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Abstract — The Iberian honey bee has been one of the most surveyed subspecies for genetic diversity. Yet,
previous studies have missed an important component of Iberian honey bee variation harbored by populations
inhabiting the Atlantic side of the Iberian Peninsula. Herein, we provide a fuller picture of the Iberian honey
bee maternal diversity by revealing 16 novel haplotypes detected in honey bees from Portugal. Of the 16
haplotypes, all of African ancestry, 15 belong to the Atlantic sub-lineage Ay while only one fits the most
common sub-lineage A;. This level of new variation is remarkable as it represents a 59% increase in the wide-
range African lineage and a 188% in sub-lineage Ap;. Our findings further highlight the complexity of the
Iberian honey bee diversity patterns and reinforce the importance of this southernmost European territory as a
reservoir of Apis mellifera genetic diversity, a resource increasingly important in a rapidly changing and

demanding world.

Iberian honey bee / genetic diversity / mtDNA / Dral test / Portugal

1. INTRODUCTION

Understanding patterns and underlying pro-
cesses of diversity of the western honey bee (Apis
mellifera L.) has been a major goal of numerous
genetic studies, which in a population declining
scenario is becoming increasingly important
because it can provide a stronger scientific basis
for management and conservation decisions.
Among the 29 recognized honey bee subspecies
(Engel 1999; Sheppard and Meixner 2003), the
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Iberian honey bee has been one of the most
intensively surveyed for diversity patterns. In-
deed, studies of Iberian honey bees have been
performed since the 1970s (Ruttner et al. 1978)
using morphology (Cornuet and Fresnaye 1989;
Arias et al. 2006; Miguel et al. 2010), allozymes
(Smith and Glenn 1995; Arias et al. 2000),
mitochondrial DNA (Smith et al. 1991; Garnery
et al. 1995, 1998a; Franck et al. 1998; De la Rtia
et al. 2001, 2004, 2005; Arias et al. 2006; Miguel
et al. 2007; Canovas et al. 2008), and micro-
satellites (Franck et al. 1998; Garnery et al.
1998b; De la Rua et al. 2002, 2003; Miguel et al.
2007; Cénovas et al. 2011). Differential and
complex patterns of diversity have emerged from
these surveys, which have yet to be fully
resolved.

The maternally inherited mitochondrial DNA
(mtDNA) has been the marker of choice for
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assessing Iberian honey bee variation, particu-
larly the PCR-RFLP of the intergenic tRNA'®"-
cox2 region, also known as the Dral test
(Garnery et al. 1993). Over 2,500 colonies,
mostly sampled in the ecastern half of the
Iberian Peninsula, have been screened with
the Dral test (Garnery et al. 1993, 1995,
1998a; Miguel et al. 2007; Canovas et al.
2008). The data generated by this massive
sampling confirmed early findings of co-
existence of African (A) and western European
(M) lineages, forming a south-north cline
(Smith et al. 1991), and revealed unparalleled
levels of haplotype diversity and complexity
(Franck et al. 1998; Canovas et al. 2008).
Accordingly, it has been suggested that, as for
other animal and plant species, the Iberian
Peninsula served as a glacial refuge (Hewitt
1999, 2001; Arias et al. 2006; Gomez and Lunt
2007), and as a place of secondary contact
between European and African evolutionary
lineages (Smith et al. 1991; Garnery et al.
1995; Canovas et al. 2008), and therefore it has
been a stage for historical processes possibly
involving recurring phenomena of local adap-
tation, contraction, fragmentation, expansion,
and admixture.

In contrast with the populations inhabiting
the eastern side of the Iberian Peninsula,
Portuguese honey bees have been largely under-
sampled. Yet, the few samples collected in
Portugal (Garnery et al. 1998a; Arias et al.
2006; Miguel et al. 2007) suggest that the
Atlantic side of Iberia may harbor an important
component of the Iberian honey bee maternal
diversity. Therefore, a fuller understanding of
diversity patterns of the Iberian honey bee
requires further surveys of Ibero-Atlantic pop-
ulations. As part of an ongoing genetic study of
the honey bees occupying the Portuguese
territory, we have detected 16 novel haplotypes
with the Dral test. This finding is non-trivial as
this small corner of southern Europe is contrib-
uting with 59% of new variation to the wide-
range African lineage. Herein, the novel hap-
lotypes are fully described by the RFLP
approach and by sequence data. Our findings
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suggest that the Atlantic side of the Iberian
Peninsula harbors important genetic resources,
especially in face of the escalating threats to the
honey bee diversity.

2. MATERIALS AND METHODS
2.1. Samples and RFLP analysis

As part of an ongoing study of the Portuguese
honey bee populations, over 950 stationary colonies
were sampled, between 2008 and 2010, covering
every district of continental Portugal and the archi-
pelagos of Azores and Madeira (sample sizes and
locations are provided in Online resource 1). Honey
bee workers were collected from the inner part of the
hives, placed in absolute ethanol, and then stored
at —20°C until molecular analysis. The maternal
ancestry of the 950 workers, each representing a
single colony and a single apiary, was assessed using
the Dral test (Garnery et al. 1993), which consists on
PCR amplification of the tRNA!*-cox2 intergenic
region, using the primers E2 and H2 (see PCR details
in Garnery et al. 1993), followed by digestion with
the restriction enzyme Dral (see digestion and gel
electrophoresis details in Canovas et al. 2008). Of the
950 individuals scored using the complete set of
restriction maps and restriction fragment sizes
reported to date (De la Rua et al. 1998, 2005; Franck
et al. 2001; Collet et al. 2006), 43 exhibited a total of
16 unreported PCR-RFLP patterns. Location of the
43 colonies, from which the individuals were
sampled, is shown in Figure 1. In this study, the 16
novel PCR-RFLP patterns were fully characterized
by sequencing.

2.2. Sequencing and sequence analysis

The tRNA'®"-cox2 intergenic region analyzed
herein contains a non-coding sequence which size
depends on the forms of the P element and the
number of repeats of the Q element. In the African
lineage, the P element can display two different
forms: Py (sub-lineage A; and Aj) and P; (sub-
lineage Ap). The Py differs from P; by a 15-bp
deletion. The Q element can be repeated in tandem
one to four times. A further distinction between sub-
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Figure 1. Location of the 43 colonies harboring the 16 novel PCR-RFLP haplotypes identified with the Dral test.

lineages A; and Ay is provided by the number of
Dral recognition sites in the region spanning tRNA'®"
and 5’ end of the first Q element, with two and one
sites, respectively (Garnery et al. 1993; De la Rua et
al. 1998; Franck et al. 1998).

The 16 novel PCR-RFLP patterns were further
examined by sequencing the tRNA'"-cox2 intergenic

region for 20 individuals. In addition, three
individuals exhibiting the previously reported
haplotypes A3 (sub-lineage A;), Al4, and Al6
(sub-lineage Ajj) were also sequenced for compar-
ison. Following PCR amplification, PCR products
were purified either with isopropanol and ammoni-
um acetate or using a column-based purification kit

HINA ©DIB & Springer
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(Zymo Research®) and sent to Secugen S. L. (Madrid,
Spain) or Macrogen (Seoul, Korea) for direct sequenc-
ing in both directions with primers E2 and H2. The
sequences were checked for base calling using Seq-
Man® version 7.0.0 and then deposited in GenBank
(http://www.ncbi.nlm.nih.gov).

The 23 sequences, plus the published sequences of
haplotypes A29a (FJ890930.1; Szalanski and Magnus
2010) and A30 (EF033654.1; Collet et al. 2006),
belonging to sub-lineage Ay, were aligned using
MEGA version 5.03 (Tamura et al. 2011). Proximity
among the haplotypes was established using the
median-joining network algorithm (Bandelt et al.
1999) as implemented in the program Network
version 4.6.0.0 (Fluxus Engineering, Clare, UK,
http://www.fluxus-engineering.com), with epsilon set
to zero and downweighting the four most variable
sites (weight=0 for the most variable site; weight=5
for the remaining three most variable sites). Indels
(e.g., Py element, third and fourth Q element, 15-
deletion of A40") were considered as a single
mutational step, being therefore coded as a 1-bp
gap. Variable characters within the first (Q1), second
(Q2), and third Q (Q3) elements were included in the
analysis.

3. RESULTS

The Dral test performed on colonies sur-
veyed across Portugal (continent and archipela-
gos of Azores and Madeira) identified 16 novel
PCR-RFLP patterns (haplotypes) carried by 43
colonies (Figure 1). The restriction maps and
length of restriction fragments (Figure 2) sug-
gest that they all fit within the African evolu-
tionary lineage (A). Following the nomenclature
established earlier (Garnery et al. 1998a) and
recently reviewed for lineage M (Rortais et al.
2011), the 16 haplotypes were numbered se-
quentially from A31 to A46 (accession numbers
JQ746684-1Q746701). Haplotypes showing the
same RFLP pattern but bearing three or four Q
elements were further distinguished by addition
of the symbols " and ", respectively, after the
haplotype number (Garnery et al. 1998a; Rortais
et al. 2011).

Figure 2 shows that the 16 patterns are
dramatically distinct from those previously
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reported for the African lineage. The number
of restriction fragments varied between three
(A31, A41l’, A45") and five (A32, A35, A37,
A40"), with most haplotypes exhibiting a four-
fragment pattern (A33, A34, A36, A38’, A39,
A42', A43', A44', A46'). The shortest band
(28 bp) was displayed by four haplotypes (A35,
A36, A37, A39') whereas the longest (1,064 bp)
was unique to A45".

Location of the 43 colonies, and corresponding
distribution of the 16 haplotypes depicted in
Figure 1, shows that haplotype A42’ was the
most widespread and common (16 colonies)
followed by A40’" (four colonies). Haplotypes
A39', A43', and A45" were carried by three
colonies whereas A33, A34, and A36 by two
colonies. The remaining eight haplotypes were
singletons (A31, A32, A35, A37, A38', A4l
A44', and A46"). While most haplotypes were
detected in the center of continental Portugal,
A34 and A40" were private to the islands of San
Miguel (Azores) and Madeira, respectively. A42'
was the only haplotype detected in both main-
land and island (Madeira) populations.

Sequence data (Figure 3) confirmed the
novelty of the 16 haplotypes of African ancestry
and allowed identification of two additional
variants of haplotypes A42' and A43’, which
were distinguished by a lowercase letter (A42'a,
A43'a), as suggested by Rortais et al. (2011).
Among the 16 haplotypes, 15 contained the P,
element whereas only one (A46’) exhibited the
Py element. The length of the sequenced region
ranged from 803 bp to 1,204 bp, depending on
the number of Q elements and presence of
indels. Fifteen haplotypes contained either two
(A31, A32, A33, A34, A35, A36, A37) or three
Q clements (A38', A39', A40’, A41', A42',
A43', A44', A46'). Only one haplotype (A45")
displayed a sequence with four Q elements
(Figure 2). As typical for this intergenic region,
numerous indels of variable sizes were detected
within the P and Q elements (Figure 3). In
addition to the 15-bp deletion characteristic of
the P element (marked as “d/” in Figures 2 and
3), large indels were displayed by A31, A34,
A40’, and A41'. The largest fragment (33 bp,
marked as “c” in Figure 3) was inserted in the
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Figure 2. Restriction maps (/eff) and length of restriction fragments (right), deduced from Dral restriction patterns and
sequences of the tRNA*"-cox2 intergenic region, of the 16 novel haplotypes found in Portugal. The Dral recognition
site is denoted with an arrow. Deletions and insertions are numbered preceded by the letters d and i, respectively.
Deletion marked as d! is specific of the P; element which defines sub-lineage Ay, as in Franck et al. (2001).

QI element of haplotype A34. This 33-bp
insertion produced the longest Q element
(227 bp) ever reported. The 15-bp deletion
motif of A40’ (marked as “I” in Figure 3) and
A41' (marked as “h” in Figure 3) was a perfect
match of dI, the only difference being the
position. Indeed, while d/ was located at the 3’
end of the P element, deletions of A41’ and
A40" were at the 3' end of Q1 and Q2,
respectively. In addition to the variation origi-
nated from large indels, there were 10 short
indels (1-2 bp) and 17 single-base substitutions,
of which nine resulted in a gain/loss of the Dral
recognition site. The most striking mutation,
displayed by seven haplotypes, is the “AG”
inserted at the 3" end of Q1 element (marked as
“f” in Figure 3). Interestingly, except for the Q3
of haplotype A41’, no other Q element carried
this mutation.

A median-joining network (Figure 4) based
on 36 variable sites (18 coded indels and 18
substitutions) illustrates the relationships
among the novel and previously described
haplotypes of sub-lineages A; (A3) and Ay
(A14, A16, A29a, A30). Two distinct clusters,
separated by the number of Q eclements, are

represented in the network. The more poorly
resolved right-hand side cluster connects the
haplotypes with two Q elements. One unre-
solved connection and four hypothetical hap-
lotypes (unsampled or extinct) link this group
to A35, the closest haplotype of the left-hand
side cluster. Haplotypes A36 and A37 are the
closest in the group with only one mutational
step (a transition in A36 that led to loss of Dral
restriction site) separating them. The haplotype
pairs A30/A37 and A32/A33 are separated by
one hypothetical haplotype and two mutational
steps (one is a transversion that led to a gain/
loss of Dral restriction site). The previously
described Al4 and A34, which are derived
from the same hypothetical haplotype, are the
most distant in the group. A minimum of eight
mutations, including the duplication of the Q
element, and two hypothetical nodes separate
the closest haplotypes of both clusters (A35
and A43'a).

The better resolved left-hand side cluster
connects the haplotypes with three and four Q
elements. The 14 haplotypes are separated from
each other by one to eight mutational steps and
three hypothetical nodes. The previously de-
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Figure 3. Variable sites of tRNAleu-cox2 intergenic region of the 16 novel haplotypes, the two additional sequence
variants (A42'a and A43'a), and the previously reported African haplotypes (A3, A14, A16, A29a, A30). Sequences
of A29a (FJ890930.1) and A30 (EF033654.1) were obtained from GenBank. Sequences of A3, A14, and A16 were
obtained from individuals collected in Portugal. The numbers on the fop line represent the nucleotide position
within the tRNA"-cox2 sequenced region. Position 1 marks the beginning of the tRNA!®" gene, corresponding to
position 3370 of the honey bee mitochondrial genome (Crozier and Crozier 1993). Substitution sites are numbered
from 1 to 17. Indels (marked with a dash) are denoted by letters from a to g. The 15-bp deletion characteristic of
the Py element is marked as d/ (position 115). Variable sites between positions 158358, 365-550, and 551-714
are within Q1, Q2, and Q3 elements, respectively. Position 745 identifies the beginning of Q4. Full sequences are
available in GenBank under accession numbers JQ746684-JQ746701.
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Figure 3. (continued).

and one hypothetical node. The previously

scribed A29a is central to this group, showing
considerably more connections (eight) than any

other haplotype in the network. This central

described A3 haplotype of sub-lincage A; (as

defined by Franck et al. 2001) and the novel

A46' are together in a branch that is separated
from A29a by three and four mutations,

haplotype is connected to the closest ones by a

single mutation (1-bp deletion in Q2 for Al6,
and a substitution in Q3 for A42'a) and to the

most distant (A41’) by eight mutational steps

respectively. These two sub-lineage A; haplo-

types differ from each other by one transition
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Figure 4. Median-joining network of the novel and previously described African haplotypes (marked in bold)
that were identified from the tRNA'"-cox2 region. Haplotypes are denoted as circles. Hypothetical (unsampled
or extinct) haplotypes are symbolized as filled squares. The cross lines along branches represent mutational
steps between nodes. The duplication of the Q element is represented by a star.

mutation (C/T), which accounted for an addi-
tional Dral recognition site in Q2 of haplotype
A46' (substitution 12 in Figure 3).

4. DISCUSSION

This study further highlights the Atlantic side
of the Iberian Peninsula as an important
repository of Iberian honey bee maternal diver-
sity. Analysis of Portuguese honey bee popula-
tions with the Dral test revealed 16 novel
haplotypes of African ancestry, which were
confirmed by sequence data of the tRNA™*-
cox2 intergenic region. These haplotypes join
the 27 African haplotypes previously described
(De la Rua et al. 1998, 2005; Franck et al. 2001;
Collet et al. 2006) of which 17 have been found
in the Iberian Peninsula (Garnery et al. 1998a;
De la Rua et al. 2004, 2005; Céanovas et al.
2008), representing an increase of 59% and
94%, respectively. Most haplotypes (15)
contained the P; element, typical of sub-
lineage Ay, whereas only one was assigned to
sub-lineage A;, as defined by Franck et al.
(2001). The 15 haplotypes were added to the
eight previously reported for sub-lineage Apy (De
la Rua et al. 1998; Franck et al. 2001; Collet et
al. 2006), representing an increase of 188%.

The Iberian honey bee has been one of the most
intensively surveyed subspecies in its natural
range (Garnery et al. 1995, 1998a; Franck et al.
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1998; Arias et al. 2006; Miguel et al. 2007,
Céanovas et al. 2008). Therefore, detection of
such a remarkable number of novel haplotypes,
mostly of sub-lineage Aj; ancestry, was unex-
pected and suggests that prior studies have
missed an important diversity component hold
by the western populations of Iberia. This study
not only adds to the complexity of the Iberian
honey bee diversity patterns (Franck et al. 1998;
Canovas et al. 2008) but also reinforces the
Atlantic distribution proposed for sub-lineage
Amr (De la Rua et al. 1998, 2006; Franck et al.
2001), as most colonies were detected in the
north of continental Portugal (Figure 1), which
exhibits a more Atlantic climate contrasting with
the more Mediterranean southern Portugal. Our
findings further support an ancient natural
colonization of the Iberian Peninsula by African
swarms (De la Rua et al. 2002, 2004; Canovas et
al. 2008) as the hypothesis of historical human-
mediated multiple introductions (Franck et al.
1998; Garnery et al. 1998a) is untenable with
such complex levels of diversity.

Among the 16 novel haplotypes, A42 is
probably the oldest because of its higher
frequency and wider geographical distribution
(sole haplotype shared between mainland and
island colonies). Alternatively, it could have
been disseminated by human-assisted colony
transportation, as occurred with A29. While the
history of introductions of A29 (Collet et al.
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2006; Prada et al. 2009) and its variant A29a
(Szalanski and Magnus 2010) is unknown, we
postulate that these haplotypes descend from
colonies of Portuguese origin. The PCR-RFLP
patterns of A29 (47/93/866) and A29a (47/93/
867) are virtually indistinguishable from those
of A16 (47/93/866). Additionally, sequence data
shows that they are closely related (Figure 4 and
sequences on GenBank), suggesting that A29
(Collet et al. 2006) and 29a (Szalanski and
Magnus 2010) are merely sequence variants of
A16. The PCR-RFLP haplotype A16 has only
been reported in the Portuguese territory, in-
cluding mainland (Garnery et al. 1998a; Miguel
et al. 2007) and islands (De la Rua et al. 2006).
Therefore, it is possible that haplotypes A29
and A29a descend from Portuguese colonies
introduced by settlers in South America in
historical times and later expanded to North
America (Szalanski and Magnus 2010) by
Africanized honey bees. Alternatively, there
were multiple independent, historical or recent,
introductions in North and South America of
putatively Portuguese-derived colonies.

Similarities in primary and secondary structures
between the Q element and the 3’ end of COI gene
(5" end of Q), tRNA™™ gene (middle part of Q),
and the P sequence (3' end of Q) led Cornuet et
al. (1991) to propose an origin of the Q element
by tandem replication. The first and the second Q
of haplotypes A41’ and A40’, respectively, bear a
3’ end similar to P, whereas those of the other Q’s
are similar to Py. Interestingly, the 3" end of Q1 of
some lineage M haplotypes (M34-HQ337456.1;
M43Q-HQ260365.1) and Z haplotypes (Z1-
HM236204.1; Z12-HM236212.1; Z13-
HM236213.1; Z1Q-HM236205.1) also bear a
deletion motif similar to the P, element. While
this deletion has probably multiple independent
origins, this finding deserves further investigation
as it may shed some light in the evolution of this
complex region.

This study further expands on the complexity
of the Iberian honey bee patterns and reinforces
the importance of this southernmost European
territory as a reservoir of A. mellifera genetic
diversity. In response to a rapidly changing
world (e.g., new pests and parasites, land use
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change), which has had severe consequences in
apiculture, there is a growing alert for protecting
honey bee genetic resources across its natural
range (Jensen et al. 2005; De la Rua et al. 2009;
Dietemann et al. 2009; Haddad et al. 2009) and
an increasing number of conservation programs,
specially to protect 4. m. mellifera (reviewed by
De la Rua et al. 2009). Preservation of honey
bee genetic variation is a pre-requisite for long-
term adaptive change and avoidance of fitness
decline, through inbreeding depression, and
thereby a guarantee of a sustainable apiculture.
The Iberian Peninsula has been a stage for
evolutionary events that have shaped the evolu-
tionary history of western European honey bee
lineage. Therefore, this territory certainly
deserves special attention in both small- and
large-scale conservation programs.
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