous data had already reported unique ecologic, morphologic,
and chemical characteristics of this population
(Francisco et al., 2008). Such evidences support the hypothesis that it constitutes a new
species. Indeed, when nests from Cunha and
Prudentópolis were kept in a meliponary for
five years, hybrids were not observed (molecular data not shown).
It is worth to note the genetic distance observed for haplotype h10 in relation to all samples. This haplotype was found in one nest
from Curitiba. The addition of more molecular, morphological, and ecological data from
a larger sample size from Curitiba region will
certainly improve our understanding of the
taxonomic status of this particular sample.
The study of additional bee species and also
other organisms from the same geographic
areas analyzed here will be very important
to validate or not the hypotheses we have
raised and certainly will increase our knowledge about the species distribution pattern and
the possible association with historic and evolutionary events that occurred in those regions.
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Caractérisation de la structure génétique actuelle des populations de Plebeia remota, abeille
sans aiguillon du Brésil, en relation avec les processus de l’évolution et de l’écologie.
abeille sans aiguillon / ADN mitochondrial / Meliponini / génétique des populations / évolution

Zusammenfassung – Populationsgenetik von
Plebeia remota, einer stachellosen Biene aus Brasilien, und Rückschlüsse auf evolutionäre und
ökologische Ereignisse. Neuere Studien haben gezeigt, dass innerhalb der Art Plebeia remota in
ihrem Verbreitungsgebiet ausgeprägte Unterschiede in Verhalten, Morphometrie, chemischen Komponenten und genetischen Besonderheiten existieren. Die genetische Struktur von P. remota wurde mit Hilfe von mitochondrialer DNA (mtDNA)
untersucht; evolutionäre und ökologische Prozesse, die zu diesem Szenarium geführt haben könnten wurden abgeleitet. Die Proben wurden in Cunha (São Paulo), Blumenau (Santa Catarina), sowie
in Curitiba und Prudentópolis (Paraná) gesammelt
(Abb. 1). Die Proben stammen von siebzig Nestern
und wurden mittels RFLP Analyse untersucht, wobei 15 Restriktionsenzyme eingesetzt wurden. Die
Länge des mtDNA-Moleküls betrug in allen Proben
18 500 bp. Mit zwei der Restriktionsenzyme konnten in keiner der Proben eine Schnittstelle nachgewiesen werden. Mit den restlichen 13 Enzymen
wurden insgesamt 27 verschiedene Schnittstellen
gefunden; daraus ergaben sich 15 Haplotypen, deren Verteilung gut mit der geographischen Herkunft
der Proben korrelierte (Abb. 2). Dabei trat der gleiche Haplotyp nur selten in mehreren Populationen
auf (Tab. I). Die Diversität der Haplotypen (h) und
der Nukleotide (π) innerhalb jeder einzelnen Population waren vergleichsweise hoch, mit der Ausnahme von Prudentópolis (Tab. II). Die Werte für FS T
und die Nukleotid-Divergenz zwischen den Populationen sind in Tabelle III dargestellt. Die Analyse
der mtDNA zeigte große genetische Variabilität und
Isolation zwischen den Populationen, was sowohl
durch die Philopatrie der Königinnen als auch mit
Habitatfragmentation in früheren Zeiten durch Klimaänderungen oder die Auﬀaltung des Küstengebirges erklärt werden kann. Zusammen mit bereits
veröﬀentlichten Daten unterstützen die Ergebnisse
die Vermutung, dass diese spezifische Population
als eine eigene Art angesehen werden sollte. Die
Untersuchung zusätzlicher Bienenarten und anderer
Organismen aus denselben geographischen Gebieten wird unser Wissen über die Verbreitungsmuster
der Arten und die möglichen Zusammenhänge mit
historischen und evolutionären Ereignissen in dieser Region vermehren.
Stachellose Bienen / mtDNA / RFLP / Meliponini
/ Populationsgenetik
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