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Abstract

Tomoplagia (Diptera: Tephritidae) are endophagous herbivores on flowerheads of Asteraceae, with varying levels of host
specialization. We isolated, characterized, and tested the heterologous amplification for sets of microsatellites of three spe-
cies from this genus associated with native hosts in the Espinhaco mountain range, Brazil. We used two protocols to build
microsatellite-enriched libraries and characterized 12 polymorphic loci for each fruit-fly species. The samples of T. grandis, a
monophagous species, presented a lower number of alleles than the samples of the oligophagous species 7. incompleta and T.
bicolor. The average observed heterozygosity did not vary among species and the high values of Polymorphism Information
Content suggest that the characterized microsatellite loci are quite informative. The primers developed for each Tomoplagia
species failed to amplify the microsatellite loci for the other two species, which indicates a low conservation of the flanking
nucleotide sequences in the three evaluated species. The sets of polymorphic microsatellites characterized for these species of
Tomoplagia may be used in future ecological and evolutionary studies that aim to detect patterns of diversity on a fine scale.

Keywords Asteraceae - Endophagous insects - Fruit flies - Heterologous amplification - Rupestrian grassland

Introduction

In the last decades, the use of molecular tools to investi-
gate patterns of variation and structuring of genetic diver-
sity, as well as the processes responsible for such patterns
at different spatial and temporal scales has become more
frequent (Allendorf 2017; Creer et al. 2016; Seehausen
et al. 2014). Among molecular markers, microsatellites, or
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simple sequence repeats (SSR), are quite effective for this
aim: they are highly informative, mainly because of their
codominant and multiallelic nature; have wide coverage in
the genome; and present wide reproducibility, low cost, and
technical simplicity for their development (Borém and Caix-
eta 2016). The genotyping of microsatellite loci requires a
small amount of DNA, since it is a technique based on PCR
(polymerase chain reaction), and this allows less invasive or
destructive sampling, especially important to preserve speci-
mens from biological collections (Allendorf 2017; Borém
and Caixeta 2016). Other advantages of microsatellites are
the possibility of using orthology between related groups for
transferring primer pairs between close species (Augustinos
et al. 2008; Barbar4 et al. 2007; Gupta et al. 2003).

Here, we characterize microsatellite markers for different
species of Tomoplagia Coquilett (Tephritidae). The genus
Tomoplagia is the most diverse group of endophagous flies
on Asteraceae flowerheads in Brazil (Lewinsohn 1991;
Prado et al. 2002, 2004). In most species whose biology
is known, females lay eggs in the flowerheads of their host
plants, in which the larvae feed on flowers and cypselae.
The larvae pupate inside the flowerhead, from which they
emerge as adults. Thus, the host plant represents a complete

@ Springer


http://orcid.org/0000-0002-6423-424X
http://crossmark.crossref.org/dialog/?doi=10.1007/s13355-020-00706-6&domain=pdf

Applied Entomology and Zoology

habitat in which the flies take shelter and develop. The genus
Tomoplagia is essentially Neotropical, with the majority of
its 59 known species occurring in the rupestrian fields of
the Espinhago mountain range, in the state of Minas Gerais,
Brazil, where this study was conducted (Prado et al. 2002,
2004, 2005).

Several studies have investigated the patterns of associa-
tion of Tomoplagia spp. with their host plants, both on a
local and regional scale (Lewinsohn 1991; Prado et al. 2002,
2004). For instance, Tomoplagia grandis Prado et al. 2004 is
a strictly monophagous species; its only known host plant is
Lessingianthus buddleiifolius (Mart. ex DC.) H. Rob. Tomo-
plagia bicolor Prado et al. 2004 is an oligophagous species
with at least 17 recorded host plants, almost all belong-
ing to five genera of the subtribe Lychnophorinae (Prado
et al. 2004). Finally, T. incompleta (Williston, 1896) is also
oligophagous, with more than 20 known hosts, mainly in
the genera Lessingianthus and Lepidaploa of the subtribe
Vernoniinae (Prado and Lewinsohn 2004). The wide range
of host specialization among Tomoplagia species, the well-
established host associations of adults reared directly from
flowerheads and the geographic distribution established from
previous field studies make the Tomoplagia—Asteraceae
interaction an excellent model for ecological-evolutionary
studies, such as those related to patterns of genetic diversity
and processes that underlie the evolution of ecological spe-
cialization (Devictor et al. 2010; Forister et al. 2012).

In this study, we characterized microsatellite markers for
those three species of Tomoplagia that are frequently found
in the cerrados and rupestrian fields in the Southeast region
of Brazil, i.e., T. grandis, T. bicolor, and T. incompleta. Since
the three species belong to the same genus, we tested the
heterologous amplification of the characterized microsatel-
lites among them.

Materials and methods
Construction of libraries and design of primers

We built microsatellite-enriched libraries for each of
the three Tomoplagia species employing two different
approaches. For T. incompleta, microsatellite isolation was
developed by Genetic Marker Services (Brighton, UK https
://geneticmarkerservices.com), and the library was built
according to the protocol proposed by Edwards et al. (1996),
from the genetic material of five adult individuals. The total
genomic DNA was obtained from the whole 7. incompleta
individuals with a salt-extraction protocol (Aljanabi and
Martinez 1997). The enzyme Rsal (New England Biolabs)
was used to digest the total genomic DNA and enrichment
was done using probes described in Gonzélez et al. (2015).
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The libraries for the species T. grandis and T. bicolor
were produced with the protocol proposed by Billotte et al.
(1999), from the genetic material of one and five individuals,
respectively. We extracted the total genomic DNA from the
whole T. grandis and T. bicolor adults using a cetyltrimeth-
ylammonium bromide protocol (CTAB; Doyle and Doyle
1987). The enzyme Afal (Invitrogen), a Rsal isoschizomer,
was used to digest the genomic DNA of the two species, and
the obtained fragments were linked to the 5'-CTCTTGCTT
ACGCGTGGACTA-3' e 5'"“TAGTCCACGCGTAAGCAA
GAGCACA-3' double-stranded adapters. We found trans-
posable elements (transposons) in the digestion of T. bicolor
DNA with the enzyme Afal and, for this reason, we built two
other libraries for this species using the enzymes BsuRI and
Alul (Invitrogen).

We captured fragments that contained microsatellites in
T. bicolor and T. grandis libraries with the simultaneous
hybridization with two probes, (CT)g and (GT)g, linked to
biotin by magnetic spheres coated with streptavidin (Mag-
neSphere Magnetic Separation Products, Promega). Micro-
satellite-enriched DNA fragments were separately amplified
via PCR, and then cloned in pGEM-T Easy Vector (Pro-
mega) and inserted via electroporation into competent cells
of Escherichia coli XL1-Blue (Promega). Positive clones
were selected and grown on agar medium with 100 pg/mL
ampicillin and 50 pg/mL X-galactosidase. After incubation
for 16 h at 37 °C, we transferred the colonies obtained for
each species to microplates and stored them at —70 °C.

We sequenced 25, 48, and 48 positive clones for T. incom-
pleta, T. grandis, and T. bicolor, respectively, in an ABI
3500xL automatic sequencer (Life Technologies) with Big
Dye Terminator v.3.1 kit (Applied Biosystems).

We used the software SSRIT (https://archive.grame
ne.org/db/markers/ssrtool) to identify the presence of micro-
satellite repetitions in the generated sequences. To draw the
primer pairs for the loci characterized for each species we
applied the software Primer3Plus (Untergasser et al. 2012),
using the following parameters: size of the primer between
18 and 22 bp; final size of amplification products between
100 and 280 bp; melting temperature (Mt) between 52 °C
and 65 °C and maximum difference in Mt between primer
pairs of 3 °C; content of GC between 40 and 60%; absence
of complementarity in the same sequence or between primer
pairs.

Amplification and polymorphism of loci

We tested the microsatellite loci in six individuals of the
species for which each set of loci was isolated and performed
the heterologous amplification tests on six individuals each
of the other two species. The conditions for amplification
were: 1.5 pL of genomic DNA in the standardized concen-
tration of 5 ng/pL; 2 pL of 5x buffer; 2 pL of 5% DMSO;
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1.6 pL of MgCl, at 25 nM; 0.3 pL of dNTPs at 10 nM;
0.3 pL of each direct and reverse primer at 10 nM; 0.3 pL of
homemade Taq DNA polymerase; and autoclaved deionized
H,O0 in sufficient quantity for 20 pL of reaction. The PCR
program was: initial denaturation at 94 °C (5 min); 30 cycles
of denaturation at 94 °C (30 s); annealing at specific tem-
perature (45 s) (Tables 1, 2, and 3) and extension at 72 °C
(45 s); a final extension cycle at 72 °C (10 min). We evalu-
ated the polymorphism of the microsatellite loci on a 6%
polyacrylamide gel stained with silver (Creste et al. 2001).

Genotyping

We selected the polymorphic loci in the initial polyacryla-
mide gel test by characterizing the genotypic profile of 15
individuals from 7. grandis, 25 from T. bicolor, and 25
from T. incompleta. All individuals of each species came
from one host species sampled at Serra do Cabral State
Park (17°43'33.96" S; 44° 11" 15" W). Thus, the analyzed
individuals of T. grandis were reared from Lessingianthus

buddleiifolius flowerheads, and individuals of T. bicolor and
T. incompleta were reared respectively from Eremanthus
elaeagnus (Mart. ex DC.) and Echinocoryne schwenkiifo-
lia (Mart. ex DC.) flowerheads. All samples were collected
within a 1 km radius. The host plant of T. grandis is rare and
restricted to some patches along its distribution, and for this
reason, it was not possible to obtain more than 15 individu-
als from the same host/place to be evaluated in the present
study. We discarded primer pairs that failed to amplify or
that amplified several nonspecific fragments in the tested
temperature range (53-65 °C).

The direct primers used to amplify the selected loci
were synthesized with the addition of an M13 tail (TGT
AAAACGACGGCCAGT) at the 5’ end, thus allowing the
annealing of the FAM, VIC, PET, and NED fluorophores
(Life Technologies, Carlsbad, CA, USA; Schuelke 2000).
To allow the simultaneous reading of four fluorophores
in an automatic sequencer we assigned a fluorescence
for each locus (Tables 1, 2, and 3). All amplified samples
were run on a 1.5% agarose gel with 50 mM Tris—acetate

Table 1 Characterization of 12 microsatellite loci developed for Tomoplagia grandis

Locus Primer sequences (5'-3") Motif At (°C) Size(pb) NA Hj, Hg P PIC  GenBank
Accession
No.

Tgr01 F: TCAAAGGAAAAACGTCAGTCA (GT)8 53 92-118 4 0.31 0.29 0.16 032 MT995914

1-FAM  R: AATGTCAGTTTACAACGCCG

Tgr02 F: GCTGCCTTGAACTCTCTCTA (TG)10 59 172-184 5 0.12 066 <0.01 0.85 MT995915

1-VIC R: TGCTAACACAGTTAGTTTTGC

Tgr03 F: GCAGTGGAGAACAATTGCAT (CA)36 53 132-238 8 0.63 079 <0.02 0.86 MT995916

I-NED R: TGTCCATTTATCTGGGGAATCA

Tgr04 F: AGACACCTATACGAGCGTTC (ACA)7 53 189-243 4 0.56 0.65 0.14 0.77 MT995917

I-PET  R: ATTGTCGGATCTCATCGGTC

Tgr05 F: TTTTCCACCTGTTAACGGGA (TG)10 59 252-286 13 0.31 0.78 <0.01 0.85 MT995918

2-FAM  R: GCCTACATTACGCTGTGTAAC

Tgr06 F: CCATTGAAAGCAAACGCAAA (AC)8 61 238-270 10 0.88 0.92 024 0.85 MT995919

2-VIC R: CAGTGTCTCTGGCAGTGTTA

Tgr07 F: CACACGCTTCTTCTCAAGTG (TG)10 59 196-220 7 0.19 076 <0.01 0.86 MT995920

2-NED R: CTACGCAACTACATGCACAC

Tgr08 F: TCCATTCGCAGTGACACTTA (CA)7 59 206-286 9 0.50 0.75 <0.01 0.72 MT995921

2-PET  R: CGGTTAAAACTTTCCGCTACA

Tgr09 F: GGGAAGAGTGGACTTAGTGG (AC)7 61 194-220 10 0.31 0.74 <0.01 0.79 MT995922

3-FAM R: GCAACTTTACAAGCCAAGCT

Terl0 F: GCAGTGAGTTGTAATGATATGAAC (GT)7 61 118-166 3 0.38  0.60 0.06 0.55 MT995923

3-VIC R: CGAGACGCCCAAAAATAGAC

Terll F: ACCGCAAATAAAAAGGGCTC (CA)8 61 216-256 5 0.31 0.78 <0.01 0.85 MT995924

3-NED R: TCAGCCATTGTGGTTTTGAC

Terl2 F: CGCCAATTAACTTTCGGTGT (CA)8 61 246-256 5 0.69 0.54 0.34 049 MT995925

3-PET  R: ACAACAACAAGCAAGTGCAT

Annealing temperature (At), number of alleles (NA), observed heterozygosity (H), expected heterozygosity (Hg), Fisher’s exact test to HWE
(p), and polymorphic information content (PIC). Dyes are indicated per locus. The number before each dye represents the three groups of com-

binations used during multiplex genotyping
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Table 2 Characterization of 12 microsatellite loci developed for Tomoplagia bicolor

Locus Primer sequences (5'-3") Motif At (°C) Size(pb) NA H, Hg P PIC  GenBank
Accession
No.

TbiOl F: TTCACATCTCATCGCTTGGA (GA)8 63 128-170 11 0.32 0.62 <0.01 0.66 MT995902

1-FAM R: CCGGAATGAAGAAAGCACTG

Tbi02 F: ACGCTTTGCTTTGTTTACCA (TG)8 63 148-204 6 088 055 <001 053 MT995903

1-VIC R: TAACCTGTGTCTGCAACCTT

Tbi03 F: TCAAACGCCAACACTTGATG (AC)8 63 92-130 6 020 052 <0.01 0.87 MT995904

I-NED R: TTACCTTGCGCTATCTTCGT

Tbi04 F: GCTTTTGTTAAGTTTGGCGC (AC)9 61 128-146 8 0.10 056 <0.01 0.63 MT995905

I-PET  R: TGGACTTGCCATATGCCATA

Tbi05 F: CATTGACGCCGTGAAATAGG (AG)8 63 128-144 6 010 064 <0.01 0.82 MT995906

2-FAM R: CCCGAAATCTTAAGTGTGGC

Tbi06 F: TGCTGTTGGGCAAATTCTTT (AC)8 63 176-194 12 036 0.80 <0.01 0.81 MT995907

2-VIC R: GCCAAATTCCAACTGAATGC

Tbi07 F: AGTTGAGCAAAATGGCGAGA (GT)6 59 152-200 6 036 060 <001 070 MT995908

2-NED R: CACAAAAGTGCCCTCACACG

Tbi08 F: CCTCAAAAGGGTACATCATATATGT (TG)9 63 146-186 10 036 0.68 <0.01 0.76 MT995909

2-PET  R: GCATCGTTGAAAGCCCTAAG

Tbi09 F: AGGACAAAGGTGTGTGGAAA (AO)10 61 162-202 13 040 0.76 <0.01 0.79 MT995910

3-FAM R: GCTTTTTCACAACTCCCTCC

TbilO F: ACATGCATGCGAAACCTTAC (AC)9 63 146-188 13 024 0.76 <0.01 0.84 MT995911

3-VIC R: AAGTGGTAAGTGGTATGCGT

Thill F: CGTCTGCTGAACATTCAAT (TG)6 63 158-182 10 044 0.64 0.01 0.74 MT995912

3-NED R: AGATGTGCAGTTTGGCAAAG

Tbhil2 F: AATATTGCCGATTGAGGGGA (TACA)7 6l 212264 13 0.16 0.72 <0.01 0.64 MT995913

3-PET  R: ATTAGTCACCAGCCGATTGT

Annealing temperature (At), number of alleles (NA), observed heterozygosity (H), expected heterozygosity (Hg), Fisher’s exact test to HWE
(p), and polymorphic information content (PIC). Dyes are indicated per locus. The number before each dye represents the three groups of com-

binations used during multiplex genotyping

(TAE) buffer (pH 7.5-7.8) to test the amplification. We
carried out the PCRs with the addition of 0.1 pL of each
of the fluorophores, plus a second step in the amplifica-
tion program for the annealing of the fluorophore to the
tail. This step consisted of eight cycles of denaturation at
94 °C (30 s), annealing at 53 °C (45 s), and extension at
72 °C (45 s). We diluted the PCR products (10-20%) and
then combined them in a multiplex with four loci marked
by different fluorophores for genotyping in the ABI
3500xL sequencer. We used Liz GeneScan 600 marker
(Life Technologies) as a molecular weight standard.

We read the electropherograms with the plugin for
microsatellite analysis in Geneious Prime v.2019.0.4
(Kearse et al. 2012). Alleles were determined according
to their size (peak calling) and bins were overlapped on
the fluorescence peaks to identify and standardize alleles.
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Descriptive analyses of microsatellite loci

We characterized the polymorphic loci of each set of microsat-
ellites by the total number of alleles per locus and the observed
(Hy) and expected (Hg) heterozygosities, using the hierfstat
package (Goudet 2005) in R (R Core Team 2014). We calcu-
lated the Polymorphism Information Content (PIC) with the
PopGenKit package (Paquette 2012) and applied Fisher’s exact
test to detect deviations from the Hardy—Weinberg equilibrium
(HWE) for each locus using the pegas package (Paradis 2010).
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Table 3 Characterization of 12 microsatellite loci developed for Tomoplagia incompleta

Locus Primer sequences (5'-3") Motif At(°C) Size (pb) NA H, Hg P PIC  GenBank
Accession
No.

TinO1 F: TTTTCCAATGTAGAATGGGTTTT (TG)8 59 208-228 9 0.39 0.80 <0.01 0.70 MT995890

1-FAM R: TCCATTCGTATGTGCTTCTTG

Tin02 F: AATGTTCGTGGCGGAGTAT (TG)8 59 158-200 7 0.19 0.69 <0.01 0.88 MT995891

1-VIC R: TGCAAAGAAAGGTCAGTGAA

Tin03 F: GGCAATCATCGAAGCAAAGT (TTG)8 57 162-201 8 0.19 0.60 <0.01 0.89 MT995892

I-NED R: TGACAATGAGTGCAGATATGAAAA

Tin04 F: TGAGCTACCAAACGCTGCTA (TG)9 63.3 140-172 6 0.12  0.69 <0.01 0.87 MT995893

1-PET  R: GAACGATTGAAAGGCGAAAA

Tin05 F: CCGTCAACAATCGAGGAAAA (TG)9 59 96-160 12 042 0.81 <0.01 0.88 MT99589%4

2-FAM R: CGCTTTAATACTTCGCACACA

Tin06 F: TGAGTTTGCTCTTGCACTTGA (AC)9 59 120-144 10 0.05 0.78 <0.01 0.83 MT995895

2-VIC R: CCAGCTTGACACCGACTCTC

Tin07 F: GCAGCAAAAGAAGGAAGCAC GD13 57 148-202 14 0.38 0.76 <0.01 0.88 MT995896

2-NED R: AACACACTCCACGCACAAAC

Tin08 F: GTATTTGTGGGAATGCCTTG (AO)11 63 88-150 8 0.27 0.53 <0.01 033 MT995897

2-PET  R: GTACACATGTGCGTGATTATGG

Tin09 F: CCGGCTTTTGTTTTATGCAA (TG)9 59 80-120 5 027 0.73 <0.01 0.82 MT995898

3-FAM R: TTCTTTGCCACACTTTTGGTT

Tinl10 F: TGGCGCTCCTAAAATCACTT (AC)9 59 86-120 6 0.12  0.65 <0.01 0.61 MT995899

3-VIC R: GTGCCACAGACCAGTTTGAA

Tinll F: TCGCAGCAACGATGATTTAG (TG)8 57 116-174 10 0.19 0.77 <0.01 0.88 MT995900

3-NED R: TTCCGAGTCTAGATATCCAACCA

Tinl12 F: CTTGACGTTGATTACGACACAA (AC)9 63.3 114-156 19 0.39 0.73 <0.01 0.89 MT995901

3-PET  R: CGCTTTTTGTCATTGCATGT

Annealing temperature (At), number of alleles (NA), observed heterozygosity (H), expected heterozygosity (Hg), Fisher’s exact test to HWE
(p), and polymorphic information content (PIC). Dyes are indicated per locus. The number before each dye represents the three groups of com-

binations used during multiplex genotyping

Results

We found microsatellites in 42% of the sequences obtained
for T. grandis, in 76% of T. bicolor sequences, and in 36% of
T. incompleta sequences. With these sequences, we designed
primer pairs to amplify 20 loci for 7. grandis, 19 loci for T.
bicolor, and 17 loci for T. incompleta. Of the 20 pairs of
primers developed for T. grandis, we successfully amplified
14, of which 12 were polymorphic and two monomorphic
(Table 1). The number of alleles per locus ranged from 3 to
13 (mean=6.9). We observed significant deviations from
the HWE in seven loci, always with observed values lower
than expected. Hg ranged from 0.12 to 0.88 (mean=0.43)
and Hg ranged from 0.29 to 0.92 (mean =0.68). PIC values
ranged between 0.32 (locus TgrO1) and 0.86 (locus Tgr07),
and ten loci presented a high information content (PIC > 0.5;
Table 1).

For the 19 pairs of primers developed for 7. bicolor, we
successfully amplified 15, 12 of which were polymorphic
and three monomorphic (Table 2). The number of alleles per

locus ranged from 6 to 13 (mean=9.5). We observed signifi-
cant deviations from the HWE in 12 loci, with observed val-
ues lower than expected, except for locus Tbi02. Hg ranged
from 0.10 to 0.88 (mean =0.33) and Hy ranged from 0.52 to
0.80 (mean=0.65). All loci showed high PIC, with values
ranging from 0.53 to 0.87 (Table 2).

For T. incompleta, we were able to amplify 14 of the
17 primer pairs developed, of which 12 were polymorphic
and two monomorphic (Table 3). The number of alleles per
locus ranged from 5 to 19 (mean=9.5). We observed sig-
nificant deviations from the HWE in 12 loci, with observed
values lower than expected in all loci. H, ranged from 0.05
to 0.42 (mean=0.25) and Hy ranged from 0.53 to 0.81
(mean=0.71). Eleven loci showed high PIC, except locus
Tin08 (PIC=0.33), and the PIC value ranged from 0.33 to
0.89 (Table 3). Summarized results for each Tomoplagia
species are presented in Table 4.

The three sets of microsatellite markers characterized
in this study were not transferable between the species
of Tomoplagia studied. We observed both the absence of
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Table4 Summary of variation found in the number of alelles (NA) and observed (H) and expected (Hg) heterozygosity for three species of

Tomoplagia (Tephritidae)

Species Host plant NA Min-max H, (average) Min-max Hp (average)
T. grandis Lessingianthus buddleiifolius 3-13(6.9) 0.12-0.88 (0.43) 0.29-0.92 (0.68)
T. bicolor Eremanthus elaeagnus 6-13 (9.5) 0.10-0.88 (0.33) 0.52-0.80 (0.65)
T. incompleta Echinocoryne schwenkiifolia 5-19 (9.5) 0.05-0.42 (0.25) 0.53-0.81 (0.71)

amplification products and the amplification of nonspecific
regions.

Discussion

We predominantly found AC/GT repetition motifs in the sets
of microsatellite loci that we developed for T. grandis, T.
bicolor, and T. incompleta, irrespective of probes used for
library construction. This combination is also the most fre-
quent in the genome of other Tephritidae species (Augusti-
nos et al. 2008; Bonizzoni et al. 2000; Shearman et al. 2006)
and arthropods in general (Té6th et al. 2000).

We observed a greater number of alleles at the loci
characterized for T. incompleta, but mean allele numbers
were similar for 7. incompleta and T. bicolor (mean=9.5);
the lower allele number was observed for 7. grandis
(mean=6.9). The mean H, values vary among the 12 loci
evaluated for each of the three species, with higher values
found for T. grandis and lower values for T. incompleta
(Table 4) and revealed low levels of observed heterozygo-
sity compared to the expected values for the three species
(mean Hp between 0.65 and 0.71). We found the lowest Hg
value at locus Tin06 (0.05—T. incompleta) and the highest
value at loci Tbi02 for T. bicolor and Tgr06 for T. grandis
(Hg=0.88). The number of alleles found for Tomoplagia
species is consistent with those found in some other species
of Tephritidae, such as Anastrepha fraterculus (7-18 alleles
per locus, mean=12.9; Manni et al. 2015) and Ceratitis
capitata (8-22 alleles per locus, mean = 13.6; Bonizzoni
et al. 2000), but exceed those found for Anastrepha suspensa
(2—12 alleles per locus, mean =6.1; Fritz and Schable 2004)
and Bactrocera tau (2-9 alleles per locus, mean=4.5; Yan
et al. 2015). Yan et al. (2015) also found a locus with low
observed heterozygosity for Bactrocera tau (Hy=0.069),
as we found in T. incompleta (locus Tin06). The observed
heterozygosity values that we found for the three Tomopla-
gia species were lower than those of the abovementioned
species.

The heterozygote deficit which we observed compared to
expectation under the HWE may be due, among other fac-
tors, to the presence of null alleles or even to the Wahlund
effect (Meetis 2018). Null alleles occur due to changes in
the bases in the flanking region of the microsatellite locus,
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which compromise primer annealing and the success of the
sequence amplification in the PCR. The Wahlund effect
reflects the combination of individuals belonging to different
populations in a single population or aggregated sample. In
this study, the frequency of null alleles was lower than 0.15
for all loci evaluated in the three Tomoplagia species. The
knowledge about the reproductive biology of Tomoplagia is
scarce, as well as information about its dispersion capability.
Probably, the heterozygote deficit which we found is due to
some degree of kinship between the individuals evaluated,
and it is possible that some of these individuals belong to the
same offspring. We must consider the potential inbreeding
in the populations of the three species of Tomoplagia as a
plausible factor affecting the heterozygote deficit observed.

The species-specific microsatellites that we isolated and
characterized in this study are not transferable between the
three species of Tomoplagia that we evaluated. The success
of the transferability of microsatellite loci is highly variable
between taxa and may reflect different levels of conserva-
tion of the flanking nucleotide sequence of the microsat-
ellite regions between less related species (Barbara et al.
2007). Augustinos et al. (2008) managed to amplify 26 of
29 microsatellite loci developed for Bactrocera oleae in
11 other species of Tephritidae, including four congeneric
species and other in the genera Anastrepha (4), Ceratitis
(2), and Rhagoletis (1). According to the only phylogenetic
hypothesis available for 19 species of the genus Tomoplagia
(Yotoko et al. 2005), T. grandis, T. bicolor, and T. incom-
pleta are phylogenetically distant. Moreover, although they
co-occur widely in the study region (the rupestrian fields of
the Espinhaco mountains in Minas Gerais), the three species
are ecologically disjunct, since they are trophically associ-
ated with distinct subsets of Asteraceae (respectively, the
compartments or modules 3, 4, and 6 of the insect-plant
network analyzed in Prado and Lewinsohn (2004)). Thus,
the phylogenetic distance between species and their eco-
logical differences may engender the low conservation of
microsatellite flanking nucleotide sequences between the
three species and act as barriers to hybridization.

The microsatellite markers characterized here are the first
for the genus Tomoplagia and will contribute to the knowl-
edge of the biology and ecology of this tropical group, whose
advantages as a study system have been mentioned before.
In addition, these markers will allow future ecological and
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evolutionary studies to elucidate mechanisms that generate
or constrain diversification as well as enabling comparisons
of patterns of diversification with other organisms.
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