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Abstract

The aim of this study was to clarify the identity of specimens designated as Opius sp. aff. bellus using geometric mor-

phometry and analysis of the ITS2 region of the ribosomal DNA (rDNA) and region D2 of the 28S rDNA. Opius bellus

Gahan is a koinobiont endoparasitoid of fruit fly larvae (Diptera: Tephritidae) exclusively found in the Neotropical region, 

but widely distributed from Mexico to Argentina. Opius sp. aff. bellus is morphologically similar to Opius bellus but ex-

hibits yellowish, instead of dark-brown, posterior tibiae. Twenty anatomical landmarks on the wings from these two taxa 

sampled from three Brazilian states were analyzed. Multivariate morphometric analysis showed a large amount of mor-

phological similarity between the specimens, indicating they are the same species. Sequence analysis of the ITS2 showed 

that intrapopulation variability was similar to interpopulation variability and that the morphotypes were also highly sim-

ilar. In addition, the D2 region of the 28S rDNA displayed high similarity between sequences. Therefore, based on mor-

phometric and molecular analyses, specimens thought to be Opius sp. aff. bellus actually belong to O. bellus. 
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Introduction 

Opius bellus Gahan is a koinobiont endoparasitoid of fruit fly larvae (Diptera: Tephritidae) exclusively found in the 
Neotropical region, but widely distributed from Mexico to Argentina (Ovruski et al. 2000). Opius bellus parasitizes 
several species of Anastrepha (their most common hosts), as well as Ceratitis capitata (Wiedemann), Ragholetis 

ferruginea Hendel and Ragholetotrypeta pastranai Aczél (Ovruski et al. 2000). Opius bellus has been 
characterized in a broad consensus due to the color variability reported in the original description (Wharton & 
Marsh 1978). In Brazil, there are specimens that are morphologically similar to O. bellus but can be distinguished 
by their yellowish (light) posterior tibiae instead of dark-brown (dark) tibiae. Specimens with yellowish tibiae have 
been designated Opius sp. aff. bellus (Leonel Júnior et al. 1996), and this name has since been used in the Brazilian 
literature. 

 This study sought to clarify the taxonomic identity of Opius sp. aff. bellus using geometric morphometry and 
molecular analysis of the ITS2 region of the ribosomal DNA (rDNA) and the 28S rDNA D2 region.

Material and methods

Specimens were collected by several Brazilian researchers using the traditional procedure for collecting fruit fly 
parasitoids (e.g., Leonel Júnior et al. 1996). Sampling was not performed regularly, and no association between 
parasitoids and its hosts was established (Table 1). After identification, portions of the specimens were placed in 
absolute ethanol and stored at -80ºC for subsequent extraction of the genomic DNA. The remaining material was 
placed in 70% ethanol and used for morphometric analysis. The name Opius sp. is used in place of Opius sp. aff. 
bellus throughout the text.
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TABLE 1. Distribution of plants and associated parasitoids in the sampled areas in Brazil.�

Geometric morphometry. Samples of Opius bellus (dark-brown posterior tibiae) and Opius sp. (yellowish 
posterior tibiae) from the northern (states of Amazonas and Amapá) and the northeastern (state of Rio Grande do 
Norte) regions of Brazil were studied by analyzing the wings of 201 specimens, being 107 specimens of O. bellus

and 94 of Opius sp. (Table 2).�The left wing of each specimen was removed and mounted in a drop of ethanol onto 
a microscope slide, and covered with a cover slip, and immediately measured. Images were obtained and digitized 

using the image-capture system Motic Image Plus 2.0® coupled to a light microscope Nikon Eclipse E200®. Digital 
images of the wings of all specimens were used to mark 20 fixed homologous anatomical landmarks defined by 
intersections of the wing veins and of veins with wing margin. These landmarks were recorded using the TpsDig 
version 1.40 software package (Rohlf 2004) (Fig 1). Using the TpsRewl program (Rohlf 2007), consensus 
configurations were calculated from the original coordinates of each specimen by orthogonal least-squares 
superimposition, resulting in a reference configuration (consensus) (Monteiro & Reis 1999). Average Mahalanobis 
distances were used in cluster analysis for construction of a UPGMA dendrogram. Multivariate analyses, plots and 
dendrograms were made using the STATISTICA version 7.0 software. 

TABLE 2. Parasitoid samples used for the morphometric analysis.

Opius bellus (OB) and Opius sp. (OPB) populations from Amazonas (OBAM, OPBAM), Amapá (OBAP, OPBAP) and 

Rio Grande do Norte (OBRN, OPBRN).

Molecular analysis. Opius bellus and Opius sp. specimens from all Brazilian regions, northern (states of 
Amazonas and Amapá), northeastern (state of Rio Grande do Norte), southeastern (state of Rio de Janeiro), central 
(state of Tocantins) and southern (states of Santa Catarina and Rio Grande do Sul) were analyzed and illustrated 
using a Canon PC1099 digital camera coupled to a Zeiss Stemi 2000-C stereomicroscope. Specimens were 
separated based on color variation of the posterior tibiae and antenna apices into the following morphotypes: (A) 
yellowish tibiae and antennae, (B) yellowish tibiae/dark-brown antennae, (C) dark-brown tibiae/yellowish 
antennae and (D) dark-brown tibiae and antennae (Fig 2).

Genomic DNA was extracted from the abdomen of each specimen using the protocol from Aljanabi & 
Martinez (1997). The abdomen was homogenized in 400 µL sodium chloride tris-EDTA (TE) buffer (10 mM Tris-
HCl pH 8.0; 2 mM EDTA pH 8.0; 400 mM NaCl) containing 40 µL SDS (20%) and 8 µL of 20 mg/mL proteinase-
K, and the samples were incubated at 55°C for 1 h. Contaminants were removed after adding 300 µL 6 M NaCl, 
vortexing (30 s) and centrifuging (14,000 g x 25 min). The supernatant was collected, and the DNA was 
precipitated by adding 1 volume of absolute cold ethanol, followed by incubation at -20°C for 1 h and 
centrifugation (14,000 g x 20 min x 4°C). The resulting DNA pellet was washed in successive absolute ethanol 
baths, dried at room temperature, resuspended in autoclaved Milli-Q water and stored at -20ºC. 

Parasitoids Associated plants Collection sites (states)

O. bellus and Opius sp. Spondias mombin Amazonas (AM)

O. bellus and Opius sp. Spondias mombin Amapá (AP)

O. bellus and Opius sp. Psidium cattleianum Santa Catarina (SC)

O. bellus Psidium cattleianum Rio Grande do Sul (RS)

O. bellus and Opius sp. _ Rio Grande do Norte (RN)

O. bellus and Opius sp. Coffea arabica Rio de Janeiro (RJ)

O. bellus Spondias purpurea Tocantins (TO)

 Opius bellus  Opius sp. 

Collection sites F M Codes F M Codes

Amazonas (AM) 20 20 OBAM 20 20 OPBAM

Amapá (AP) 20 19 OBAP 20 18 OPBAP

Rio Grande do Norte (RN) 20 8 OBRN 10 6 OPBRN

Total 60 47 50 44
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FIGURE 1. Landmarks on fore wing of Opius bellus. 1. base of vein costal; 2. intersection of the parastigma, 1RS and wing 

margin; 3. intersection of the end of stigma and R1a; 4. intersection of the radial sector 3RSb and wing margin; 5. intersection 

of vein 3M and wing margin; 6. intersection of vein 3CU and wing margin; 7. intersection of vein 3-1A and wing margin; 8. 

intersection of the veins 2CUa and 3CU; 9. intersection of the veins 1-1A, 1cu-a and 2-1A; 10. intersection of veins 1-1A and 

base of wing; 11. intersection of the veins M+CU, 1M and 1CU; 12. intersection of veins M+CU, 1cu-a and 1CU; 13. 

intersection of veins 2CUa, 1CU and 1m-cu; 14. intersection of veins 2M, r-m and 3M; 15. intersection of veins (RS+M)b, 2RS 

and 2M; 16. intersection of veins (RS+M)a, (RS+M)b and 1m-cu; 17. intersection of veins 1M, (RS+M)a and 1RS; 18. 

intersection of veins 3RSa, 3RSb and r-m; 19. intersection of veins 3RSa, r and 2RS; 20. intersection of vein r and base of 

stigma (venational terminology according to Sharkey & Wharton 1997).

FIGURE 2. A. Opius sp.; B. Opius bellus.; C–F. chromatic variations: C. hind tibia yellowish; D. hind tibia dark-brown; E. 

antenna apice dark-brown; F. antenna apice yellowish (figures are not at same scale).
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DNA samples were used to amplify the “Internal Transcribed Spacer” (ITS2) region of nuclear rDNA and the 
expansion segment (D2) of the 28S rDNA secondary structure. Amplification of these products was performed 
using the set of primers 5.8S (5 ’ G T G A A T T C T G T G A A C T G C A G G A C A C A T G A A C 3 ’ ) 
and 28S (5 ’ A T G C T A A A T T T A G G G G G T A 3 ’ ) (Porter & Collins 1991) for ITS2, and F3665 
(5 ’AGAGAGAGTTCAAGAGTACGTG3’) and R4047 (5’TTGGTCCGTGTTTCAAGACGGG3’ ) 
for 28S D2 (Belshaw & Quick 1997). Amplification reactions were performed in a total volume of 25 µL, 
containing 1.0 µL gDNA, 1x PCR buffer, 1.5 mM MgCl

2
, 200 µM of each dNTP, 0.32 µM of each primer and 0.25 

U of Taq polymerase (Promega). The amplification conditions for ITS2 were 94ºC for 2 min (1x); followed by 
94ºC for 30 s, 49ºC for 30 s and 72ºC for 1 min (35x); and 72ºC for 20 min (1x). PCR conditions for the 28S D2 
fragment were 93ºC for 3 min (1x); 98ºC for 15 s, 48ºC for 30 s and 72ºC for 40 s (35x); and 72ºC for 3 min (1x). 
Amplification products were run on a 1.5% agarose gel containing 0.5 µg/mL ethidium bromide for DNA staining, 
in tris-acetate-EDTA (TAE) at 5 V/cm. The gel was visualized and images were captured and digitized on a DNR 
Image Capturing System. 

All PCR products were purified using the QIAquick PCR Purification Kit (Qiagen®) following the 
manufacturer’s instructions, and directly submitted for bidirectional sequencing. Otherwise, PCR products were 
cloned by insertion into the pGEN-T Easy Vector System I (Promega) vector and used for the transformation of 
competent Escherichia coli C2992 NEB5αF’ (BIOLABS) cells, following the manufacturer’s instructions for 
amplification and subsequent sequencing. Samples were bi-directionally sequenced at the Centro de Estudos do 
Genoma Humano (CEGH-USP) (http://genoma.ib.usp.br/servicos/sequenciamento.php) using the MegaBACE 
1000 protocol and DYEnamic ET Dye Terminator Kit (with Thermo Sequenase™ II DNA Polymerase). All of the 
resulting sequences were analyzed and edited using the BioEdit software (http://www.mbio.ncsu.edu/BioEdit/
BioEdit.html). 

Amplified ITS2 and 28S D2 rDNA sequences were first aligned using Clustal W software. The resulting 
sequences were also compared to sequences deposited at the National Center for Biotechnology Information 
(NCBI) (http://www.ncbi. nlm.nih.gov/) using the Blastn search algorithm. Sequences for the 28S D2 region of the 
O. bellus and Opius sp. specimens were aligned to O. basirufus Fischer (accession number Z93649.1), O. bellus

Gahan (Z93650.1), O. cingulatus Wesmael (Z93651.1), O. dissitus Muesebeck (Z93652.1), O. exiguus Wesmael 
(Z93653.1), O. fuscipennis Wesmael (Z93654.1) and O. singularis Wesmael (as O. spretus Haliday) Haliday 
(Z93655.1).

Alignments were performed using the ClustalW software with a gap open penalty of 13.0 and gap extension 
penalty of 7.6. The Tamura-Nei method for distance estimation was used to reconstruct the cluster tree (Tamura & 
Nei 1993). Correction for differences in rates regarding the number and types of transitions and transversions was 
not necessary. Aligned sequences were analyzed using the neighbor joining (NJ) method with 1,000 repetitions for 
bootstrap analysis. All analyses were performed using the statistical package MEGA 4.0 (Tamura et al. 2007). All 
sequences obtained for ITS2 and 28S D2 were deposited at the GenBank database under accession numbers 
FJ560504 to FJ560533. 

Results

Geometric morphometry

Geometric morphometry generated 36 measurements of relative deformations (k=2n-4), where k represented the 
total number of relative deformations and n the number of anatomical landmarks. Analysis of canonical variables 
in male and female of O. bellus and of Opius sp. from the states of Amazonas, Amapá and Rio Grande do Norte 
showed that the canonical axes were statistically significant, according to the values of Wilk’s lambda (p<0.0001), 
Pillai’s trace (p<0.0001), Hotelling-Lawley trace (p<0.0001) and Roy’s greatest root (p<0.0001). The first two 
canonical axes explained 55.1% and 32.1% of the variance in the data, respectively. The scatterplot containing the 
projections of the morphotype populations in the three states showed three groupings. The first and the second 
groups were created from the total superimposition of O. bellus and Opius sp. from Amazonas and Amapá, 
respectively, and the third group was created by the partial superimposition of O. bellus and Opius sp. from Rio 
Grande do Norte (Fig 3). In the Mahalanobis distance matrix, O. bellus and Opius sp. from Amazonas and Amapá 
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were more similar than the specimens from Rio Grande do Norte (Table 4). However, it was clear that the O. bellus

and Opius sp. specimens were morphologically similar in all three states (Fig 4). The centroid size showed that the 
wing size of O. bellus and Opius sp. from Rio Grande do Norte, Amazonas and Amapá was similar (Fig 6).

FIGURE 3. Dispersion graphic of Opius bellus and Opius sp. males and females from Amazonas, Amapá and Rio Grande do 

Norte in the bidimensional space of canonical variables VC1 and VC2. The deformations diagrams indicate the presumable 

wing conformations for individuals in the superior and inferior ends of the canonical variables. Deformation magnitudes were 

amplified 3x for visualization. (OBRN = O. bellus from Rio Grande do Norte, OBAP = O. bellus from Amapá, OBAM = O. 

bellus from Amazonas, OPBRN = Opius sp. from Rio Grande do Norte, OPBAP = Opius sp. from Amapá, OPBAM Opius sp. 

from Amazonas).

Molecular analysis

Analysis of the ITS2 and 28S D2 markers revealed size and sequence differences for O. bellus and Opius sp., 
especially for the ITS2 fragment. ITS2 fragment size ranged from 658 to 669 bp, and sequence analysis of all 
individuals in the samples allowed the verification of intrapopulation and interpopulation variability in nucleotide 
sequence composition. However, although differences were observed, ITS2 sequence composition was very 
similar, and the regions with the most frequent differences occurred indistinctively in both morphospecies (Table 3 
and Online Supplementary Material). The 28S D2 marker had a single fragment size of 428 bp, displaying high 
nucleotide similarity between O. bellus and Opius sp. Alignment of the sequences to other species in the same 
genus available from NCBI revealed high divergence of the sequences we generated with those of other Opius 

species, with the exception of O. bellus (accession number Z93650.1) (Online Supplementary Material). The 
cladogram for the molecular marker (28S D2) revealed two groups, one of which contained the specimens from 
this study, O. bellus and Opius sp., in addition to O. bellus (accession number Z93650.1), and another group 
containing the remaining species in the genus available from NCBI. Although the support for the branches formed 
between the Opius (NCBI) species demonstrated bootstrap values below 50%, the clade formed by grouping the 
analyzed morphotypes and O. bellus (accession number Z93650.1) received a support of 100% (Fig 5). 
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TABLE 3. Sample identification, molecular marker used, fragment size, and GenBank access number for each parasitoid 

specimens analyzed.

*The first letter represents the color pattern of the tibia and antenna (A—yellow tibia and antenna, B—yellow tibia / 

dark-brown antenna, C—dark-brown tibia and antenna, D—dark-brown tibia /yellow antenna), the second and third 

letters the state from were samples were collected (AP—Amapá, AM—Amazonas, RN—Rio Grande do Norte, RS—Rio 

Grande do Sul, SC—Santa Catarina, TO—Tocantins) , the fourth letter the sex of the specimen, and the last number 

refers to the specimen analyzed. 

The observed genetic distance between the various morphotypes by comparative analysis of the 28S D2 
sequences we generated, together with those available from NCBI, supports the cladogram results showing high 
similarity between the morphotypes with different posterior tibia and antenna coloration (99% to 100%), regardless 
of their geographic origin (Fig 5, Online Supplementary Material). The samples analyzed here exhibited 99% 
similarity with the O. bellus sequence (accession number Z93650.1) available from NCBI (99%), but had less than 
90% similarity with the other species in the genus, confirming that they have diverged (Online Supplementary 
Material). 

TABLE 4. Mahalanobis distances of Opius bellus (OB) and Opius sp. (OPB) populations from Amazonas (OBAM, 

OPBAM), Amapá (OBAP, OPBAP) and Rio Grande do Norte (OBRN, OPBRN) based on wing shape components.

Discussion

The consistency between the results of the morphometric and molecular analyses highlights the similarity between 
O. bellus and Opius sp. Moreover, multivariate morphometry showed similarity between the morphological 
variables of O. bellus and Opius sp. wings, and the plot of the canonical variables revealed clear separation of the 

Codes* Parasitoids Markers Size GenBank (access)

1AAMM1 Opius sp. ITS2/28SD2 661pb/428pb FJ560519 - FJ560504

2BAMM2 Opius sp. ITS2/28SD2 661pb/428pb FJ560520 - FJ560505

3CAMM3 O. bellus ITS2/28SD2 666pb/428pb FJ560521 - FJ560506

4AAMF1 Opius sp ITS2/28SD2 662pb/428pb FJ560522 - FJ560507

5DAMF2 O. bellus ITS2/28SD2 661pb/428pb FJ560523 - FJ560508

6AAPM1 Opius sp. ITS2/28SD2 665pb/428pb FJ560524 - FJ560509

7AAPF1 Opius sp. ITS2/28SD2 659pb/428pb FJ560525 - FJ560510

8ARNF1 Opius sp. ITS2/28SD2 659pb/428pb FJ560526 - FJ560511

9DRNF2 O. bellus ITS2/28SD2 663pb/428pb FJ560527 - FJ560512 

10DRJF1 O. bellus ITS2/28SD2 663pb/428pb FJ560528 - FJ560513

11DTOF1 O. bellus ITS2/28SD2 658pb/428pb FJ560529 - FJ560514

12DRSF1 O. bellus ITS2/28SD2 663pb/428pb FJ560530 - FJ560515

13CRSF2 Opius sp. ITS2/28SD2 669pb/428pb FJ560531 - FJ560516

14DSCF1 O. bellus ITS2/28SD2 659pb/428pb FJ560532 - FJ560517

15CSCF2 O. bellus ITS2/28SD2 666pb/428pb FJ560533 - FJ560518

Parasitoids OBRN OBAP OBAM OPBRN OPBAP OPBAM

OBRN 0.0

OBAP 7.9 0.0

OBAM 14.3 5.0 0.0

OPBRN 7.7 12.8 13.4 0.0

OPBAP 6.8 0.5 4.7 11.5 0.0

OPBAM 11.9 5.3 1.2 9.6 4.7 0.0
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morphotypes from each state (Amazonas, Amapá and Rio Grande do Norte) in the space of the first two canonical 
variables, which accounted for the majority of the significant variance (87.2%). The resulting dendrogram, 
calculated based on the Mahalanobis distance, was well correlated with the tree constructed from the molecular 
analysis, where the genetic similarity of the specimens with different tibia coloration and geographic origins was 
clearly observed (Figs 4 and 5). 

FIGURE 4. Dendrogram of populations of Opius bellus and Opius sp. from Rio Grande do Norte (OBRN, OPBRN), 

Amazonas (OBAM, OPBAM) and Amapá (OBAP, OPBAP) generated by cluster analysis (UPGMA) from Mahalanobis 

distances presented in Table 4.

Although genetic similarity observed among morphotypes, the morphometric analysis showed a small 
divergence between the specimens from Rio Grande do Norte and those from Amazonas and Amapá. The habitat 
where these species originate from can strongly influence the individual variability because interactions with 
biotic, such as host larvae (Villemant et al. 2007), and abiotic factors (temperature, humidity, pluvial precipitation), 
as well as the unique features of each environment can directly affect these populations (Futuyma 1992). 

Such an environmental difference was observed in the wing morphology of O. bellus and Opius sp. specimens; 
in particular, the wing size of males and females in the morphotypes from each state, represented by the centroid 
size, were generally similar, i.e., O. bellus and Opius sp. had the same wing size, but the proportions were different 
from the three states (Fig 6). In the deformation diagrams, O. bellus and Opius sp. from Amazonas, located at the 
lower end of VC1 (negative score), had wings that were slightly wider in the dorsoventral region and shorter than 
the population from Rio Grande do Norte, which is located at the upper end of VC1 (positive score). The 
morphotypes from Amapá demonstrated longer wings, with strong compression in the medial-apical region 
compared to the base and were located at the upper end of the VC2 axis (positive score) (Fig 3). Because of the 
homology of the landmarks found in the analyzed structure and the use of cartesian coordinates, minimal 
morphological variations could be detected, as is common in geometric morphometry, thereby providing a 
powerful tool for studies on systematics (Monteiro & Reis 1999; Baylac et al. 2003; Villemant et al. 2007). 

In the genetic analyses, the ITS2 marker raised doubts about the identity of Opius sp. due to the large amount 
of intra and interspecific variability in the sequences. This molecular marker is widely used to differentiate species 
(Hillis & Dixon 1991; Ciociola et al. 2001; Gallego & Galián 2001; Wilkerson et al. 2004). However, there are 
cases where a species exhibits interindividual genomic variation for ITS2 sequence and length (Onyabe & Conn 
1999), which may (Rich et al. 1997) or may not (Alvarez & Hoy 2002) result in erroneous phylogenies. In this 
study, the intraspecific variability found in the ITS2 region of the morphospecies analyzed was as high as the 
variability found between individuals of distinct morphospecies. Thus, regardless of the identified differences, the 
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sequences were very similar, and the regions where the variations were most frequent occurred indistinctively 
between morphospecies. 

FIGURE 5. Neighbour-Joining (NJ) linearized trees produced from the alignment of nucleotides of the 28S rDNA D2 region 

from Opius bellus and Opius sp. specimens from populations collected in several Brazilian states and other Opius species 

obtained from the GenBank. Numbers in the branches indicate

In contrast, the 28S D2 marker clearly defined the taxonomic identity of Opius sp. The 28S marker has been 
widely used in Hymenoptera to distinguish species by the presence of a number of nuclear elements and 13 
expansion segments, especially the highly conserved D2 and D3 segments (Heraty et al. 2004; Gillespie et al.

2005). The D2 segment of the 28S has previously been used to recover morphologically congruent relationships 
between Opiinae and Alysiinae (Belshaw & Quick 1997), supporting the monophyletic nature of all of the 
members of the family Braconidae (Shi et al. 2005). In addition, this segment was used in the first phylogenetic 
reconstruction of the superfamily Ichneumonoidea (Belshaw et al. 1998). 

In this study, the 28S D2 marker was important for clarifying the identity of O. bellus, as this species exhibits 
color variation in Brazil. Ovruski et al. (2000) considered that O. bellus represents a species complex in Brazil. 
However, the 28S rDNA D2 marker, regardless of the antenna and tibia color variation or geographic origin, 
demonstrated the similarity between O. bellus and Opius sp., as the size of their sequences (428 bp) and nucleotide 
similarity were practically identical. Thus, chromatic variations appear to be plastic phenotypic responses caused 
by environmental conditions. 

Together, these morphometric and molecular analyses showed that O. bellus and Opius sp. specimens are 
conspecific and represent intraspecific variations of Opius bellus.
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FIGURE 6. Centroid size of male (top) and female (bottom) wings of Opius bellus and Opius sp. from Amazonas, Amapá and 

Rio Grande do Norte.
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