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Abstract

We examine the systematic position of the lepidopteran family Prodidactidae Epstein and Brown, 2003, which includes
the single species Prodidactis mystica (Meyrick). We provide details on a morphological trait of the adult male hindcoxa
that appears to link Prodidactidae with Hyblaeidae. This putative relationship is consistent with molecular data derived
from five genes. Based on morphol ogical and molecular evidence, we place Prodidactidae in Hyblaeoidea. Moreover, the
apex of the larval spinneret is similarly modified in these families and in Thyrididae. This modification is unknown in
other Lepidoptera and may prove to be a synapomorphy linking Thyridoidea and Hyblaeoidea. As the latter is not fully
congruent with published molecular studies, we refrain from suggesting sister group position for Thyridoidea and Hyb-
lacoidea.
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Introduction

Recent advances in the molecular systematics of Lepidoptera (e.g., Mutanen et al. 2010; Regier et al. 2013) have
shed new light on the previous morphology- and tradition-based higher classification of Lepidoptera. However,
much of the molecular evidence is controversial and preliminary. The “backbone” phylogeny of the order, i.e. the
interrelationships of superfamilies of the Apoditrysia, the large clade of more advanced Lepidoptera, remains
insufficiently resolved, either by traditional morphological (see Kristensen 1998) or molecular evidence. As a
result of the recent attention focused on the phylogeny of Lepidoptera, several new patterns of relationships have
been reveded, and some preliminary adjustments to the classification have been suggested. Some of the more
compelling ones are incorporated in the latest classification of the Lepidoptera by Nieukerken et al. (2011).
Family- and superfamily-level studies based primarily on molecular evidence are now being published regularly,
e.g., Bombycoidea (Zwick 2006, 2008, Zwick et al. 2011), Gracillariidae (Kawahara et al. 2011), Gelechioidea
(Kailaet al. 2011), Gelechiidae (Karsholt et al. 2013), Geometridae (Sihvonen et al. 2011), Noctuoidea (Zahiri et
al. 2011, 2012, 2013), butterflies (Wahlberg et al. 2005 and references therein, Heikkila et al. 2012), Pyraloidea
(Regier et al. 2012), Tortricoidea (Regier et al. 2012), and Yponomeutoidea (Sohn et al. 2013). Only rarely have
morphological characters been incorporated into these DNA-based analyses, and even then they have been applied
to resolve relationships of putatively close groups (e.g., Zwick 2006, Heikkila et al. 2012, Simonsen et al. 2012,
Zahiri et al. 2013). Other changes in the classification of the order based on molecular evidence, or its application
together with morphological evidence, are the exclusion of Douglasiidae from Gracillarioidea and its placement in
the more ‘advanced’ Apoditrysia, though incertae sedis (Mutanen et al. 2010, Kawahara et al. 2011); the transfer
of Lypusidae from Tineoidea to Gelechioidea (Helkkild & Kaila 2010, Kaila et al. 2011); and the separation of
Millieriidae from Choreutidae and its transfer to Apoditrysia, incertae sedis (Rota 2011, Rota & Kristensen 2011).

Accepted by J. Brown: 30 May 2013; published: 28 Jun. 2013 485
Licensed under a Creative Commons Attribution License http://creativecommons.or g/licenses/by/3.0



As the molecular evidence is still far from resolving interrelationships of superfamilies of Apoditrysia in a
convincing manner, support from morphology remains an obvious, yet underrated source of further insight. Thisis
curious because until a decade or so ago, morphology was almost the single source of information upon which the
|epidopteran phylogeny was based (e.g., Minet 1991, Kristensen 1998).

One |epidopteran taxon that has defied confident systematic placement is the South African moth Prodidactis
mystica (Meyrick). The monotypic genus has historically been assigned to Tortricidae (Meyrick 1918, 1921),
Yponomeutidae (Meyrick 1930), and Limacodidae (Janse 1964). After the discovery of the immature stages of the
species by the late Neville Duke, Epstein and Brown (2003) noted that none of these family assignments was
correct for the species. They found that the larval features would best match Crambidae (Pyraloidea), whereas a
number of adult characters were in conflict with such a position. They provided a thorough review of significant
characters of this taxon using the table by Heppner (1998: “Table 2: Family Character States’), along with the
select families, i.e, Yponomeutidae, Tortricidae, Zygaenidae, Limacodidae, Immidae, and Crambidae, for
comparison. As no satisfactory placement was found for Prodidactis, a new family, Prodidactidae, was proposed as
an interim solution (Epstein & Brown 2003). They noted that the adult has peculiarities such as the extremely
reduced adult labial palpi and the elongate membranous lobe in the male hindcoxa. They considered these
characters as autapomorphies for the newly proposed family.

The presence of a male coxal lobe, suggested to be an autapomorphy of Prodidactidae by Epstein and Brown
(2003), caught the attention of the present authors, as a similar structure, called the saclike coxal process, had been
proposed as an autapomorphy of the family Hyblaeidae by Koning and Roepke (1949). Curiously, this character is
not mentioned for Hyblaeidae by Dugdale et al. (1998), even though they note another modification in the male
hindleg to characterize this family: “male hindleg modified, with large concave coxa process into which tibial
hair-pencil fits.” The hind tibia of Hyblaea is indeed modified to form a swollen pocket where the conspicuous
tibial hair-pencil may be placed (see Figs 1-3). However, this feature does not seem to be the one upon which
Koning & Roepke (1949) elaborated, and it may even be that Dugdale et al. (1998) confused these two characters,
as they mention the modification to be in the coxa and characterize it as alobe.

Because Epstein and Brown (2003) exhaustively elaborate why Prodidactis is unlikely a member of the
families they considered (see above), our aim is to explore the possibility that Prodidactis is related to Hyblae dae
(Hyblaeoidea), a family that Epstein and Brown (2003) did not include in their analysis. We tabulated characters,
including those used by Epstein and Brown (2003), to compare Prodidactidae and Hyblaeidae (Table 1).

There are a number of similarities, but also many differences, between Hyblaeidae and Prodidactidae. At this
point, it should be noted that several of the characters considered by Epstein and Brown (2003) characterize
Zygaenoidea where Prodidactis had been be placed by Janse (1964), and may not be relevant in the current context
where this association has been rejected convincingly on the basis of larval morphology.

FIGURES 1-3. Hind coxae of denuded males of Prodidactis mystica (Meyrick) and Hyblaea puera (Cramer). Fig. 1: Hind
coxa of P. mystica showing coxa processes (a). Photo courtesy of Marc Epstein and John W. Brown. The coxa processes on
the P. mystica specimen photographed by Epstein and Brown (2003) are asymmetrical. We were unable to check whether this
asymmetry is a general trait of the coxal processes of the species or a deformation of the individual examined. Unfortunately,
the only male specimen of P. mystica we obtained for our examinations had only one of the two coxae intact, thus leaving the
guestion about asymmetry unanswered. Fig. 2: Hind leg of a male H. puera treated in KOH solution showing large coxal
process/sac (@); tibia hair-pencil (b); and enlargement of tibia (c). Fig. 3: Hind leg of amale H. puera, showing the inception
point of the coxal process (a), and thetibia hair pencil (b).
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TABLE 1. Comparison of morphological characters of Hyblaeidae and Prodidactidae. Data of Prodidactis include those

from Epstein and Brown (2003).

Prodidactidae Hyblaea puera
EGG
egg type flat flat
LARVA
head partialy retractile present absent
spinneret with 4 globular lobes at apex present present
L-groupon T1 bisetose bisetose [one larva examined trisetose

L-groupon T2 & T3

legs with scalelike seta behind tarsal claw
D-group pinaculaon T2 & T3 without setae
raised pinacula on thorax and abdomen
crochets

prolegs

L1 and L2 on abdomen

anal fork

BIOLOGY

PUPA

general form

haustellum

labial palpus
maxillary palpus
antenna length
eye

dorsal spines
cremaster
cocoon
protrudes at emergence
ADULT

vertex of head
labial palpus
maxillary palpus
haustellum

male antenna
antennal pecten
ocellus
chaetosemata
venation

wing coupling
FW pterostigma
FW chorda

FW ana veins

L1 & L2 oncommon lateral
pinaculum

present

present

present

biordinal circle

short, A3-6, 10

same pinaculum

absent

exposed feeding late instars

“compact” (example available may be
shrivelled)

present
reduced
present

extends to near FW apex
unscul ptured

absent

absent

present

no

smooth-scaled
3-segmented
3-segmented
naked

filiform
absent

absent

absent
heteroneurous
frenulate
absent

present
1A+2A stalked

on one side]

L1 & L2 oncommon lateral
pinaculum

absent

absent

absent

bi/triordinal circle

normal, A3-6, 10

same pinaculum

absent

feed in leaf sheltersin all instars***

normal obtectomeran

present
long and porrect
present

extends 2/3'sto FW apex***
unscul ptured

absent

present

present

no

smooth-scaled
3-segmented
3-4**-segmented
naked

filiform
absent
present*
absent
heteroneurous
frenulate
absent

absent

not stalked

...... continued on the next page
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TABLE 1. (Continued)

Prodidactidae Hyblaea puera
FW cell vein absent absent
HW pterostigma absent absent
HW cell vein absent absent
epiphysis present present
tibial spurs 0-2-4 male 0-2-O/female 0-2-4
pretarsal pulvillus setiform outgrowth setiform outgrowth
abdominal tympana absent absent
abdominal apodemes tortricoid-type tortricoid-type
male w/ hairpencil coxal hairpencil present tibial hairpencil present
male w/ membranous hind coxal lobes present present

*Koning & Roepke (1949): absent; ** Dugdale et al. (1998); *** Common (1990).

Larval characters are often homoplastic, at least to some extent. The larva of Prodidactis possesses featuresin
common with some Crambidae (Epstein and Brown 2003), including the bisetose L group of T1 and the non-seta-
bearing pinacula of abdomen. In most microlepidopterra, the L group of the prothorax is trisetose. However, the
bisetose condition is found at least sporadically in Bucculatricidae and Gracillariidae (Gracillarioidea), Tortricidae
(Tortricoidea), Momphidae (Gelechioidea), Epermeniidae (Epermenioidea), Alucitoidea, Carposinidae and
Copromorphidae (Copromorphoidea), and in virtually all Crambidae and Pyralidae (Pyraloidea), Thyrididae
(Thyridoidea), Hyblaeidae, Geometridae (Geometroidea) and Noctuoidea. These multiple occurrences weaken to
some extent the systematic signal of this character. Though, when taxa with at least an occasional bisetose
condition in the L group are plotted on the phylogenies of Mutanen et al. (2010) and Regier et al. (2013), there
might be at least some phylogenetic signal grouping Hyblaeoidea + Prodidactis + Papilionoidea, or Hyblaeoidea +
Prodidactis + Pyraloidea (aso see Table 1 for the distribution of L setae on T2). The larvae of Lypusidae
(Gelechioidea) also have non-seta-bearing plates (pinaculad) on the abdomen, so this feature is somewhat
homoplastic. Epstein and Brown (2003) noted and illustrated apical lobes in the spinneret that seem exceptional in
L epidoptera. We examined this trait across L epidoptera, especially from representatives of groups that could be
possibly related to Hyblaea on the basis of the molecular studies of Mutanen et al. (2010) and Regier et al. (2013):
Carposinidae, Copromorphidae, Epermeniidae, Pterophoridae, Thyrididae, Papilionidae, Pieridae and most
subfamilies of Pyraloidea. The larva of Callidulidae, putatively the sister of Hyblaea in the analysis of Regier et al.
(2013), was not available. The modification of the spinneret was found to be present in Prodidactis, Hyblaea and
the two representatives of Thyrididae examined: Aglaopus pyrrhata (Walker) (Striglininae) and Addaea
subtessellata Walker (Siculodinae. This feature appears to be a unique trait linking Hyblaeidae, Prodidactis and
Thyridoidea (Figs. 4-6).

There are several larval traits of Prodidactis not reported by Epstein and Brown (2003) (Figs. 7-14), and thisis
partialy explained by the fact that they did not compare it with Hyblaeidae. The occurrence of a partially retracted
head would have been obvious in comparing the two (Figs. 7, 8, 10, 11). The pinacula on the thorax and abdomen
in Prodidactis are also noticeably raised compared to those found in Hyblaea, though perhaps more similar to
Thyrididae. Pinaculawithout setae on the dorsal thorax of Prodidactis, similar to those in some Crambidae, are not
found in Hyblaea (Figs. 9, 12-14). Other features found in Prodidactis but not in Hyblaea include one scalelike
seta on each leg behind the tarsal claw (Figs. 15-18). In addition, the legs are splayed out more horizontally and
grouped nearer to the head, and the abdominal prolegs are shorter. These character systems perhaps relate to
behavioral differences between the larvae. Hyblaea makes leaf sheltersin all instars, whereas Prodidactis tends to
feed more externaly (Neville Duke, pers. comm.; Epstein and Brown 2003). It is worth noting that this
morphology and feeding damage on edges and holes caused by late instar Prodidactis is independently derived in
other Lepidoptera. This includes caterpillars in Zygaenoidea, which feed externally at leaf edges with retractile
heads and a ventral surface that is more closely appressed to the |leaf surface (Epstein 1996). Scalelike setae such as
those found in Prodidactis and other families including Bucculatricidae and Zygaenidae (Davis 1987, Stehr 1987)
may have tactile function for feeding near the edges. These specialized setae have not been reported in Hyblaea or
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Thyrididae. One of the examined Hyblaea larvae had three setae on the latera pinaculum of T1, on one side only.
Such asymmetry is common in Lepidopteralarvae, but it is rarely reported (Mutanen et al. 2007, 2012).

The well-sclerotized pupa of Hyblaea with a distinctive cremaster is typical of Obtectomera (and
Gelechioidea), while the pupa is thin-cuticled and lacking a cremaster in Prodidactis, as in many Zygaenoidea
(Figs. 19, 20). The thickness of the cuticle and the presence of a cremaster may be correlated with the structure of
the cocoon which is flimsy in Hyblaea. After eclosion of the adult, the body parts of the pupal skin loosen to some
extent in Zygaenoidea. It is not known whether the pupa of Prodidactis is ‘obtect,’ i.e., whether abdominal
segments 4-6 are movable, or if the body parts loosen after the eclosion of the adult, as the samples available are
shrunken with the adult moth inside. The absence of the rows of spines on the dorsum of the abdomen generally
characterizes Obtectomera; they are absent in Prodidactis (Fig. 20). Otherwise, the pupal characters are
homoplastic and of restricted systematic value.

FIGURES 4-6. Spinneret of the larvae of Hyblaeidae, Prodidactidae and Tortricidae. Arrows point at the distal lobes, an
apomorphic trait of Hyblaeidae, Prodidactidae and Thyrididae. Fig. 4: Prodidactis mystica. Fig. 5: Hyblaea puera. Fig. 6:
Argyrotaenia franciscana (Walsingham), the apex of the spinneret devoid of the lobes.

Of the adult characters, Koning & Roepke (1949) erroneously state that the external lateral ocellusis absent in
Hyblaea (later corrected in Dugdale et al. 1998), and it is absent in Prodidactis. On the wing venation, forewing
ana veins are free in Hyblaea — a possible synapomorphy of Hyblaeidae — whereas 1A+2A of the forewing are
stalked in Prodidactis as is usual in Lepidoptera. The male genitalia of Hyblaea have a peculiar trifurcate uncus
(Koning & Roepke 1949); the uncus of Prodidactisis afused single projection that is the prevailing feature across
L epidoptera. The genitalia of Hyblaea and Prodidactis aso differ in the shape of the sacculus, which is unmodified
in Prodidactis, whereas it has a distal tooth in Hyblaea. Both Hyblaea and Prodidactis have a saclike lobe on the
hind coxa. We searched unsuccessfully for this trait on representatives of Copromorphidae, Thyridoidea and
Calliduloidea, and this structure is not otherwise reported in any other Lepidoptera. The males of Hyblaea have a
hair pencil in the hind tibia; according to Epstein and Brown (2003), the male of Prodidactis has a hair pencil in
connection of the coxal lobes. The much reduced |abial palpi characteristic of Prodidactis are different from those
of Hyblaea whose labial palpi are relatively long and porrect. The head of Hyblaea is disproportionately narrow
compared to the width of the thorax (Fig. 21), whereas the head is of usual dimensions in Prodidactis (Fig. 22). It
should be noted, however, that the thorax of Prodidactisis slenderer than that of Hyblaea, so this feature cannot be
directly compared between these taxa.

To summarize, most of the characteristics considered above appear to be homoplastic in Apoditrysia (but see
the condition of setae of prothoracic L group discussed above), thus generally do not link Prodidactis to
Hyblaeidae in a convincing manner. However, the peculiar modifications of the adult hind coxa (Figs. 1-3) and
larval spinneret (Figs 4-6) are, to our knowledge, unique in Lepidoptera, the former found only in Hyblaeidae and
Prodidactis, the latter only in Hyblaeidae, Prodidactis and Thyridoidea. Thus, there seems to be two strong
synapomorphies against a number of homoplastic features. These alone could suffice to suggest that Hyblaeidae,
Prodidactis, and Thyrididae are related, in the absence of any strong contradictory traits. For discussion of the
possible relationship between Hyblaeoidea and Thyridoidea, see Dugdale et al. (1998).
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FIGURES 7-14. Details of larvae of Prodidactis mystica and Hyblaea puera. Figs 7-9: P. mystica; Fig. 7: head and thorax in
lateral view; Fig. 8: head and thorax in dorsal view; Fig. 9: thorax in dorsal view showing the large pinacula. Figs 10-12: H.
puera; Fig. 10: head and thorax in lateral view; Fig. 11: head and thorax in dorsal view; Fig. 12: thorax in dorsal view showing
the absence of prominent pinacula. Fig. 13. Abdomen of P. mystica in lateral view. Fig. 14. Abdomen of H. puera in lateral
view.

To evaluate this hypothesis, we attempted to sequence 8 genes (6157 base pairs) from two dry specimens of
Prodidactis mystica obtained from Kenya (in 2010) and Tanzania (in 2005). The specimen from Kenya provided
successful amplification of 5 genes (COI, CAD, EF-1a, MDH and wingless) for atotal of 3295 bases, whereas the
specimen from Tanzania had more degraded DNA and was not included in the analyses. Sequences are available at
GenBank under accession humbers KF110732-KF110739. We used the data set of Mutanen et al. (2010) as the
basis of analyses. Datasets comprising 105, 264 and 370 representative species of ditrysian Lepidoptera were
analysed using maximum likelihood methods. The largest dataset was the same as applied in Mutanen et al. (2010)
supplemented with 19 taxa sequenced after publication of this study. Of these, the member of Copromorphidae,
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Copromorpha lichenitis (Turner), could be considered as potentialy the most significant addition in terms of
phylogenetic affinities of Prodidactis. The dataset with 264 species was similar, but with many presumably less
relevant taxa excluded, notably non-Ditrysian Lepidoptera and superfluous representatives of speciesrich taxa(e.g.
Noctuoidea). The taxon set with 105 members was constructed on the basis of having a wide phylogenetic
representation of ditrysian taxa, but with minimal repeats at the family level and below. Taxon sets were
constructed using VoSeq program (Pefia & Malm 2012). Maximum likelihood analyses were done in RAXML
version 7.3.2 on the CIPRES Science Gateway (Miller et al. 2010). Node support was estimated with 100-1000
bootstrap replicates. The 105-species dataset was also analysed using Bayesian Inference methods with MrBayes
version 3.2 (Ronquist & Huelsenbeck, 2003) in the web-based portal Bioportal at the University of Oslo (Kumar et
al. 2009). For the Bayesian analysis the data were partitioned with the program TIGER (Cummins & Mclnerney
2011). This method partitions characters according to the rate of evolution and thus can potentialy improve
phylogenetic inference. The program was set to partition the data into 10 bins. Two bins (2 and 3) did not include
any characters, and bins 4, 5, 6 and 7 had only under 30 characters each. Following the procedure adopted in Rota
and Wahlberg (2012), these were combined with bin 1, which had 2925 characters making the total number of
characters in this bin 2985. Bin 8 had 223 characters; bin 9 had 787 characters; and bin 10 had 2161 characters.
Models for each of the four partitions were obtained with PartitionFinder (Lanfear et al. 2012). The analyses were
run for 30 to 50 million generations, and convergence was determined after the burn-in stage using graphical
diagnostics and when the standard deviation of split frequencies reached values between 0.01 and 0.05.

FIGURES 15-18. Claw and the accessory setae of pretarsus of Hyblaea puera and Prodidactis mystica. S1 = setal, S2 = seta
2,S3=seta 3, $4 = seta4. Figs. 15, 16: H. puera; Figs. 17, 18: P. mystica.

In the best trees obtained from the maximum likelihood analyses Prodidactis and Hyblaea are placed as sister-
taxa, with bootstrap support values of 46-53%. This relationship was also obtained in the Bayesian analysis
(posterior probability 0.53). Copromorpha also showed an association with Hyblaea + Prodidactis. Based on our
molecular results Copromorphidae may form a sister group to Hyblaeidae + Prodidactidae, or alternatively may
even be asister group to either of them. The superficial morphological dissimilarity, and more notably, the absence
of the hind leg and spinneret modifications in Copromorpha, which are shared between Hyblaeidae and
Prodidactidae, would support the sister group relationship between the two latter families and suggest that
Thyrididae could aso be close. Thyrididae was not found clearly linked to Hyblaeidae, Prodidactis or
Copromorphidae, but appears near these, though with negligible support (among, for example Alucitoidea) in our
result and those of Regier et al. (2013). Closer morphological scrutiny is certainly warranted to elucidate the
possibl e relationships between Callidulidae, Copromorphidae, Hyblaeidae, Prodidactidae and Thyrididae.
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FIGURES 21-22. External appearance of Hyblaea and Prodidactis. Fig. 21: H. fortissima (Butler), Fig. 22: P. mystica
(Meyrick).

Conclusions

On the basis of both morphological and molecular evidence, we conclude that Prodidactis mystica is a relative of
Hyblaeidae. Based on the combination of two reliable morphological synapomorphies and molecular evidence, and
in the absence of any convincing contradictory evidence, the family Prodidactidae, consisting of asingle species, is
placed at the superfamily Hyblaeoidea. Both Hyblaeidae and Prodidactidae have their own synapomorphies that
are comparable to those of other families. Because these families appear consistently linked in the molecular
analyses, we suggest placing Prodidactidae in Hyblaeoidea and maintaining Prodidactidae as its own family. The
possible relationship of Thyrididae to Hyblaeidae + Prodidactidae warrants further investigation, as it is supported
by the similar modification of the larval spinneret, but is not directly supported by molecular analyses.
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