
Unveiling introgression in bumblebee (Bombus terrestris)
populations through mitogenome-based markers

D. Cejas*, A. L�opez-L�opez*,†, I. Mu~noz*, C. Ornosa‡ and P. De la R�ua*
*�Area de Biolog�ıa Animal, Departamento de Zoolog�ıa y Antropolog�ıa F�ısica, Facultad de Veterinaria, Universidad de Murcia, Murcia 30100,

Spain. †�Area de Zoolog�ıa, Departamento de Agroqu�ımica y Medio Ambiente, Campus de Elche, Universidad Miguel Hern�andez, Elche

03202, Spain. ‡Departamento de Biodiversidad, Ecolog�ıa y Evoluci�on, Facultad de Ciencias Biol�ogicas, Universidad Complutense, Madrid

28040, Spain.

Summary The bumblebee, Bombus terrestris, is an important pollinator commercially used on a global

scale. The exported subspecies B. t. terrestris has colonised diverse environments, in some

cases displacing wild pollinators to the verge of local extinction. In this sense, the native

Iberian subspecies B. t. lusitanicus may be threatened by the subspecies B. t. terrestris,

naturally distributed from the Pyrenees to Central Europe but also observed in southern

Spain due to escapes from commercial nests. Mitochondrial genomes have a low

recombination rate and a small effective population size owing to their maternal

inheritance, thus providing an accurate approach to study hybridisation events between

populations. Therefore, we present the sequences of the mitogenomes of both subspecies as

a molecular framework to select suitable markers to detect possible introgression events

between them. We used metagenomics to obtain approximately 17 kbp of the mitogenome

from both subspecies. Their mitogenomes differed in 358 bp (excluding the AT-rich region).

Four mitogenomic fragments were selected to be tested as subspecific diagnostic markers. A

RFLP detected in the gene nad2 (NADH dehydrogenase subunit 2) has proven to be an

efficient, quick and cost-effective tool to assess the dispersion of the non-endemic subspecies

into Iberian native populations. Subspecific haplotypes were observed in both morphological

subspecies, suggesting introgression events in the northern natural contact area and in the

new human-mediated contact area in the south of the Iberian Peninsula.
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Introduction

The common bumblebee Bombus terrestris (Linnaeus, 1758)

is an important pollinator distributed through the Palaearc-

tic biogeographic region (Ornosa & Ortiz-S�anchez, 2004) in

both natural and human-disturbed areas. Exportation has

led to the species reaching new environments to the

detriment of native pollinators. B. terrestris commercial

breeds are able to easily colonise suitable environments

(Kraus et al., 2011) and compete with native pollinators for

food resources (Ings, Ward, & Chittka, 2006), thus becom-

ing a threat to their conservation status as seen in endemic

bumblebee species (Aizen et al., 2018).

According to geographic distribution and morphological

differences, B. terrestris can be classified into nine different

subspecies (Rasmont, Copp�ee, Michez, & Meulemeester,

2008). Among them, B. t. lusitanicus Kr€uger, 1956, is native

to the Iberian Peninsula. Its distribution range extends

beyond the Pyrenees to southern France (Rasmont et al.,

2008), possibly due to its ability to expand its altitude range

(Ornosa, Torres, & De la R�ua, 2017). Another subspecies,

B. t. terrestris, naturally occurs in Central Europe reaching

the northeastern Pyrenees (Rasmont et al., 2008), and has

been one of the most commonly used insects for greenhouse

pollination since its domestication in the 1980s (Velthuis &

Doorn, 2006). The distribution ranges of these two subspecies

have changed during the last few decades. B. t. terrestris has

been detected in the southern Iberian Peninsula (Ortiz-

S�anchez, 1992), where bumblebee breeding companies are

located, supplying pollinators to the many greenhouses.

Currently, over 1million colonies are produced commercially

every year worldwide (Velthuis & van Doorn, 2006), and

their use in Spain is growing (around 300 000 colonies per
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year; Agrob�ıo, personal communication) because they

improve the quality of pollinated fruits (Klatt et al., 2014,

but see Trillo, Herrera, & Vil�a, 2018). These managed

individuals can escape from agricultural facilities, as seen in

Poland (Kraus et al., 2011) and Portugal (Seabra, Silva, &

Nunes, 2018), and become naturalised (Cejas, Ornosa,

Mu~noz, & De la R�ua, 2018; Ornosa, 1996; Ortiz-S�anchez,

1992; Trillo et al., 2019).

The main diagnostic characteristic that discriminates

B. t. lusitanicus and B. t. terrestris is a colour variation in

the hair above the corbicula, which is ferruginous brown or

black respectively (Ornosa & Ortiz-S�anchez, 2004). These

subspecies can hybridise, creating a colour gradient in this

feature across their natural contact area in northern Spain

and southern France (Rasmont et al., 2008). Molecular

approaches, such as the comparison of the pheromones

produced by the cephalic labial glands of the male or the

sequencing of nuclear markers, have not shown enough

differences to distinguish between the two subspecies (Lecocq

et al., 2016; Williams, Brown, & Carolan, 2012). However,

recent studies have found molecular differences between

B. t. lusitanicus and commercial breeds in the sequence of the

rrnL (16S) and cox1 mitochondrial genes (Cejas et al., 2018;

Seabra et al., 2018), although in both cases the differences

were revealed after sequencing a small number of samples.

Although it is less variable than that in vertebrates, insect

mitochondrial DNA has a higher mutational rate than

nuclear DNA (Allio, Donega, Galtier, & Nabholz, 2017).

Furthermore, mitochondrial genomes have a lower recom-

bination rate and a smaller effective population size owing

to their maternal inheritance, providing an accurate tool to

study hybridisation events between populations and to

analyse phylogenetic relationships between closely related

taxa (Rubinoff & Holland 2005). However, mutation rates

vary along the mitogenome: some of the most common

regions used for phylogeny (e.g. cox1) might remain tightly

preserved when analysing low-level phylogenetic relation-

ships, whereas other regions might have a higher resolution

in specific taxa (Cheng, Chen, Wang, Liang, & Lin, 2018).

Scanning the mitochondrial genome in search of molecular

markers for subspecies or population differences is a

growing approach given the reduction in costs of high-

throughput sequencing technologies. This perspective has

already been used to find high-resolution markers at the

population level in various organisms, in plants, mammals

and insects (Brandt, Grigorev, & Afanador-Hern�andez,

2016; Crampton-Platt, Douglas, Zhou, & Vogler, 2016;

Donnelly et al., 2016), including bees (Eimanifar, Kimball,

Braun, & Ellis, 2018).

By sequencing the mitogenomes of the two B. terrestris

subspecies present on the Iberian Peninsula, we aim to build

a molecular framework to select potential subspecific

markers to complement morphological differences between

these two subspecies and their hybrids. Our final objectives

are (i) to design a cost-effective, and quick test to

differentiate the subspecies and (ii) to check possible

introgression events between the two taxa. The results of

this study will provide new knowledge on the spread of

commercial breeds and tools for the conservation of the

native Iberian subspecies.

Materials and methods

Sample collection and DNA extraction

Individuals used for sequencing the mitochondrial genome

were sampled in the locations shown in Table S1 and

Figure S1. The identification of the subspecies of each

individual was morphologically performed by one of the co-

authors (C. Ornosa). To ensure an adequate amount of DNA

for sequencing, three groups of 10 individuals were made:

TLSa comprising B. t. lusitanicus from central and northern

Spain; TLSb comprising B. t. lusitanicus from southern

Spain; and TTF comprising B. t. terrestris from northern

France. DNA was extracted from muscular tissue following

Quispe-Tintaya, White, Popov, Vijg, and Maslov (2013)

using the minipred kit of Qiagen (Hilden, Germany), and

pooled according to the defined groups. All of the samples

were diluted to a final concentration of 15 ng/µl. One TLSa
sample was discarded owing to its low DNA concentration.

Sequencing and quality controls

DNA was quantified by a fluorescence-based PicoGreen

method using Victor 3 fluorometry (Invitrogen). Pools were

shotgun sequenced on an Illumina HiSeq 2000 sequencer

using an Illumina TruSeq Nano DNA Library Prep Kit for

350 bp (Macrogen, South Korea). Library read sizes were

checked on an Agilent Technologies 2100 Bioanalyzer

using a DNA 1000 chip. FastQC (Babraham Bioinformatics,

2012) was used to check the quality of the raw data. Reads

were filtered before assembly (98.40% bp ≥ Q20).

Assembly, alignment and annotation

Filtered reads were assembled de novo using three indepen-

dent algorithms: CELERA ASSEMBLER (Myers, Sutton, &

Delcher, 2000), IDBA-UD (Peng, Leung, YiuS, & Chin,

2012) and NEWBLER (Margulies et al., 2005). The contigs

were filtered using complete mitogenomes from GenBank

(Table S2) as references to discard non-mitochondrial

sequences. The consensus sequence of each group was

aligned in Geneious (www.geneious.com) using MAFFT

(Katoh & Standley, 2013) with the mitogenomes of B.

terrestris (KT368150), B. ignitus (DQ870926) and B. hyp-

ocrita sapporensis (NC_011923), and cleaned manually.

Consensus sequences were uploaded to MITOS (Bernt et al.,

2013) to annotate protein-coding genes (PCGs) and tRNAs.

The mitogenome map of B. t. lusitanicus was uploaded to

CGView (Grant & Stothard, 2008) and then redrawn.
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Subspecific variation, primer design and sequencing

The consensus sequences were exported to MEGA V.6

(Tamura, Stecher, Peterson, Filipski, & Kumar, 2013).

Variable positions, including both SNPs and indels (inser-

tion and deletions), were detected using the mitogenome of

B. t. terrestris as a reference. PCR primers were designed to

amplify potential subspecific markers using Primer3 (Rozen

& Skaletsky, 2000).

A dataset including 10 B. t. lusitanicus from Spain, five

hybrids from the two contact areas at the north and south

of the Iberian Peninsula, and 10 B. t. terrestris from

northern France (Table S3), was used to prove the validity

of the selected potential subspecific markers. Individuals

were considered hybrids based on a mixed-colour pattern

(morphological hybrids) or discrepancies between their

morphology and the 16S haplotype (discrepant hybrids)

(Cejas et al., 2018).

Total DNA was extracted from the hind leg of each

individual to amplify the selected fragments following

Ivanova, Dewaard, and Herbert (2006). PCR consisted of

an initial denaturation at 95 °C for 3 min followed by 35

cycles of denaturation at 95 °C for 1 min, annealing

temperature at 52 °C for 1 min, elongation at 72 °C for

1 min and a final extension at 72 °C for 10 min. Amplicons

were sequenced by Secugen (Madrid, Spain).

RFLP design and validation

To design a quick and economic test to distinguish the two

subspecies, we searched for point mutations compatible

with RFLP, comparing the sequences with the information

of the restriction enzyme database REBASE (Roberts, Vincze,

Posfai, & Macelis, 2007) in GENEIOUS.

To validate the RFLP test and explore the distribution of

the nad2 haplotypes, a third dataset was used consisting of

30 individuals: 10 B. t. lusitanicus and 10 B. t. terrestris

collected in Spain, and 10 B. t. terrestris collected from

Belgium (Table S4).

DNA extraction and subspecific fragment amplification

were performed as previously mentioned. The enzyme

digestion for the RFLP analysis was carried out with

0.4 ll of TaqI FastDigest enzyme (Thermo Scientific), 1 ll
of 10X FastDygest Green Buffer and 10 ll of the amplicon

for 30 min at 65 °C.

Results

Mitogenome structure and composition

After filtering, a total of 19765284 and 21211702 reads

were obtained for the B. t. lusitanicus groups (TLSa and

TLSb respectively), and 23009466 reads were obtained for

the B. t. terrestris group (TTF) (Table S5). Mitogenome

sequences of TLSa and TLSb groups were identical so both

were combined, and one consensus sequence, named TLS,

was used in further analyses. The complete consensus

alignment of the control region for any of the two

subspecies pools was not obtained. The assembled mitogen-

omes of B. t. lusitanicus and B. t. terrestris were 17049 bp

and 17232 bp long respectively (Table S6), owing to the

presence of intergenic regions of different sizes.

Mitogenome content and gene order were consistent with

published data (Figure S2). All 13 PCGs, 22 tRNAs and two

rRNAs (large and small rRNA) were obtained for each

subspecies. The genes encoded on the heavy (H) and light

(L) strands and the start and stop codons for the two

subspecies were identical to previously published Bombus

mitogenomes. The A+T content for both mitogenomes

reached 86.2% in B. t. lusitanicus and 86.0% in B. t. ter-

restris. The total A+T content in all gene fragments was

84.5%, whereas in the intergenic regions it was 94.4% for

B. t. lusitanicus and 93.6% for B. t. terrestris (Table S6).

Mitogenome variation

The alignment of the two mitogenomes showed variation in

358 positions: 55 corresponded to SNPs and 303 to indels.

SNPs were found in 18 positions included in genes (PCGs,

transfer genes and the two ribosomal RNAs) and in 37

positions in intergenic regions. Of the SNPs within genes,

83.3% were transitions (A⇔G, C⇔T), whereas in the

intergenic regions, these mutations comprised 13.5%.

Indels were located mainly in intergenic regions, consisting

of fragments from 1 to 120 bp. This long insertion of 120 bp

was located between the serine (trnS) and phenylalanine

(trnF) transfer RNA genes in the sequence of B. t. terrestris.

Six of the 18 SNPs included in PCGs were non-synony-

mous in four proteins (NADH dehydrogenase subunits 1, 2,

5 and cytochrome c oxidase subunit I), but they did not

change the polarity or the hydrophobic character of the

protein. No indels were found within the PCGs, whereas one

insertion of 2 bp was detected in the lysine transfer RNA

gene (trnK), and one deletion of 2 bp and one insertion of

1 bp were detected in the large RNA (rrnL) of B. t. lusitan-

icus.

Subspecific diagnostic marker selection

Four fragments (named Bter_rrnL-trnV, Bter_nad5-nad4,

Bter_cox2-atp6 and Bter_nad2) fulfilled the parameters to be

tested as diagnostic markers for the two B. terrestris

subspecies, i.e. they had an appropriate amplicon length

(from 330 to 804 bp) and included variable positions that

differentiate B. t. lusitanicus from B. t. terrestris (Table 1).

The four fragments were successfully amplified using the

designed primers in the set of 25 individuals (Table S3).

After sequencing, some mutations showed no correlation

with the subspecies determination of the individuals

(Table 2). On the other hand, two SNPs and one insertion
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within the fragments Bter_nad5-nad4, Bter_cox2-atp6 and

Bter_nad2 did show a correlation with the subspecies

identification and, therefore, were proposed as subspecific

diagnostic markers.

Design and validation of a RFLP subspecific test

The sequences of the subspecific diagnostic markers were

screened to identify potential discriminatory restriction

sites. One of them (Bter_nad2) showed a unique restriction

site for the enzyme TaqI that produced a pattern that was

easily visible by agarose gel electrophoresis: two fragments

in B. t. terrestris (cutting at T^CGA, nad2-G haplotype) and

one fragment in B. t. lusitanicus (not cutting at TCAA, nad2-

A haplotype) (Figure S3).

We validated this RFLP-based tool and explore the nad2

haplotype distribution in a dataset with 30 individuals

(Table S4); B. t. lusitanicus from Spain showed the nad2-A

Table 1 Information about the mitogenome fragments tested as subspecific markers.

Fragment code F-primer sequence R-primer sequence

Amplicon

length

(bp)

Coding

genes

included Mutations

Bter_rrnLtrnV ACCCTGATACAAAAGGTACAAAAAT GCCCGTCAGTTTCGTTTATGG 330 rrnL, trnV 1 SNP

1 indel

Bter_nad5nad4 CCCGAATTAAAAGCTAAATTCTTTTGA TGTGTTTATAATTCAGGAGCTCCA 767 nad5, trnH, nad4 2 SNPs

Bter_cox2atp6 GGTCAATGTTCTGAAATTTGTGGA TGGTGAATTTAATGGAACTAAATGTCT 804 cox2, trnD, trnK,

atp8, atp6

2 SNPs

1 indel

Bter_nad2 AGCCTCTTCTAGAATTTATACCCAA TGTTGTAAATAATGGAAATGAAGAA 676 nad2 1 SNP

PCR primer sequences are given in the 50–30direction.

Table 2 Sequencing results of the validation of the mitochondrial fragments used to differentiate Bombus terrestris terrestris and B. t. lusitanicus.

Consensus mitogenome Bter_rrnLtrnV Bter_nad5nad4 Bter_cox2atp6 Bter_nad2

B. t. terrestris
T– A A A T – – C G

B. t. lusitanicus
– – G G T A AT T A

Code Subspecies

TLS.71 B. t. lusitanicus TT G G T A AT T A

TLS.78 B. t. lusitanicus – – G G T A AT T A

TLS.79 B. t. lusitanicus – – G G T A AT T A

TLS.89 B. t. lusitanicus TT G G T A AT T A

TLS.90 B. t. lusitanicus T– G G T A AT T A

TLS.91 B. t. lusitanicus – – G G T A AT T A

TLS.94 B. t. lusitanicus – – G G T A AT T A

TLS.96 B. t. lusitanicus T– G G T A AT T A

TLS.97 B. t. lusitanicus – – G G T A AT T A

TLS.98 B. t. lusitanicus T– G G T A AT T A

THS.01 B. terrestris* – – G G T A – – T A

THS.02 B. terrestris* – – G G T A AT T A

TLS.62 B. t. lusitanicus** T– G A T T – – T G

TLS.77 B. t. lusitanicus** – – G A T A – – C G

TLS.95 B. t. lusitanicus** T– G A T A – – T G

TTF.01 B. t. terrestris – – A A A T – – C G

TTF.02 B. t. terrestris – – A A A T – – C G

TTF.04 B. t. terrestris – – G A T A – – T G

TTF.06 B. t. terrestris – – A A A T – – C G

TTF.07 B. t. terrestris – – G A T A – – T G

TTF.09 B. t. terrestris – – G A T A – – T G

TTF.10 B. t. terrestris – – A A A T – – C G

TTF.11 B. t. terrestris – – G A T A – – T G

TTF.23 B. t. terrestris** TT G G T A AT T A

TTF.24 B. t. terrestris** – – G G T A AT T A

Subspecific diagnostic positions are labelled in grey.

Hybrid individuals are marked with asterisks: * morphological hybrids; ** discrepant hybrids whose morphological phenotype and mitochondrial

haplotypes differed (Cejas et al., 2018).
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haplotype, whereas B. t. terrestris from Belgium showed the

nad2-G haplotype. Individuals morphologically classified as

B. t. terrestris collected in southern Spain showed both

haplotypes, and those with the nad2-A haplotype were

described as discrepant hybrids.

Discussion

In this study, we have described the mitogenomes of two

subspecies of the common buff-tailed bumblebee, B. t. lusi-

tanicus and B. t. terrestris, to find subspecific markers and

validate a cost-effective tool to differentiate both subspecies.

By using it we have been able to infer introgression events

on the genetic pool of wild native bumblebee populations in

Spain owing to the introduction of commercial breeds.

The gene order of the consensus mitogenome was

consistent with prior mitochondrial genomes sequenced in

other Bombus species (Cha et al., 2007; Du et al., 2015;

Takahashi, Sasaki, Nishimoto, Okuyama, & Nomura, 2018;

Zhao, Wu, Huang, An, & Sun, 2017; Zhao, Wu, Huang,

Liang, et al., 2017). The size of the consensus mitogenomes

was larger than those in other Bombus species and varied in

size between the two subspecies, mainly owing to the

presence of intergenic regions that are typically observed in

other insects (Rortais, Arnold, Alburaki, Legout, & Garnery,

2011). As expected, the coding regions and the rRNA genes

did not show size variation. Genes nad5 and nad4 did not

present stop codons, which is not uncommon in insects

(Lin, Song, Li, Wu, & Wan, 2017). The A+T region was not

completely sequenced, but we did not expect to find useful

subspecific markers in the control region owing to its

extreme variability.

We have found subspecific variation between the two

mitogenomes, thus confirming the effectiveness of complete

mitochondrial sequencing to discriminate close taxa in

insects when other common molecular approaches fail

(Copp�ee, Terzo, Valterova, & Rasmont, 2008; Lecocq,

Rasmont, Harpke, & Schweiger, 2015; Moreira, Horgan,

Murray, & Kakouli-Duarte, 2015). Our results on the

mitochondrial variation between subspecies contrast with

those of Eimanifar et al. (2018), who searched for molecular

markers to differentiate South African A. mellifera sub-

species. Nevertheless, their results might be influenced by

overlapping distribution of subspecies, gene flow owing to

beekeeping, a more recent divergence or the retention of

ancestral genetic variation in recently diverged lineages.

Most of the differences found between the two mitogen-

omes were observed in intergenic regions, and the non-

synonymous changes within coding regions did not modify

the polarity or the hydrophobic character of the protein.

The genes with the highest variability were nad5 and rrnL,

which were both included in the subspecific marker

validation. In total, eight mutations (six SNPs and two

indels) along four fragments were tested to validate their

ability as subspecific markers. The variability found in

Bter_rrnLtrnV showed no linkage with any of the two

subspecies, in contrast to the pattern found in the genes

trnV, nad5, atp6 and trnD. Two SNPs and one indel within

the fragments Bter_nad5nad4, Bter_cox2atp6 and Bter_nad2

defined a haplotype correlated to the Iberian subspecies

B. t. lusitanicus; hence, they had enough discriminative

power to be used as subspecific markers. Furthermore, the

results of the nad2-RFLP validation were mainly conclusive,

as we observed a correlation between the morphological

identification and the presence of specific haplotypes in the

individuals of each subspecies. Moreover, we found few

contradictions between the subspecies morphological iden-

tification and the two haplotypes, what might be related to

contemporary introgression events. These results suggest a

complex situation of the European B. terrestris subspecies

due to various events: a natural dispersion in France and an

anthropogenic introduction in southern Spain. The fact that

discrepant hybrids have been found in northern France

means that the expansion of B. t. lusitanicus is advanced as

described in Lecocq et al. (2015). If this expansion is driven

by climate change, B. t. lusitanicus could continue to

advance towards the rest of Europe (Lecocq et al., 2015).

Therefore, studying the current situation in France and the

effects of the northward expansion of B. t. lusitanicusmay be

an interesting starting point for investigating possible future

scenarios. One consequence of introgression between com-

mercial and native bumblebee populations is that the

introgressed alleles from commercial individuals could be

less suitable in the local habitat with warmer climate

(Seabra et al., 2018), leading to potential negative fitness

consequences in the native populations.

On the other hand, the presence of morphological and

discrepant hybrids and individuals of B. t. terrestris in the

south of Spain could become an alarming problem in the

future, as the introduction of subspecies could cause

problems in native populations (Facon et al., 2011) and

have other unknown effects on the health of native

pollinator populations. In this sense, introduced subspecies

can produce the spillover of pathogens (Graystock et al.,

2013), as observed in Bombus populations of Chile (Schmid-

Hempel et al., 2014) and the USA (Cameron et al., 2011).

Such an event has been evoked as one of the drivers of the

present decline in pollinators (Goulson, Nicholls, Bot�ıas, &

Rotheray, 2015) and might be taken into consideration for

establishing conservation programmes, including periods of

quarantine with appropriate pathogen testing.

To quantify the introduction of commercial breeds of B.

terrestris in the Iberian Peninsula, we propose the RFLP

assay with the restriction enzyme TaqI (nad2 RFLP), which

has proved to be a fast and economical tool for introgression

studies that normally include a large number of individuals.

In addition, given the sequence variability found in the nad5

and rrnL regions and their usefulness for the study of the

two B. terrestris subspecies present in the Iberian Peninsula,

we propose their use in future phylogeographic and

© 2019 Stichting International Foundation for Animal Genetics, doi: 10.1111/age.12874
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population studies in globally economically important

species such as B. terrestris.
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