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Abstract. The Aphnaeinae (Lepidoptera: Lycaenidae) are a largely African subfamily
of 278 described species that exhibit extraordinary life-history variation. The larvae of
these butterflies typically form mutualistic associations with ants, and feed on a wide
variety of plants, including 23 families in 19 orders. However, at least one species in
each of 9 of the 17 genera is aphytophagous, parasitically feeding on the eggs, brood or
regurgitations of ants. This diversity in diet and type of symbiotic association makes
the phylogenetic relations of the Aphnaeinae of particular interest. A phylogenetic
hypothesis for the Aphnaeinae was inferred from 4.4 kb covering the mitochondrial
marker COI and five nuclear markers (wg, H3, CAD, GAPDH and EF 1 «) for each of 79
ingroup taxa representing 15 of the 17 currently recognized genera, as well as three
outgroup taxa. Maximum Parsimony, Maximum Likelihood and Bayesian Inference
analyses all support Heath’s systematic revision of the clade based on morphological
characters. Ancestral range inference suggests an African origin for the subfamily with
a single dispersal into Asia. The common ancestor of the aphnaeines likely associated
with myrmicine ants in the genus Crematogaster and plants of the order Fabales.

Introduction and parasitoids, and larvae produce nutritious secretions for
the ants. In some cases, however, larvae parasitize ants, either
by inducing trophallaxis from ant workers or by consuming
ant brood. Interactions can range from facultative associations
in which lycaenid larvae intermittently associate with many
species of ants, to specialized, obligate symbioses in which
larvae are never found without ants, often associating with only
one or a few closely related species (Pierce et al., 2002).

The Aphnaeinae are notable among the Lycaenidae for
exhibiting considerable variability in feeding strategies within a
single subfamily, especially considering the relatively small size
of the group. Although 8 of the 17 genera consist of species that
are phytophagous and mutualistically associated with ants, the
remaining 9 genera contain at least one species that is ‘aphy-
tophagous’ (i.e. feeding obligately on substances other than

The subfamily Aphnaeinae (Lepidoptera: Lycaenidae) consists
of 278 species of butterflies with an unusual diversity of life
histories. Several of the 17 genera are endemic to southern
Africa, but many of the genera are distributed throughout
Africa. The majority (88%) of the described species are found
in Africa and/or Arabia, with the exception of 33 of the 71
species of Cigaritis Donzel, which are found in Asia as far
east as Japan. Aphnaeines occur in many habitats and consume
and/or lay eggs on a wide range of host plants (Table 1).
Like most known lycaenid species, aphnaeine larvae form
associations with ants (Pierce er al., 2002). These associations
are typically mutualistic: ants defend the larvae from predators
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plants during at least some portion of the lifetime) and parasiti-
cally associated with ants (Pierce et al., 2002, A. Heath, personal
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Table 2. Summary of the major taxonomic rearrangements of
Aphnaeinae.

Swinhoe (1911)  Stempffer (1967) Heath (1997)  Current genera

Aphnaeus Pseudaletis Pseudaletis Pseudaletis
Lipaphnaeus Lipaphnaeus  Lipaphnaeus
Chloroselas Chloroselas Chloroselas
Desmolycaena

Vansomerenia  Vansomerenia
Crudaria Crudaria Crudaria
Chrysoritis Chrysoritis Chrysoritis
Poecilmitis
Phasis Phasis Phasis
Trimenia Trimenia
Argyraspodes  Argyraspodes
Tylopaedia Tylopaedia
Spindasis Jacksonia Cesa
Cigaritis Cigaritis
Spindasis
Apharitis
Zeritis Zeritis Zeritis
Axiocerses Axiocerses Axiocerses
Aloeides Aloeides Aloeides
Erikssonia Erikssonia Erikssonia
Aphnaeus Aphaneus Aphnaeus
Paraphnaeus

Horizontal rows demonstrate how sets of species changed generic name
over time. When Spindasis and Cigaritis were synonymized, Cigaritis
was found to be the older name, even though it is not one of Stempffer’s
genera.

observation). This enormous range in diet — among the most
diverse for a group of its size within the Lepidoptera — makes
Aphnaeinae of particular interest in analysing factors contribut-
ing to life-history evolution and the loss of herbivory. By deter-
mining how such aphytophagous, parasitic species and genera
are distributed throughout the phylogeny, we can gain informa-
tion about the evolutionary dynamics of this parasitic behaviour:
it allows us to ask does aphytophagy evolve frequently, but fail
to survive or diversify across evolutionary time; or do aphy-
tophagous species evolve more rarely, but persist long enough
to speciate?

The systematics of this group has been revised several times
(Table 2). Distant (1882—1886) proposed the name Aphnaria for
a grouping of 24 diverse lycaenid genera based upon similarities
in wing venation. This grouping remained unchanged until
Swinhoe (1911) erected the subfamily Aphnaeinae based on
specific morphological characters. Swinhoe made no mention
of Distant or the 24 genera placed in Aphnaria; instead he
proposed only one genus with 27 species, Aphnaeus Hiibner, in
his subfamily, having subsumed Cigaritis, Spindasis Wallengren
and Amblypodia Westwood under Aphnaeus.

Swinhoe’s one-genus subfamily remained unchanged until
Stempffer (1967) proposed the adoption of 16 genera within it,
namely: Aphnaeus, Paraphnaeus Thierry Mieg, Apharitis Riley,
Spindasis, Lipaphnaeus Aurivillius, Chloroselas Butler, Zeritis
Boisduval, Desmolycaena Trimen, Axiocerses Hiibner, Phasis
Hiibner, Aloeides Hiibner, Poecilmitis Butler, Chrysoritis

Phylogeny of the Aphnaeinae 175

Butler, Crudaria Wallengren, Erikssonia Trimen and
Pseudaletis Druce. Stempffer’s selection was based on adult
morphological characters, particularly the male genitalia.

Eliot (1973) relegated this same group of genera to tribal level
within Theclinae, separating Pseudaletis into one section within
the tribe and the remainder into an Aphnaeus section. During the
following decade several new genera were added to the tribe.

Heath (1997) reviewed the Aphnaeini based on morphologi-
cal characters, and abandoned Eliot’s two sections, although he
considered Pseudaletis to be sister to the remaining genera. He
did not provide a formal phylogenetic analysis as part of his
revision, but arranged the taxa in his systematic classification
to reflect what he considered to be the most likely evolution-
ary relationships among groups. He also synonymized several
of the existing genera as follows: Apharitis with Spindasis, and
Poecilmitis (as well as two additional genera erected since
Eliot’s revision — Bowkeria Quickleburge and Oxychaeta Tite
& Dickson) with Chrysoritis, and Argyrocupha Tite & Dick-
son with Trimenia Tite & Dickson. He proposed several new
combinations by shifting all but one of the species within
Desmolycaena into the genus Chloroselas and creating a new
genus, Vansomerenia Heath, for the remaining species. In a later
work, Heath et al. (2002) synonymized the genus Spindasis with
Cigaritis. The resulting genera were thus: Pseudaletis, Lipaph-
naeus, Chloroselas, Vansomerenia, Jacksonia Heath, Crudaria,
Chrysoritis, Trimenia, Argyraspodes Tite & Dickson, Cigaritis,
Zeritis, Axiocerses, Aloeides, Erikssonia, Aphnaeus, Tylopae-
dia Tite & Dickson and Phasis. Jacksonia was subsequently
renamed Cesa Seven after it was found to be a previously
occupied name.

With respect to higher level relationships, Eliot (1973) had
difficulty placing Aphnaeini within the Theclinae, originally
assigning it to a somewhat derived position near the Iolaini
and Cheritrini, but he later placed it — along with Polyommatini
and Lycaenini — as sister to Theclinae. More specialized (and
presumably derived) characters that made initial diagnosis of
this group difficult include the hind wing shape, which is often
tailed and lobed; the absence of a precostal vein on the hind
wing; absence of tibial spurs; and an ungirdled pupa. Instead
of the male fore tarsus being segmented with double claws, it
is fused into a single segment ending in a single claw (except
for Aphnaeus where it is blunted). Eliot also remarked upon
the extraordinary tufts of highly specialized scales found at the
tip of the female abdomen (1973). These are found in certain
genera of the aphnaeines and several genera of the Hesperiidae,
in which he presumed they must have evolved convergently.
Some of these scales adhere to the freshly laid egg, appearing to
serve as camouflage for the egg. Newly hatched larvae of some
species have been observed to consume these scales, presumably
gaining some benefit from doing so (Heath, 1997). The tribe
Aphnaeini was later placed in subfamily Lycaeninae by Scott
(1985). We refer to the clade as a subfamily here in light of
a forthcoming phylogeny of the Lycaenoidea which recovers
the aphnaeines as a basally branching clade along with other
established subfamilies (N.E. Pierce et al., in preparation).

Apart from a phylogenetic study of the genus Chrysoritis
which used several outgroups from other aphnaeine genera
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(Rand et al., 2000), no work has been done to elucidate the
relationships within Aphnaeinae using molecular characters.
Using data from mitochondrial DNA, Rand and his colleagues
found Aloeides + Argyraspodes to be weakly supported sister
genera, with Trimenia sister to that clade. Sister to Tri-
menia + (Aloeides + Argyraspodes) was the grouping Tylopae-
dia + Phasis. The relationships among these, Chrysoritis and
Crudaria were not determined.

Phylogenetic analyses are important prerequisites for under-
standing the evolution of life-history variation, and the Aph-
naeinae are of particular value in this regard because of the
remarkable variability among species in both feeding strategy
and ant association. The focus of this study is to use molecu-
lar characters from both mitochondrial and nuclear markers to
infer relationships within and among the main lineages of Aph-
naeinae, providing a rigorous framework for further exploration
of life-history evolution. We also make the first contribution
toward such exploration by using ancestral state reconstructions
to infer biogeographical history and the evolution of host plant
associations in the group.

Materials and methods
Taxon sampling

Samples studied here included 79 ingroup taxa representing
15 of the 17 genera recognized in Heath’s review of the
aphnaeines (Heath, 1997; Heath et al., 2002). Unfortunately,
no specimens of the rare monotypic genera Vansomerenia and
Cesa could be obtained. Three taxa from the closely related
lycaenid subfamilies Poritiinae and Miletinae (sensu Eliot,
1973) were used as outgroups. Specimens were collected fresh
into 90—100% ethanol and stored at —20 or —80°C prior to DNA
extraction. Wings were kept separately in glassine envelopes,
and vouchers of all samples are deposited in the DNA and
Tissues collection of the Museum of Comparative Zoology.

Molecular protocols

DNA was extracted from butterfly legs or thoracic tissue using
a Qiagen DNEasy Blood and Tissue Kit (Qiagen, Inc., Valencia,
CA, U.S.A.). Fragments were amplified from a mitochondrial
gene, cytochrome oxidase I (COI), and five nuclear gene regions,
histone 3 (H3), elongation factor 1 alpha (EFla), wingless
(wg), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and carbamoyl-phosphate synthetase 2, aspartate transcar-
bamylase, and dihydroorotase (CAD). These mitochondrial and
nuclear genes were selected due to their utility in reconstructing
the phylogeny of other insect groups of similar age and diver-
sity (e.g. Wahlberg et al., 2005; Vila ef al., 2011; Talavera et al.,
2013).

Amplifications were done by standard polymerase chain reac-
tions (PCR) mostly using published primers (Table S1). For each
sample, 25-pL reactions were subjected to a 3 min initial denat-
uration at 94°, then cycled through a 50's denaturation at 94°,

followed by a variable annealing phase (Table S2), and an 80 s
extension phase at 72°. The last cycle was followed by a final
extension phase of 5 min at 72°.

PCR products were purified by adding 1.0 pL Antarctic Phos-
phatase, 1.0 pL Antarctic Phosphatase buffer and 0.6 pL. Exonu-
clease I (New England Biolabs, Ipswitch, MA, U.S.A.) and incu-
bating at 37°C for 35 min followed by 20 min at 80°C. Samples
were then amplified for sequencing using BigDye chemistry
v3.1 (Applied Biosystems, Foster City, CA, U.S.A.). Ampli-
fied fragments were sequenced in both directions on an Applied
Biosystems 3130xI Genetic Analyzer using specified reaction
conditions (Table S3).

Phylogenetic analyses

Sequences were edited in Sequencher 4.8 (Gene Codes, Ann
Arbor, MI, U.S.A.) and manually aligned. No indels were found
in any of the six markers.

Phylogenetic analyses were performed using Maximum Par-
simony, Maximum Likelihood and Bayesian Inference-based
methods. Bayesian inference was performed using MrBayes
v3.2 (Ronquist & Huelsenbeck, 2003). Molecular data were par-
titioned as in the maximum likelihood analysis (below). For
each partition, a model was chosen using jModelTest (Table
S4), using that program’s Akaike information criterion method
to select the highest-weighted model that is provided for in
MrBayes (Posada, 2008). We used two runs, each with four
chains, and ran the analysis for 25 million generations, sampling
every 10000 generations. Likelihoods were viewed using Tracer
v1.5.0 (Rambaut & Drummond, 2007) and a burn-in set at 1 mil-
lion generations before summarizing the sampled trees.

We also performed a parsimony analysis in TNT vI.1
(Goloboft et al., 2008). The data included concatenated
sequences of all six markers. We used a New Technology Search
with Sectorial Search and Tree Fusing, driving the search until
a minimum length had been found 100 times. We then made
a strict consensus tree of all the most parsimonious trees and
calculated nodal support with 1000 standard bootstraps.

Maximum likelihood analysis was performed using RAxML
v7.7.5 (Stamatakis, 2006; Stamatakis er al., 2008). The data
were partitioned by first, second or third codon position for
each of the six markers, for a total of 18 partitions. RAXML
determined the tree with the highest likelihood using a gen-
eral time-reversible model with the Gamma model of rate het-
erogeneity and an estimated proportion of invariant sites, and
performed a rapid bootstrap analysis with 100 bootstraps.

Ancestral range reconstruction

The chronopl function in the ape package in R (Paradis
et al., 2004) was used to produce an ultrametric version of the
summary tree produced by MrBayes, setting lambda =0, and
removing the three outgroup taxa before transforming the tree.
Ancestral ranges were estimated on this tree using LAGRANGE
v20130526 (Ree & Smith, 2008). Each species was coded as
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belonging to one or more of four of the biogeographical regions
of sub-Saharan Africa as defined in Linder eral. (2012; we
provide an illustration in Fig. 2), and/or as having a range outside
of sub-Saharan Africa (see Table 1). The Southern African
region was set as nonadjacent to the Somalian region and to the
non-African region; all other possible area combinations were
permitted.

Ancestral state reconstruction

We used BayesTraits v1.3 to estimate ancestral ant asso-
ciates and host plants (Pagel ef al., 2004). Species were coded
as associating with one or more of six genera of ants, and
with one or more of 18 orders of host plants (Table S5).
The reversible-jump MCMC algorithm of the BayesMultiStates
model was used along with an ultrametric phylogeny (trans-
formed as for LAGRANGE, but with the outgroup taxa included)
and priors chosen to produce an acceptance rate around 30%.
For the analysis of ant associates, the ratedev parameter was
set to 1.2 and a reversible-jump hyperprior set to exp 0 30. For
the analysis of host plants, the same hyperprior was used with
a ratedev parameter of 0.103. The analysis was run for 5.05
million generations, sampling every hundred generations after
a 50000 generation burn-in.

Results and discussion

Phylogenetic hypotheses of Aphnaeinae and Systematics

Monophyly of genera. With one exception, the genera
described in Heath’s (1997) organization of the aphnaeines
were recovered as monophyletic with strong support in all three
analyses, although only a single representative of the genus
Zeritis was included in the phylogeny (see Fig. 1; Figures
S1 and S2). The single exception was Aloeides. In his 1997
review, Heath suggested that Aloeides and Erikssonia may
be congeneric, although he did not find sufficient reason to
synonymize them. Our analysis is similarly ambiguous as to the
relationship between the two genera. Aloeides was recovered as
monophyletic, but the support for this arrangement was weak in
the maximum likelihood and Bayesian analyses. Based on our
data, we cannot rule out the possibility that Erikssonia, although
a monophyletic group itself, is nested within Aloeides. Addi-
tional markers and/or sample taxa will be needed to confirm
that the two groups are indeed reciprocally monophyletic.

Our analysis also provides support for several earlier syn-
onymizations. When Riley (1925) erected the genus Apharitis,
he noted that it differed from Spindasis only in its coloration;
he acknowledged that structurally — in venation and other char-
acters — the genera were similar. Stempffer described and illus-
trated all the structural features in both genera and provided no
distinguishing characteristics (1967). Heath illustrated the male
genitalia of Cigaritis, Spindasis and Apharitis, showing all three
to be of the same type and arguing that their wing markings
were also of a common pattern. He synonymized Apharitis with
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Spindasis on structural grounds, considering coloration to be an
insufficient basis for retaining Apharitis (1997). In a later publi-
cation, Heath et al. (2002) synonymized Spindasis with Cigari-
tis for similar reasons. Our analysis provides support for this, as
Cigaritis epargyros, a representative of the former genus Aphar-
itis, is found nested within the rest of the genus Cigaritis. Heath
(1997) also synonymized the genus Argyracupha with Trimenia.
He found the male genitalia, the wing markings and other char-
acteristics to be similar, differing only in the shape of the male
hind wing. In this molecular phylogeny, 7. malagrida Wallen-
gren (formerly Argyrocupha) is closely related to other (original)
Trimenia species.

We present here the Bayesian phylogenetic hypothesis, which
we used for ancestral range and state reconstructions. The
maximum-likelihood and Bayesian trees recover the same
well-supported relationships among genera, although with a dif-
ferent branching order at one weakly-supported node, and with
minor differences in branch length and node support through-
out the tree (Fig. 1; Figure S1). The parsimony tree (Figure
S2) differs in several key respects from the likelihood-based
methods, but many taxa show the same relationships under all
three methods. The most important difference among the trees
is that parsimony recovers Aphnaeus as sister to the rest of the
subfamily, and Axiocerses + Zeritis as sister to the remainder,
although these clades are nested within one of two larger clades
in the Bayesian and likelihood analyses. These three genera have
among the longest branch lengths of any genera in the Bayesian
and likelihood analyses. The different arrangement of the parsi-
mony tree may be influenced by long branch attraction, and so
we focus here on the Bayesian tree.

The six genera Pseudaletis, Chrysoritis, Crudaria, Cigaritis,
Chloroselas and Lipaphnaeus form a single clade (marked
CladeJ on Fig. 2). These data support Heath’s (1997) deci-
sion to abandon Eliot’s (1973) placement of Pseudaletis
in a section separated from the other genera. Pseudaletis
is sister to the other five genera, and Chrysoritis sister to
the remaining four. The relationships among the remain-
ing four genera are not well supported. The Bayesian
phylogeny places Crudaria+ Cigaritis sister to Chlorose-
las + Lipaphnaeus, but the only well-supported relationship is
Lipaphnaeus + Chloroselas forming a single clade. This Lipa-
phnaeus + Chloroselas clade is also supported by similarities
of the genitalia, as is the grouping of those two genera with
Pseudaletis and Crudaria (Heath, 1997). Heath also grouped
these four genera with Chrysoritis, as is seen in our phyloge-
nies. Although he did not include Cigaritis, he did include the
monotypic genera Vansomerenia and Cesa in this grouping.

Clade J is sister to the remaining lineages, marked as
Clade B. Among these, Tylopaedia+ Phasis is sister to
the rest of Clade B, but with poor support. Within this
clade, Aphnaeus is sister to Zeritis + Axiocerses, Trimenia +
Argyraspodes + (Aloeides + Erikssonia) form a single clade,
and Trimenia is sister to Argyraspodes + Aloeides/Erikssonia.
However, there is no strong support for the relationships
between these groupings. This clade was not predicted by
the morphological analyses of either Eliot (1973) or Heath
(1997), but was recovered by Rand e al. (2000), with low

© 2014 The Royal Entomological Society, Systematic Entomology, 40, 169182



178 J. H. Boyle et al.

Feniseca

_I*_Wga C:_u ,.‘L lidotos peucetia
a pheretia
clavum .
Lo  Phasis
ES pringlei
E sardonyx sardonyx H
& sardonyx peringueyi TYIOPGele
Arygraspodes argyraspis <
pierus
barklyi
mEe ”s(Penning.toni
Dggol!ot:}fd AI d
allida  f—
] | 0/95 "msimpfex o€ides
' * thyra
= TUtescens
D%urulynnae
* = bamptoni

0.94/-
margaretae

— —TJ7 " Frikssonia

— H\:.rykehami
_l |Eom argyroplaga
- macmasteri

i E' malagrida maryae < Tﬂmema

Aloeides pringlei

0.92/51 malagrida paarlensis

095855
mc?.'sagnda cedrusmontana e

marshalli
* :
_ﬁenr&ssom mashunae
i questiauxi Aph
1.072
§ fovescens naeus

— 005

coelescens (7)
0.92/-

=joane Axiocerses
j <

1.0/84

Axiocerses sp.

»

* h— 0T110NZA
Zeritis sorhagenii
— leroma
= ; 5
L okram _ Crudaria

capensis
syama terana
kutu
lohita senama
takanonis - —
epargyros
crustaria . e
tavetensis C'gar ItIs
ella
phanes
namaqua
mozambica
natalensis

=1 0.62/-

1.0/96

o mazoensis
- overlaeti
pseudozeritis

— -
] 0.99/64 azurea Ch[OfOSCIGS

.09 1
leonina bitje
* aderna | ¢
. — et Libaphnaeus
zonarius coetzeri
felthami

chrysantas
thysbe thysbe

roeis pyroeis T Y
proes By Chrysoritis
Tyncuﬁum
b = aethon
4 aureus
0.03 * b CI11ysOT
oreas
&""‘”’ dicksoni e

clymenus

= .wne Pseudaletis

Chrysoritis chrysaor

Fig. 1. Phylogenetic hypothesis of Aphnaeinae: Bayesian Inference. “*’ marks nodes with 1.00 posterior probability in the Bayesian analysis and
100% bootstrap support in the maximum likelihood analysis. Nodes with less support are labeled with Bayesian posterior probability (first number) and
maximum likelihood bootstrap support (second number). Nodes not recovered by the maximum likelihood analysis have a ‘-’ in place of the bootstrap
support. Aphytophagous species are marked with an arrow.

© 2014 The Royal Entomological Society, Systematic Entomology, 40, 169—182



Phylogeny of the Aphnaeinae 179

Ancestral Ranges (map and branch colors) Ant-associates: Host-plants:
I South African Crematogaster (Myrmicinae) - - Fabales
. Zambezi
CD“,:g:HIL:n Pheidale (Myrmicinae) - - Ericales
W Sudanian Lepisiota (Formicinae) Malvales
I Somalian :
M Edhiopian Anopioleps (Formicinac) [ Sapindales
BN Saharan
B Non-African B zyzorhyiates
S Multiple ranges - g
=g Phasis
-8 1 | Tyl'opaed!a
Argyraspodes
4 I I Aloeides
E Erikssonia

< . Trimenia
D
< . . Aphnaeus

H
| < Axiocerses

Zeritis
e - Crudaria

Oriental
Cigaritis

African
Cigaritis

K

J 4 II Chrysoritis

N I Pseudaletis

Fig. 2. Life-history evolution of Aphnaeinae. The colour of the first block to the right of each butterfly genus indicates which ant genus had the highest
probability of association with the common ancestor of the given aphnaeine genus, as determined by the BayesTraits reconstruction. The colour of the
second block indicates the order of host plant BayesTraits assigned as most likely to have associated with the common ancestor of the same aphnaeine
genus. The colour of each branch indicates the most plausible ancestral range along that branch. The inset map of Africa (after Linder ez al., 2012) shows
the boundaries of each region. Note that aphnaeines are not found in several regions of Africa. Grey branch lines indicate that LAGRANGE recovered
multiple zones with a >0.2 probability that the range of the common ancestor contained at least that zone. For specific detail regarding each node, see

Tables S5-S7.
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support. Within the group, the clades of Tylopaedia + Phasis
and Zeritis + Axiocerses are recovered with strong support.
Genitalic similarities further support Zeritis + Axiocerses, and
argue for the clustering of Trimenia and Argyraspodes (Heath,
1997); the clade of Tylopaedia + Phasis was also recovered by
Rand et al. (2000).

Ancestral range reconstruction

LAGRANGE provided evidence for a Southern African distri-
bution of the ancestor of the taxon labelled Clade B in Fig. 2,
with a 0.81 probability that the ancestral distribution included
Southern Africa, and a 0.21 probability of ancestors distributed
outside Southern Africa (Fig. 2 and Table S5).

There was less evidence for the distribution of the ancestor
of the Clade J. The probability that the ancestral distribution
included at least Southern Africa was 0.64, and the probability
that it included at least the Congolian region was 0.55. The
most likely single possibility was a strictly Southern African
distribution, with a probability of 0.21.

LAGRANGE thus provides evidence for a probable Southern
African origin of Aphnaeinae, with the possibility of a more
extensive ancestral distribution. Aphnaeine butterflies appear to
have radiated outside Africa only once, because the Oriental
species of Cigaritis appear to form a single radiation. A few
other species have also independently colonized Arabia, includ-
ing Chloroselas arabica Riley, C. esmerelda Butler (Larsen,
1991), and Axiocerses harpax Fabricius. However, the South-
ern African origin — as well as the ancestral ranges at internal
nodes of the Aphnaeinae phylogeny — is not well supported. Our
sampled taxa represent about a quarter of the overall aphnaeine
diversity (79 of 278 species, 28%), and even less in some impor-
tant genera, such as Cigaritis (12 of 71, 17%) or Pseudaletis (2 of
24, 8%). Increased taxon sampling will be necessary to uncover
more about the history of the apparent single colonization of
Asia by Cigaritis and to clarify the within-Africa evolutionary
history of the rest of the subfamily. However, it is also possi-
ble that Linder er al.’s African regions (2012) are simply too
restricted in area to produce a strong signal among relatively
mobile insects, whose ancestral range history could conceivably
include many expansions, contractions, and reintroductions.

Ancestral state reconstruction

Ant assocations. Almost all aphnaeine butterflies associate
with ants: ant association has been recorded in 14 of the 17
genera, and life histories are still unknown for the remaining
three, Zeritis and the monotypic genera Argyraspodes and Cesa.
All aphnaeines with known life histories (approximately one
third of the total) interact in some way with ants, and these
associations are obligate in 97% of cases (Pierce et al., 2002).

As to which ants have been the associates of Aphaenini,
BayesTraits predicted that the aphnaeine common ancestor
associated with Crematogaster Lund (Formicidae: Myrmicinae)
species (P =0.70). The most likely scenario for ant association

is an association with Crematogaster in the common ancestor,
with a few subsequent switches of ant associate: (i) to Pheidole
Westwood (also a myrmicine) by the common ancestor of Zeri-
tis + Axiocerses; and (ii) to Anoplolepis Santschi (Formicinae)
by the common ancestor of the genus Crudaria. In addition, the
common ancestor of Clade E likely associated with one of the
formicine genera Lepisiota Santschi (P =0.51) or Anoloplepis
(P=0.27). Either of these species may have been the associates
of the common ancestor of Clade D (P=0.31 and 0.14, respec-
tively), with a subsequent return to association with Cremato-
gaster by the common ancestor of Clade H (P =0.41); however,
there is little support for any particular scenario in this part of
the tree. The common ancestors of all other genera were most
likely to have associated with Crematogaster (Table S6).

As with the ancestral range reconstructions, missing
life-history data prevent us from drawing strong conclu-
sions regarding the overall frequency of ant switching and its
effect on the evolution of the group.

Plant associations. The evolution of host plant use is less
clear. Most species in Aphnaeinae feed and/or oviposit on host
plants in the order Fabales, and this trait was likely shared
by the aphnaeine common ancestor (P =0.66). As shown in
Table S7, the most likely host plant order was Fabales for
most common ancestors at the genus-level and higher, with the
exceptions of Phasis (Sapindales/Geraniales, P =0.51/0.46),
Phasis + Tylopaedia (Sapindales/Geraniales, P =0.24/0.20),
Erikssonia (Malvales, P =0.76), Psuedaletis (algae, P=0.96),
Chrysoritis (Zygophyllales, P =0.53), and Lipaphnaeus (Eri-
cales, P=0.45). However, support for Fabales is weak in
many of the internal branches, possibly because BayesTraits
requires internal nodes to have a single character state. Low
support values for any single character state could be a result
of ancestral aphnaeines feeding on host plants from multiple
orders. This is a trait certainly observed in modern species, for
aphnaeines consume a broad diversity of host plants outside of
Fabales. Life-history records include host plants from at least 23
families in 19 orders, 16 of which are represented in our ingroup
taxa (Table 1). Species in the larger genera, such as Aloeides,
Chrysoritis and Cigaritis, all associate with several other plant
orders, and several individual species have been recorded to
feed on four or more orders of host plants. This great diversity
of host plants, as well as limited life-history information [host
plant is unknown for 20 (25%) of our ingroup taxa] and limited
taxon sampling, makes interpreting the evolutionary history of
plant associations extremely difficult.

Aphytophagy

A strikingly high proportion of the genera of Aphnaeinae
have species recorded as parasites of ants, either eating ant eggs
and brood in the nest, or inducing trophallaxis from the ant
workers (‘cuckoo feeding’). This specialization on ants is in
contrast to the closely related Miletinae. All of the some 120
species of miletines are aphytophagous, but the majority feed
on insects associated with ants, such as aphids and scale insects,
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and a smaller proportion feed on the ants themselves (Pierce
et al., 2002). Although aphytophagy is widespread across the
Lycaenidae and Riodinidae — almost certainly as a consequence
of larval associations with ants — parasitic and predaceous life
histories appear to be more common in at least two of the
earlier-branching lineages of the Lycaenidae, the Miletinae
and Aphnaeinae. Life histories of the third early branching
lineage, the Poritiinae, are still too sparse to assess. Despite
its representation amongst these older lineages, this strategy
does not appear to be particularly persistent over evolutionary
time, as suggested by the ‘tippy’ distribution of aphytophagous
species across the phylogeny of Aphnaeinae (Fig. 2) as well as
throughout the Lycaenoidea as a whole (Pierce et al., 2002).

Conclusion

A phylogenetic hypothesis based on molecular characters sup-
ports the classification of Heath (1997) based on morphological
analysis, including the monophyly of most of the aphnaeine gen-
era. The phylogeny also underscores the great variety of life
histories within the Aphnaeinae, with many species having com-
plex larval ant associations and diet and host-plant preferences.
Plant feeding appears to have been lost multiple times within
the group, typically by individual species within otherwise phy-
tophagous genera. As we discover more information about the
life histories of these butterflies, this phylogeny will provide the
framework necessary to explore how ant association and loss of
phytophagy may have affected subsequent diversification in the
Aphnaeinae and the Lycaenidae as a whole.

Supporting Information

Additional Supporting Information may be found in the online
version of this article under the DOI reference:
10.1111/syen.12098

Figure S1. Phylogenetic hypothesis of Aphnaeinae: maxi-
mum likelihood. Nodes are labelled with bootstrap support.

Figure S2. Phylogenetic hypothesis of Aphnaeinae: maxi-
mum parsimony. Nodes are labelled with bootstrap support,
with unlabelled nodes indicating less than 50% bootstrap
support.

Table S1. Genes and primers used in molecular analyses.
Table S2. Annealing conditions used in PCR.

Table S3. Thermocyling program for BigDye reactions.
Table S4. Substitution models used in Bayesian Inference.

Table S5. Ancestral range reconstruction information for
internal nodes (as marked in Fig. 2) above the genus level,
and the first node of Cigaritis, which separates African from
non-African species.

Table S6. Ant associate ancestral state reconstruction infor-
mation for common ancestors of each genus and other
interior nodes marked in Fig. 2.
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Table S7. Host-plant ancestral state reconstruction informa-
tion for common ancestors of each genus and other interior
nodes marked in Fig. 2.
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