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Abstract — The bumblebees of the subgenus Bombus sensu strictu are a notoriously difficult taxonomic
group because identification keys are based on the morphology of the sexuals, yet the workers are easily
confused based on morphological characters alone. Based on a large field sample of workers putatively
belonging to either B. terrestris or B. lucorum, we here test the applicability and accuracy of a frequently
used taxonomic identification key for continental European bumblebees and mtDNA restriction fragment
length polymorphism (RFLP) that are diagnostic for queens to distinguish between B. terrestris and B.
lucorum, two highly abundant but easily confused species in Central Europe. Bumblebee workers were
grouped into B. terrestris and B. lucorum either based on the taxonomic key or their mtDNA RFLP. We also
genotyped all workers with six polymorphic microsatellite loci to show which grouping better matched a
coherent Hardy-Weinberg population. Firstly we could show that the mtDNA RFLPs diagnostic in queens
also allowed an unambiguous discrimination of the two species. Moreover, the population genetic data
confirmed that the mtDNA RFLP method is superior to the taxonomic tools available. The morphological
key provided 45% misclassifications for B. lucorum and 5% for B. terrestris. Hence, for studies on B.
terrestris we recommend to double check species identity with mtDNA RFLP analysis, especially when
conducted in Central Europe.

bumblebee / identification / morphology / mtDNA / population genetics

1. INTRODUCTION persistent taxonomic problems and Williams

(1998) reports on 186 synonyms for B. luco-

Currently approximately 250 bumblebee
species (tribe: Bombini, genus: Bombus) are
globally recognised (Michener, 2000). Most
species of the genus can be easily separated
by distinctive morphological features and pro-
nounced body colorations. However, like in
most genera, some species bear a strong re-
semblance in appearance, impeding species
identification. In particular species of the sub-
genus Bombus sensu strictu are difficult to
discriminate by classical determination keys
due to a lack of prominent interspecific vari-
ation (von Hagen, 1991). This resulted in
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rum alone. In Central Europe there are four
sympatric species of the Bombus s. str. group:
B. cryptarum, B. lucorum, B. magnus and B.
terrestris, of which B. terrestris and B. luco-
rum are by far the most common (von Hagen,
1991). Particularly in Central Europe work-
ers of these two bumblebee species almost
perfectly resemble each other and only the
queens and males allow for reliable identifica-
tion (Williams, 1994; Bertsch, 1997; Bertsch
et al., 2005).

This taxonomic problem is particularly crit-
ical because B. terrestris in Central Europe
has become an intensively studied model or-
ganism in behavioural ecology (e.g. Goulson
and Stout, 2001; Duchateau et al., 2004;
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Gerloff and Schmid-Hempel, 2005; Raine
and Chittka, 2008; Wolf and Moritz, 2008;
Raine et al., 2009), population genetics (e.g.
Widmer et al., 1998; Chapman et al., 2003;
Darvill et al., 2005; Herrmann et al., 2007,
Kraus et al., 2009) and pollination ecology
(e.g. Waser et al., 1996; Chittka et al., 1997,
Kwon and Saeed, 2003; Hanley et al., 2008;
Osborne et al., 2008; Wolf and Moritz, 2009).
Many researchers therefore very much appre-
ciated the highly comprehensive identification
key of Mauss (1994) (shortened version also
incorporated in von Hagen (1991)), which is
based on coloration and claims to provide
several discriminating characters that separate
Central European B. lucorum and B. terrestris.
Mauss (1994) refers to differences in the width
of the collar, which should be narrow in B. fer-
restris and broad in B. lucorum workers. The
colour of the hairs on tergite II is supposed
to be “golden yellow” in B. terrestris in con-
trast to “lemon yellow” in B. lucorum. In ad-
dition an aggregation of very fine dots in the
ocellus-orbital-area and in the surface struc-
ture of tergite II rim is exclusively present in
B. terrestris. All these differences are, how-
ever, very subtle and require considerable ex-
perience in their evaluation, which may affect
the accuracy of species identification.

More recently DNA tools using mitochon-
drial DNA (mtDNA) variation have been
developed for bumblebee species identifica-
tion. For example, Ellis et al. (2005) applied
mtDNA-markers to confirm the species sta-
tus of B. ruderatus and B. hortorum, two
sympatrically occurring and phenotypically
similar bumblebee species that lack any diag-
nostic morphological characteristics in work-
ers and males. Using two restriction enzymes
(EcoN 1 (= Xag 1), Hinf 1) Murray et al.
(2008) found restriction length polymorphism
(RFLP) in the mitochondrial cytochrome ox-
idase subunit 1 (cox) specific to B. terrestris
and B. lucorum queens, which can be unam-
biguously separated by morphological traits.
These species specific genetic fingerprints
may therefore distinguish workers of B. ter-
restris and B. lucorum overcoming the iden-
tification problems resulting from the morpho-
logical resemblance.

DNA techniques do not help if one is in
the field, however, and they involve consid-
erable costs and require specific infrastruc-
ture. It would be extremely useful if Mauss’
(1994) key were able to discriminate between
the two species despite the above caveats. In
this study we tested the applicability and ac-
curacy of both the morphological identifica-
tion key and mtDNA polymorphisms (species
specific in queens) in discriminating workers
of both species. Accuracy of species separa-
tion was tested by population genetic analy-
ses using microsatellite DNA markers (Estoup
et al., 1993, 1995) following population ge-
netic principles. Thus, we compare the group-
ing of worker genotypes based on the Mauss
(1994) key with that obtained by mtDNA
RFLP. If the mtDNA-approach exceeds the
morphological key in precision we predict that
under correct species assignment (Hartl and
Clark, 1997): (1) allelic richness per species
should be less; (2) linkage disequilibrium (LD)
should be weaker; and (3) population differ-
entiation between species samples should be
stronger, as compared to analyses based on a
less accurate (e.g. morphology based) species
assignment.

2. MATERIALS AND METHODS
2.1. Sampling

Workers belonging to either B. terrestris or B.
lucorum were sampled from May 30th to July
12th 2005 in the Botanical Garden of Halle/Saale
(Germany; 51° 29.20° N, 11° 57.40’E) (n = 62, 124
chromosomal sets). Individuals were caught from
flowers or in flight using an insect net. After ini-
tial species identification in the field, all sampled
individuals were sacrificed and immediately stored
in ethanol (99%) until DNA processing. In the lab-
oratory each individual was again microscopically
scrutinized for species identity and sex using the
identification key of Mauss (1994).

2.2. mtDNA analysis

One leg of each individual was used for
DNA extraction following a Chelex-extraction
as described by Walsh et al. (1991). Following
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the protocol of Murray et al. (2008), a part of
mitochondrial COX1 gene (1064 bp) was amplified
by PCR using a primer, which was originally
developed for Apis mellifera (Tanaka et al., 2001):
Forward 5°- ATAATTTTTTTTATAGTTATA - 3’
Reverse 5’- GATATTAATCCTAAAAAATG-
TTGAGG -3’

PCRs were performed following standard protocols
(e.g. Kraus et al., 2009).

2.3. Digestion with restriction enzymes

Amplified mtDNA fragments were digested us-
ing the two restriction enzymes Xagl (EcoN1) and
Hinf1 (Murray et al., 2008). Each reaction con-
tained 10 L PCR product, 1U of both enzymes and
1 puL of NE-buffer No 2 (Fermentas). HPLC grade
water was added to obtain a total reaction volume of
20 uL. The samples were gently mixed and briefly
centrifuged to ensure that the sample was at the bot-
tom of the reaction tube. The samples were then
incubated at 37 °C for 4 h. Restriction fragments
were electrophoretically separated on 2% agarose
gels and visualized over UV light after staining in
ethidium bromide solution (5 pg/mL in water).

2.4. Microsatellite analysis

All individuals were genotyped at seven mi-
crosatellite loci (B100, B118, B119, B121, B124,
B131 and B132; Estoup et al., 1993, 1995) follow-
ing standard PCR protocols using fluorescent la-
belled forward primers (e.g. Kraus et al., 2009).
The amplified DNA fragments were separated in an
automated DNA capillary sequencer (MegaBACE
1000) according to the instructions of the manufac-
turer. Allele sizes were scored using the Fragment
proﬁler® software (GE Healthcare).

2.5. Colony assignment

In social insects the colony (i.e. the mated queen)
rather than the individual workers represent the
population genetically. Accordingly, we first needed
to infer the mother-queen genotypes from the sam-
pled worker genotypes to allow for unbiased popu-
lation genetic estimates (Kraus et al., 2009). More-
over, the use of the queens rather then the workers
compensates for the different numbers of workers
from the various colonies in the sample set. The

queen-genotypes were inferred using the program
COLONY 1.3 (Wang, 2004), which takes advan-
tage of the high intracolonial relatedness of bumble-
bee workers (supersisters with G = 0.75). Based on
a maximum-likelihood algorithm the worker geno-
types are assigned to the minimal number of puta-
tive mother queens (queen genotypes), that could
have produced all the detected worker genotypes.

Because we wanted to test for the discrimina-
tory power of the morphological and the mtDNA
based methods, we grouped the total sample in two
ways for the colony assignments of the workers:
(1) according to the morphological characters sug-
gested by Mauss (1994) into B. terrestris and B. lu-
corum (hereafter referred to as “morph®); and (2)
according to the mtDNA RFLPs (Murray et al.,
2008) (hereafter referred to as “mtDNA®). Mater-
nal genotypes were obtained by performing four
replicate COLONY runs with different seed num-
bers separately for each of those samples classi-
fied as B. terrestris and B. lucorum (“morph” and
“mtDNA” grouping per species, respectively) (over-
all 4 X 4 runs). Queen genotypes inferred with the
highest log probability (1 of 4 runs per group) were
chosen for further analyses.

2.6. Population genetic parameters

The classical population genetic parameters:
number of alleles (A4,), and observed and expected
heterozygosity (H,, H,) were calculated with the
software FSTAT v 2.9.3.2. (Goudet, 1995). Al-
lelic richness (A,) and Private allele richness (pA,)
were calculated correcting for different sample-
sizes using the software HP-rare (Kalinowski,
2005). Again using FSTAT, we computed the pair-
wise Fgr values and linkage disequilibrium (nomi-
nal level: 1/1000) in B. terrestris and B. lucorum for
both the “morph” and the “mtDNA” grouping.

2.7. Population assignment

We reconstructed the population composition for
the morph and the mtDNA groupings entirely based
on microsatellite data of the inferred queens us-
ing the program STRUCTURE 2.2 (Pritchard et al.,
2000; Falush et al., 2003). Since the two species
do not interbreed, we based the analysis on two
discrete populations (k = 2) with independent al-
lele frequencies and no common ancestors (no ad-
mixture model). The output was assumed to be
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Figure 1. Accuracy of the identification key (Mauss, 1994) in comparison to mtDNA based species assign-
ment. Whereas morphological traits allowed a correct identification of B. ferrestris in 96.6% of all cases
only 45.5% of the putative B. lucorum were identified correctly by means of morphological traits.

representative once the highest log-probability be-
came stable.

3. RESULTS
3.1. Species identification

The amplification and restriction of the
mtDNA of B. terrestris and B. lucorum work-
ers resulted in two clearly distinguishable and
species specific RFLP patterns matching those
found in queens of both species by Murray
et al. (2008).

Both identification techniques, the morpho-
logical key (Mauss, 1994) and mtDNA RFLPs,
however, yielded different results in several
cases. Using the identification key of Mauss
(1994), we classified 28 workers as B. ter-
restris, which could be assigned to 18 colonies
and 34 workers as B. lucorum, which were as-
signed to 20 colonies.

The mtDNA RFLP classification yielded 27
B. terrestris colonies (n = 46 workers) and 13
B. lucorum colonies (n = 16 workers). Given
that the classification based on the mtDNA
technique is the correct one, we found that
96.6% of all B. terrestris workers were cor-
rectly identified with the morphological traits
of the Mauss key. In contrast only 45.5% of
the B. lucorum workers were correctly identi-
fied using the morphological key and the ma-
jority of the samples were actually B. ferrestris
workers as shown by their mtDNA RFLP pat-
tern (Fig. 1).

3.2. Population genetic parameters

We used a population genetic approach us-
ing microsatellite DNA loci to independently
verify which of both identification techniques
is superior for the true taxonomic classifica-
tion. Based on the queen genotypes inferred
from the worker samples, we derived classi-
cal population genetic parameters (H,, H,., A,,
A,, pA,) (Tab. Ia, b) to test which classifica-
tion better supports the case of two species and
hence genetically fully separated populations.

In spite of the different mtDNA and mor-
phological classification neither allelic rich-
ness (A,) nor private allelic richness (pA,) dif-
fered significantly between morphology and
mtDNA derived populations.

In accordance with our hypothesis we found
linkage disequilibria for two pairs of loci in
the morphological grouping of both species
(B. lucorum (morph): LD B100 x B124: P =
0.048); B. terrestris (morph): LD B100 X
B119: P = 0.044). The linkage disequilibrium
did not reach the significance levels required
for a Bonferroni correction (5% nominal level:
P,y = 0.00012), thus we could not exclude
these to be stochastic effects. Nevertheless, we
could not detect significant LD for any pair of
loci in the mtDNA RFLP grouped population.

Irrespective of the identification approach,
the putative B. terrestris populations were sig-
nificantly differentiated from the putative B.
lucorum populations (test for population dif-
ferentiation: P < 0.05). However, mtDNA de-
rived classification showed a more pronounced
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Table I. Genetic diversity (number of alleles (A,), allelic richness (A,), private allele richness (pA,)) and
between-population sub-structure (Fs7) of the putative B. terrestris and B. lucorum populations (i.e. inferred
queen genotypes) determined according to (a) morphological traits and (b) mtDNA polymorphisms. Sample
sizes are given in both number of workers (ny ) per group and number of inferred queens (n¢). No significant
differences in allelic richness between morphological and mtDNA-based species discrimination could be
detected. Genetic sub-structure between the two populations was substantially higher between the non-
intermixed populations obtained by species assignment based on mtDNA-polymorphisms as compared to

the morphology based approach.

(a) species identification based on morphological traits (Mauss, 1994)

B. terrestris B. lucorum overall Fgr (Bt-Bl)
(n. = 18, n,, = 28) (n. =20, n, = 34) (n, = 62)
Locus A, A, PA, A, A, PA, A, A,
B100 8 692 1.03 11 9.05 0.35 14 14.00
B118 6 5.64 0.09 8 6.07 0.38 8 7.89
B119 7 6.07 1.02 4 3.77  0.00 7 6.72
B121 6 490 0.20 9 6.52  0.86 9 8.65
B124 10 8.58 1.64 11 8.19 099 14 13.42
B131 3 222 043 2 1.80  0.19 3 2.87
B132 8 6.29 0.55 13 10.01 1.28 16 15.22
mean 6.86 5.80 0.71 829 649 0.58 10.14  9.83
SE 0.83 0.74 0.21 1.51 1.11  0.18 1.77 1.71 0.13
(b) species identification based on mtDNA RFLPs (Murray et al., 2008)
B. terrestris B. lucorum overall Fgr (Bt-Bl)
(n. =27, n, = 46) (n. =13, n, = 16) (n, = 62)
Locus A, A, PA, A, A, PA, A, A,
B100 13 8.32 0.82 9 9.00 1.98 16 1543
B118 8 6.08 0.24 3 2.85 0.01 8 7.82
B119 7 5.34 041 2 2.00  0.00 7 6.67
B121 8 5.56 0.64 4 3.99 1.44 10 9.60
B124 11 8.07 0.51 5 454 048 12 11.38
B131 3 1.81 0.19 1 1.00  0.00 3 2.65
B132 11 7.72  0.93 12 11.14  3.62 18 16.83
mean 871 6.13 0.54 5.14 493 1.08 10.57 10.06
SE 1.25 0.85 0.11 1.50 142  0.52 1.97 1.88 0.25

sub-structure (Fsr = 0.25) than the morpho-
logical classification (Fgr = 0.13).

The allele frequency distributions of the
mtDNA derived B. terrestris and B. lucorum
populations differed significantly at six out of
seven loci (R x C Fisher exact test) in contrast
to only four loci based on the morphological
classification (Fig. 2).

3.3. Population assignment
Using STRUCTURE as an analytical tool,

the individual assignment of the derived
diploid queen genotypes to k = 2 discrete

populations clearly showed a higher precision
of the molecular approach in comparison to the
morphological key. Five individuals with “fer-
restris” genotypes were grouped into the luco-
rum group if the morphological key was used
(Fig. 3a). In contrast all individuals were cor-
rectly assigned with the mtDNA RFLP method
(Fig. 3b).

4. DISCUSSION

Our results suggest that the morphological
key is not reliable tool to separate between B.
terrestris and B. lucorum workers in the tested
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Figure 2. Difference between the allele frequencies (4 allele frequency) of the B. terrestris and B. lucorum
populations derived from morphology (white) and mtDNA RFLP (grey) groupings. The alleles are coded
with a number and sorted in ascending order for the difference allele frequency. Morphology-derived popu-
lations differed significantly in the allele distribution (population wide frequency) in four out of seven loci
(first significance indicators: *** = P < 0.001, **/ = P < 0.01), whereas populations from the mtDNA
grouping differed significantly at six of seven loci (second significance indicators /*** = P < 0.001, /** =

P <0.01).

population. One might argue that more experi-
enced taxonomists might be better able to dis-
criminate the characters but it is difficult to
assess when experience is sufficient. A field
guide should help in the field and our study
shows that the key of Mauss (1994) has serious

limitations it the case of B. terrestris / B. luco-
rum. In particular, the precision for identifying
B. lucorum was rather unsatisfactory with an
almost even chance to confuse them with B.
terrestris workers. However, over 95% of the
individuals that were identified as B. terrestris
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Figure 3. STRUCTURE 2.2 - Barplot of the individual species assignment based on microsatellite data.
Using morphological traits for species identification (a) misclassifications occurred in the putative B. luco-
rum population but not in the putative B. ferrestris population. Based on mtDNA species discrimination (b)

no misclassified individuals could be detected.

were correctly assigned, showing that the key
works much better for B. terrestris than for B.
lucorum. If a worker has been identified as B.
terrestris with the Mauss (1994) key it very
likely is the Bufftailed Bumblebee. The prob-
lem is that many workers identified as B. lu-
corum are nevertheless B. terrestris. Though
the differences between the two species may
be more pronounced in other Central European
populations, our data is in line with the liter-
ature, where in field studies in various parts
of Central Europe workers of the two species
could not be separated (e.g. Schmid-Hempel
and Durrer, 1991; Dramstad and Fry, 1995;
Dramstad, 1996; Saville et al., 1997; Meek
et al., 2002; Dramstad et al., 2003; Westphal
et al., 2006).

This problem is particularly nagging when
it comes to issues addressing conservation
biology, which aim at the evaluation of gene-
flow among populations in fragmented land-
scapes. Miss-classifications will generate arte-
facts, which would make all conclusions
drawn from population genetic studies obso-
lete. We therefore strongly recommend the in-
clusion of mtDNA RFLP analyses to confirm
the species identity in any population genetic
or molecular ecological study in the Bombus
sensu strictu group.

If these often very abundant species can
only be reliably identified with molecular
markers (Murray et al., 2008), any study on
these species, especially in Central Europe,
will either require the knowledge of the sex-
uals or an mtDNA RFLP analysis. Since
mtDNA RFLP analyses involve considerable
costs, expertise, appropriate facilities and sam-
pling, this may seem as a serious constraint
today. However, the decreasing expenses for
DNA studies and the user friendly services
provided by specialized companies are likely
to remove this obstacle to further implement
B. terrestris as a model system in biological
research.
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Fiabilité des caractéres morphologiques dans la
différenciation de Bombus terrestris et B. luco-
rum (Hymenoptera : Apidae).
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Zusammenfassung — Die Verlisslichkeit von
morphologischen Merkmalen bei der Unter-
scheidung von Bombus terrestris und B. lucorum
(Hymenoptera: Apidae). Die Artbestimmung bei
Hummelarbeiterinnen der Untergattung Bombus
sensu strictu mittles morphologischer Merkmale
hat sich wiederholt als schwierig erwiesen, da mor-
phologische Bestimmungsmerkmale zwar bei Ge-
schlechtstieren (Koniginnen und Drohnen) eine gu-
te Unterscheidung zulassen, bei Arbeiterinnen je-
doch hdufig uneindeutig sind.

Basierend auf einer grossen Freilandstichprobe von
B. terrestris / B. lucorum Arbeiterinnen, zwei hiu-
fige, aber schwer zu unterscheidende mitteleuropéi-
sche Arten, testen wir hier die Anwendbarkeit und
diagnostische Verldsslichkeit zweier Bestimmungs-
methoden. Zum Einen, die eines hdufig genutz-
ten Bestimmungsschliissels fiir mitteleuropdische
Hummeln, zum Anderen, mtDNA Restriktions-
Fragmentldangen-Polymorphismen (RFLP), die eine
Artunterscheidung bei Koniginnen von B. ferrestris
und B. lucorum erlauben. Die Hummelarbeiterin-
nen wurden dabei basierend auf entweder morpho-
logischen Merkmalen oder anhand ihrer mtDNA
RFLPs zu B. terrestris oder B. lucorum zugeordnet.
Alle Individuen wurden an sechs Mikrosatelliten-
Loci genotypisiert um zu testen, welche der beiden
Artgruppierungen (Morphologie- oder mtDNA-
basiert) besser mit einer zu erwartenden Hardy-
Weinberg Population libereinstimmt.

Zum Ersten konnten wir zeigen, dass die fiir Ko-
niginnen diagnostischen mtDNA RFLPs auch bei
Arbeiterinnen eine eindeutige Artbestimmung zu-
lassen. Dariiber hinaus konnten wir durch unsere
populationsgenetischen Analysen bestitigen, dass
die Artbestimmung mittels mtDNA RFLPs der
durch morphologische Merkmale in Prizision deut-
lich tiberlegen ist. Die Artbestimmung mittels des
Bestimmungsschliissels fiihrte zu 45% Fehlbestim-
mungen bei B. lucorum, Fehlbestimmungen bei
B. terrestris wurden in 5% aller Fille gefunden.
Folglich empfehlen wir die verldssliche Artbestim-
mung mittels genetischer Methoden bei Studien an
B. terrestris, vor allem, wenn diese in Mitteleuro-
pa durchgefiihrt werden und populationsgenetische
Untersuchungen beinhalten.

Hummel / Artbestimmung / Morphologie /
mtDNA / Populationsgenetik
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