
HAL Id: hal-04528317
https://hal.science/hal-04528317

Submitted on 1 Apr 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Comparative cytogenetic analysis reveals chromosomal
variability in five stingless bees of the genus Trigona

(Apidae, Apinae, Meliponini)
Gisele Amaro Teixeira, Riudo de Paiva Ferreira, Denilce Meneses Lopes

To cite this version:
Gisele Amaro Teixeira, Riudo de Paiva Ferreira, Denilce Meneses Lopes. Comparative cytogenetic
analysis reveals chromosomal variability in five stingless bees of the genus Trigona (Apidae, Apinae,
Meliponini). Apidologie, 2023, 54 (2), pp.22. �10.1007/s13592-023-01002-2�. �hal-04528317�

https://hal.science/hal-04528317
https://hal.archives-ouvertes.fr


Apidologie (2023) 54:22

1 3

Vol.:(0123456789)

Original article
https://doi.org/10.1007/s13592-023-01002-2
© INRAE, DIB and Springer-Verlag France SAS, part of Springer Nature, 2023

Comparative cytogenetic analysis reveals chromosomal 
variability in five stingless bees of the genus Trigona (Apidae, 

Apinae, Meliponini)

Gisele Amaro Teixeira1,2, Riudo de Paiva Ferreira3, and Denilce Meneses Lopes2 
1 Programa de Pós‑Graduação em Biologia Celular e Estrutural, Universidade Federal de Viçosa, Viçosa, 

Minas Gerais 36570‑900, Brazil
2 Laboratório de Citogenética de Insetos, Departamento de Biologia Geral, Universidade Federal de Viçosa, Viçosa, 

Minas Gerais 36570‑900, Brazil
3 Departamento de Ciências Biológicas, Universidade do Estado de Minas Gerais, Carangola, Minas Gerais 36800‑000, 

Brazil

Received 11 August 2022 – Revised 27 January 2023 – Accepted 7 March 2023

Abstract – The stingless bee genus Trigona includes 32 species, exclusive to the New World, which are grouped 
into two clades (A and B) according to phylogenetic molecular data. Cytogenetic studies have been performed 
in only seven Trigona taxa, and molecular cytogenetic data are available for only one species. These studies 
have been important for the chromosomal characterization of the species; however, discussions focusing on 
the karyotype evolution of Trigona in a phylogenetic context are lacking. In this study, we characterized the 
karyotype, through classical and molecular cytogenetics, of five Trigona species: T. pallens and T. williana, 
from clade A, and T. hypogea, T. aff. fuscipennis, and T. truculenta, from clade B, in order to provide insights 
into the karyotype evolution in Trigona and investigate whether the analyzed cytogenetic markers may have a 
phylogenetic signal. All five Trigona species have 2n = 34 chromosomes. Variations in the karyotype formula 
were observed in T. truculenta and T. hypogea compared with the other three species. Although heterochromatin 
distribution was restricted to one of the arms in most of the chromosomes of the five species, C-banding experi-
ments highlighted a lower degree of heterochromatin compaction in T. pallens and T. williana. The microsatellite 
(GA)15 was exclusively located in the euchromatic regions of the chromosomes in all five species. The number 
of pairs bearing rDNA genes varied among the species studied, and this cytogenetic trait seems to reflect the 
phylogeny, separating the species into two clades. This study showed interspecific variations to a greater or 
lesser degree among Trigona species, highlighting the intense chromosomal evolutionary dynamics in the genus.

karyotype / chromosomal evolution / heterochromatin / ribosomal genes / microsatellites

1.  INTRODUCTION

Stingless bees (Meliponini) play important 
ecological and economic roles as pollinators of 
several wild and cultivated plants; therefore, they 

are crucial for biodiversity conservation (Heard 
1999; Slaa et al. 2006; Ramírez et al. 2018). 
However, intense stingless bee declines have 
been observed due to anthropogenic actions, 
such as fragmentation/loss of habitat, agricul-
tural intensification, and introduction/spread 
of exotic competing bee species, which brings 
attention to the conservation efforts of these 
insects (Freitas et al. 2009; Ramírez et al. 2013). 
Several scientific areas may generate useful 
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information for conservation strategies (Zayed 
2009; Murray et  al. 2009; Lozier and Zayed 
2017; López-Uribe et al. 2017). Cytogenetics, for 
example, may be helpful because the existence of 
chromosomal polymorphisms between popula-
tions can be a barrier to species reintroduction 
since mating between individuals with different 
cytotypes can result in mortality or infertility in 
offspring (Robinson and Elder 1993; Mariano 
et al. 2008; Potter and Deakin 2018).

In this context, cytogenetic studies have 
already been performed on 32 genera and 108 
taxa of stingless bees, with most of the data 
belonging to species from the Neotropical 
region; such studies have allowed a better under-
standing of chromosomal evolution in this group 
(reviewed by Cunha et al. 2021a). To date, it is 
known that chromosome numbers range from 
n = 8 to n = 40; however, most species have 
n = 17 chromosomes (Tavares et al. 2017; Cunha 
et al. 2021a). Through molecular and cytogenetic 
approaches, Travenzoli et al. (2019a) suggested 
that n = 17 is the ancestral chromosome number 
in Neotropical Meliponini, and chromosomal 
variations observed among the species possibly 
originated from Robertsonian rearrangements. 
Another notable cytogenetic characteristic of 
stingless bees is that amplifications of their 
heterochromatin seem to explain the increases 
in genome size observed among the species 
(Tavarez et al. 2012; Cunha et al. 2021b).

Molecular cytogenetic studies have contrib-
uted to the knowledge of heterochromatin com-
position, showing that repetitive sequences that 
constitute it may have differentiated or arisen 
independently along the stingless bee evolution 
(Cunha et al. 2020; Lopes et al. 2020; Pereira 
et al. 2020, 2021a, b). In addition, molecular 
cytogenetic data show that microsatellites are 
predominantly located in euchromatin, although 
for some species they have also been reported 
in heterochromatin. Studies also display that 
(TTAGG)n motif constitutes the telomeres of 
these insects (Santos et al. 2018; Travenzoli et al. 
2019b; Barbosa et al. 2021; Barboza and Costa 
2021; Elizeu et al. 2021). Concerning the physi-
cal mapping of ribosomal genes, available data 
evidence that these genes may be located in the 

terminal, pericentromeric, or interstitial regions 
of one or more chromosome pairs (Lopes et al. 
2020; Pereira et al. 2021a, b; Barboza and Costa 
2021; Elizeu et al. 2021). Together, these stud-
ies have provided a better understanding of the 
diversity and evolutionary patterns of the repeti-
tive portion of the Meliponini genome.

Regarding the cytogenetic data available by 
genera, Melipona Illiger, 1806, Frieseomelitta 
Ihering, 1912, and Partamona Schwarz, 1939 
concentrate the largest number of studied spe-
cies, whereas in the other genera, relatively few 
studies have been performed, for example, in 
Trigona Jurine, 1807 (reviewed by Cunha et al. 
2021a). This genus includes 32 stingless bee spe-
cies that are exclusive to the New World, with 
a large Neotropical distribution, from Mexico 
to Argentina (Camargo and Pedro 2013; Pedro 
2014; Rasmussen and Cameron 2007). The phy-
logenetic hypothesis based on molecular data and 
nest architecture characteristics indicates that 
Trigona is a monophyletic genus in which species 
are grouped into two main clades (Rasmussen  
and Cameron 2008).

From a cytogenetic point of view, seven 
Trigona taxa have been studied, mainly through 
classical methods, describing the number and 
morphology of chromosomes as well as het-
erochromatin patterns and/or distribution of 
regions rich in GC base pairs (reviewed by 
Cunha et al. 2021a). Most of the species stud-
ied present 2n = 34 chromosomes, with the 
exception of Trigona braueri Friese, 1900 (as 
Trigona fulviventris Guérin, 1844), which has 
a chromosome number of 2n = 32; however, the 
chromosome morphology varies among spe-
cies (reviewed by Tavares et al. 2017; Cunha 
et al. 2021a). The presence of heterochromatin 
in one of the arms of most chromosomes and 
one euchromatic chromosome pair are common 
traits observed in the Trigona species studied 
(Rocha et al. 2003; Costa et al. 2004; Domingues 
et al. 2005). In addition, the number of GC-rich 
regions differs among species, being observed 
in one or several chromosome pairs (Costa et al. 
2004; Domingues et al. 2005; Fernandes et al. 
2013). Recently, two population studies per-
formed in Trigona spinipes (Fabricius, 1793) 
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have physically mapped, through fluorescence 
in situ hybridization, ribosomal genes and micro-
satellite (GA)15 and showed variations in the pat-
tern of markings among populations (Barboza 
and Costa 2021; Tavares et al. 2021).

The cytogenetic studies conducted in Trigona, 
to date, have been important for the chromo-
somal characterization of the species. However, 
a cytogenetic approach based on phylogenetic 
relationships among species is still lacking. 
Therefore, in the present study, we character-
ized the karyotype, using classical and molecular 
cytogenetics, of five Trigona species, including 
representatives of the two phylogenetic clades: 
T. pallens (Fabricius, 1798) and T. williana 
Friese, 1900 from clade A, and T. hypogea Sil-
vestri, 1902, T. aff. fuscipennis Friese, 1900, and 
T. truculenta Almeida, 1984 from clade B. Our 
goal was to provide insights into chromosomal 
rearrangements that shaped karyotype evolution 
in Trigona and investigate whether cytogenetic 
markers may have a phylogenetic signal.

2. � MATERIALS AND METHODS

Colonies of Trigona species were collected 
in Brazil from the locations: Altamira, in the 
Pará state (3° 22′ 18,99″ S / 51° 56′ 25,74″ W) 
and Florestal, in the Minas Gerais state (21° 10′ 
40″ S /47° 48′ 36″ W) (Table I). Adult vouch-
ers were identified by Dr. Fernando Amaral 
da Silveira and deposited in the entomologi-
cal collection of the Apiário Central located at 
Universidade Federal de Viçosa, Minas Gerais, 
Brazil and zoological collection at Universi-
dade Federal de Minas Gerais, Minas Gerais, 
Brazil, under records UFMG-IHY-1403740, 
UFMG-IHY-1403739, UFMG-IHY-1403738, 
and UFMG-IHY-1403736.

Mitotic metaphases were obtained from cer-
ebral ganglia of larvae after meconium elimina-
tion according to Imai et al. (1988). For analysis 
of chromosome number and morphology, meta-
phases were submitted to conventional staining 
with 4% Giemsa in Sörensen phosphate buffer 
(0.06 M, pH 6.8) for 15 min at room temperature. 
Chromosomes were arranged in order of decreas-
ing size, measured and classified according to 

the methodology proposed by Levan et  al. 
(1964) that is based on the ratio of the chromo-
some arm lengths (r = long arm/short arm). The 
chromosomes were classified as m = metacen-
tric (r = 1–1.7), sm = submetacentric (r = 1.7–3), 
st = subtelocentric (r = 3–7) and a = acrocentric 
(r > 7). Chromosomes were organized using 
Adobe Photoshop® CS6 and measured using 
Image Pro Plus®.

The heterochromatin distribution pattern was 
obtained using the C-banding technique accord-
ing to Sumner (1972), with timing adaptations. 
The first procedure using the five species con-
sisted of the following times: HCl treatment 
(6 min), incubation with Ba(OH)2 (14 min), and 
2xSSC solution (2 min). In addition, a second 
procedure was performed using T. pallens, T. 
williana, and T. aff. fuscipennis with longest 
times in HCl treatment (7 min), and incubation 
with Ba(OH)2 (14 min, 30 seg). The metaphases 
submitted to Giemsa staining and C-banding 
technique were photographed using an epifluo-
rescent microscope Olympus BX60 attached to 
an image system QColor Olympus®.

Two repetitive sequences were physically 
mapped on the chromosomes of Trigona spe-
cies using fluorescence in situ hybridization 
(FISH) technique according to Pinkel et al. 
(1986): 18S ribosomal genes, denominated 
herein rDNA genes, and (GA)15 microsatellite. 
The 18S rDNA gene probes were obtained by 
amplification via PCR employing the primers 
rDNA 18SF1 (5’-GTC ATA GCT TTG TCT 
CAA AGA-3’) and 18SR1.1 (5’-CGC AAA 
TGA AAC TTT TTT AAT CT-3’) designed for 
the bee Melipona quinquefasciata Lepeletier, 
1836 (Pereira 2006) and isolated from total 
DNA of T. spinipes. 18S rDNA probes were 
labeled maintaining the conditions for PCR 
amplification (Pereira 2006) by the indirect 
method using digoxigenin-11-dUTP (Roche, 
Mannheim, Germany), and the FISH signals 
were indirectly detected with anti-digoxigenin-
rhodamine (Roche Applied Science), follow-
ing the manufacturer’s protocol. In addition, 
the (GA)15 microsatellite was directly labeled 
with Cyanine-3 (Cy3) in the 5’ terminal dur-
ing synthesis by Sigma (St. Louis, MO, USA).
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The metaphases were observed and docu-
mented using a fluorescence microscope Olym-
pus BX 53F coupled with an Olympus MX10 
camera and the image software CellSens® with 
the filter WG (510–550 nm) for the Cy3, and 
rhodamine, and WU (330–385  nm) for the 
DAPI. At least 30 metaphases were analyzed 
for FISH technique.

3. � RESULTS

All five Trigona species of this study had a dip-
loid chromosome number of 2n = 34 (Figure 1). 
The karyotype formulas varied among species as 
follows: 2n = 26 m + 6sm + 2st in T. pallens (Fig-
ure 1a), T. williana (Figure 1b), and T. aff. fusci-
pennis (Figure 1c); 2n = 24 m + 8sm + 2st in T. 
hypogea (Figure 1d); and 2n = 18 m + 14sm + 2st 
in T. truculenta (Figure 1e).

After the C-banding procedure using the 
shortest incubation times in HCl and Ba(OH)2, 
heterochromatin was detected in one of the arms 
of most chromosomes in all five Trigona species 
analyzed (Figure 2). However, in T. pallens and 
T. williana, the heterochromatic regions were 
less evident (Figure 2a, b) than in the other three 
Trigona spp. (Figure 2c–e). In addition, the het-
erochromatin pattern of the subtelocentric chro-
mosome pair was an exception. This pair did not 
show any heterochromatic blocks in the T. pal-
lens, T. williana, and T. truculenta (Figure 2a, 
b, d), whereas it presented discrete centromeric 
heterochromatic blocks in the T. hypogea and T. 
aff. fuscipennis (Figure 2c, e). The C-banding 
procedure using the longest incubation times in 
HCl and Ba(OH)2 was performed to test whether 
the discrete heterochromatic pattern observed in 
the chromosomal arms of T. pallens and T. wil-
liana actually represented differences in relation 

Table I   Cytogenetic data from the five Trigona species used in this study, organized in monophyletic clades 
according to Rasmussen and Cameron (2008). Diploid chromosome number (2n), diploid karyotypic formula, 
heterochromatin (Het) distribution, microsatellite (GA)15 location, and 18S rDNA gene locations (position and 
chromosome pairs)

Brazilian states: MG – Minas Gerais; PA – Pará;
Chromosomal types according to Levan et al. (1964): m – metacentric; sm – submetacentric; st – subtelocentric;
(GA)15 pattern: SE – Scattered in euchromatin;
Heterochromatin pattern: Ma, SMa – heterochromatin located in one of the chromosome arms in metacentric and submeta-
centric chromosomes; STe – euchromatic subtelocentric pair; STc – heterochromatin located in centromeric region of subte-
locentric pair;
rDNA gene location: Interst – interstitial region; Term – terminal region

Clade Species 
Trigona

Locality 2n Karyotypic 
formula

Het 
pattern

(GA)15 
pattern

rDNA location

Position Chromosomes

A Trigona 
pallens

Altamira, PA, 
Brazil

34 26 m + 6sm + 2st Ma, SMa, 
STe

SE Interst 11th m

A Trigona 
williana

Altamira, PA, 
Brazil

34 26 m + 6sm + 2st Ma, SMa, 
STe

SE Interst 11th m

B Trigona aff. 
fuscipennis

Florestal, MG, 
Brazil

34 26 m + 6sm + 2st Ma, SMa, 
STc

SE Term 1st m, 3rd m, 
7th m

B Trigona 
hypogea

Altamira, PA, 
Brazil

34 24 m + 8sm + 2st Ma, SMa, 
STc

SE Term 8th m, 12th m

B Trigona 
truculenta

Altamira, PA, 
Brazil

34 18 m + 14sm + 2st Ma, SMa, 
STe

SE Term 7th m, 9th m, 
2nd sm, 4th 
sm
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to those in other species. The results showed that 
heterochromatin was restricted to the centro-
meric regions of most chromosomes in T. pal-
lens and T. williana (Figure 3a, b). However, in 
T. aff. fuscipennis, no differences were observed 
in the heterochromatin pattern throughout the 
chromosomal arm (Figure 3c).

Microsatellite (GA)15 was located exclusively 
in the euchromatic regions of the chromosomes 
of the five Trigona species (Figure 4). However, 
this microsatellite was not present in the entire 
euchromatin of chromosomes, as the euchro-
matic arms of some chromosomes were not 
entirely labeled with the probe. In addition, the 
short arm of the euchromatic subtelocentric pair 
did not show any hybridization signal with the 
(GA)15 probe (Figure 4, arrowheads).

The distribution pattern of ribosomal genes 
varied among Trigona species. In T. pallens and 

T. williana, the rDNA 18S clusters were located 
in the interstitial region of the long arm of the 
11th metacentric pair (Figure 5a, b). In the other 
three species, these genes were located in the 
terminal region of more than one chromosome 
pair: in T. aff. fuscipennis in the 1st, 3rd, and 
7th metacentric pairs (Figure 5c), whereas in T. 
hypogea they were located in the 8th and 12th 
metacentric pairs (Figure 5d) and in T. trucu-
lenta in the 7th and 9th metacentric pairs and 
the 2nd and 4th submetacentric pairs (Figure 5e).

4. � DISCUSSION

All five Trigona species in this study presented 
the same diploid chromosome number (2n = 34), 
similar to most other Trigona spp. karyotyped to 
date (reviewed by Tavares et al. 2017 and Cunha 

Figure 1.   Female karyotypes of five Trigona species: (a) T. pallens (2n = 34, 26 m + 6sm + 2st), (b) T. williana (2n = 34, 
26 m + 6sm + 2st), (c) T. aff. fuscipennis (2n = 34, 2n = 26 m + 6sm + 2st), (d) T. hypogea (2n = 34, 24 m + 8sm + 2st), and 
(e) T. truculenta (2n = 34, 2n = 18 m + 14sm + 2st). Bars: 5 µm.
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et  al. 2021a). The only exception is Trigona 
braueri Friese, 1900 (as Trigona fulviventris 
Guérin, 1844), which has a chromosome number 
of 2n = 32 that may have originated by chromo-
somal fusion (Domingues et al. 2005). As already 
mentioned, the chromosome number 2n = 34 is 
the most common and considered the probable 
ancestral number in Neotropical Meliponini 

(Travenzoli et al. 2019a). If true, it would indi-
cate that most Trigona species maintained the 
ancestral chromosome number and reinforce the 
hypothesis that T. braueri has a derived karyo-
type due to chromosomal fusion. Conservation 
of chromosome number is a common cytogenetic 
trait in stingless bee genera (Tavares et al. 2017; 
Travenzoli et al. 2019a; Cunha et al. 2021a).

Figure 2.   Female metaphases of five Trigona species submitted to C-banding using the shortest incubation times in 
HCl and Ba(OH)2: (a) T. pallens, (b) T. williana, (c) T. hypogea, (d) T. truculenta, and (e) T.  aff fuscipennis. Dark 
regions represent heterochromatin. Arrowheads indicate the subtelocentric pair. Bars: 5 µm.

Figure 3.   Female metaphases of three Trigona species submitted to C-banding using the longest incubation times in 
HCl and Ba(OH)2: (a) T. pallens, (b) T. williana, and (c) T. aff. fuscipennis. Dark regions represent heterochromatin. 
Arrowheads indicate the subtelocentric pair. Bars: 5 µm.
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Although chromosome number is highly 
conserved in Trigona, variations in chromo-
some morphology were observed in the species 
studied. Previous cytogenetic studies performed 
in Trigona classified chromosomes based on the 
pattern of heterochromatin location, according 
to the methodology by Imai (1991), and showed 
that the karyotype formula varied across spe-
cies in relation to the number of acrocentric/
pseudoacrocentric chromosomes (reviewed by 
Cunha et al. 2021a). Other recent studies con-
ducted on T. spinipes populations (Barboza and 
Costa 2021; Tavares et al. 2021), Trigona recursa 
Smith, 1863, and Trigona hyalinata (Lepeletier, 
1836) (Cunha et al. 2021b) used Levan’s classifi-
cation, which is based on the ratio of the lengths 

of the chromosomal arms (larger arm/smaller 
arm) (Levan et al. 1964).

Several studies in hymenopterans have high-
lighted the importance of using chromosomal 
measurements for classification since they pro-
vide accurate and objective comparisons among 
karyotypes of related taxa (Gokhman 2009; 
Barros et al. 2016; Tavares and Teixeira 2021); 
therefore, in this study, chromosomal measure-
ments were performed in the five Trigona spe-
cies. Differences in the number of metacen-
tric/submetacentric pairs have been observed 
among species (this study; Barboza and Costa 
2021; Tavares et al. 2021; Cunha et al. 2021b). 
These differences in chromosomal morphology 
among Trigona species can be explained by the 

Figure 4.   Female metaphases of Trigona species submitted to fluorescence in situ hybridization with microsatellite 
(GA)15 probe (red regions): (a) T. pallens, (b) T. hypogea, (c) T. truculenta, (d) T. williana, and (e) T. aff. fuscipennis. 
Arrowheads indicate the subtelocentric pair. Bars: 5 µm.
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occurrence of duplications/deletions of hetero-
chromatic segments as a result of unequal cross-
ing over. The presence of heterochromatin in 
only one of the arms of most chromosomes of the 
Trigona species from this and previous studies 
(Rocha et al. 2003; Costa et al. 2004; Domingues 
et al. 2005; Tavares et al. 2021) supports this 
hypothesis. Alternatively, the occurrence of 
pericentric inversions could also explain chro-
mosomal variations in Trigona. Inversions and 
heterochromatin amplifications/deletions seem 
to be important rearrangements involved in the 
origin of chromosomal variations in Meliponini 
(Cunha et al. 2021b).

Although heterochromatin distribution 
restricted to one of the arms is a common feature 
among Trigona spp. as well as other Meliponini 
genera (reviewed in Tavares et al. 2017; Santos  
et  al. 2018; Lopes et  al. 2020; Elizeu et  al. 
2021), the C-banding experiments performed 
in this study highlighted a lower degree of 

heterochromatin compaction in T. pallens and T. 
williana (clade A) compared to that in the other 
Trigona species (clade B). In T. pallens and T. 
williana, the heterochromatic regions were lighter 
and when subjected to long incubation times in 
HCl and Ba(OH)2, they were restricted to the cen-
tromeric regions. However, this is not a character-
istic observed in all the studied species included 
in clade A. For example, T. chanchamayoensis 
Schwarz, 1948 presented very evident hetero-
chromatic regions when long treatment incuba-
tion times were used for C-banding technique, 
similar to the heterochromatin pattern observed 
in Trigona species from clade B (this study; Costa 
et al. 2004; Tavares et al. 2021). These results 
indicate that the heterochromatin in T. chan-
chamayoensis and clade B species has a higher 
degree of compaction, becoming less accessible 
to the compounds used in the C-banding tech-
nique; consequently, they are less susceptible to 
degradation, as observed for T. aff. fuscipennis. 

Figure 5.   Female karyotypes of Trigona species submitted to fluorescence in situ hybridization with rDNA 18S probe 
(red regions): (a) T. pallens, (b) T. williana, (c) T. aff. fuscipennis, (d) T. hypogea, and (e) T. truculenta. Bars: 5 µm.
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Noteworthy, two other species, Trigona branneri 
Cockerell, 1912 and T. braueri, seem to have less 
evident heterochromatin block patterns (Costa 
et al. 2004; Domingues et al. 2005); however, 
these species have not been included in the avail-
able phylogeny, and thus, their phylogenetic posi-
tions remain unknown.

Intermediate levels of heterochromatin com-
paction have been observed in chromosomes of 
stingless bee species of the Partamona genus, 
and it has been suggested that these regions 
may be associated with the initiation of hetero-
chromatin amplification (Lopes et  al. 2020). 
The less-condensed heterochromatin pattern 
observed in T. pallens and T. williana may also 
be associated with amplification processes in 
these chromosomal regions. This hypothesis is 
further supported by the fact that T. pallens has 
a larger genome size than other clade B species, 
maybe due to the amplification of heterochro-
matic segments (Tavares et al. 2012; Cunha et al. 
2021b). Qualitative and quantitative changes in 
repetitive sequences (satellite DNA and transpos-
able elements) can significantly contribute to the 
amplification of heterochromatin, as observed in 
the stingless bee genus Melipona (Pereira et al. 
2021b), and may be involved in the different het-
erochromatic patterns observed in this study in 
T. pallens and T. williana. Studies performed on 
different Meliponini species have demonstrated 
the intense evolutionary dynamics of heterochro-
matin and its importance for karyotype modula-
tion in stingless bees (Lopes et al. 2014, 2020; 
Piccoli et al. 2018; Cunha et al. 2020; Pereira et al. 
2020, 2021a, b), highlighting that heterochromatin 
should be the focus of future investigations from 
an epigenetic and cytogenomic perspective.

The physical mapping of microsatellite 
(GA)15 showed that this sequence was located 
exclusively in the euchromatic regions of the 
chromosomes in the five Trigona species stud-
ied, as observed in some populations of T. spin-
ipes (Tavares et al. 2021), other stingless bees, 
such as Melipona (Piccoli et al. 2018; Travenzoli 
et al. 2019b; Barbosa et al. 2021) and Partamona  
(Lopes et  al. 2020), and other hymenopter-
ans (Barros et al. 2018; Micolino et al. 2022;  
Marchioro et al. 2020). However, it was possible 

to observe differential euchromatin composition 
in the chromosomes of the studied species, since 
not all euchromatic regions were labeled with the 
(GA)15 probe, like, for example, the short arm 
of the subtelocentric pair. Furthermore, a differ-
ent (GA)15 distribution pattern was observed in 
populations of T. spinipes, which presented this 
microsatellite in some heterochromatic regions, 
in addition to euchromatin (Barboza and Costa 
2021; Tavares et  al. 2021). The presence of 
(GA)15 in a few heterochromatic regions, some 
of which coincided with ribosomal genes, has 
also been observed in the stingless bee Friesella 
schrottkyi (Friese 1900) (Elizeu et al. 2021). 
Other di- and trinucleotide microsatellites are 
located exclusively in euchromatin (Piccoli et al. 
2018; Travenzoli et al. 2019b), heterochromatin 
(Barbosa et al. 2021), or in both chromosomal 
regions of stingless bee karyotypes (Santos et al. 
2018). Different patterns of microsatellite accu-
mulation are observed in the chromosomes of 
stingless bees, and an increase in the number of 
species studied will be useful to better under-
stand the evolution of these repetitive sequences 
in the Meliponini genome.

Concerning 18S ribosomal gene location, the 
position and number of pairs bearing these genes 
varied among the Trigona species studied. In the 
clade A species T. pallens and T. williana, 18S 
rDNA genes were observed in the interstitial 
region of a single chromosome pair (this study). 
Similarly, T. chanchamayoensis presented inter-
stitial GC-rich regions in only a single chro-
mosome pair, which probably corresponds to 
rDNA genes (Costa et al. 2004; Fernandes et al. 
2013), because these genes are usually GC-rich 
(reviewed by Teixeira et al. 2021). However, spe-
cies from clade B, such as T. hypogea, T. aff. 
fuscipennis, T. truculenta (this study), and T. 
spinipes (Barboza and Costa 2021; Tavares et al. 
2021) showed terminal rDNA clusters in two to 
five chromosome pairs. Menezes et al. (2021) 
suggested that a single chromosome pair bear-
ing ribosomal genes is the ancestral pattern in 
aculeate Hymenoptera. In addition, these authors 
also proposed that centric fissions played a cru-
cial role in the dispersion of rDNA clusters in 
the karyotype during evolution in Hymenoptera. 
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However, centric fissions are not associated with 
rDNA gene dispersion in Trigona because the 
studied species have the same chromosome num-
ber (2n = 34) (this study; reviewed by Cunha 
et al. 2021a); thus, other mechanisms should 
be involved in the origin of different number of 
rDNA-bearing pairs in this genus.

Recently, Hirai (2020) proposed that the 
chromosomal location of rDNA genes influ-
ences the dispersion of these sequences within 
a karyotype. According to Hirai’s model, asso-
ciations between rDNA genes and repetitive 
sequences of non-homologous chromosomes 
can occur during the formation of meiotic 
bouquet when these sequences are located in 
the subterminal/terminal regions of the chro-
mosomes. These associations allow ectopic 
recombination between non-homologous 
chromosomes and, consequently, promote the 
dispersion of rDNA genes in the genome. How-
ever, intrachromosomal rDNA genes have lit-
tle chance of interacting with other sequences 
during meiosis. The rDNA gene evolution in 
the karyotypes of ants (Teixeira et al. 2021), 
moths, butterflies (Nguyen et al. 2010), and 
plants (Roa and Guerra 2012) follow Hirai’s 
model. The relationship between the chromo-
somal location of ribosomal genes and their 
dispersion in the genome was also observed in 
Trigona according to Hirai (2020) since spe-
cies from clade A showed a single intrachro-
mosomal rDNA site and species from clade B 
presented multiple rDNA sites in subterminal/
terminal regions. Thus, considering an ances-
tor with a single intrachromosomal rDNA site, 
we hypothesized that a chromosomal inversion 
occurred in the ancestor of clade B, moving 
the rDNA genes to the terminal/subtermi-
nal region. This location would facilitate the 
association of rDNA genes with the hetero-
chromatic sequences of other non-homologous 
chromosomes and the occurrence of ectopic 
recombination, leading to the dispersion of 
these genes in the karyotype, as observed in 
the Trigona species of clade B.

Regarding the karyotype characteristics studied  
in Trigona, to date, the number of chromosomal 

pairs bearing ribosomal genes seems to reflect 
the phylogeny proposed by Rasmussen and 
Camargo (2008), separating the species into two 
clades. The other cytogenetic traits were shared 
to a greater (chromosome number and location 
of microsatellite (GA)15) or lesser degree (karyo-
type formula and heterochromatin distribution) 
among species of the two clades. An increase in 
the number of species studied and population-
level studies will be useful to confirm whether 
the number of rDNA gene sites in the karyotype 
has a phylogenetic signal.

In summary, the cytogenetic features ana-
lyzed in the five Trigona species in this study, 
together with previously published data, show 
interspecific variations to a greater or lesser 
degree, which highlights an intense chromo-
somal evolutionary dynamics in Trigona. In 
this study, different chromosomal rearrange-
ments were suggested, such as heterochromatic 
segment amplifications/losses, inversions, and 
ectopic recombination involving rDNA genes, 
to explain the karyotypic differences observed 
among Trigona species. In addition, our data 
show that the number of chromosome pairs car-
rying ribosomal genes seems to be promising for 
separating Trigona species into clades according 
to their phylogeny. Using classical and molecular 
cytogenetic techniques, we provide new insights 
into the chromosomal evolution of Trigona and 
stingless bees. The cytogenetic information 
obtained in this study may be useful for future 
conservation strategies for Trigona species.
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