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? Melittidae
Megachilidae N Melittini E Melitta - Old World and Neartic
Melittinae Rediviva + Redivivoides - Southern Africa
. Afrodasypoda - Southern Africa
b Apidae
Promelitta - Northern Africa
X Macropis - Holarctic
Andrenidae Meganomiinae i X
Meganomia - Southern Africa
Hesperapis - Northern America
Halictidae H . —E
esperapini Capicola - Southern Africa
| Eremaphanta - Central Asia
Stenotritidae X
f Dasypoda - Palaearctic
Dasypodainae Samba - Southern Africa
Colletidae

Fig. 1. (A) Family-level phylogeny of bees based on Danforth et al. (2013). (B) Phylogeny of the subfamilies, tribes, and genera of Melittidae sensu lato according to Michez
et al. (2009) (“?” indicates that the Melittidae family is either a paraphyletic group from which all the other bees are derived, or the sister clade to all other existing bees).

such as lateral tubercles on the labrum, apical projection on the
posterior basitarsus and volsella with elongated digitus (Michener,
1981). Michez and Eardley (2007) recognized two subgenera of
Melitta (Cilissa and Melitta s. str.) based on a comprehensive taxo-
nomic revision and a phylogeny based on morphological charac-
ters. An updated list of 48 valid names was provided by Michez
et al. (2012). Melitta bees nest in the ground and most species
are specialist pollen foragers (i.e. oligolectic) (Michez et al.,
2008). The host-plants associated with the genus are morphologi-
cally and phylogenetically diverse, including both the bilateral
flowers of the Scrophulariaceae or Fabaceae (Lamiales and Fabales
respectively; APG III, 2009), and the radiate flowers of the Campa-
nulaceae and Lythraceae (Asterales and Myrtales respectively; APG
III, 2009). This high diversity in flower morphology is unusual for
clades of specialist bees, more often associated with a group of
similar flowers (Sipes and Wolf, 2001; Sedivy et al., 2008).

While the two sister genera Rediviva and Redivivoides are re-
stricted to South Africa and Lesotho, Melitta also occurs in temper-
ate areas of the Holartic and sub-Saharan Africa (Warncke, 1973;
Michener, 1979, 1981; Snelling and Stage, 1995; Wu, 2000; Eardley
and Kuhlmann, 2006; Kuhlmann, 2009; Michez et al., 2009, 2012).
Previous studies inferred that Melitta species from southern Africa
and North America belong to derived clades, suggesting a Palaearc-
tic origin for the genus, although this pattern was only weakly sup-
ported (Michez and Eardley, 2007). Because the sister clade of
Melitta (grouping the genera Rediviva and Redivivoides) is endemic
to southern Africa, the geographic origin of the tribe Melittini is
uncertain.

Here, we present new sequence data from one mitochondrial
and six nuclear genes for a total of ~5500 bp, collected for 23 spe-
cies of Melitta. With these data, we aim: (i) to infer the phyloge-
netic relationships among these sampled species of Melitta; (ii) to
explore if host-plant shifts can explain diversification of Melitta;
(iii) to determine the most likely geographical origin of the genus
and of the tribe Melittini.

2. Material and methods
2.1. Studied material

All 23 sampled species belong to the Melittidae sensu lato. Their
names and countries of origin are listed in Table 1. Our sampling
spans all biogeographic regions where Melitta occurs: Afrotropical,
Nearctic, East Palaearctic and West Palaearctic. In addition, we se-
lected the following species as outgroups: six species of the sister
group formed by Rediviva and Redivivoides, and two additional spe-

cies, Dasypoda hirtipes and Macropis europaea from outside the
Melittini. Voucher specimens are housed in the collections of the
University of Mons (Belgium) or those of Cornell University (USA).

2.2. Molecular data

Genomic DNA was extracted using the Qiagen DNeasy® Blood &
Tissue kit. A half thorax per specimen was ground in the Qiagen ATL
buffer and incubated overnight with proteinase K at 56 °C. The
remaining DNA-extraction steps were conducted as described in
the manufacturer’s protocol. For one specimen per species, we
sequenced seven loci: an 800 base pair (bp) long fragment of the
ribosomal RNA 28S gene, an 850 bp long fragment of the mitochon-
drial cytochrome oxydase I (COI) gene, an 950 bp long fragment of
the F2 copy of elongation factor-1a (EF-1a) gene, a 1000 bp long
fragment of the sodium potassium adenosine triphosphatase
(NaK) gene, a 600 bp long fragment of the long-wavelength rhodop-
sin (Opsin) gene, a 850 bp long fragment of the RNA polymerase II
(RNAp) gene, and a 450 bp long fragment of the Wingless (WgL)
gene. All fragments were PCR-amplified following the TrueStart
Hot Start Tag DNA polymerase manufacturer’s protocol (Fermentas
International Inc.). The 28S fragment was amplified (annealing
temperature of 53.5 °C) using primers Bel and Mar (Belshaw and
Quicke, 1997; Mardulyn and Whitfield, 1999), the COI fragment
(annealing temperature of 51 °C) with primers Jerry and Pat (Simon
et al., 1994), the EF-1a fragment with primers Forldeg (annealing
temperature of 54.9 °C) or HaF2forl (annealing temperature of
56.2 °C) and F2-rev1l (Danforth and Ji, 1998), the NaK fragment
(annealing temperature of 66 °C) with primers NaKfor2 and
NaKrev2 (Michez et al., 2009), the Opsin fragment with primers
For (annealing temperature of 58.1 °C) or For3 (annealing tempera-
ture of 59 °C) and Rev4a (Danforth et al., 2004), the RNAp fragment
(annealing temperature of 57 °C) with primers Polfor2a and Pol-
rev2a (Danforth et al., 2006a) and the WgL fragment (annealing
temperature of 63.5°C) with primers Bee-wg-Forl or Bee-wg-
For2 and Lep-Wg2a-Rev (Brower and DeSalle, 1998; Danforth
et al., 2004; Almeida and Danforth, 2009). Sequences were aligned
using the MUSCLE algorithm (Edgar, 2004) implemented in
CODONCODE ALIGNER (v. 3.7.1.1, Codon Code Corporation). Multi-
ple alignments were then checked manually and pruned at both
5’- and 3’-ends to ensure that all sequences were of identical length.

2.3. Phylogenetic analyses

We analyzed each gene independently and in combination
using maximum likelihood (ML) and Bayesian methods (MB). All
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