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Abstract – Molecular cytogenetic reveal details of fine chromosomal structure that are useful in studies of chro-
mosomal diversification, genome organization, and evolution. However, these techniques have rarely been used 
to describe population-level variations in the tribe Meliponini. In the present study, we compared the karyotype, 
number, and localization of rDNA clusters and the distribution of a repetitive DNA sequence in the genome of 
T. spinipes from nine locations. Although karyotypes with 2n = 34 were found in all cases, five different karyo-
typic formulae were detected. The heterochromatin was preferentially associated with centromeric regions. The 
microsatellite probe (GA)15 signals were localized mainly in the euchromatic regions of all chromosomes in 
most of the analyzed populations. The 18S rDNA clusters were present in four chromosomal pairs, except for 
the population from Palotina, which showed only two rDNA clusters. Analyses revealed a karyotypic variation 
in T. spinipes along the geographic distribution, proving that cytogenetic variations were not detected when 
scattered colonies were analyzed.

Population cytogenetics / Molecular cytogenetics / Repetitive DNA / Karyotype evolution / 
Heterochromatin

1.  INTRODUCTION

Cytogenetic studies on the stingless bees of 
the tribe Meliponini demonstrated that chromo-
some number and heterochromatin distribution 
pattern are key features for the characteriza-
tion of different species/genera and that their 

variation can be associated with interspecific 
diversification (Rocha et al. 2002). Recently, 
however, cytogenetic studies on these bees have 
advanced remarkably because of the applica-
tion of molecular cytogenetic methods, which 
reveal details of the fine chromosomal structure 
(Andrade-Souza et al. 2018; Piccoli et al. 2018; 
Travenzoli et al. 2019a; Pereira et al. 2021).

Molecular studies employing fluorescent 
in situ hybridization (FISH) have provided a bet-
ter understanding of chromosomal organization 
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and evolution of Meliponini (Andrade-Souza 
et al. 2018; Piccoli et al. 2018; Travenzoli et al. 
2019a,  b). For example, studies using 45 or 18S 
rDNA probes demonstrated preferential mapping 
of ribosomal genes in pericentromeric regions, in 
a single chromosomal pair, in several Melipona 
species from the Eomelipona and Melipona sub-
genera that have low heterochromatin content. 
On the other hand, in species from the subgenera 
Michmelia and Melikerria, which have a high 
heterochromatin content, single labeling was 
localized in the terminal or interstitial regions of 
chromosomes (Andrade-Souza et al. 2018; Cunha 
et al. 2018; Piccoli et al. 2018; Travenzoli et al. 
2019a,  b). In the genera Friesella, Partamona, 
Tetragona, and Trigona, however, 18S rDNA 
mapping revealed the presence of multiple DNA 
sites (Ferreira 2015; Capoco 2016; Gonçalves 
et al. 2020; Elizeu et al. 2021). Together, these 
data indicate that the location of the ribosomal 
genes in the meliponines, as in several other 
organisms, may be related to differences in their 
genome organization, including the chromatin 
content, distribution, and composition, which 
play an important role in the chromosomal diver-
sification of stingless bees (Rocha et al. 2002; 
Pereira et al. 2020, 2021).

In this context, molecular studies have dem-
onstrated that different Meliponini species pos-
sess specific types of repetitive sequences in the 
heterochromatic regions of their chromosomes 
(Lopes et al. 2014; Cunha et al. 2020; Pereira 
et  al. 2020, 2021). The repetitive sequence 
isolated from Melipona rufiventris, for exam-
ple, did not hybridize with the chromosomes 
of Tetragonisca fiebrigi (Lopes et  al. 2014). 
Similarly, the repetitive probe isolated from T. 
angustula did not hybridize with the heterochro-
matic regions of M. mondury, Partamona hel-
leri, Nannotrigona testaceicornis, Frieseomelitta 
varia, and Austroplebeia australis (Pereira et al. 
2020). The repetitive probe from T. angustula, 
however, hybridized with the chromosomes of T. 
fiebrigi (Pereira et al. 2020) while that from M. 
mondury hybridized with the chromosomes of 
M. flavolineata and M. rufiventris (Pereira et al. 
2021), indicating that more closely related spe-
cies may share repetitive DNA sequences and 

that heterochromatin is evolving divergently in 
this tribe.

Moreover, the distribution patterns of different 
repetitive sequences, using FISH with microsatel-
lite probes, have already shown interspecific vari-
ations in the number and localization of repeti-
tive clusters, contributing to ongoing evolutionary 
studies on this tribe (Piccoli et al. 2018; Traven-
zoli et al. 2019a; Barboza and Costa 2021; Elizeu 
et al. 2021). In contrast to most insects, clusters 
of repetitive DNA in the meliponines are usually 
localized in terminal euchromatic regions or scat-
tered through most chromosomal pairs (Barbosa 
2018; Piccoli et al. 2018; Travenzoli et al. 2019a). 
However, depending on the probe used, FISH has 
also identified variable quantities of repetitive 
DNA in heterochromatic regions in some spe-
cies of Melipona (Barbosa 2018; Travenzoli et al. 
2019a) and Frieseomelitta (Santos et al. 2018), 
showing that each group of species may accumu-
late specific microsatellite repeats in different por-
tions of its chromosomes.

Together, these studies reveal important 
characteristics of chromosome organization and 
diversification in different Meliponini species. 
However, intraspecific studies assessing the 
chromosomal variation of different Meliponini 
species have rarely been performed (Duarte et al. 
2009; Ferreira 2015; Barboza and Costa 2021; 
Elizeu et al. 2021). Among Meliponini, Trigona 
spinipes Jurine, 1807 is broadly distributed 
across South America and is found in 21 of the 
26 Brazilian states (Camargo and Pedro 2013). 
With this wide geographical distribution, this 
supergeneralist species (Kleinert and Giannini 
2012) inhabits several Brazilian biomes such as 
the savannah (Cerrado), Atlantic forest, Pantanal, 
Pampa, Amazon, and Caatinga.

Therefore, in this study, we compared the kar-
yotype, number, and localization of rDNA clus-
ters, as well as the distribution of repetitive DNA 
sequences in the chromosomes of nine popula-
tions of T. spinipes. This was done in order to 
verify whether the karyotype is conserved among 
these populations or if they present geographi-
cally distinct karyotypic variations. These data 
will contribute to our knowledge of the chromo-
some organization and evolution in this genus.
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2. � MATERIALS AND METHODS

a.	 Biological material
	   We analyzed T. spinipes samples from 

23 nests collected from Minas Gerais, São 
Paulo, and Paraná States, Brazil (Figure 1; 
Table I). Voucher specimens were deposited 
in the Zoological Collections of the Federal 
University of Minas Gerais (UFMG) and 
the Regional Museum of Entomology of the 
Federal University of Viçosa (Central Api-
ary/UFV).

b.	 Conventional cytogenetic analyses
	   Metaphase chromosomes were obtained 

from cerebral ganglia of larvae in the post-
defecation stage. The cerebral ganglia 
from each larva (30 individuals/nest) were 
removed and processed following the tech-
nique developed by Imai et al. (1988) with 
certain modifications. Specifically, tissues 
were incubated in a hypotonic solution of 
colchicine (1% sodium citrate plus 0.005% 
colchicine) for 1 h. Conventional staining 
was carried out using 4% Giemsa in Sörens-
en’s phosphate buffer (0.06 M, pH 6.8) for 
20 min at room temperature. To assess the 
location and distribution of heterochroma-
tin, the C-banding technique for the BSG 
method (barium hydroxide/saline/Giemsa 
staining) was performed according to Rocha 
and Pompolo (1998) with modifications in 
the duration of the HCl treatment (7 min) 
and Ba(OH)2 incubation (14 min).

	   We analyzed an average of 15 metaphases 
per slide with an Olympus BX-60 micro-
scope coupled to an image capturing system 
(Q-Color3 Olympus®). Chromosomes were 
classified according to Levan et al. (1964) 
after measuring five metaphases per colony 
using Image Pro Plus® (Online Resource 1).

c.	 Fluorescence in situ hybridization
	   For physical mapping of the repetitive 

DNA sequences (microsatellite repeats), the 
microsatellite probe (GA)15 was used. This 
probe was directly labeled with Cy3 at the 
5′-end during synthesis by VBC Biotech 

(Vienna, Austria). The hybridization proce-
dures were performed following Kubat et al. 
(2008).

	   Ribosomal 18S genes were detected using 
FISH as reported by Pinkel et  al. (1986) 
with the following modifications. The 18S 
rDNA probe was generated using PCR 
with primers F.1 (5′-GTC​ATA​TGC​TTG​
TCT​CAA​AGA-3′) and R.1.1 (3′- TCT​AAT​
TTT​TTC​AAA​GTA​AACGC-5′) designed 
for Melipona quinquefasciata (Pereira 
2006) and labeled by the indirect method 
with digoxigenin-11-dUTP (Roche, Man-
nheim, Germany). The probe was detected 
using anti-digoxigenin-rhodamine, and the 
slide preparations were counterstained with 
DAPI (4′,6-diamidino-2-phenylindole) and 
mounted in VECTASHIELD (Vector, Burl-
ingame, CA, USA). The DAPI-stained slides 
were analyzed under an Olympus BX53 
microscope with an Olympus DP73F cam-
era. The images were processed using the 
CellSens Imaging software, with the filter 
WG (510–550 nm) for the probe detected 
with rhodamine/Cy3 and WU for the chro-
mosomes (330–385 nm).

3. � RESULTS

The nine analyzed populations of T. spinipes 
exhibited karyotypes with 2n = 34 chromosomes 
(females) or n = 17 (males). Despite this, based 
on morphology, five different karyotypic for-
mulae were detected (Figure 2; Table I; Online 
Resource 1).

The heterochromatin was mostly located 
in centromeric regions, extending itself to the 
short arms of all chromosomes in populations 
from Bocaiúva, Janaúba, Januária, Mutum, 
Raul Soares, Viçosa, and Palotina. The only 
exception was the subtelocentric pair that was 
completely euchromatic. Contrarily, in the col-
ony from Ribeirão Preto, the heterochromatic 
blocks were located in the long arms of the sub-
metacentric pairs, and in the population from 
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Florestal, the submetacentric pair 7 showed a 
large heterochromatic block, encompassing the 
small arm, the centromere, and part of the long 
arm (Figure 3).

The microsatellite probe (GA)15 signals were 
localized in the euchromatic regions of all chro-
mosomes in the regionally different populations. 
In the colony from Ribeirão Preto, positive 

Figure  1.   Collection sites of karyotyped Trigona spinipes in Brazil: (1) Januária/MG; (2) Janaúba/MG; (3) 
Bocaiúva/MG; (4) Mutum/MG; (5) Raul Soares/MG; (6) Florestal/MG; (7) Viçosa/MG; (8) Ribeirão Preto/SP; 
(9): Palotina/PR. MG, SP, and PR represents the Minas Gerais, São Paulo, and Paraná states, respectively (ArcGIS; 
Datum WGS 84)

Table I. Descriptive information regarding the collection sites and chromosomal characteristics for the differ- 
ent samples of Trigona spinipes analyzed

Location Geographic coordinates Nest  
number

2n Karyotypic  
formula

Minas Gerais Bocaiúva 17° 6′ S; 43° 48′ W 1 34 20 m + 12sm + 2st
Janaúba 15° 48′ S; 43° 18′ W 1 34 24 m + 8sm + 2st
Januária 15° 29′ S; 44° 21′ W 2 34 16 m + 16sm + 2st
Florestal 19° 53′ S; 44° 25′ W 2 34 16 m + 16sm + 2st
Mutum 19° 49′ S; 41° 26′ W 6 34 20 m + 12sm + 2st
Raul Soares 20° 6′ S; 42° 27′ W 5 34 20 m + 12sm + 2st
Viçosa 20° 45′ S; 42° 52′ W 3 34 20 m + 12sm + 2st

São Paulo Ribeirão Preto 21° 10′ S; 47° 48′ W 1 34 20 m + 10sm + 4st
Paraná Palotina 24° 17′ S; 53° 49′ W 2 34 18 m + 14sm + 2st
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signals were seen in the eu- and/or heterochro-
matic arms of some chromosomes (Figure 4).

The 18S rDNA hybridization signals varied in 
number and location among populations. Most 
karyotypes exhibited 18S rDNA in three meta-
centric pairs (4th, 5th, and 8th pairs) and in the 
first submetacentric pair. In the population from 
Florestal, however, the submetacentric pair bear-
ing the 18S rDNA markings was the 6th one, 
while in Raul Soares, two metacentric (4th and 
5th pairs) and two submetacentric (1st and 6th 
pairs) pairs showed positive rDNA markings. 
Only two chromosome pairs (the 4th and the 8th 

metacentric pairs) carried rDNA genes in the 
Palotina population (Figure 5).

4. � DISCUSSION

Previously, the cytogenetic data obtained 
for Trigona have revealed that the chromosome 
number in this genus is conserved, with 11 of the 
12 species studied presenting 34 chromosomes 
(Tavares et al. 2017). The only exception described 
for this genus was T. fulviventris (possibly, T. 
braueri), which has 32 chromosomes (Tavares 

Figure 2.   Karyotypes of Trigona spinipes (2n = 34) from nine different geographical locations after Giemsa stain-
ing. m, metacentric chromosomes; sm, submetacentric chromosomes; st, subtelocentric chromosomes. Bars: 5 µm

Figure  3.   Karyotypes of Trigona spinipes (2n = 34) from nine different geographical locations after C-banding. 
Bars: 5 µm
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et al. 2017). Therefore, the chromosome number 
detected in the present study corroborates the pre-
vious results. No differences were found between 
individuals from the same colony or between 
individuals from different colonies in the same 
location. The analyzed karyotypes also contained 
a pair of fully euchromatic subtelocentric chromo-
somes. We infer that this is a common character-
istic of this and other Trigona species, such as T. 
chanchamayoensis, T. branneri, T. hyalinata, and 
T. recursa (Costa et al. 2004). Despite the same 
chromosomal number, our results identified five 
karyotypic formulae in the analyzed populations, 

due to a variation in the number of metacentric 
and submetacentric chromosomes in the different 
colonies (Figure 2; Table I; Online Resource 1).

In most populations, heterochromatin was evi-
dent in the short arm of the chromosomes and in 
the pericentromeric region. In the colony from 
Ribeirão Preto, however, some chromosomes 
had heterochromatic long arms. The detection 
of a heterochromatic chromosomal arm has also 
been revealed in other Trigona species (Costa 
et  al. 2004; Ferreira 2015) and in different 
Meliponini genera, such as Frieseomelitta, Nan-
notrigona, Partamona, Schwarziana, Tetragona, 

Figure 4.   Fluorescence in situ hybridization using the microsatellite (GA)15 probe in Trigona spinipes (red signals) 
from nine different geographical locations. Chromosomes are stained with DAPI. Bars: 5 µm

Figure 5.   Fluorescence in situ hybridization with 18S rDNA (red signals) as probe in Trigona spinipes from nine 
different geographical locations. Chromosomes are stained with DAPI. Bars: 5 µm
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Scaptotrigona, and Tetragonisca (Brito-Ribon 
et  al. 1999; Duarte et  al. 2009; Santos et  al. 
2018). In the Melipona genus, changes in the 
amount and distribution of heterochromatin 
represent the main source of karyotypic differ-
entiation among species (Rocha et al. 2002). 
These data show that a variable amount of het-
erochromatin is present in the karyotype of most 
Meliponini. This variation may be the result of 
the amplification of the heterochromatic regions. 
Considering its diverse patterns, it appears that 
heterochromatin has important functions in the 
karyotypic evolution of this tribe (Rocha et al. 
2002; see below).

The physical chromosome mapping of the 
(GA)15 sequence was identified along the euchro-
matic regions of all chromosomes in all popula-
tions, except in the case of Ribeirão Preto. In 
this colony, intense labeling was also detected in 
some heterochromatic regions. Considering that 
heterochromatin is enriched with repetitive DNA 
sequences, this pattern was expected. However, this  
situation rarely occurs in Meliponini (Travenzoli 
et al. 2019a). For example, in the 18 Melipona 
species, the above-mentioned dinucleotide DNA 
probe was detected in the euchromatic regions of 
most chromosomes, in the terminal regions, or 
widely scattered along the entire arms of chro-
mosomes, depending on the species (Piccoli et al. 
2018; Travenzoli et al. 2019a,  b). However, in 
some insect species, as verified in this study for 
the colony of T. spinipes from Ribeirão Preto, 
some microsatellites have been also detected in 
heterochromatic regions (Milani and Cabral-de-
Mello 2014; Ferreira 2015; Palacios-Gimenez and 
Cabral-de-Mello 2015; Barbosa 2018; Travenzoli 
et al. 2019a). Therefore, different DNA repeats can 
be distributed in specific regions of chromosomes 
depending on the species or group of organisms.

Although the presence of ribosomal genes in a 
single pair of chromosomes predominates in the 
Meliponini (Andrade-Souza et al. 2018; Cunha 
et al. 2018; Silva et al. 2018; Travenzoli et al. 
2019a), our data showed an increase in the num-
ber of chromosomes that harbor the ribosomal 
genes, from 2 to 4 chromosome pairs. Considering 
that all populations of T. spinipes have the same 
chromosomal number, variations in the number 

of chromosomes bearing rDNA genes indicate the 
evolutionary dynamic of these sequences (Castro 
et al. 2001). Different mechanisms have already 
been used to explain the spreading of rDNA clus-
ters throughout the genome of different organisms, 
and many times, more than one of them seems 
to operate when considering different groups of 
organisms or even species from the same genus. 
Among these mechanisms, we may cite ectopic 
recombination (Nguyen et al. 2010; Ferretti et al. 
2019; Teixeira et al. 2021), Robertsonian chro-
mosomal rearrangements (Nguyen et al. 2010; 
Arcanjo et al. 2013; Menezes et al. 2019), and 
transposition mediated by transposable elements 
adjacent to ribosomal genes or by a few rRNA 
genes to new chromosome locations (Cabrero and 
Camacho 2008; Panzera et al. 2012; Arcanjo et al. 
2013; Pita et al. 2013; Ferretti et al. 2019).

More recently, Hirai (2020) demonstrated that 
the physical relationships among rDNA and other 
repeat arrays can interfere in the genomic disper-
sion of some repeat segments. He also showed 
that the affinity of the rDNA regions with the het-
erochromatic regions may facilitate dispersion. 
Considering this hypothesis, data obtained in the 
present and other studies (Ferreira 2015; Cunha 
et al. 2018; Travenzoli et al. 2019a) demonstrated 
that the 18S rDNA cluster in several Meliponini 
species is associated with heterochromatic 
sequences. Thus, heterochromatic sequences 
can play an important role in ribosomal cluster 
spreading in T. spinipes, which presented two, 
four, and even five chromosome pairs harboring 
18S rDNA sequences (Barboza and Costa 2021). 
They could also explain the fact that in the differ-
ent T. spinipes populations, the same chromosome 
pairs carried the 18S rDNA genes. Specifically, 
in the population from Palotina, which presented 
the 18S markings in only two chromosome pairs, 
they were positioned in homeologous pairs in the 
other populations.

Additionally, all 23 Melipona species ana-
lyzed (Andrade-Souza et al. 2018; Cunha et al. 
2018; Picolli et al. 2018; Travenzoli et al. 2019b; 
Pereira et al. 2021) have a single chromosome pair 
harboring the rDNA sites, while in the other 21 
Meliponini species studied (Gonçalves et al. 2020; 
Lopes et al. 2020; Barboza and Costa 2021; Elizeu 
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et al. 2021), this number varies from one to five. 
When we compare these data with the phylogeny 
proposed by Rasmussen and Cameron (2010), it is 
clear that the Melipona sensu lato and the “other 
Meliponini” clade followed a different evolution-
ary path in relation to the 18S rDNA spreading 
mechanism. In this context, Lopes et al. (2014) and 
Pereira et al. (2021) have already demonstrated that 
the repetitive sequence present in the heterochro-
matin of different Meliponini species is not shared 
and can have arisen independently, in different gen-
era. Thus, knowledge concerning the constitution 
of repetitive sequences, including the presence of 
mobile genetic elements, of different Meliponini 
species is necessary in order to better understand 
the spreading of the rDNA clusters in this group.

In summary, our analyses revealed karyotypic 
variation in T. spinipes along a geographic gradi-
ent. All analyzed populations possessed the same 
number of chromosomes. However, the morphol-
ogy, number, and distribution of the analyzed 
markers varied between individuals from differ-
ent locations. In this regard, populations from 
Ribeirão Preto and Palotina are the most diver-
gent, displaying unique character combinations. 
The present research significantly expands the 
previously known cytogenetic characteristics of 
T. spinipes, revealing cytogenetic variations not 
detected in previous studies. Thus, this research 
improves our understanding of karyotypic diver-
sification and the importance of using molecular 
cytogenetic techniques in population studies.
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