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Abstract – The tRNAleu-COX2 intergenic region of the mitochondrial DNA has been used for assessing diversity
in honey bee (Apis mellifera L.) populations worldwide. However, differential mutation rates in different partitions
of the mitogenome may produce incongruent results. In this study, we sequenced 123 mitogenomes of 7 subspecies
from lineages A, M, and C. This allowed generating a comprehensive dataset to investigate the phylogenetic and
phylogeographic congruence among the mitogenome, individual genes, and the tRNAleu-COX2 region. We showed
that the diversity patterns inferred from the tRNAleu-COX2marker are not fully paralleled by those obtained with the
mitogenome and the individual genes; while the three lineages are supported by these, the African sub-lineages and
the haplotypes are not. Thus, conclusions drawn from the tRNAleu-COX2 region need to be taken with caution and
this marker may not be appropriate to infer phylogenetic relationships between honey bee colonies.

Iberian honey bee / tRNAleu-COX2 intergenic region /mitogenome

1. INTRODUCTION

Since publication in the 1980s of John Avise’s
seminal paper (Avise 1986) supporting the power of
mitochondrial (mtDNA)markers in phylogeograph-
ic inference, thousands of studies on thousands of

organisms have been undertaken using short seg-
ments of the cytoplasmatic DNA (reviewed by
DeSalle et al. 2017). While these short segments
can provide phylogeographical patterns, they may
have limited resolution to solve very recent events
(Jacobsen et al. 2012). Next-generation sequencing
has made the sequencing of the whole mitochondri-
al genome (mitogenome) possible in a time- and
cost-effectivemanner. Themitogenome has a higher
resolution than single genes and has been examined
in a variety of phylogenetic and phylogeographic
studies to solve shallow evolutionary histories, such
as in the dog (Pang et al. 2009), brown bear (Keis
et al. 2013), bank vole (Filipi et al. 2015), and snub-
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nosed monkey (Hong et al. 2017), as well as many
other organisms.

In 1985, the Drosophila yakuba mitogenome
was first released (Clary and Wolstenholme 1985)
and since then other insect mitogenomes have been
sequenced (Simon and Hadrys 2013), including
that of the Italian honey bee, Apis mellifera
ligustica (Crozier and Crozier 1993). Like in most
of the Metazoa, the honey bee mitogenome con-
tains 37 genes, namely, two rDNAs that encode the
mitochondrial ribosome RNA components, 22
tRNAs required for translation of the mitochondrial
proteins, and 13 protein-coding genes encoding the
essential components of the electron transport
chain and oxidative phosphorylation.

Mitochondrial DNA diversity has been sur-
veyed in honey bee populations around the world
with a variety of molecular methods, including
RFLPs (restriction fragment length polymor-
phisms), PCR-RFLPs, and direct sequencing of
coding regions (Arias and Sheppard 1996;
Chávez-Galarza et al. 2017; Techer et al. 2017).
The early studies examined mtDNA variation by
digesting the entire molecule with a combination of
restriction enzymes, allowing for the construction
of restriction site maps (Garnery et al. 1992; Smith
and Brown 1988; Smith et al. 1991). Later on,
restriction enzymes were employed in PCR-
amplified coding regions of the mtDNA such as
CYTB (cytochrome b; Crozier et al. 1991; Pinto
et al. 2003), COX1 (cytochrome c oxidase subunit
I; Bouga et al. 2005; Hall and Smith 1991; Nielsen
et al. 2000; Stevanovic et al. 2010), ls-rRNA (large
subunit ribosomal RNA; Hall and Smith 1991;
Ozdil and Ilhan 2012a; Pinto et al. 2005), and
ND5 (NADH dehydrogenase 5; Bouga et al.
2005; Ozdil and Ilhan 2012b). Among the different
PCR-RFLP assays, the most popular is the Dra I
test developed by Garnery et al. (1993). This assay
consists of PCR amplification of the highly poly-
morphic non-coding region located between the
tRNAleu and COX2 (cytochrome c oxidase subunit
II) genes (originally named COI-COII intergenic
region), followed by digestion with Dra I restric-
tion enzyme. Garnery et al. (1993) showed that the
combined length and restriction site polymor-
phisms of this region were able to assign honey
bee populations to the morphology-based lineages
(A, African; M, Western European; C, Eastern

European) previously described by Ruttner
(1988). Later on, screening of African and Middle
Eastern populations led to proposal of a novel
mtDNA lineage, dubbed Y, and to partitioning of
lineage A variation into sub-lineages AI, AII, AIII,
and Z (Alburaki et al. 2011; Franck et al. 2001).

In addition to being able to differentiate line-
ages and African sub-lineages, the Dra I test has
several advantages: haplotype identification re-
quires basic equipment available in any small-
scale laboratory, it can be done in a time- and
cost-effective manner, and there is a large catalog
of haplotypes developed from honey bees collect-
ed across the world, which allows comparative
studies (Chávez-Galarza et al. 2017; Rortais
et al. 2011; Techer et al. 2017). On the other hand,
the data produced by the Dra I test are not well
suited to phylogenetic and phylogeographical in-
ference due to the large number of indels, the
duplication of large fragments in the tRNAleu-
COX2 region, and the uncertainty about whether
this fragment captures the Breal^ maternal history.

The honey bees from the Iberian Peninsula have
been intensively surveyed for mtDNA diversity
with the Dra I test (Cánovas et al. 2008; Franck
et al. 1998; Miguel et al. 2007; Pinto et al. 2013;
Pinto et al. 2012). These studies revealed maternal
patterns of unparalleled complexity, characterized
by geographically structured co-existence of hap-
lotypes belonging to lineagesM and A, and to sub-
lineages AI, AII, and AIII. In addition, Iberia har-
bors the highest levels of diversity reported so far,
with hundreds of haplotypes (Cánovas et al. 2008;
Chávez-Galarza et al. 2017; Franck et al. 1998;
Miguel et al. 2007; Pinto et al. 2013). Therefore,
this confined area of the A. mellifera distributional
range offers a unique stage for studying honey bee
genetic diversity patterns.

Chávez-Galarza et al. (2017) carried out a com-
prehensive survey of maternal variation in Iberia
by sequencing the tRNAleu-COX2 fragment of
711 individuals collected across three north-
south transects. Herein, we generated sequencing
data of the complete mitogenome for 87 individ-
uals selected from the 711 individuals to represent
the Iberian variation range and for 36 individuals
from six subspecies belonging to lineages A, M,
and C. Using this large dataset, we aim to inves-
tigate the phylogenetic and phylogeographic
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congruence among the mitogenome, the individ-
ual coding genes, and the tRNAleu-COX2 region.
Specifically, we addressed the following ques-
tions: (i) Do individual coding genes provide the
same topology as the mitogenome? (ii) Do the
mitogenome and the individual genes support
the three lineages occurring in Europe? (iii) Do
the mitogenome and the individual genes support
the three African sub-lineages that have been
identified from the tRNAleu-COX2 region? (iv)
Are the diversity patterns inferred from the
mitogenome, each individual gene, and the
tRNAleu-COX2 intergenic region concordant?

2. METHODS

2.1. Sampling and DNA extraction

A total of 123 individuals, from seven subspe-
cies, three lineages (A, M, and C), and three Afri-
can sub-lineages (AI, AII, and AIII), were sampled
across a wide area ranging from North Africa to
North Europe (Figure1). The Apis mellifera
iberiensis collection comprised 87 individuals
from 16 sampling sites distributed throughout three
north-south transects in Iberia: one along the At-
lantic coast (31 individuals), one along the center
(33 individuals), and another along the Mediterra-
nean coast (23 individuals), as detailed in Chávez-
Galarza et al. (2017). Each individual represents a
single colony and apiary. The remaining 36 indi-
viduals represent six subspecies, including eight
A.m. mellifera (Denmark, France, theNetherlands,
Norway and Scotland), seven A. m. sahariensis
(Algeria and Morocco), 12 A. m. intermissa (Al-
geria and Morocco), three A. m. carnica (Croatia
and Serbia), four A. m. ligustica (Italy), and two
A. m. siciliana (Sicily; Figure 1 and Table S1).

Samples were taken from inside the hives,
placed in absolute ethanol, and then stored at −
20°C until DNA extraction. Genomic DNA was
extracted from the thorax of the 123 individuals
using a phenol/chloroform isoamyl alcohol
(25:24:1) protocol (Sambrook et al. 1989).

2.2. tRNAleu-COX2 intergenic region

The tRNAleu-COX2-based haplotypes of 114
individuals (excluding the A. m. sahariensis and

A. m. siciliana individuals) were obtained from
Chávez-Galarza et al. (2017). The haplotypes of
the remaining 9 individuals of A. m. sahariensis
and A. m. siciliana were obtained by PCR ampli-
fication with the E2 and H2 primers using reaction
and conditions established by Garnery et al.
(1993), with slight modifications. PCR products
were sent to STABVIDA Inc. (Oeiras, Portugal)
for direct sequencing in both directions using the
Sanger method. The alignment of the tRNAleu-
COX2 sequences was performed manually with
MEGA 6.06 (Tamura et al. 2013) and the haplo-
types were named following the nomenclature
revised by Chávez-Galarza et al. (2017).
GENEALEX 6.50 (Peakall and Smouse 2006)
was used to estimate the mean number of haplo-
types (Na), effective number of haplotypes (Ne),
number of private haplotypes (Np), and unbiased
diversity (uh) for the populations shown in
Table I.

2.3. Mitogenome sequencing and filtering

Whole genome sequencing (WGS) was ac-
complished using the Illumina HiSeq 2500 plat-
form with the aim of producing a mean coverage
≥ 10×. The 2 × 150 paired-end sequence reads
were mapped against the reference honey bee
genome Amel_4.5 (for further details, see
Henriques et al. 2018). Here, we only used the
reads mapped against the mitochondrial genome.
Following SNP calling, several filters were ap-
plied to reduce poor mapping and spurious posi-
tions; SNPs, (i) with only one allele (monomor-
phic), (ii) with more than two alleles, (iii) with a
quality score < 50, (iv) and called in ≤ 112 indi-
viduals, were removed from the dataset
(Table S2). MtDNA data was intentionally
misspecified to be diploid in the SNP calling
process. The heterozygous positions were re-
moved as they represented spurious SNPs
(Table S3). Some problematic sites were identi-
fied by more than one filter. Of the 795 iden-
tified SNPs, only 645 were kept for further
analysis. The assembled mitogenomes consisted
of the nearly complete mtDNA; there was only
a short fragment missing positioned within the
tRNAleu-COX2 region, corresponding to the P-
and Q-element indels that characterize the
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reference A. m. ligustica mitogenome (Crozier
and Crozier 1993). The mitogenome was
partitioned into 15 datasets corresponding to
the 13 protein-coding and 2 rRNA genes for
comparisons.

2.4. Population and phylogenetic analyses

Summary statistics, including nucleotide diversi-
ty (π ), haplotype diversity (H), number of haplo-
types (Hd), and the number of polymorphic sites,

Figure 1 Geographical location of A. m. iberiensis (N = 87), A. m. ligustica (N = 4), A. m. carnica (N = 3), A. m.
mellifera (N = 8), A. m. sahariensis (N = 7), A. m. intermissa (N = 12), and A. m. siciliana (N = 2). Each point
represents a colony and the color/symbol codes for different subspecies, lineage (M or C), or African sub-lineage
(AI, AII, or AIII), as determined by the tRNA

leu-COX2 variation.

Table I. Diversity measures estimated from the tRNAleu-COX2 sequence.

Lineage Subspecies N a Nab Private haplotypes Ne c uhd

M A. m. iberiensis 28 8 6 3.04 0.70

A. m. mellifera 8 3 2 1.68 0.46

A. m. ligustica 2 2 0 2.00 1.00

A A. m. iberiensis 59 18 13 7.09 0.87

A. m. intermissa 12 4 0 3.13 0.74

A. m. sahariensis 7 3 0 2.33 0.67

A. m. siciliana 2 2 1 2.00 1.00

C A. m. ligustica 2 2 0 2.00 1.00

A. m. carnica 3 2 0 1.80 0.67

a Number of individuals; b mean number of haplotypes; c number of effective haplotypes; d unbiased haplotype diversity
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were calculated for each of the 16 datasets
(mitogenome and individual genes) using DnaSP
5.10 (Rozas et al. 2003). Additional molecular in-
dexes, such as number of transitions, transversions,
and private substitution sites, were calculated using
Arlequin 3.5.1.2 (Excoffier et al. 2005). The indi-
viduals were grouped by subspecies, and when
subspecies carried haplotypes belonging to different
lineages, the individuals were further grouped by
lineage. The average number of pairwise differences
between populations (πXY) and within populations
(πX) was calculated by Arlequin. To avoid the bias
introduced when sample sizes are small, diversity
estimates for populations represented by < 5 indi-
viduals were not compared.

Phylogenetic relationships between haplotypes
obtained from the mitogenome and the 15 genes
were inferred usingMedian-Joining network anal-
ysis (Bandel t e t a l . 1999) in PopART
(http://popart.otago.ac.nz), and the Bayesian phy-
logenetic analysis was performed using MrBayes
3.2.6 (Ronquist and Huelsenbeck 2003). The best-
fitting evolutionary model for each gene and for
the mitogenome was calculated according to the
Bayesian information criterion (BIC) using the
PartitionFinder v1.1.1 (Lanfear et al. 2012). The
selected models were run onMrBayes 3.2.6 in the
CIPRES platform (Miller et al. 2010). Four
Bayesian independent runs with random starting
trees were performed and posterior distributions
of parameters, including the tree, were estimated
using Markov chain Monte Carlo (MCMC) sam-
pling. Samples were drawn every 100 MCMC
steps over a total of 50,000,000 steps, with the
first 125,000 trees discarded as burn-in. The ho-
mologous mitochondrial sequence of Apis cerana
(GI:299829158), the sister species of A. mellifera ,
was used as an outgroup.

2.5. Dataset comparisons

Two different methods were used to delimitate
intraspecific groups from the mitogenome and
each of the 15 genes. In one method, the aligned
sequences were analyzed by Automatic Barcode
Gap Discovery (ABGD; Puillandre et al. 2012)
with the default settings using either the Kimura-
2-Parameter (K2P; Kimura 1980) or Jukes-Cantor
(JC; Jukes et al. 1969) distance metrics. In the

other method, the aligned sequences were ana-
lyzed by Bayesian Poisson Tree Processes
(bPTP; Zhang et al. 2013), which delimits groups
based on the phylogenetic species concept. We
used the Bayesian non-ultrametric phylograms
obtained byMrBayes as input, which was submit-
ted to the Exelixis Lab web-server (http://species.
h-its.org/ptp/). The bPTP analysis was run for 500
,000 MCMC generations, with a thinning value of
100 and a burn-in of 25%.

The phylogenetic topologies generated by
MrBayes 3.2.6 from each dataset were compared
using the APE package in R (R Development
Core Team 2014; Paradis et al. 2004) with the
PH85 distance (Penny and Hendy 1985). The
pairwise tree distances were then used by Past
3.08 (Hammer et al. 2001) to create a neighbor-
joining (NJ) dendrogram, which represents gene
groupings by topology similarities.

3. RESULTS

3.1. Distribution of SNPs in the mitogenome

The sequencing coverage of each individual
ranged from 2523 to 7758× (Table S1). A total of
795 SNPs were identified in the 16,343-bp refer-
ence mitochondrial genome, of which 150 did not
pass one or more filtering criteria (Table S2). The
remaining 645 SNPs were distributed across all
genes with ls-rRNA containing the lowest propor-
tion (2.41%) and ATP8 (ATP synthase protein 8)
having the highest (5.66%), relative to the size of
the gene. The 13 protein-coding genes contained
506 SNPs (421 transitions and 85 transversions), of
which 151 were in non-synonymous positions.
ND4 (NADH dehydrogenase, subunit 4; 1344 bp)
carried the highest number of non-synonymous
SNPs (24) whereas the shortest genes ATP8 (159
bp) and ND4L (NADH dehydrogenase, subunit
4L; 264 bp) carried the lowest with only 3 non-
synonymous SNPs each (Table S4).

3.2. tRNAleu-COX2 intergenic region

Using the nomenclature system developed by
Garnery et al. (1993) and revised by Rortais et al.
(2011), for theM lineage, and Chávez-Galarza et al.
(2017), for the A lineage, a total of 34 haplotypes
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and 83 variants were identified for the 123 individ-
uals. The most common haplotypes were A2 (19
individuals, 15.4%), M4 (15 individuals, 12.2%),
and A1 (14 individuals, 11.4%). The haplotypes
were grouped into lineages C (5 individuals of
A. m. carnica and A. m. ligustica ), M (38 individ-
uals of A. m. iberiensis , A. m. mellifera , and A. m.
ligustica ), andA (80 individuals ofA.m. iberiensis ,
A. m. intermissa , A. m. sahariensis , and A. m.
siciliana ). The A lineage was further partitioned
into sub-lineages AI (51 individuals of A. m.
iberiensis , A. m. intermissa , A. m. sahariensis ,
and A. m. siciliana ), AII (20 individuals of A. m.
iberiensis ,A.m. intermissa ,A.m. sahariensis ), and
AIII (9 individuals of A. m. iberiensis ; Table S1).
Remarkably, the three sub-lineages coexist in Iberia
with themost common andwidespread beingAI (45
individuals), whereas AII was the least common (5
individuals). Sub-lineage AIII was confined to the
Atlantic part of Iberia (Figure 1).

3.3. Diversity across mitochondrial genes

A total of 115 haplotypes was identified in the
123 mitogenomes (Table S4). The genes with the
highest number of haplotypes were CYTB (44),
ND4 (43), and COX1 (41), and these were also the
lengthiest (≥ 1152 bp; Table S4). The gene with the
highest haplotypic diversity was CYTB (1152 bp
long; Hd = 0.910) and the gene with the lowest was
ATP8 (159 bp long; Hd = 0.522; Table S4). This
diversity measure together with the number of
haplotypes, parsimony-informative sites, and the
average number of nucleotide differences were
highly correlated with the length of the gene
(r 2 = 0.85, 0.94, 0.99, and 0.99, respectively).

3.4. Comparison of diversity levels

Diversity estimates of the mitogenome were not
fully matched by most individual genes and the
tRNAleu-COX2 region. Nucleotide diversity in-
ferred from the mitogenome generated the highest
values for A. m. sahariensis (π = 23.05; Table II
and S5), closely followed by the M lineage compo-
nent of A. m. iberiensis (π = 22.77), and the lowest
for the A lineage component of A. m. iberiensis
(π = 10.85). While this pattern was concurrently
captured by ND2 (NADH dehydrogenase, subunit

2), ND3 (NADH dehydrogenase, subunit 3), and
COX1, this was not the case for all the other genes.
In COX2, for example, theM lineage component of
A. m. iberiensis exhibited the lowest nucleotide
diversity across all different populations (π = 0.21;
Table S5). Contrasting with the mitogenome and
individual genes, the haplotypic diversity estimated
from the intergenic region generated the highest
values for the A lineage component of A. m.
iberiensis (uh = 0.87; Table I).

3.5. Phylogeographical structure inferred
from mitogenomes

The network inferred from the mitogenomes
clustered the 115 haplotypes into three main
haplogroups, which coincided with the lineages A,
M, and C previously identified from tRNAleu-
COX2 variation. However, the mitogenomes did
not support a partitioning of African variation into
sub-lineages (Figure 2). Yet, three geographical
clusters could be identified in the African
haplogroup: one containing individuals mostly from
Algeria (N Africa), one containing individuals from
southeastern Iberia and north Africa nearby the
Strait of Gibraltar (N Africa and S Iberia), and the
other one containing individuals mostly from the
Atlantic coast of Iberia (IberianA lineage; Figure 3).
Haplotypes previously defined as belonging to sub-
lineages AI and AII were widespread within the
African haplogroup and while AIII haplotypes were
more confined in the network, they were connected
with haplotypes AI and AII.

Interestingly, although previous studies using the
tRNAleu-COX2 marker did not report the presence
of sub-lineages within lineage M, four well-defined
clusters were captured by the mitogenomes: two of
themwere formed by individualsmainly from Iberia
(Iberian M lineage and NW Iberia and M lineage
A. m. ligustica ); one by individuals from Iberia,
France, and Italy (Iberian and S French M lineage);
and another by individuals from North Europe (N
Europe M lineage; Figure 3).

3 . 6 . Phy l og en e t i c pa t t e rn s : g en e
comparisons

The mitogenome patterns were not fully con-
cordant with those reconstructed from individual
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genes and the tRNAleu-COX2 region (Fig. S1,
Table S6). While all genes (except s-rRNA) sup-
ported the presence of lineages A, M, and C, they
disagreed regarding their relationships. Apart

from COX2, CYTB, and ND2, which suggested
a closer relationship between lineages C and M,
the remaining genes were concordant with the
mitogenome by placing lineage C closer to A than

Table II. Diversity measures estimated from the mitogenomes.

Lineage Subspecies N a Tsb Tvc Private haplotypes π d

M A. m. iberiensis 28 121 23 99 22.77

A. m. mellifera 8 56 9 34 20.32

A. m. ligustica* 2 0 0 0 0.00

A A. m. iberiensis 59 115 30 104 10.85

A. m. intermissa 12 42 7 27 13.64

A. m. sahariensis 7 67 5 42 23.05

A. m. siciliana* 2 31 0 16 31.00

C A. m. ligustica* 2 11 2 9 13.00

A. m. carnica* 3 22 7 23 19.33

a Number of individuals; b number of transitions; c number of transversions; d nucleotide diversity. *Diversity estimates should be
interpreted with caution because N < 5

Figure 2 Median-joining network inferred from the mitogenomes. The network supports the A, C, and M
evolutionary lineages but does not cluster African haplotypes by sub-lineages. The size of the circles is proportional
to haplotype frequencies and the colors correspond to the African sub-lineages and lineages, as determined by the
tRNAleu-COX2 marker. Branch length is proportional to genetic distances between haplotypes. Hypothetical
(unsampled or extinct) haplotypes are denoted as filled black circles. The values along the branches indicate the
number of mutational steps between nodes.

From the tRNAleu-COX2 region to the mitogenome



to M. The Bayesian phylogenetic tree inferred
from the mitogenomes was concordant with the

network analysis (Figure 4). In addition to the
main phylogenetic clades coincidental with the

Figure 3Median-Joining network inferred from the mitogenomes. Phylogeographical relationships show the
existence of three and four well-defined African and Western European geographical clusters, respectively. The
haplogroups are represented by the same color in the network and map. Hypothetical (unsampled or extinct)
haplotypes are denoted as filled black circles in the network.

D. Henriques et al.



three evolutionary lineages, the topology largely
supported the subgroups within A and M. The
only exception was the north African and south-
eastern Iberian groups (N Africa and SE Iberia)
that did not form a single clade like in the network
(Figure 3). Interestingly, individuals sharing the
tRNAleu-COX2 haplotype were not always clus-
tered together. Instead, clusters tended to reunite
individuals from the same geographical area. For
instance, five of the seven A1 individuals from
southern Portugal clustered together and were
more related with one A9 from the same location
than with the other two A1 individuals from the
center of Portugal.

The NJ dendrogram, representing gene group-
ings by topology similarities, suggested that the
topology reconstructed from the mitogenome is
remarkably different from the individual coding
genes (Figure 5). Among the 15 genes, COX1was
the most similar to the mitogenome, although it
was still distant (PH85 = 53; Table S7). Individual
genes produced different results, with only three
pairs of genes (ATP8:ND4L, ND3:ATP6,
ND6:COX3) being able to reconstruct similar to-
pologies between each other.

The bPTP and ABGD methods were not con-
cordant in the number of groups for single genes
(Table S8). The bPTP was the most conservative
method, identifying for the great majority of genes
a single group, and for ND6 (NADH dehydroge-
nase, subunit 6) and ND4 three groups matching
the three lineages. The ABGD method showed a
variable number of clusters, ranging from one in
ND5 (using the Jukes Cantor distance metric) and
ND4L (using both Jukes Cantor and Kimura dis-
tance metrics) to 36 in ND1 (NADH dehydroge-
nase, subunit 1). Only ND2 and COX1 were
congruent with the mitogenome capturing the
three groups (Figure 4).

4. DISCUSSION

Mitochondrial DNA has been widely
employed for assessing genetic diversity and
structure of honey bee populations in the native
and introduced ranges. Among the diverse array
of mtDNA genes that have been interrogated
using sequence or PCR-RFLP data (Collet et al.
2007; Ferreira et al. 2009; Pinto et al. 2005), the

tRNAleu-COX2 intergenic region has been largely
preferred with hundreds of haplotypes described
so far (Meixner et al. 2013). By assembling the
mitogenomes of 123 individuals representing sev-
en subspecies, we had an unprecedented opportu-
nity to compare patterns obtained from the nearly
complete chromosome with those obtained from
individual genes and the popular tRNAleu-COX2
marker. The 123 mitogenomes were sequenced at
extremely high coverage (2523×–7758×),
strengthening the reliability of the 645 detected
SNPs. A total of 115 haplotypes was identified in
the 123 individuals, revealing a remarkable diver-
sity also reported in other mitogenome studies
(Wragg et al. 2016).

While all mitochondrial genes are linked, it has
been shown for many organisms, and now for the
honey bee, that different regions evolve at differ-
ent rates, leading to incongruent phylogenies and
phylogeographical patterns (Duchene et al. 2012;
Keis et al. 2013; Meiklejohn et al. 2014; Sasaki
et al. 2005; Zardoya and Meyer 1996). The net-
works reconstructed from most individual genes
showed low resolution and were incongruent
among each other. This can be illustrated by
ATP6, ATP8, and COX3 which distinguished
three haplogroups and placed lineage C closer to
A whereas ND2 and CYTB distinguished five
haplogroups and placed lineage C closer to M.
As expected, the mitogenome provided greater
resolution than individual genes discriminating
nine haplogroups and placing lineage C closer to
A, a pattern concordant with nuclear SNPs
(Whitfield et al. 2006). Notably, even the com-
plete mitogenome was unable of distinguishing
the populations at the subspecies level. The north-
ern African individuals from nearby the Strait of
Gibraltar (A. m. intermissa ), from southeastern
Spain (A. m. iberiensis ), and one from Sicily
(A. m. siciliana ) were grouped together regardless
of the subspecies, suggesting a recent shared evo-
lutionary history.

The lengthiest genes (COX1, ND4, CYTB, and
ND5) generated phylogenies closer to that of the
mitogenome than the shorter ones. This is in
agreement with the theoretical and empirical stud-
ies showing that longer sequences better resolve
phylogenies than those based on shorter se-
quences (DeFilippis and Moore 2000; Saitou and

From the tRNAleu-COX2 region to the mitogenome



Figure 4 Bayesian phylogenetic tree inferred from the mitogenomes. Phylogenetic relationships are concordant with
those inferred from the network analysis, as depicted in the first vertical bar. The group delimitation analyses (bPTP
and ABGD) support the evolutionary lineages C (orange), M (blue), and A (red), as depicted in the second vertical
bar. Values along the branches of the phylogenetic tree indicate the bootstrap support and are colored from the less to
the most probable.

D. Henriques et al.



Nei 1986). Among the lengthiest genes, COX1
generated the topology closest to the mitogenome,
which is coincidently the standard DNA
barcoding region for animals (Schmidt et al.
2015). Some of the lengthiest genes revealed to
bemore powerful for resolving relationships with-
in M lineage (e.g., ND5 and ND2 distinguished
three haplogroups), while others were more pow-
erful for resolving relationships within A lineage
(e.g., COX1, ND4, and CYTB distinguished two
haplogroups). This finding suggests that either we
use the full mitogenome to have the highest phy-
logenetic resolution across lineages, or the poten-
tial to resolve relationships depends not only on
the gene but also on the samples under scrutiny.

The patterns captured by the mitogenome and
individual genes were not congruent with those of
the tRNAleu-COX2 region. The networks gener-
ated from the mitogenome and individual genes
clustered the haplotypes into three main well-
defined haplogroups that matched lineages A,
M, and C originally identified by the Dra I test
(Garnery et al. 1993). However, the African sub-
lineages proposed by Franck et al. (2001) were
neither supported by the mitogenome and individ-
ual genes nor identified by the delimitation
methods. Remarkably, even at the haplotypic lev-
el, individuals sharing the Dra I-based haplotype
were not always clustered together. These results

provide evidence for the homoplasious evolution
of the intergenic region. It was also interesting to
note that the remarkably high diversity levels
observed in Iberian honey bees of A lineage an-
cestry (this study and Cánovas et al. 2008; Franck
et al. 2001; Franck et al. 1998; Miguel et al. 2007;
Pinto et al. 2013), as compared with the putative
ancestral African populations (Whitfield et al.
2006), were not supported by any individual gene
or the mitogenome. The higher variation in Iberi-
an populations has been explained by a higher
mutation rate related to the larger length of the
tRNAleu-cox2 sequence, which offers more tar-
gets for site mutations and more possibilities for
Q duplications/deletions (Cornuet and Garnery
1991; Franck et al. 1998). The complex architec-
ture of the intergenic region formed by a P ele-
ment (which vary in sequence and length) com-
bined with a variable number of Q elements
(which also vary in sequence and length) suggests
a complex mode of evolution where homoplasy
has an important role.

This study shows that diversity patterns in-
ferred from the popular tRNAleu-COX2 intergenic
region did not accurately reflect the intraspecific
relationships and variation of the complete mito-
chondrial genome. While the mitogenome sup-
ports the three evolutionary lineages defined by
the Dra I test, the African sub-lineages, and even

Figure 5 Neighbor-joining dendrogram for the PH85 topology distance between the single genes and the
mitogenome. The dendrogram suggests that the topology reconstructed from the mitogenome is remarkably
different from the individual coding genes.
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the haplotypes, were not fully supported. Due to
the extremely high variability, this marker has
revealed powerful for uncovering recent events,
such as the historical colonization of the new
world (Collet et al. 2006). On the other hand,
homoplasy makes the intergenic region unsuited
for inferring phylogenetic relationships between
individuals.
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