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Abstract
The hawkmoth genus Rhodafra comprises two African species with unclear relationships, as their wing patterns are markedly
different, with one species closely resembling species of a related genus, Hyles. The present paper aims to investigate the
monophyly and phylogenetic position of Rhodafra in relation to Hyles and other genera of the subtribe Choerocampina
(Sphingidae: Macroglossinae: Macroglossini) using mitochondrial and nuclear sequence data from more species and individuals
than have hitherto been studied. As no fresh tissue of Rhodafra was available, ancient-DNA methodology was applied. All data
corroborate the genus as monophyletic and that a similar wing pattern is not a good indicator of close phylogenetic relationship in
this group of moths. Phylogenetic trees based on mitochondrial data agree in placing RhodafrawithinHyles. In contrast, analysis
of nuclear EF1alpha sequences produces a topology in which Rhodafra is placed as the sister clade to Hyles. Although multi-
species coalescent analyses suggest a polytomy between Rhodafra, Hyles lineata and the remaining Hyles, total evidence
analyses corroborate Rhodafra as sister to Hyles. This relationship is interpreted as the favoured topology. For a more robust
result, the question should be re-examined using genomic approaches.
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Introduction

The family Sphingidae (hawkmoths) comprises four subfam-
ilies, Langiinae, Smerinthinae, Sphinginae and Macroglossinae
(Kitching and Rougerie et al. 2018). Within the last of these,
Choerocampina are a subtribe of largely tropical distribution in
which the second segment of the labial palp and the labral
pilifer have become modified into a unique bat-detecting ultra-
sonic hearing organ (Roeder et al. 1970; Kawahara et al. 2009
and references therein). Largely on the basis of modifications of
this structure, Rothschild and Jordan (1903) divided the genera

of Choerocampina into three subgroups: (1) Chaerocina
Rothschild & Jordan, 1903 and Euchloron Boisduval, [1875];
(2) Deilephila [Laspeyres], 1809, Hyles Hübner, [1819],
Phanoxyla, Rothschild & Jordan, 1903, Rhodafra Rothschild
& Jordan, 1903, XylophanesHübner, [1819]; and (3) Basiothia
Walker, 1856, Cechenena Rothschild & Jordan, 1903,
Centroctena Rothschild & Jordan, 1903, Hippotion Hübner,
[1819], Pergesa Walker, 1856, Rhagastis Rothschild &
Jordan, 1903, and Theretra Hübner, [1819]. Subsequently,
two further genera were described, Griseosphinx Kitching &
Cadiou, 2000 and Cechetra Zolotuhin & Ryabov, 2012, to
bring the total currently recognized number of genera in
Choerocampina to 16. Although Rothschild and Jordan’s
(1903) subdivision of the Choerocampina has been accepted
for over a century without change, recent phylogenetic analyses
using DNA sequence data (e.g. Kawahara et al. 2009) suggest
that a different subdivision will be recognized once all the gen-
era have been analysed together.

One of the genera whose phylogenetic placement is cur-
rently unclear is Rhodafra. It comprises two species, Rhodafra
marshalli Rothschild & Jordan 1903, occurring from Kenya
to Zambia and Zimbabwe, and R. opheltes (Cramer, 1780)
from South Africa, which differ markedly in wing pattern
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(see Kitching 2019). Rhodafra opheltes superficially resem-
bles moths of the genus Hyles (in particular Hyles
euphorbiarum (Guérin-Méneville & Percheron, 1835) from
South America), in having a broad oblique cream stripe across
the forewing that is bordered distally by an olive-green trian-
gular patch. This similarity has resulted in a close relationship
being postulated between R. opheltes and Hyles. However,
R. opheltes differs in having only a single pair of subdorsal
black abdominal spots (as in some Theretra species) whereas
all Hyles have two or more. Rhodafra marshalli also has only
a single pair of black abdominal patches but the forewing
pattern is very different, lacking the cream band and olive-
green patch and having only a single curved postmedial line
running from the posterior edge of the wing to the apex. On
wing pattern alone, it would appear possible that the two
species of Rhodafra are not that closely related; indeed, it is
possible that the genus is not monophyletic. However,
Rothschild and Jordan (1903) characterized the genus
Rhodafra not on wing pattern but on a unique pattern of scal-
ing on the outside on the second segment of the labial palp, in
which long hair-like scales form a longitudinal crest that ap-
pears to be a continuation of the eyelashes. Some species of
Hyles, e.g. H. gallii (von Rottemburg, 1775), have similar
long hairs protruding through the general scaling of the labial
palpus but these are not organized into a distinct crest, which
appears to be unique not only in Choerocampina but also in all
Sphingidae.

The maximum likelihood analysis by Kawahara et al.
(2009) of DNA sequence data from five nuclear genes (131
ingroup Sphingidae taxa) included only two species of Hyles,
Hyles lineata (Fabricius, 1775) and H. hippophaes (Esper,
1789), and one species of Rhodafra, R. marshalli. The results
placed R. marshalli inside Hyles, as sister to H. hippophaes,
although support for this pairing was weak (bootstrap support,
BS = 66%). Support for the group comprising Hyles +
Rhodafra was, however, high (BS = 100%). Adding se-
quences from the mitochondrial gene COI (but no further
Hyles or Rhodafra specimens), Kawahara and Barber (2015)
analysed a six-gene concatenated dataset (over 200 taxa) using
both maximum likelihood and Bayesian inference, and a
backbone constraint obtained from a tree based on
transcriptomic data of over 900 genes with a well-supported
branching pattern among five representative Sphingidae taxa.
The results of that study yielded the same pattern of relation-
ships as found by Kawahara et al. (2009): R. marshalli
grouped with H. hippophaes (unfortunately mislabelled as
“Hippotion hippophaes” in their Fig. S2) with Bayesian pos-
terior probability (pp) of 0.93; and these plus H. lineata
formed a fully supported group (pp 1). However, the maxi-
mum likelihood analysis (their Fig. S1) reversed the positions
of the two Hyles species, such that H. lineata now was found
sister to R. marshalli with high support (BS = 100%). Either
way, albeit with very limited taxon sampling, DNA sequence

data placed Rhodafra within the Hyles clade and thus called
into question its validity as a separate genus.

Thus, given the currently ambiguous relationships of the
genus, the present paper aims to investigate the monophyly
and phylogenetic position of Rhodafra in relation toHyles and
within the Choerocampina using mitochondrial and nuclear
sequence data of more species and individuals.

Material and methods

No fresh tissue of either Rhodafra species was available from
multiple geographic localities to capture intra-specific vari-
ability. So, assuming degradation of historic DNA (i.e. a tissue
that was not specifically preserved for later DNA analysis and
is older than ~ 5 years) had occurred, DNA from 29 museum
exemplars of Rhodafra (Table 1) was isolated using ancient-
DNA (aDNA) techniques (protocols described by
Hundsdoerfer et al. 2017; Mende and Hundsdoerfer 2013).
Sequences of three mitochondrial (mt) genes, COI, t-RNA-
Leu and COII, were obtained from 15 individuals (GenBank
accession numbers LR700623-LR700637). The targeted 2284
base pairs (bp) were amplified in 13 fragments of ~ 110 to ~
280 bp each. The targeted 774 bp of the nuclear EF1alpha
(EF1a) gene fragment were obtained from 12 individuals
(GenBank accession numbers LR721665-LR721676) in three
fragments of ~ 280 bp using the primers Oscar-6143 and
Bosie-6144 from Hundsdoerfer et al. (2009), together with
newly developed primers (RhoEF356F: GTACTGGT
GAGTTCGAAGCT, 46 °C; RhoEF739F: CGTCTTCC
CCTGCAGGACG, 58 °C; Hyles_F6b: GCCAACAT
CACCACTGAAGTCAAG, 57 °C; RhoEF475R:
CGGTGGAGTCCATTTTGTTG, 53 °C; RhoEF535R:
TGATGTACGAGGACACTTCC, 47 °C; RhoEF979R:
CAGCGACGTAGCCACGACG, 58°).

Datasets were compiled for three different approaches and
all three were executed in two mt variants (COI + t-RNA-Leu
+ COII, and COI barcode only; overview in Table S2): (1)
comparative gene trees not necessarily with the same taxo-
nomic coverage, followed by two approaches with identical
choices of OTUs for both EF1a and mt gene fragments; (2)
concatenated alignments for total evidence (TE) analyses; and
(3) multispecies coalescent (MSC) analyses with input from
single gene trees.

Comparative gene trees For the EF1a analyses, we selected
sequences from the dataset of Hundsdoerfer et al. (2009;
918 bp published in GenBank, GB) of 21 samples of Hyles
species and one to two individuals per outgroup genus.
Sequences of R. marshalli from GenBank (EU479329.1;
Kawahara et al. 2009) and one to two of all additionally available
Choerocampina species not included in the data set of
Hundsdoerfer et al. (2009) were included for comparison,
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resulting in a dataset of 61OTUs (GenBank accession numbers
are included in the sample names; see also Table S1). The
choice was based on the additional availability of DNA
barcode data for the OTUs (for TE analyses, see below). Two
mitochondrial (mt) datasets were analysed for this approach. In
the first (82 OTUs; mt1), long mt dataset (2279 bp COI, t-
RNA-Leu, COII), two individuals of each Hyles (sub)species
(four for H. lineata) were retained in addition to outgroups
(data from Hundsdoerfer et al. 2009). A second mt dataset
(118 OTUs; mt2), reduced to only the 658-bp DNA barcode
sequence (“Folmer region” of COI) included only one sample
per Hyles species (four for H. lineata) plus numerous publicly
available barcode sequences of the tribe Choerocampina to allow
for a broader taxon sampling (most were generated by the
Barcode of Life (BOLD) team, see Ratnasingham and Hebert
2007; GenBank and BOLD accession numbers are again includ-
ed in the sample names; see also Table S1).

Total evidence analyses A third mt dataset (mt3) was com-
piled for TE analyses based on the second (mt2) barcode only
data, but only includes those OTUs for which EF1a sequences
were also available (61 OTUs), and the two alignments were
concatenated using BioEdit (Hall 1999). In most OTUs, the
barcode and EF1a data were from the same individual, but in
some cases, this was not possible and so sequence data for the
two genes were combined from different individuals. A fourth
mt dataset (mt), also for TE analyses, was based on the third
(mt3), but includes only those sequences for which mt data
from all three-gene fragments (COI, t-RNA-Leu, COII) was
available (46 OTUs).

Multispecies coalescent analyses Mt3, mt4 and the corre-
sponding EF1a datasets (with the same OTUs as mt3 and
mt4) were each analysed separately to obtain the input gene
trees for MSC analyses.

To compare the information content of the three datasets
(the complete EF1a, mt1 and mt2), variability parameters (%
variable versus constant bp; % parsimony-informative versus
parsimony-uninformative bp) were determined usingMEGA5
(Tamura et al. 2011). Maximum likelihood (ML) analyses
were performed using RAxML (raxmlGUI1.5b2; Stamatakis
2014; GTRGAMMA, best of 10 replicate trees, 1000
thorough bootstrap replicates; no outgroup defined a priori,
no per partition branch lengths). Partitioning followed the re-
sults of PartitionFinder analyses (Lanfear et al. 2012; settings:
linked branch lengths, RAxML models, AICc model selec-
tion, greedy search, partition schemes in Table S2 and an
AdditionalSupplements zip file, where the tree files can also
be found). Trees are presented with mid-point rooting (using
Figtree v. 1.4.2; Rambaut 2007), because this approach shows
the best resolution of the ingroup in the presentation of trees.
Multispecies coalescent analyses were performed using
ASTRAL (v. 5.7.3; Zhang et al. 2018; default settings).

Results

Variability

To compare the information content of the different data sets,
we report variability parameters. Of the 2279 bp in the mt
three-gene (COI, t-RNA-Leu, COII) dataset mt1, 1612 were
constant (c; 70.1%), 166 were variable but parsimony-
uninformative (vpu; 7.2%) and 501 were variable and
parsimony-informative (vpi, 22.0%). Within just the ingroup
of Rhodafra and Hyles (81 sequences), 1824 bp were c
(80.0%), 67 vpu (2.9%) and 388 vpi (17.0%). Reducing the
mt dataset to just the 658 bp of the DNA barcode region (mt2;
~ 30% of the three-gene dataset) allowed an increased number
of outgroups to be included, and 424 bp were c (64.4%), 31
vpu (4.7%) and 193 vpi (29.3%) (nearly half as many as in the
three-gene dataset). Within the ingroup (86 sequences),
531 bp were c (80.7%), 42 vpu (6.4%) and only 85 vpi
(12.9%). The 918-bp nuclear EF1a dataset was much less
variable, with 793 c (86.4%), 45 vpu (4.9%) and 80 vpi bp
(8.7%). Within the ingroup (33 sequences), 846 bp were c
(92.2%), 34 vpu (3.7%) and 38 vpi (4.1%).

Comparative gene trees

The monophyly of the genus Rhodafra is corroborated by
both mt and nuclear markers (Figs. 1 and 2) and also the
monophyly of the two species, R. opheltes and R. marshalli.
Analysing the entire available mt sequence data (2279 bp)
increases BS for the genus from 80% in the barcode tree
(Fig. 1) to 100% in the three-gene tree (Fig. S1). Support for
a monophyletic Rhodafra based on analysis of the 918-bp
nuclear EF1a data is also very high (BS = 96%; Fig. 2).

The two mt trees (from datasets mt1, mt2) agree in placing
Rhodafra within Hyles (Figs. 1 and S1). However, in the tree
derived from the analysis of DNA barcode sequences alone
(mt2; Fig. 1), support for most groups is very poor. The group
comprising Hyles + Rhodafra has a BS support of only 28%
and support for placing Rhodafra as sister to all Hyles except
H. lineata is only slightly higher at 38%. Furthermore, the
nodes of the outgroup backbone all have very low support
(< 25%), and thus, the relationships among the genera
Basiothia, Cechenena, Centroctena, Chaerocina, Deilephila,
Euchloron, Griseosphinx, Hippotion (part), Hyles, Pergesa,
Phanoxyla, Rhagastis, Rhodafra, Theretra and Xylophanes
are effectively unresolved. In addition, the DNA barcode tree

Fig. 1 RAxML phylogram of Choerocampina with emphasis on Hyles,
Rhodafra and Hippotion, based on 658 bp of sequence data from the
barcode (first half of the mitochondrial gene COI, dataset mt2).
Numbers on branches are bootstrap support values (only values > 25
shown)

b
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0.04

SPTMA922.09 Hippotion brennus KJ168920

R. opheltes 11683 

Hyles vespertilio AUSTRIA 0007 NHM

JN677821 Chaerocina jordani

Hyles euphorbiarum ARGENTINA 270
Hyles perkinsi HW19hi HAWAII

KP720060 Euchloron megaera

R. opheltes 9006 

KP720123 R. marshalli

Theretra alecto CYPRUS 266

LSAFR2214 R. opheltes

JN678479 R. opheltes

SPHAP045.06 Hippotion boerhaviae KJ168258

KP720124 Rhagastis mongoliana

Xylophanes porcus ECUADOR 271
Theretra silhetensis PHILIPP. 260

R. marshalli 12007 

Hyles livornicoides AUSTRALIA 23295

KP720039 Cechenena helops

JN677800 Cechenena transpacifica

LSAFR2260 R. opheltes

HQ580435 Hippotion adelinae

SPPBA670.07 Hippotion osiris JN678027

SPHYE079.08 Hippotion balsaminae JN678012

R. marshalli 1124

MGABC455.10 Hippotion eson HQ573903

JN677986 Griseosphinx preechari

JN677768 Basiothia laticornis

SOWD653.06 Hippotion moorei JN678026

R. opheltes 9004

Hyles lineata USA 258

Hyles tatsienluica 4372 CHINA

SOWD681.06 Hippotion stigma JN678039

SOWD061.06 Hippotion aporodes JN678011

Hyles calida HAWAII 0105

SPTMA215.07 Hippotion pentagramma JN678029

SPMNP172.07 Hippotion irregularis JN678024

SPTVA430.07 Hippotion saclavorum JN678036

Hyles lineata 23264 AJ749437

R. marshalli 1125

SOWF097.12 Hippotion celerio NewCaledonia

MAMOT381.10 Hippotion celerio Pakistan

SOWD656.06 Hippotion rosae JN678033

Hippotion echeclus PHILIPP. 261

SOWD056.06 Hippotion brunnea JN678016

JN677801 Centroctena imitans

Hyles h. hippophaes FRANCE 817 NHM

SPTMA211.07 Hippotion roseipennis JN678034

Hyles lineata USA 259

SPTMA242 JN678479 R. opheltes

Hippotion eson ZIMBABWE 958

Hippotion celerio LAPALMA 132

GWORA089.08 Hippotion celerio Australia

GWOTD950 R. opheltes

SPTMA199.07 Hippotion rebeli JN678032

KP720137 Xylophanes chiron

LSAFR2224 R. opheltes

Basiothia medea MAURITIUS 272

Hyles lineata HAWAII JW21oa FN386571

KP720106 Pergesa acteus

SOWD671.06 Hippotion griveaudi JN678023

SOWD610.06 Hippotion rafflesii JN678031

R. marshalli 12009 

Xylophanes falco USA 23256

SPMNP283 JN678478 R. marshalli

LSAFA173 R. opheltes

Hippotion celerio CZECH REP. 934

SOWD026 R. marshalli

Hyles siehei TURKEY 137

Hippotion celerio PHILIPP. 972

Hyles zygophylli KAZAKHSTAN 3444

SOWC892.06 Hippotion psammochroma JN678030

JN678465 Rhagastis acuta

Hyles e euphorbiae FRANCE 876

LOQTB732.07 Hippotion rosetta KJ169266

Hyles livornica MOROCCO 2537

R. opheltes 9007 

SPMNP306.07 Hippotion talboti JN678040

SOWD654.06 Hippotion dexippus JN678019

SOWE239.07 Hippotion joiceyi JN678025

JN678364 Phanoxyla hystrix

R. opheltes 9003 

Chaerocina dohertyi KENYA 23253

Hyles costata MONGOLIA 1319

Hyles biguttata LaReunion 510

R. marshalli 11680 

SPTVA529.07 Hippotion batschii JN678013

R. marshalli 12012 

GBGL20188 KP720123 R. marshalli

LOQTB799.07 Hippotion velox KJ169115

Hyles g gallii CZECH REP. 0027

R. marshalli 12011 

R. marshalli 12008 

Xylophanes chiron COSTA RICA 250

SOWD672.06 Hippotion paukstadti JN678028

LOSA200.08 Hippotion celerio SouthAfrica

R. opheltes 9005

Hyles dahlii SARDINIA 495

Hyles salangensis AFGHANISTAN 4669

SPPBA710.07 Hippotion butleri JN678017

JN677802 Centroctena rutherfordi

Hyles calida hawaiensis 4751

LNSWE059.06 Hippotion scrofa KJ168629

Deilephila porcellus ENGLAND 23265

SOWC909.06 Hippotion socotrensis JN678038

Hyles nicaea castissima MOROCCO 208

SPMNP073.07 Hippotion geryon JN678022

LSAFR2217 R. opheltes

Deilephila elpenor ENGLAND 903

LTOL259 R. marshalli

PMANK104.06 Hippotion celerio Nigeria

R. opheltes 12013 

SPMNP281 R. marshalli

HCPN012.03 Hippotion celerio PapuaNewGuinea

Hyles annei CHILE 162

R. marshalli SPPDA710

Hyles centralasiae KYRGYZSTAN 1323

Theretra japonica CHINA 23269

100

88

67

75

76

38

66

97

8675

67

97

80

98

74

99

78

64

99

94

95

50

98

95

28

50

85

97
95

86

69

58

53

Rhodafra
ou

tg
ro
up

531Ancient incomplete lineage sorting of Hyles and Rhodafra (Lepidoptera: Sphingidae)



suggests several genera, Cechenena, Hyles, Hippotion,
Theretra and Rhagastis, are polyphyletic.

Analysis of the three mt genes (mt1) yields increased levels
of support (Fig. S1), particularly within Hyles. The clade com-
prising Hyles and Rhodafra now receives near-full BS support
(99%). Rhodafra is placed as sister to H. lineata (although with
very low support, 36%), and these two together are sister to all
remainingHyles, which is well supported (BS = 95%). However,
support for the former pairing is low (36%) and so the relation-
ships among the three groups are best interpreted as an unre-
solved trichotomy. Hippotion (including Basiothia) (BS =
100%) and Deilephila (BS = 99%) are well supported, and the
pairing of two of the three included Xylophanes species, X. falco
(Walker, 1856) + X. porcus (Hübner, [1823]), receives moderate
support (BS = 75%). All other groupings are unsupported.

In contrast, analysis of the nuclear EF1a sequences pro-
duced a topology in which Rhodafra is placed as the sister
group of Hyles (Fig. 2; low BS support of 52%). These two
genera are sister to Xylophanes (very low support of 25%) and
these three genera are sister to Deilephila (also very low sup-
port of 26%). Most relationships among the outgroups are also
poorly supported. Only two groupings comprising more than
one genus have BS support above 80% (Fig. 2), one
supporting Pergesa acteus (Cramer, 1779) plus Theretra
silhetensis (Walker, 1856) (80%), rendering Theretra poly-
phyletic, and the other supporting Hippotion plus Basiothia
(90%), in which Hippotion is paraphyletic.

Total evidence analyses

Combining mt barcode (mt3) and nuclear EF1a sequences in a
TE analysis (Fig. S2) results in a tree that is similar to the EF1a
gene tree (Fig. 2) but with much higher support for the clade
Rhodafra plus Hyles (90%) than that of EF1a alone (52%).
However, the support for the monophyly of Hyles in this tree
(61%) is even lower than that of EF1a alone (77%).
Combining the three mt gene fragments (mt4, COI, t-RNA-
Leu, COII) with EF1a in a TE analysis (Fig. S3) reproduces
this branching pattern for the relationship of Rhodafra and
Hyles, but with full support for the clade Rhodafra plus
Hyles, and lower support for Hyles (48% instead of 61%).

Multispecies coalescent analyses

The multispecies coalescent analysis using ASTRAL (EF1a
and mt3, barcode only; Fig. S4) resulted in a topology with an
ingroup trichotomy formed of Rhodafra, H. lineata, and a
clade comprising all remaining Hyles. If more mt sequence
data are included (mt4, COI, t-RNa-Leu, COII; Fig. S5),
Rhodafra and all Hyles except H. lineata are grouped into a
clade with a very short branch.

Discussion

By including the first DNA sequence data from R. opheltes,
our study has provided the first molecular phylogenetic con-
firmation of the monophyly of the genus, as well as demon-
strating the reciprocal monophyly of the two species of
Rhodafra, despite their divergent wing patterns. Different au-
thors favour either increasing taxon sampling or the number of
characters to try to stabilize phylogenetic positioning during
tree reconstruction (e.g.Mitchell et al. 2000; Heath et al. 2008;
Hedtke et al. 2006; Rydin and Källersjö 2002; Sihvonen et al.
2011; Zwick et al. 2011). Unexpectedly, even though we se-
quenced only one nuclear gene, we also (slightly) increased
the number of informative characters in the ingroup of Hyles
and Rhodafra: our EF1a dataset contained 38 vpi ingroup
characters, whereas the five gene datasets of Kawahara and
Barber (2015, nuclear data only) contained only 22 vpi for
Hyles, Rhodafra andHippotion celerio (Linnaeus, 1758) (pos-
sibly due to the high amount of missing nuclear data: 46.5% in
the sample R_marshalli_1; H. celerio had to be included to be
able to have at least four taxa for the parsimony criterion, but
all 22 of these sites were also variable within Hyles and
Rhodafra). We thus consider the position of Rhodafra in our
reconstruction based on nuclear genes to be slightly more
reliable.

Our study corroborated the strong morphological synapo-
morphy of the labial palps first identified by Rothschild and
Jordan (1903; see introduction) and removes any remaining
doubts about the non-monophyly of the genus that may derive
from the completely differing wing patterns of the two species
of Rhodafra. Our study thus strengthens the conclusion of
Hundsdoerfer et al. (2005) that a similar wing pattern is not
a good indicator of close phylogenetic relationship in this
group of moths (e.g. H. lineata, H. livornicoides (Lucas,
1892) and H. livornica (Esper, 1780); H. euphorbiae
(Linnaeus, 1758) and H. nicaea (von Prunner, 1798);
Fig. 1). Pioneering studies of the genes underlying
Lepidoptera wing patterns in Heliconius (Van Belleghem
et al. 2017) have revealed a modular architecture with narrow
genomic intervals associated with specific differences in col-
our and pattern. One gene, cortex, has been suggested to reg-
ulate pattern switches across Lepidoptera (Nadeau et al.
2016). Thus, wing pattern and coloration can be very plastic,
enabling very different patterning to occur in closely related
species and similar patterning to occur in relatively distantly
related taxa.

The placement of Rhodafra with respect to Hyles is more
complex. Mitochondrial genes nest a monophyletic Rhodafra
within Hyles (Figs. 1 and S1), whereas nuclear data place

Fig. 2 RAxML phylogram of Hyles, Rhodafra and outgroups based on
918 bp of the nuclear EF1a gene. Numbers on branches are bootstrap
support values (only values > 25 shown)

b
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Rhodafra as sister to Hyles (Fig. 2). Relationships among all
genera in our analyses are only weakly resolved and supported,
but resolving these intergeneric relationships was not the aim of
our study. Kawahara et al. (2009) and Kawahara and Barber
(2015) included four additional nuclear genes (as well as EF1a)
and resolved many intra-choerocampine relationships. The sin-
gle Rhodafra sample they included (R. marshalli) was recov-
ered as sister toH. hippophaes (Fig. 3 of Kawahara et al. 2009),
whereas the second and only otherHyles sample they included,
H. lineata, was placed as sister to the two, a relationship corre-
sponding to our barcode tree result (Fig. 1). The same relation-
ship was found byKawahara and Barber (2015; which included
nuclear and barcode sequence data) in their Bayesian recon-
struction (their Fig. S2), whereas their RAxML tree showed a
fully supported sister group ofR. marshalli +H. lineatawithout
H. hippophaes (their Fig. S1), corresponding to the result of our
three-gene mitochondrial dataset (Fig. S1). Not having had the
aim of clarifying the phylogenetic position of Rhodafra, these
studies included only few Rhodafra and Hyles samples, but
nevertheless consistently recovered Rhodafra within Hyles.

Despite this mt and nuclear incongruence, we performed a
TE analysis (Fig. S2), which revealed strong support (90%)
for a monophyletic Hyles plus Rhodafra, but only weak sup-
port (61%) for a monophyleticHyles. Presumably, the support
for Rhodafra plus Hyles, which is a feature of congruence
between mt and nuclear data, is higher than in the single gene
analyses (barcode, mt2 dataset only 28% and EF1a dataset
52%) because of the greater amount of total sequence data.
With a trichotomy between Rhodafra, H. lineata and the re-
maining Hyles, the multispecies coalescent result (Fig. S3)
reflects the mt and nuclear incongruence and thus most pre-
cisely the overall result.

Taken together, the mt-nuclear incongruence confirms that,
as has been found in other studies (e.g. Cong et al. 2017;
Dupont et al. 2016; Schniebs et al. 2016), DNA barcodes
alone are a very poor data source for resolving phylogenetic
relationships above the species level (as a result of such issues
as maternal inheritance and rapid evolution) and all studies
that purport to do so should be treated with extreme caution.
Even the result based on the three times longer (double the
number of ingroup vpi sites) mt fragment (COI, t-RNA-Leu,
COII) is incongruent with that of the nuclear data, which con-
tains only one-tenth of the barcode variability.

We have two explanations for the incongruence between
mitochondrial and nuclear data. The first is that ancestral
Rhodafra hybridized with and captured mitochondria from an-
cestral Hyles species after the split of H. lineata, followed by
complete mitochondrial introgression. However, in the absence
of a biogeographic reconstruction, which we have not under-
taken as part of the present study, we are unable to determine
where any such ancient introgression may have taken place.

The second explanation is ancient incomplete lineage
sorting. The age estimate for Hyles/Rhodafra from the fossil-

biogeographic dating by Kawahara and Barber (2015, their
Fig. S3) is 6.5–8.5 Mya. During this time, the continents had
already reached their current positions. If ancestral Rhodafra
had evolved in Africa and ancestral Hyles in South America
(c.f. Hundsdoerfer et al. 2005, 2009, 2017), then secondary
contact for mitochondrial capture across continents is be ex-
pected to have been very rare. More likely, the mitochondria
of the ancestors of Rhodafra and Hyles were incompletely
sorted before the genera split, i.e. before the oldest age esti-
mate of Hyles, 8.5 My (Kawahara and Barber 2015). This
would have taken place in South America, given that this is
both the geographic origin of Hyles and the current distribu-
tion of its postulated sister group Xylophanes (Hundsdoerfer
et al. 2005, 2009).

Due to the topological incongruences in trees derived from
different sets of OTUs, genes and analytical approaches, our
study failed to recover a robust topology for the relationship
between Rhodafra and Hyles. Although mt data can be mis-
leading, it nevertheless represents part of the organisms’ evo-
lutionary history that should not be completely ignored, even
if it indicates unexpected results, such as the lack of mono-
phyly for the genusHyles in this case. For amore robust result,
the question should be re-examined using genomic
approaches.

Nevertheless, our study allows several observations, some
of which may appear trivial, but are yet noteworthy: (1)
Phylogenetic analyses based on mt data should be based on
more than just the barcode (658 bp) region. BS increases
greatly in all gene tree and TE analyses when mt data is aug-
mented from 658 to 2279 bp (COI, t-RNA-Leu, COII), and
analysis of full mitogenomes would be expected to improve
support still further. (2) Despite mt-nuclear incongruence, TE
analyses should nevertheless be performed as they need not
necessarily reflect the result of the single dataset with the most
vpi sites. Unexpectedly, in the present study, the TE trees
(Figs. S3 and S4) reflected the branching pattern of the nuclear
EF1a gene trees, whereas the variability, and thus the contri-
bution of informative sites, was much higher from the mt data.
Overall, therefore, we currently conclude that the preferred
relationship between the two genera is that in which
Rhodafra is the sister genus to a monophyletic Hyles.
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