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Seed beetles are a group of specialized chrysomelid beetles, which are mostly associated with plants of
the legume family (Fabaceae). In the legume-feeding species, a marked trend of phylogenetic conser-
vatism of host use has been highlighted by several molecular phylogenetics studies. Yet, little is known
about the evolutionary patterns of association of species feeding outside the legume family. Here, we
investigate the evolution of host use in Spermophagus, a species-rich seed beetle genus that is specialized
on two non-legume host-plant groups: morning glories (Convolvulaceae) and mallows (Malvaceae:
Malvoideae). Spermophagus species are widespread in the Old World, especially in the Afrotropical,
Indomalaya and Palearctic regions. In this study we rely on eight gene regions to provide the first phy-
logenetic framework for the genus, along with reconstructions of host use evolution, estimates of diver-
gence times and historical biogeography analyses. Like the legume-feeding species, a marked trend
toward conservatism of host use is revealed, with one clade specializing on Convolvulaceae and the other
on Malvoideae. Comparisons of plants’ and insects’ estimates of divergence times yield a contrasted pat-
tern: on one hand a quite congruent temporal framework was recovered for morning-glories and their
seed-predators; on the other hand the diversification of Spermophagus species associated with mallows
apparently lagged far behind the diversification of their hosts. We hypothesize that this delayed coloniza-
tion of Malvoideae can be accounted for by the respective biogeographic histories of the two groups.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction 1700 species (Johnson et al., 2004). Almost all bruchine species
Seed beetles (Coleoptera, Chrysomelidae, Bruchinae) are a
group of specialized seed predators, which encompasses about
have a narrow host range and are associated with a small set of
related host plant species, which generally belong to one genus
or botanical tribe (Janzen, 1980; Johnson, 1981, 1989; Delobel
and Delobel, 2003, 2006; Jermy and Szentesi, 2003; Kingsolver,
2004). Of the ca. 35 plant families attacked by bruchines
(Johnson and Romero, 2004), the family Fabaceae (legumes) is
the main target, as about 84% of bruchine species are strictly
associated with seeds of legume plants (Borowiec, 1987). The
remaining species are mostly associated with Arecaceae (4.5%),
Convolvulaceae (4.5%) or Malvaceae (2%) (Borowiec, 1987).
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Molecular phylogenetic studies on legume-feeding seed beetles
have highlighted a marked trend toward taxonomic conservatism
in host use, in which species that are phylogenetically related tend
to feed on phylogenetically related host plants (Kergoat et al., 2004,
2005a, 2007b,c, 2008, 2011; Tuda et al., 2006; Tuda, 2007). This
pattern is not uncommon for phytophagous insects in which
long-term plant-insect associations are potentially mediated by
plant chemical similarities (Futuyma and Moreno, 1988; Becerra,
1997; Kelley and Farrell, 1998; Abrahamson et al., 2003; Kergoat
et al., 2005b). While plant secondary chemistry is considered a
major constraint on the evolution of host use, numerous studies
have suggested that other factors (e.g. morphological features
and type of growth form, phenology, plant-associated parasitoids
and predators, geographical distribution, habitat) may also be
important for determining host use in phytophagous insects (see
the review of Nyman, 2010). For example, habitat and climate
are significant in the adaptation of Callosobruchus Pic to dry beans
(Tuda et al., 2005, 2006; Tuda, 2011), and oviposition behavior is
important in shaping the host-plant association patterns in several
groups, such as Mimosestes Bridwell (Kato et al., 2010) and Stator
Bridwell (Morse, 2003; Morse and Farrell, 2005).

The specificity of Bruchinae to their host plants is useful for
investigating variation in evolutionary patterns of host-plant use.
Thus far, molecular studies on seed beetles have only focused on
species associated with legume plants, and only a few species of
bruchines feeding outside the Fabaceae have been sequenced
(e.g. a few species of Acanthoscelides Schilsky in Kergoat et al.,
2005a and Álvarez et al., 2006). The precise timing of colonization
of various plant groups by seed beetles is not known in detail but a
recent study has indicated that the diversification of some legume-
feeding species in the genus Conicobruchus Decelle might have clo-
sely followed those of their host-plants (Kergoat et al., 2011).
Evidence for similar patterns in other phytophagous insect groups
remains elusive, as most studies have recovered patterns of
delayed colonizations (e.g. Sequeira et al., 2000; Lopez-
Vaamonde et al., 2006; Gómez-Zurita et al., 2007; Hunt et al.,
2007; McKenna et al., 2009; McLeish et al., 2013; but see Farrell,
2001; Becerra, 2003; Brändle et al., 2005; Cruaud et al., 2012).

Here we focus on the evolutionary history and pattern of host
use in a non-legume feeder seed beetle group, the genus
Spermophagus Schoenherr. With 118 valid species (see Table S1
for a detailed list) the genus Spermophagus is one of the most spe-
cies-rich genera of seed beetles. It belongs to the tribe Amblycerini,
which also encompasses the genera Amblycerus Thunberg and
Zabrotes Horn. A fourth genus, Pygospermophagus Pic, only consists
of a poorly described species whose type is lost, and the species is
probably invalid (Kingsolver, 1970; Borowiec, 1991).
Morphologically, Amblycerus, Spermophagus and Zabrotes are quite
distinctive from other seed beetles: they exhibit two conspicuous
long apical metatibial spurs and a distinct lateral pronotal carina.
Spermophagus is morphologically most similar to Zabrotes as both
genera share the following combination of character states: deeply
emarginated eyes, triangular scutellum, abbreviated prosternal
process with partly reduced parasutural rows; externally they only
differ by the supracoxal carina (present in Spermophagus, absent in
Zabrotes) and the tenth elytral stria (complete in Spermophagus,
abbreviated in Zabrotes). While Spermophagus species are rather
uniform in their external morphology, they exhibit distinctive male
genitalic structures that have allowed the definition of informal
species groups (Borowiec, 1991; Anton, 1996, 1999b) for a major-
ity of the extant species (87 out of 118; see Table S1). These spe-
cies-groups are referred to by the names of typical species of
each group (e.g. S. hottentotus Fåhraeus for the S. hottentotus
species-group: Borowiec, 1991). In contrast with the New World
genera Amblycerus and Zabrotes, species in the genus
Spermophagus are only found in the Old World: 51 species are
distributed in the Afrotropical region, 46 in the Indomalaya region
and 19 in the Palearctic region (Table S1). Only three species are
distributed into more than one biogeographic region: S. perpastus
(Lea) in Indomalaya and Australasia (Anton, 1999a; Reid and
Beatson, 2013), S. pygopubens Pic in Afrotropical and Palearctic
(Borowiec, 1991) and S. sophorae Fåhraeus in Afrotropic and
Indomalaya (Borowiec, 1991). Two fossil taxa (from the Eocene
Florissant formation of Colorado) have been tentatively assigned
to the genus Spermophagus (Scudder, 1876; Wickham, 1914) but
their assignations seem questionable because of the lack of diag-
nostic characters at the genus level and the fact that extant
Spermophagus species are not distributed in the Western hemi-
sphere. Though it may be hypothesized that these fossils can be
assigned to the tribe Amblycerini because of indications of the
presence of two metatibial spurs (Scudder, 1876: 82; Wickham,
1914: 480), we also cannot exclude the hypothesis that these fos-
sils correspond to a distinct and extinct seed beetle lineage.

The evolutionary history of Spermophagus species is of particu-
lar interest because the genus constitutes one of the most success-
ful radiations of bruchine beetles outside the Fabaceae. Indeed, all
Spermophagus species for which unambiguous host records are
known are associated with morning glories (Convolvulaceae) and
mallows (Malvaceae: Malvoideae). Some records indicate that
Spermophagus species may feed outside these two groups, but most
of them correspond to adult catches rather than actual rearing
records (Delobel, 2010; Delobel and Anton, 2011). This is exempli-
fied by the case of S. albosparsus Gyllenhal, which supposedly feeds
on both legumes and mallows (Udayagiri and Wadhi, 1989).
Examination of the records shows that reared specimens were only
from Malvoideae (Arora, 1977; Borowiec, 1991); the record on the
legume Albizia Durazz by Zacher (1952) is unlikely to be correct
because this source is well known for doubtful and inaccurate host
records (Kingsolver and Johnson, 1978; Southgate, 1979; Romero
et al., 1996; Romero and Johnson, 2003; Delobel et al., 2004;
Kergoat et al., 2007a). Though the host-plant associations of
numerous species remain unknown or only partially known;
recent investigations in South-East Asia (Delobel, 2008; Delobel
and Anton, 2011), Western Asia (Delobel and Sadeghi, 2013) and
Africa (Le Ru, pers. obs.) are progressively filling gaps in our knowl-
edge of host use in the genus. Reliable host records are now avail-
able for 48 of the 118 valid species (Table S1), indicating that a
majority of the species for which host records are available (i.e.
37 species) are associated with Convolvulaceae belonging to ten
genera in tribes Cardiochlamyeae (Poranopsis Roberty),
Convolvuleae (Calystegia R. Br. and Convolvulus Linnaeus),
Dichondreae (Porana Burm. f.), Ipomoeeae (Astripomoea A.
Meeuse, Ipomoea Linnaeus and Lepistemon Blume) and
Merremieae (Hewittia Wight and Arn., Merremia Dennst. ex. Endl.
and Xenostegia D.F. Austin and Staples). The remaining 11 species
are associated with Malvoideae belonging to four genera in tribes
Hibisceae (Abelmoschus Medik., Hibiscus Linnaeus and Urena
Linnaeus) and Malveae (Sida Linnaeus). Recent studies have revised
the origin and timing of diversification of Convolvulaceae and
Malvoideae. For Convolvulaceae, whole plastome sequences and
fossil calibrations (Eserman et al., 2014) provide a robust temporal
context for diversification of morning glories, with estimated ori-
gin of Convolvulaceae at ca. 55.3 million years old (Ma); this esti-
mate is consistent with the age of 54.1 Ma from the study of Zanne
et al. (2014) on angiosperms, which relies on seven molecular
markers and fossil calibrations. Convolvulaceae have a likely origin
in the Old World, as attested by their fossil record and biogeo-
graphic hypotheses based on the fragmentation of Gondwana
(Olmstead, 2013). Regarding the Malvoideae, Carvalho et al.
(2011) recently documented the oldest known fossil from the mid-
dle Paleocene (58–60 Ma) of Colombia, which predates previous
molecular clock estimates (Koopman and Baum, 2008; Zanne



G.J. Kergoat et al. / Molecular Phylogenetics and Evolution 89 (2015) 91–103 93
et al., 2014) by more than 30 million years (Myr); they also claimed
that a Neotropical origin for Malvoideae is highly plausible given
their current distribution and fossil record. It is thus possible to
investigate the question of the timing of the colonization of
Spermophagus seed beetles.

To determine the evolutionary relationships and evolution of
Spermophagus seed beetles we conducted molecular phylogenetic
analyses on a representative sample of 77 bruchine species, includ-
ing 37 Spermophagus species. The first objective of the study was to
assess the respective positions of the three genera belonging to the
tribe Amblycerini and to provide a phylogenetic framework for
the genus Spermophagus. The second objective was to estimate
the history of colonization of Spermophagus seed beetles on their
host-plants. Our final objective was to infer a temporal framework
for the genus using Bayesian relaxed clock (BRC) methods. The
resulting timelines allow us to implement historical biogeography
analyses and to compare the timing of Spermophagus diversifica-
tion with those of their host-plants.
2. Materials and methods

2.1. Taxon sampling and molecular methods

Most Spermophagus specimens were obtained through various
field missions conducted in 16 countries (see Table S2 for details).
Techniques used for sample collection and seed beetles rearing
were similar to those described earlier (Delobel and Delobel,
2003, 2006; Jermy and Szentesi, 2003; Johnson and Romero,
2004). By rearing adults from fruits and seeds, we can report
new host-plant records for 14 Spermophagus species (Table S2). A
few sampled Spermophagus specimens were collected from
unidentified hosts (see Table S2). Identification of most specimens
was done by Alex Delobel, who is a recognized authority in bru-
chine taxonomy. Specimens from 78 species were included in the
molecular analyses (see Table S3). 37 Spermophagus species were
sampled, including members of 15 of the 20 recognized
Spermophagus species groups (where possible we have included
the species for which these groups are named). To assess phyloge-
netic relationships within Amblycerini, we included two represen-
tatives of Amblycerus and five representatives of Zabrotes. 33 other
seed beetles species were also included in the sampling: 29 species
from the tribe Bruchini (belonging to eight distinct genera), three
species from the tribe Kytorhinini and one species from the tribe
Pachymerini. We were not able to include specimens from the
two remaining bruchine tribes (Eubaptini and Rhaebini), which
encompass a handful of very rare species. To root the tree we used
a representative of a distinct chrysomelid subfamily, Crioceris
duodecimpunctata (Linnaeus) (Chrysomelidae, Criocerinae).

Non-destructive DNA extractions of whole specimens were
conducted using Qiagen DNAeasy tissue kits (Qiagen, Hilden,
Germany). Polymerase chain reaction (PCR) amplifications were
conducted for four mitochondrial gene fragments: cytochrome oxi-
dase I (COI), cytochrome b (Cytb), ribosomal 12S RNA (12S), and
ribosomal 16S RNA (16S) (see Table S4 for the list of primers).
Four nuclear gene regions were also sequenced: 28S ribosomal
DNA domain D2-D3 (28S-D2D3), 28S ribosomal DNA domain D4-
D5 (28S-D4D5), 28S ribosomal DNA domain D6-D7 (28S-D6D7),
and 18S ribosomal DNA (18S) (see Table S4 for the list of primers).
For the 28S-D6D7 domain, we used the settings detailed in Ceotto
et al. (2008). For the 18S gene, three overlapping regions were
sequenced following Kergoat et al. (2014b). For all remaining
genes, we used the settings detailed in Kergoat et al. (2011).
Newly generated PCR products were processed by Eurofins MWG
Synthesis GmbH (Ebersberg, Germany). Both strands were
sequenced for all specimens to minimize PCR artefacts and
ambiguities. Sequences of complementary strands were edited
and reconciled using Geneious v5.1 software (available at:
www.geneious.com/). All the sequences generated in this study
were deposited in GenBank (see Table S5 for the accession num-
bers). Unlike the sequences of coding genes (COI and Cytb), the
sequences of ribosomal genes were variable in length. Their align-
ment was accomplished using MAFFT 7 (Katoh and Standley, 2013)
with default settings. For all protein-coding genes, we used
Mesquite 3.0 (available at: www.mesquiteproject.org) to check
the coding frame for possible errors or stop codons. The combina-
tion of the eight gene fragments resulted in a combined matrix of
78 specimens and 6852 aligned characters.

2.2. Phylogenetic analyses

Phylogenetic analyses were conducted using Maximum likeli-
hood (ML) and Bayesian inference (BI). For both methods we car-
ried out partitioned analyses to improve phylogenetic accuracy
(Nylander et al., 2004). Partitions and substitution models were
determined using PartitionFinder v1.1.1 (Lanfear et al., 2012).
The corrected Akaike information criterion (AICc; Posada and
Buckley, 2004) was used as a metric for ML analyses whereas the
Bayesian information criterion (BIC) was used for BI analyses.

Maximum Likelihood analyses were performed using RAxML v8
(Stamatakis, 2014). Based on the AICc results we used 12 partitions
with either a General time reversible (GTR) + G + I model or a
GTR + G model (see Table S4). The best ML tree was obtained using
a heuristic search implementing 100 random-addition replicates.
Clade support was then assessed using a non-parametric bootstrap
procedure (1,000 replicates were used). Nodes supported by boot-
strap values (BV) P 70% were considered strongly supported fol-
lowing Hillis and Bull (1993).

Bayesian inference analyses were carried out using MrBayes
3.2.3 (Ronquist et al., 2012). Based on the BIC results we used ten
partitions (see Table S6) but instead of using a specific model for
each partition we used the mixed model option. The latter allows
for sampling across the substitution model space in the Bayesian
Markov Chains Monte Carlo (MCMC) analysis itself, removing the
need for a priori model testing (Huelsenbeck et al., 2004). We con-
ducted two independent runs with four MCMC (one cold and three
incrementally heated) that ran for 50 million generations, with
trees sampled every 1000 generations. A conservative burn-in of
25% was then applied after checking for stability on the log-likeli-
hood curves and the split-frequencies of the runs. Support of nodes
for MrBayes analyses was provided by clade posterior probabilities
(PP) as directly estimated from the majority-rule consensus topol-
ogy. Nodes supported by PP P 0.95 were considered strongly sup-
ported following Erixon et al. (2003). Whenever a group of interest
was recovered in paraphyly, we used Bayes factors (BF) to assess
whether there was statistical support for their non-monophyly.
To do so, specific analyses (in which taxa of interest are con-
strained to be monophyletic) were carried out using MrBayes.

2.3. Character optimizations

Host plant associations of sampled bruchine species were deter-
mined based on a critical review of the extant literature (Udayagiri
and Wadhi, 1989; Borowiec, 1991, 1995; Anton and Delobel, 2003;
Delobel and Delobel, 2003, 2006; Jermy and Szentesi, 2003;
Kergoat et al., 2007a; Delobel, 2008; Delobel and Anton, 2011;
Delobel and Sadeghi, 2013; Le Ru et al., 2014), or directly compiled
from data obtained during field collecting trips. Outside the genus
Spermophagus, all sampled bruchine species are associated with
Fabaceae except for Bruchidius biguttatus (Olivier) (associated with
Cistaceae), B. cinerascens (Gyllenhal) (associated with Apiaceae)
and Pachymerus cardo (Fåhraeus) (associated with Arecaceae).

http://www.geneious.com/
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Finally, the only sampled Criocerinae, Crioceris duodecimpunctata
(Linnaeus), is associated with Liliaceae (Schmitt, 1988). We thus
used the following optimization scheme with seven possible char-
acter states: (1) associated with Arecaceae; (2) associated with
Apiaceae; (3) associated with Cistaceae; (4) associated with
Convolvulaceae; (5) associated with Malvoideae; (6) associated
with Fabaceae; (7) associated with Liliaceae. As a guide tree we
used the best ML tree obtained through the RAxML analyses. This
tree was modified under Mesquite, by pruning the only taxon for
which no host record was available (i.e. Spermophagus sp.
BRU.GK544). Ancestral character state estimations were further
carried out under ML using a one-parameter Markov k-state model
with symmetrical rates (Lewis, 2001), as implemented in Mesquite.
The support of one state over another (at a given node) was consid-
ered as significant if the difference between their log-likelihoods
was greater than or equal to 2.0 (Schluter et al., 1997).

2.4. Dating analyses

We used the BRC approach implemented in BEAST v1.8.1
(Drummond et al., 2012). Two age constraints were enforced to
provide a more precise estimation of divergence times. For the first
constraint we relied on the age of Mesopachymerus antiqua Poinar
Jr. (Pachymerini), the oldest known fossil bruchine (Poinar, 2005),
to set a minimum age for the seed beetle crown group. This fossil
was found in amber sediments belonging to the Judith River
Formation (Grassy Lake, Alberta, Canada), which were radiometri-
cally dated at 79.0 Ma by Eberth and Hambin (1993). To limit the
risk of age overestimations we also used as an upper bound the
minimum age associated with the stem age of Chrysomelidae
(152.0 Ma), which corresponds to the oldest known occurrence of
a member of the superfamily Chrysomeloidea (see Kergoat et al.,
2014a for more details). This fossil constraint was enforced using
either a lognormal statistical distribution or an exponential statis-
tical distribution following the recommendations of Ho and
Phillips (2009). 95% of the prior distribution was set between
79.0 to 152.0 Myrs using the following settings: (i) for the expo-
nential prior: mean = 24.8; offset = 77.72; (ii) for the lognormal
prior: mean = 1.002; stdev = 2.0; offset = 78.90. Second, we relied
on Spermophagus lindbergorum Decelle, a species endemic to the
Canary archipelago, to set a geological constraint. Given that the
magmatic event represented by the Canary Islands started 24.0 Ma
(Fernández-Palacios et al., 2011), we used a uniform distribution
to set an age comprised between 0.0 and 24.0 Myr (24.0 Myr corre-
sponds to the age of the two oldest islands) for the node correspond-
ing to the most recent common ancestor (MRCA) of S. lindbergorum
and its sister-taxa. Because accurate fossil assignation is critical for
dating procedures (Sauquet et al., 2012), we also chose not to rely
on the two questionable Spermophagus fossils. BEAST analyses were
further implemented with a birth–death tree speciation prior to
account for the fact that our trees describe inter-specific relation-
ships. To limit the number of parameters to estimate: (i) we only
used two clock models (one for the mitochondrial genes and one
for the nuclear genes); and (ii) we used a guide tree that corre-
sponds to the topology inferred with MrBayes. Supplementary anal-
yses were also conducted with one clock model per gene in order to
estimate their rates of evolution.

For each calibration procedure (‘lognormal prior for the fossil
constraint’ and ‘exponential prior for the fossil constraint’), two
distinct runs were carried out with 50 million generations and
trees sampled every 5000 generations (10,000 trees were sampled
for each run). BEAST xml files were modified to implement the
path-sampling procedure for BF estimation following the recom-
mendations of Baele et al. (2013). We used a conservative burn-
in-period of 12.5 million generations per run. Post burn-in trees
from the two distinct runs (7500 trees for each run) were further
combined using the LogCombiner module of BEAST. Convergence
of runs was assessed graphically under Tracer v1.5 (available at
http://tree.bio.ed.ac.uk/software/tracer/) and by examining the
effective sample size (ESS) of parameters. Convergence was indi-
cated by ESS of parameters P 200 for the post burn-in trees. Out
of the two calibrations, the calibration procedure with an exponen-
tial prior has the best harmonic mean (�56293.84 versus
�56303.88 for the procedure with an lognormal prior) and is
recovered as the best-fit calibration procedure because of a statis-
tically significant BF of 20.08 (BF > 10; Kass and Raftery, 1995).
2.5. Historical biogeography

Historical biogeography analyses were carried out using the R
package BioGeoBEARS (BioGeography with Bayesian (and
likelihood) Evolutionary Analysis of RangeS; Matzke, 2014). This
package relies on the LAGRANGE (Ree et al., 2005; Ree and
Smith, 2008) dispersal extinction cladogenesis (DEC) model. It also
implements a new model called DEC + J model which accounts for
founder event speciation (Matzke, 2014). Here we carried out dis-
tinct analyses for the DEC and DEC + J models. As a guide tree we
used the dated phylogeny corresponding to the best-fit calibration
procedure (i.e. with an exponential prior). This tree was further
pruned to only include Spermophagus species, in order to avoid
potential biases resulting from the fact that many of the sampled
outgroup taxa are also distributed in the same geographic areas
as Spermophagus species.

We defined four geographical areas for the BioGeoBEARS analysis
after considering the evidence available for historical relationships
between relevant geographic areas (Sanmartín et al., 2001;
Sanmartín and Ronquist, 2004) and the distribution of Spermophagus
taxa. These biogeographic regions were as follows: (i) Afrotropical;
(ii) Australasian; (iii) Indomalayan; (iv) Palearctic. Species ranges were
coded by presence–absence and a maximum number of four areas was
set for both DEC and DEC + J analyses. Finally, to account for major peri-
ods of geological rearrangements, we used time-stratified biogeo-
graphical models, with three distinct time slices (Fig. S1). The first
time slice (t1) runs from 40.0 to 66.0 Ma: it restricts dispersal between
Australasia and all remaining areas and also accounts for the fact that
the Afrotropical, Indomalayan and Palearctic regions are not connected
but are separated by shallow seas. The second time slice (t2) runs from
27.0 to 40.0 Ma and accounts for a greater connectivity between the
Afrotropical, the Indomalayan and the Palearctic. The last time slice
(t3) runs from 0.0 to 27.0 Ma and corresponds to the highest level of
connectivity between all considered geographic areas. After running
both analyses, we used Likelihood Ratio Tests (LRT) to sort between
the two competing models (DEC and DEC + J), as recommended by
Matzke (2014).
3. Results

3.1. Phylogenetic analyses

Most of the phylogenetic support is provided by the mitochon-
drial genes, which account for 70.7% (1323 sites out of 1870) of the
variable sites (Table 1). The four mitochondrial gene fragments
that are used exhibit similar variability (proportion of variable sites
comprised between 45% for the COI and 51.7% for the Cytb.
Regarding the nuclear genes, the variability is low for the 18S
(7.8%), 28S-D4D5 (8.6%) and 28S-D6D7 (12.1%); by contrast the
28S-D2D3 fragment exhibits a higher level of variability (31.2%).
Both ML and BI analyses yield similar topologies (see Fig. 1 for
the topology inferred under BI, and Fig. S2 for the best-fit ML tree),
as indicated by a high proportion of shared nodes (69 out of 77).
Most differences relate to the placement of several bruchine taxa

http://tree.bio.ed.ac.uk/software/tracer/


Table 1
Information on the sequenced gene fragments. For each gene the following
information is provided: the length of the aligned fragment, the number of variable
sites (#var. sites), the percentage of variable sites (%var. sites), the number of
parsimony informative sites with gaps considered as a fifth character (#PI sites), the
percentage of PI sites with gaps considered as a fifth character (%PI sites), the number
of gaps (#gaps) and the A-T percentage (%A-T).

Gene Length #var. sites %var. sites #PI sites %PI sites #gaps %A-T

COI 1011 455 45.0 385 38.0 0 67.1
Cytb 778 403 51.7 330 42.4 0 68.9
12S 410 210 51.2 168 40.9 9 76.3
16S 544 255 46.8 210 38.6 9 74.2
28S-D2D3 801 250 31.2 162 20.2 20 40.5
28S-D4D5 703 61 8.6 34 4.8 7 47.4
28S-D6D7 715 87 12.1 43 6.0 9 42.6
18S 1892 149 7.8 34 1.7 12 48.3
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that do not belong to Amblycerini, such as members of the
Bruchidius submaculatus group (B. cadei Delobel, B. pygidiopictus
Delobel and B. submaculatus (Fåhraeus)). Clade support is moderate
to high on average; if considering the number of nodes that are
supported by PP P 0.95 or BV P 70%, BI analyses yield a slightly
more robust topology (38 well-supported nodes) compared to
the ML tree (33 well-supported nodes).

All sampled members of the tribe Bruchini are recovered mono-
phyletic with strong support (PP of 1.0 and BV of 93%; see Figs. 1
and S2), and sister to the representative of the tribe Pachymerini,
Pachymerus cardo (Fåhraeus). Sister to this clade is one that groups
the representatives of Amblycerini and Kytorhinini. Due to the
position of Kytorhinini, members of the tribe Amblycerini are para-
phyletic in all phylogenetic analyses. Kytorhinini representatives
appear sister to Amblycerus with moderately high support (PP of
0.94 and BV of 67%) whereas both Spermophagus and Zabrotes are
grouped together with strong support (PP of 1.0 and BV of 98%).
Additional analyses carried out under BI clearly support the para-
phyly of the tribe Amblycerini: MCMC runs where Amblycerini
representatives are constrained to be monophyletic yield a har-
monic mean estimate of �52521.72 versus �52493.78 for the
MCMC runs where Kytorhinini representatives are grouped with
Amblycerus spp. Hence the difference corresponds to a statistically
significant BF of 55.80. The genus Spermophagus is recovered mono-
phyletic with strong support (PP of 0.99 and BV of 76%). Four major
clades can be distinguished: (i) 15 species, mostly from four spe-
cies groups (species groups S. hottentotus, S. johnsoni, S. sericeus
and S. titivilitius); (ii) sister to (i), 11 species, including members
of seven distinct species groups (species groups S. albomaculatus,
S. brevipes, S. cederholmi, S. latithorax, S. posticus, S. rufipes and S.
stemmleri); (iii) three species from species groups S. mannarensis
and S. multipunctatus form a clade sister to (i) + (ii); eight species,
mostly belonging to species groups S. albosparsus and S. niger form
a clade sister to (i) + (ii) + (iii).
3.2. Character optimizations

Character optimizations of host plant associations (Fig. 2) yield
a well-supported pattern as the character states of all but two
nodes are statistically supported by the likelihood comparisons
(log-likelihood difference of one state over another > 2.0). For
Spermophagus a shift from Fabaceae to Convolvulaceae is recovered
as the most likely (relative probability of 62.55%), but without sta-
tistical support. A clear pattern with a high level of phylogenetic
conservatism in host use is revealed for Spermophagus beetles: all
Convolvulaceae feeders are grouped together and are sister to a
clade that encompasses all Malvoideae feeders. For the MRCA of
both clades an ancestral host association with either
Convolvulaceae or Malvoideae is statistically significantly
supported.
3.3. Dating analyses

Both calibration procedures yield comparable timeframes (see
Figs. S3 and S4). Age estimates for the subfamily Bruchinae suggest
an origin around 78–81 Ma (median age of 81.3 Ma, 95% HPD:
77.7–92.7 for the exponential-based calibration and median age
of 78.1 Ma, 95% HPD: 78.9–96.3 for the lognormal-based calibra-
tion). As for Spermophagus, dating analyses suggest an origin
around 60 Ma (median age of 60.3 Ma, 95% HPD: 52.6–70.2 for
the exponential-based calibration and median age of 59.3 Ma,
95% HPD: 52.9–66.5 for the lognormal-based calibration).
Regarding the two major clades that are specialized on distinct
plant groups, an older origin is inferred for the species associated
with Convolvulaceae about 57 Ma (median age of 57.7 Ma, 95%
HPD: 50.3–67.1 for the exponential-based calibration and median
age of 56.7 Ma, 95% HPD: 50.2–63.4 for the lognormal-based cali-
bration). The clade that diversified on Malvoideae diversified more
recently about 42 Ma (median age of 42.7 Ma, 95% HPD: 34.3–52.1
for the exponential-based calibration and median age of 41.9 Ma,
95% HPD: 34.3–50.2 for the lognormal-based calibration). The sup-
plementary analyses relying on eight molecular clocks gave similar
estimates (see Figs. S5 and S6): (i) 79–80 Ma for the Bruchinae
(median age of 80.6 Ma, 95% HPD: 77.7–113.6 for the exponen-
tial-based calibration and median age of 79.7 Ma, 95% HPD:
78.9–102.4 for the lognormal-based calibration); (ii) 55–56 Ma
for the genus Spermophagus (median age of 56.0 Ma, 95% HPD:
44.3–80.5 for the exponential-based calibration and median age
of 55.4 Ma, 95% HPD: 43.4–73.9 for the lognormal-based calibra-
tion); (iii) 52–53 Ma for the clade associated with
Convolvulaceae (median age of 53.2 Ma, 95% HPD: 40.9–79.9 for
the exponential-based calibration and median age of 52.5 Ma,
95% HPD: 41.9–70.5 for the lognormal-based calibration); (iv)
36–37 Ma for the clade associated with Malvoideae (median age
of 37.6 Ma, 95% HPD: 25.5–54.2 for the exponential-based calibra-
tion and median age of 36.9 Ma, 95% HPD: 24.2–53.5 for the log-
normal-based calibration). The estimated rates of evolution for
each gene are presented in Table 2. The fastest evolving mitochon-
drial gene is the Cytb (mean rate of 0.003189 substitution/site/
Myr) while the 12S is the slowest (mean rate of 0.001525 substitu-
tion/site/Myr). As for the nuclear genes, the fastest evolving gene is
the 28S-D2D3 (mean rate of 0.001115 substitution/site/Myr) while
the 18S is the slowest (mean rate of 0.000099 substitution/site/
Myr).
3.4. Historical biogeography

Model selections through LRT significantly support the DEC + J
model (L = �53.59) over the DEC model (L = �74.1) as the best-fit
model for the BioGeoBEARS historical biogeography analyses. The
corresponding inference of ancestral areas evolution (Fig. 3) sug-
gests an origin in Indomalaya for Spermophagus during the
Paleocene, followed by multiple independent colonizations of
the Palearctic and Afrotropic during the Eocene. During the
Oligocene, several lineages also reached the Afrotropic from the
Palearctic. Colonization of Australasia from Indomalaya occurred
more recently, likely during the Miocene. Analyses with a DEC
model also recover a very similar pattern (Fig. S7), and mostly dif-
fer by a higher number of inferred vicariance events: one vicari-
ance event was inferred by the BioGeoBEARS analysis with a
DEC + J model (in the clade i: between the group consisting of S.
cornutus Delobel and S. insularis Delobel and the group that encom-
passes members of the S. sericeus species group) whereas four
vicariance events were inferred for the analysis with a DEC model
(Fig. S7).



Fig. 1. Majority-rule consensus topology from Bayesian inference analyses. Support values are provided on nodes (only PP P 50% are shown). On the right side, drawings of
21 Spermophagus species are figured for illustrative purpose (drawings were reproduced with the kind authorization of Lech Borowiec).
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4. Discussion

4.1. Phylogenetic analyses

Our analyses provide novel insights on amblycerine phyloge-
netic relationships and clearly support the paraphyly of the tribe
Amblycerini. While Spermophagus and Zabrotes form a mono-
phyletic group, the tribe Kytorhinini is recovered sister to the
genus Amblycerus with a strong support. Interestingly the para-
phyly of the tribe Amblycerini was also recovered in the study of
Morse (2003), who analyzed a two-gene dataset of 88 seed beetle
taxa with a more limited sampling for Amblycerini and Kytorhinini
(i.e. five Amblycerus, one Spermophagus, three Zabrotes and one
Kytorhinus species). In the corresponding study, the paraphyly of
the tribe Amblycerini was recovered in all analyses, though the
sister-relationship of Amblycerus with Kytorhinini was only found



Fig. 2. Result of the character optimizations of host-plant associations. Host-plant groups of each species are figured on the tip of the tree. Ancestral host associations are
figured using either colored circles or squares: circles indicate statistically supported ancestral character traits whereas squares indicate that the corresponding host
association is the most likely but not statistically supported. On the bottom left, a drawing of Spermophagus sericeus is figured for illustrative purpose; the paired metatibial
spurs can be seen when looking at the posterior legs (drawing was reproduced with the kind authorization of Lech Borowiec). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Table 2
Estimated rates of evolution (substitution/site/Myr) for the eight genes used in this study. Rate statistics are based on the results of the BEAST analyses with an exponential prior
for the fossil constraint and one molecular clock per gene. Average rates are also presented for mitochondrial (mtDNA) and nuclear DNA (nucDNA); they correspond to the results
of the BEAST analyses with an exponential prior for the fossil constraint and two molecular clocks (one for the combined mitochondrial genes, one for the combined nuclear
genes).

Gene Mean rate ucld.mean ucld.stdev Coeff. variation Covariance

COI 0.003063 ± 0.00000831 0.003114 ± 0.00001124 0.4291 ± 0.0038 0.4308 ± 0.0037 0.0504 ± 0.0013
Cytb 0.003189 ± 0.00001119 0.003489 ± 0.00002260 0.8456 ± 0.0071 0.8698 ± 0.0210 �0.0928 ± 0.0040
12S 0.001525 ± 0.00000399 0.001508 ± 0.00000367 0.4827 ± 0.0020 0.4860 ± 0.0018 0.0441 ± 0.0010
16S 0.002121 ± 0.00000605 0.002110 ± 0.00000599 0.4614 ± 0.0022 0.4833 ± 0.0020 0.0758 ± 0.0010
28S-D2D3 0.001115 ± 0.00000269 0.001142 ± 0.00000906 0.9797 ± 0.0059 1.2465 ± 0.0051 0.0715 ± 0.0014
28S-D4D5 0.000261 ± 0.00000068 0.000272 ± 0.00000103 0.8895 ± 0.0044 1.0358 ± 0.0059 �0.0075 ± 0.0007
28S-D6D7 0.001392 ± 0.00000409 0.001438 ± 0.00000457 0.6470 ± 0.0030 0.7034 ± 0.0038 0.0007 ± 0.0008
18S 0.000099 ± 0.00000087 0.000102 ± 0.00000143 1.0493 ± 0.0101 1.3127 ± 0.0124 �0.0015 ± 0.0009
mtDNA 0.002717 ± 0.00000422 0.002707 ± 0.00000516 0.2784 ± 0.0013 0.2808 ± 0.0010 0.0655 ± 0.0012
nucDNA 0.000386 ± 0.00000067 0.000430 ± 0.00000275 0.8713 ± 0.0050 0.9827 ± 0.0036 0.0931 ± 0.0015
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under Bayesian inference (and not under parsimony). Taken alto-
gether these results suggest that the morphological characters
(presence of paired metatibial spurs and lateral pronotal carina)
that have been used to easily define the tribe Amblycerini have
either evolved independently in the lineage of Amblycerus and
the Spermophagus + Zabrotes clade, or have been lost in
Kytorhinini. Reid (1995) discusses these characters in
Chrysomeloidea generally and rejects them as useful for determin-
ing higher phylogeny: paired metatibial spurs are certainly a ple-
siomorphy in the Chrysomelidae (and in beetles generally) and
therefore only useful in bruchine classification when lost; the lat-
eral pronotal carina comes and goes, even in a single genus
(Microdonacia Blackburn; Reid, 1992). So from the outset, the reli-
ance on both characters to define the tribe Amblycerini is question-
able. Kytorhinini is a monotypic tribe of about 15 species (Delobel
and Legalov, 2009), harboring a combination of apomorphic and
plesiomorphic characters (Borowiec, 1987). The external morphol-
ogy of Kytorhinini is distinctive (Delobel and Legalov, 2009):
antennae pectinate or strongly serrate; slender legs; metafemur
without a ventral spine; metatibia without a distinct mucro;
metatibia with one or without a carina; tergites six [VI] and seven
[VII] exposed. Based on external morphology, Kytorhinini do not
appear to be related to Amblycerini, especially Amblycerus.
However, male genitalia in Kytorhinini definitely share more sim-
ilarities with Amblycerini and especially Amblycerus: the internal
sac possesses strong hooked sclerites (as in most Amblycerus spe-
cies) and the parameres are almost completely fused (as in
Amblycerus or Zabrotes) (Borowiec, 1987). We can hypothesize that
the lack of a more obvious morphological relationship between
Amblycerus and Kytorhinini may be accounted for by their early
divergence within Bruchinae, as indicated by our age estimates
from the MRCA of the two groups (median age of 73.2 Ma, 95%
HPD: 62.9–86.0 for the exponential-based calibration and median
age of 72.2 Ma, 95% HPD: 63.5–80.0 for the lognormal-based cali-
bration). The paraphyly of Amblycerini requires revision of the
classification of Bruchinae, by elevating the taxonomic rank of sub-
tribes Amblycerina and Spermophagina sensu Borowiec (to
Amblycerini and Spermophagini, respectively; see also Bouchard
et al., 2011 for more information of the status of
Spermophagina), or synonymizing Kytorhinini with Amblycerini,
with either having precedence (both were defined by Bridwell,
1932).

The monophyly of Spermophagus is strongly supported (BV of
76% and PP of 0.99). Though our sampling only encompasses about
one third of Spermophagus species it provides some support for
several of the species groups that have been defined in the last dec-
ades. Species that belong to the same species groups are generally
found in the same clade. However, we cannot precisely delimit
species-groups within Spermophagus from this study as only a
fraction of species was sampled and some species were not identi-
fied, or are undescribed (the latter indicated by ‘pr.’, meaning near).
Because Spermophagus species groups have been defined on the
basis of both external and internal (male genitalia) morphological
characters we suggest that the majority of the corresponding assig-
nations are correct (i.e. species groups are monophyletic), as has
been confirmed in several molecular studies on other seed beetle
genera (Kergoat et al., 2004, 2007c, 2008; Delobel et al., 2013; Le
Ru et al., 2014).

4.2. Origin of Bruchinae

With respect to the age of Bruchinae, our estimates (78–81 Ma)
are congruent with the ages inferred in a comparable study focus-
ing on a distinct seed beetle group (82–85 Ma in Kergoat et al.,
2011). Both estimates significantly predate ages of the Bruchinae
recovered in other molecular studies (Kergoat et al., 2005a;
Gómez-Zurita et al., 2007). This discrepancy may be due to the
way the fossil Mesopachymerus antiqua was used as a constraint
in the present study and in the study of Kergoat et al. (2011). In
the study of Kergoat et al. (2005a), the authors did not use M. anti-
qua for their calibrations (the description of M. antiqua by Poinar
was shortly after the publication of their study); instead they relied
on the standard rate estimate by Brower (1994) for mitochondrial
DNA evolution in arthropods and estimated an age of 70 Ma for the
origin of Bruchinae. In the study of Gómez-Zurita et al. (2007),
younger ages (stem ages are comprised between 49 to 69 Ma) were
obtained because M. antiqua was erroneously considered a sagrine
beetle, following the interpretations of older studies (Poinar, 1999;
Grimaldi and Engel, 2005), but corrected by Reid (2000: 855). The
authors also relied on a younger age estimate (72 Ma) for the age of
the fossil (following Grimaldi and Engel, 2005). As a result their
estimations of the origin of Chrysomelidae (at 73–79 Ma) and
Bruchinae are biased; the discrepancies in dates underline the
need for further studies on the timing of chrysomelid diversifica-
tion. Such studies will also provide more precise estimates for
the age of bruchine beetles, through the use of multiple external
calibration points (as opposed to the use of only one fossil con-
straint in our study).

4.3. Origin and diversification of Spermophagus beetles

With an origin estimated at ca. 60 Ma the genus Spermophagus
is a relatively ancient lineage within Bruchinae, and now occupies
all major biogeographic regions in the Old World. Regarding model
selection, the fact that a DEC + J model was selected is consistent
with the observation of Matzke (2014), who found out that biogeo-
graphic studies that treat major landmasses as areas, with most
species endemic to a single area, are usually better fitted by the



Fig. 3. Historical biogeography of Spermophagus as inferred by ancestral area reconstructions carried out by the DEC + J model of BioGeoBEARS with three stratified time
slices (t1, t2 and t3). For each node the most likely ancestral geographic range is shown on the left (ranges that correspond to combinations of multiple areas are represented
by using several colored squares). Smaller squares on corners represent the ancestral areas just after speciation. On the left side, a drawing of Spermophagus titivilitius is
figured for illustrative purpose (drawing was reproduced with the kind authorization of Lech Borowiec). The paleomaps on the bottom of the figure are courtesy of Ron
Blakey, Colorado Plateau Geosystems. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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DEC + J model. The corresponding biogeographic analysis suggests
an origin in the Indomalaya region, which currently constitutes the
second most species-rich biogeographic region for the genus (48
known Indomalayan species versus 53 Afrotropical species).
From there a quite dynamic pattern is inferred with multiple inde-
pendent colonizations of the adjacent Palearctic and Afrotropic
regions during the Eocene and the Oligocene. The diversification
of the two clades that include most of the species in temperate cli-
mates coincided with the major cooling event that occurred at the
Eocene–Oligocene boundary (Liu et al., 2009). The biogeographic
analyses tend to support the hypothesis of a recent colonization
of the Australasian from the Indomalaya, but it is not possible to
provide more accurate estimates on this point, especially for S. per-
pastus (Lea) whose MRCA is about 40 Ma old. Yet, the fact that only
two indigenous species (including apparently new species in
Fig. 4. Timing of diversification of Spermophagus seed beetles. The dated phylogeny
exponential priori distribution for its fossil constraint. For more clarity, a focus is putted o
or on Convolvulaceae (in purple). An error bar corresponding to the 95% highest proba
purpose we also figure the 95% highest probability density for the age estimate of the M
synchronous origin of Convolvulaceae and their seed predator. As for Malvoideae, we
corresponds to the age of the oldest know fossil of the group (Carvalho et al., 2011). The
seed predators. Finally on the left side is figured a drawing of Spermophagus (reproduced w
colour in this figure legend, the reader is referred to the web version of this article.)
Timor) are known from the Australasian region, supports the
hypothesis of a late colonization of the Australasian region by mul-
tiple derived seed beetle lineages. However at least one isolated
and therefore probably old bruchine lineage exists in Australia
(Reid and Beatson, 2013), so others may occur there.

Our biogeographic reconstructions rely on an incomplete
phylogeny, which only encompasses one third of the known
Spermophagus diversity. Biogeographic reconstructions can be
adversely affected by missing taxa (Turner et al., 2009), therefore
the inferred biogeographic pattern for Spermophagus should only
be considered as a first step toward a biogeographic history for
the genus. Nonetheless, more complete sampling is likely to yield
a comparable result, because the current sampling is already quite
representative of the diversity of the genus (species from 15 of the
20 known species groups, most of which are biogeographically
corresponds to the result of the best-fit calibration procedure that relies on an
n the respective diversifications of Spermophagus feeding on Malvoideae (in yellow)

bility density is figured at the origin of each Spermophagus clade. For comparison
RCA of Convolvulaceae from the study of Eserman et al. (2014), which suggests a
also provide a conservative minimum bound for the MRCA of the group, which
latter suggests a potential delayed colonization of Malvoideae by their specialized
ith the kind authorization of Lech Borowiec). (For interpretation of the references to
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constrained, and balanced sampling of species from all four biogeo-
graphic areas) (Table S1).

4.4. Pattern and timing of host colonization

Evolution of host associations in Spermophagus is comparable to
those inferred in legume-feeding bruchine species: a marked trend
toward conservatism of host use with one clade specializing on
Convolvulaceae and the other on Malvoideae. However, at the
botanical tribe level, Spermophagus beetles appear less specialized,
contrary to other seed beetle genera such as Bruchus or
Conicobruchus (Kergoat et al., 2007, 2011). Of the 49 species for
which host-plants are known, at least nine (18%) (S. albosparsus,
S. cornutus, S. latithorax, S. mannarensis, S. perpastus, S. posticus, S.
romeroi, S. sophorae and S. titivilitius) are able to develop in plants
belonging to more than one tribe (Dichondreae and Ipomoeeae,
Ipomoeeae and Merremieae or Hibisceae and Malveae). Host
records for numerous species are missing or incomplete; therefore
18% is a conservative figure. Additional host-plant records will also
allow us to investigate whether specific secondary metabolites are
affecting host choice. Chemical specialization probably constitutes
a major constraint on the evolution of host use in Spermophagus
species, especially because both Convolvulaceae and Malvoideae
possess a large array of toxic secondary compounds, such as alka-
loids or flavonoids (Bohm, 1998; Eich, 2008).

Regarding the timing of host colonization, we recovered two
contrasted patterns (Fig. 4). An older origin ca. 56–57 Ma was
found for the clade including all the species that are associated
with morning-glories. This median age is similar to age estimates
for the origin of Convolvulaceae from two recent studies: an age
of 54.1 Ma was recovered in the study of Zanne et al. (2014)
whereas an age estimate of 55.3 Ma was found in the study of
Eserman et al. (2014). The clade of Spermophagus that is specialized
with Malvoideae diversified more recently, about 42 Ma. In this
case, there is a clear discrepancy between the age of the seed beetle
group and the minimum age of 58–60 Ma of the oldest known
Malvoideae fossil. In addition the minimum age of Malvoideae falls
far before the timeframe corresponding to the uncertainty of age
estimates for the seed beetle clade (95% HPD of 34.3–52.1 or
34.3–50.2 Ma, depending on calibration settings) (Fig. 4).

To account for the apparent discrepancies in the timing of col-
onization of Spermophagus seed beetles on their host-plants, we
postulate for the role of the respective biogeographic histories of
insects and plants. Spermophagus apparently originated in the
Indomalayan region, quickly colonizing all major Old World land-
masses except for the Australasian region. The early and almost
synchronous shift toward Convolvulaceae was favored by the ori-
gin of the latter in the Old World, possibly in the Afrotropical
region, where the oldest unambiguous morning-glory fossils can
be found (Eserman et al., 2014). In contrast, mallows apparently
originated in the Western hemisphere, most likely in the
Neotropical region which concentrates most of the early fossils of
the group (Carvalho et al., 2011). Our results suggest that the time
taken by mallows to reach the Old World may explain the delayed
colonization of their associated seed predators.

4.5. Conclusion and perspectives

Through the reconstruction of the evolutionary history of a rep-
resentative sample of Spermophagus species we have been able to
highlight a phylogenetically conserved pattern of host use in a
group of non-legume feeding seed beetles. Dating analyses indicate
an early origin for the group, which nonetheless postdates by more
than 20 Ma the diversification of the earliest known lineages of
seed beetles at the end of the Mesozoic. Our biogeographic recon-
structions suggest a dynamic pattern in the Old World, with an
origin in Indomalaya and a late colonization of Australasia. The
contrast between synchronicity of speciation of one clade and its
hosts and the delayed colonization of hosts by the other clade of
Spermophagus is best explained by the respective biogeographic
histories of the two host-plant groups. Our work provides addi-
tional evidence for some phytophagous insect groups being rapidly
able to colonize new host-plant groups (Kergoat et al., 2011).
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