
ORIGINAL RESEARCH
published: 06 December 2019
doi: 10.3389/fevo.2019.00468

Frontiers in Ecology and Evolution | www.frontiersin.org 1 December 2019 | Volume 7 | Article 468

Edited by:
Aziz Aboobaker,

University of Oxford, United Kingdom

Reviewed by:
Kristen A. Pan�lio,

University of Warwick,
United Kingdom

Ralf Janssen,
Uppsala University, Sweden

*Correspondence:
Alistair P. McGregor

amcgregor@brookes.ac.uk
Casper J. Breuker

cbreuker@brookes.ac.uk

†Present address:
Michaela Holzem,

Division of Signaling and Functional
Genomics, German Cancer Research
Centre (DKFZ), Heidelberg, Germany;

Department of Cell and Molecular
Biology,

Medical Faculty Mannheim,
Heidelberg University,
Heidelberg, Germany

Oskar Brattström,
The School of Life Sciences, University

of Glasgow, Glasgow, Scotland

Specialty section:
This article was submitted to

Evolutionary Developmental Biology,
a section of the journal

Frontiers in Ecology and Evolution

Received: 31 July 2019
Accepted: 20 November 2019
Published: 06 December 2019

Citation:
Holzem M, Braak N, Brattström O,

McGregor AP and Breuker CJ (2019)
Wnt Gene Expression During Early

Embryogenesis in the Nymphalid
Butter�y Bicyclus anynana.

Front. Ecol. Evol. 7:468.
doi: 10.3389/fevo.2019.00468

Wnt Gene Expression During Early
Embryogenesis in the Nymphalid
Butter�y Bicyclus anynana
Michaela Holzem 1†, Nora Braak 1, Oskar Brattström 2†, Alistair P. McGregor 1* and
Casper J. Breuker 1*

1 Department of Biological and Medical Sciences, Faculty of Health and Life Sciences, Oxford Brookes University, Oxford,
United Kingdom, 2 Department of Zoology, University Museum of Zoology, University of Cambridge, Cambridge,
United Kingdom

Wnt signaling pathways are involved in many important cellular processes including
proliferation and differentiation. Wnt ligands are released by source cells and signal
to target cells by binding to the Frizzled receptor family and triggering changes in
downstream target gene expression. Wnt signaling appeared at the base of metazoans
and there was an early expansion in the repertoire of Wnt ligands to the 13 known
subfamilies. However, little is known about functionalityof these ligands in many animal
lineages. Understanding the roles of these important signaling molecules in a wider
range of animals is crucial to understand the regulation andevolution of cell fate during
development and how this can lead to diversi�cation. Here, we analyzed the Wnt
repertoire among lepidopterans, where the embryological functionality of these ligands
is understudied compared to other insect orders. To be able to explore Wnt gene roles
during butter�y embryogenesis we �rst established a staging system for the butter�y
model, Bicyclus anynana, and assayed the expression pattern of all eight lepidopteran
Wnt genes during early butter�y development. We detected expression ofWnt1, Wnt10,
and WntAin several expression domains, such as segmental stripes aswell as expression
of Wnt7 in the nervous system andWnt11 in several head structures. Overall, our study
provides, a basis for future research into butter�y embryogenesis and much needed new
insights into the potential roles of Wnt genes in specifying cell fate in these animals as
well as how this compares to other animals.

Keywords: embryogenesis, Wnt ligands, lepidoptera, Bicyclus anynana , evolution and development, butter�y
development

BACKGROUND

The regulation of cell fate is crucial for development and modi�cations of this regulation underlie
various aspects of the evolution of animal development and phenotypic diversi�cation. Wnt
signaling (both canonical and non-canonical) plays key roles in the regulation of cell fate in most
aspects of animal development including cell proliferation, cell di�erentiation, planar cell polarity
and cell death (Logan and Nusse, 2004; Clevers, 2006; Wiese et al., 2018). Wnt ligands trigger
downstream signaling cascades by binding to receptors such as those of the Frizzled (Fz) family
(Bhanot et al., 1996; Kikuchi et al., 2007; Janda et al., 2012). There are 13 subfamilies of Wnt ligands
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in animals, namelyWnt1-11, 16,and A (Kusserow et al., 2005;
Stefanik et al., 2014). No Wnt genes have been found in any
non-metazoans suggesting they evolved and diversi�ed earlyin
metazoan evolution (Holstein, 2012). It is thought that this large
repertoire of ligands confers speci�city and robustness to cell fate
decisions during development, but conversely changes in their
copy number and expression can also facilitate the evolution
of developmental processes (Logan and Nusse, 2004; Holstein,
2012). Therefore, understanding the repertoire and roles of Wnt
ligands in a wide range of species can inform the evolution and
development of animals more broadly.

In insects, the repertoire and expression patterns of Wnt
genes has been described in detail in the fruit �yDrosophila
melanogaster[e.g., Swarup and Verheyen (2012)and Murat
et al. (2010)] and the red �our beetleTribolium castaneum
(Bolognesi et al., 2008a,b; Janssen et al., 2010). However, Wnts
have hardly been studied in other insect orders such as the
Lepidoptera (i.e., butter�ies and moths). Di�erences between
moths and butter�ies are based on morphological characteristics
although they do not form monophyletic groups (Kawahara and
Breinholt, 2014; Mitter et al., 2017). While the embryology of a
variety of lepidopteran species has been described (Krause and
Krause, 1964; Ando and Tanaka, 1980; Kobayashi and Ando,
1990; Broadie et al., 1991; Miya, 2003; Masci and Monteiro,
2005), we know very little about gene expression patterns in
early butter�y embryogenesis in particular, and curiously there
are indications that it may be rather divergent with respect
to other insects such asD. melanogasterand T. castaneum
(Carter et al., 2013).

Previously, seven Wnt subfamilies were described in the
butter�y Heliconius melpomene(Martin et al., 2012) and their
expression was analyzed in larval wing discs (Martin and Reed,
2014). More recently, a study found representatives of eight
subfamilies in several ditrysian butter�y and moth species
(Ding et al., 2019). All used species in this study are part of
the polyphyletic taxonomic suborder of the Ditrysia. However,
embryonic Wnt gene expression has only been studied in the
mothsBombyx mori(Ding et al., 2019) andManduca sexta(Dow
et al., 1988; Broadie et al., 1991; Miya, 2003).

The squinting bush brown butter�y,Bicyclus anynana(Butler,
1879Lepidoptera, Ditrysia, Nymphalidae) (Figure 1), has been
a very successful butter�y model species for the elucidationof
wing pattern development and evolution (Monteiro, 2017; Özsu
and Monteiro, 2017; Matsuoka and Monteiro, 2018; Prakash and
Monteiro, 2018). Given the genomic resources for this species
(Nowell et al., 2017), as well as its amenability for gene functional
assays (Banerjee and Monteiro, 2018; Matsuoka and Monteiro,
2018; Prakash and Monteiro, 2018), it is an ideal model system
to elucidate the functionality of butter�y Wnt genes during
early embryogenesis. Therefore, in this study, we studied the
Wnt repertoire of lepidopterans and compared the expression
of these genes inB. anynanawith what is known for the model
insect speciesD. melanogasterand T. castaneum. These species
were chosen for comparison because the repertoire, expression
and function of Wnt genes is best understood in these two
insects and they represent the two most closely related orders
to lepidopterans.

METHODS

Animal Husbandry
Experimental animals were derived from an outbredB. anynana
culture at Oxford Brookes University (established from an
outbred stock at the University of Cambridge). Stocks were
kept on the grass speciesBrachypodium sylvaticumin netted
cages under controlled temperature, light and humidity (26� C;
RH 70%; LD: 12:12 with dawn and dusk transition periods). A
fresh potted host plant was provided for egg deposition. Eggs
for the embryonic staging were collected every hour from 1 h
AEL to 51 h AEL. The determination of the completion rate of
development of the staging series is based onDorn et al. (1987).
Embryos for the analysis of the developmental stages were stained
with 40,6-diamidino-2-phenylindole (DAPI) and imaged using an
Axio Zoom.V16 microscope with an Axiocam 506 color camera
(Zeiss, Germany). Embryos from these collections were also used
for in situhybridisations and RNA extractions. Embryos and eggs
were �xed according toBrake�eld et al. (2009)and stored in 100%
methanol at� 20� C.

Phylogenetic Analysis
All butter�y and moth sequences used were extracted from
Lepbase (Release 4) using a tBLASTn search with previously
annotated lepidopteran Wnt gene sequences as queries (Challi
et al., 2016). The �nal lepidopteran sequence set analyzed
included only species of the largest lepidopteran clade, the
Ditrysia: Plutella xylostella, Papilio glaucus, Phoebis sennae,
Pieris napi, Lerema accuis, B. anynana, Heliconius melpomene,
Danaus plexippus, Junonia coenia, Melitaea cinxia, Calycopis
cercrops, Amyelois transitella, Plodia interpunctella, Operohtera
brumata, B. mori and M. sexta. Anopheles gambiae, T.
castaneum, Apis mellifera,and D. melanogasterwere included
as outgroups. In addition, sequences forB. mori were obtained
from NCBI tBLASTn searches and transcriptomic data for
M. sexta (Cao and Jiang, 2017) was mined using a local
tBLASTn search. All nucleotide sequences were translated
via EMBOSS Transeq (http://www.ebi.ac.uk/Tools/st/emboss_
transeq/) and aligned using local ClustalX 2.1 (Larkin et al.,
2007). All gene numbers of sequences used can be found in
Supplement Table S1. The alignment was edited manually using
SeaView version 4.6.1 (Gouy et al., 2010) and the full alignment
�le can be found in theSupplement Data Sheet 1. Phylogenetic
analysis was performed using RAxML version 8.0.0 (released
Dec 2013) including rapid bootstrapping with 1000 replicates
(Stamatakis et al., 2008; Stamatakis, 2014). The gap proportion
and completely undetermined characters in the lepidopteran
dataset was 46.77%. The best protein substitution model was
detected using local ProtTest 2.4.3 (Abascal et al., 2005) and the
best �tting model for estimating the amino acid replacement
frequencies during molecular evolution was VTCG (Muller and
Vingron, 2000). This model is an extension of the Markov
model previously estimated byDayho� et al. (1978)and allows
prediction of the amino acid substitution for more divergent
alignments. TheCG (Gamma) added a category of change for
each amino acid site and allowed rating into low, medium
and high rate of change (Yang, 1993), here used with an
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FIGURE 1 | The African butter�y Bicyclus anynanaand its distribution.(A) Shown is a female specimen ofB. anynanawith the characteristic eyespots on its wings.
(B) Con�rmed �ndings of B. anynanain Southeast Africa in the area indicated. This species can be found in: Democratic Republic of Congo, Kenya, Rwanda,
Burundi, Tanzania, Uganda, Zambia, Malawi, Mozambique, Socotra islands, Comoro islands, and South Africa (Otto, 2015; Brattström et al., 2016).

accuracy of 0.1 log likelihood units. The maximum likelihood
tree was calculated using the default alpha parameters of the
RAxML analysis.

In situ Hybridization
For whole mountin situ hybridization, the published protocol
for P. aegeria(Ferguson et al., 2014) was used with minor
modi�cations. Ribonucleotide probes were generated from
cDNA derived from RNA of mixed embryonic stages (0–72 h)
(see primer list and size of probes inSupplement Table S2).
RNA was extracted using QIAzol reagent (Qiagen) and reverse
transcribed using Quantitect Reverse transcription kit (Qiagen)
into cDNA. Embryos were rehydrated from 100% methanol in
to 100% PBS-T (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4
2H2O, and 1.47 mM KH2PO4 plus 0.1% Tween20), digested with
Proteinase K (1:1,000) for 12 min on ice which was stopped by
replacing the solution with PBSCGlycine (2 mg/ml). Embryos
were �xed for 20 min in 4% formaldehyde. Subsequently,
embryos were hybridized at 56� C overnight with the probe
(hybridization bu�er with 50% formamide, 5x SSC pH 7.0, 10
mg/ml salmon sperm, 1 mg/ml tRNA, 100mg/ml heparin, and
0.1% Tween 20, adjust pH 6.5 with 1M HCl). The next day
embryos were brought back to PBS-T, blocked with 1� blocking
reagent (Roche) and incubated with the Anti-Fab AP Fragment
antibody (Roche, 1:2,000) in 1� blocking reagent (Roche).
After washing in PBS-T overnight, embryos were stained using
NBT/BCIP (Roche) in the AP staining bu�er (100 mM NaCl,
50 mM MgCl2, 100 mM Tris HCl pH 9.5, and 0.1% Tween 20).
Staining was stopped by several washes with PBS-T and the
nuclei were additionally stained with DAPI (Roche) for 30 min.
Embryos were kept in PBS or mounted in 80% glycerol. All
images were taken using an Axio Zoom.V16 microscope with
an Axiocam 506 color camera (Zeiss, Germany). For all Wnt
genes, anti-sense and sense probes were used but a speci�c

signal was only ever detected at any embryonic stage with the
anti-sense probes.

RESULTS AND DISCUSSION

The Wnt Gene Repertoire in Lepidopterans
To further explore the repertoire of Wnt genes among
Lepidoptera, we mined 16 di�erent ditrysian genomes for Wnt
genes and performed a maximum likelihood analysis with several
insects as outgroups (Figures 2, 3). The bootstrap values were all
above 80 for the nine Wnt subfamilies in the tree indicating good
phylogenetic support for the placement of the lepidopteran Wnt
genes within eight of these subfamilies (Figure 2). The deeper
branches of the tree topology were not very highly supported
by the bootstrap values (ranging from 40 to 80), however,
which makes it di�cult to pinpoint an evolutionary relationship
between Wnt subfamilies compared to previous studies that
suggested close relationships between, for example,Wnt1 and
Wnt6 (Figure 2) (Janssen et al., 2010).

For eight of the lepidopteran species, we con�rmed the
presence of genes of the eight Wnt subfamilies:Wnt1, 5–7, 9–
11, and A (Figure 3). For the other eight butter�ies and one
moth, not all subfamilies were found, with di�erent subfamilies
missing in di�erent species.Wnt5 and Wnt10 are missing inP.
interpunctellaand M. sexta, Wnt11 is missing inP. glaucus, L.
acciusandM. cinxia,andWnt9 is missing fromP. sennaeandJ.
coeniawhileWnt9,10and11are missing fromP. napi(Figure 3).
These sequences could be missing because they could not reliably
be identi�ed in the genomic data or they could represent true
species-speci�c losses.

Despite missing sequences for eight of our focal species, it
seems very likely that eight Wnt genes is the ancestral ditrysian
Wnt repertoire. These results are consistent with the previously
published Wnt repertoire forB. mori (Ding et al., 2019). This
could indicate that eight Wnt genes were also present in the
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FIGURE 2 | Maximum likelihood analysis of Lepidopteran Wnt genes. Circular maximum likelihood tree of all Wnt sequences used in our study from the 16
lepidopteran species as well as the four other insects. The bootstrap support for branches is indicated. Scale bar showing the number of substitutions compared to
the length of branches between the sequences.

common ancestor of all lepidopterans including non- ditrysian
species, but further analysis of additional species is neededto
verify this.

Bicyclus anynana Embryogenesis
In �ies and beetles Wnt expression and function during
embryogenesis have been widely studied (Nusslein-Volhard et al.,
1984; Bolognesi et al., 2008a,b; Murat et al., 2010; Swarup and
Verheyen, 2012). To compare these data with Wnt expression in
butter�ies and compare the tissues and cell types involved, we
�rst described the developmental stages ofB. anynanaembryos
in detail.

4–8 h AEL (0–10% Development
Completed)
The early development ofB. anynana is similar to the
previously described developmental course inB. mori (Krause
and Krause, 1964; Kobayashi and Ando, 1990; Miya, 2003).

As soon as a fertilized egg is laid, embryogenesis begins
and the egg is initially syncytial with the dividing energids
distributed throughout (Carter et al., 2013) around 4–5 h
AEL (Figure 4A). Subsequently, the energids move to the egg
surface where they cellularise and form the blastoderm. The
blastoderm di�erentiates into presumptive embryonic and extra-
embryonic regions. As the presumptive embryonic region sinks
into the yolk, it becomes enveloped by a rapidly expanding
extra-embryonic tissue constituting the serosa (5–7 h AEL;
Figures 4B–D00).

The germ disc becomes enlarged at around 6–7 h AEL and
covers more than two thirds of the egg surface (Figures 4C–D00).
Subsequently, the germ disc elongates, becomes covered by
yolk and enveloped by the serosa and is now referred to
as the germ band (8 h AEL;Figures 4E–E00). Eventually,
the serosa envelopes the whole egg, forming one of the
protective egg layers (i.e., embryo and yolk; data not shown;
Ferguson et al., 2014).
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FIGURE 3 | Summary of the Wnt repertoire in all examined insect species. Simpli�ed cladogram based on previously published phylogenetic data (Kawahara and
Breinholt, 2014; Mitter et al., 2017) with the presence of Wnt genes indicated by colored boxes. Framed boxes indicate the potential presence of a Wnt ligand,but
absence from the used dataset. Gray boxes indicate a loss of aWnt subfamily.Ag, A. gambiae; Tc, T. castaneum; Am, A. mellifera; Dm, D. melanogaster; Px, P.
xylostella; Pg, P. glaucus; Ps, P. sennae; Pn, P. napi; La, L.accius; Ba, B. anynana; Hm, H. melpomene; Dp, D. plexippus; Jc, J. coenia; Mc, M. cinxia; Cc, C.
cecrops; At, A. transitella; Pi, P. interpunctella; Ob, O. brumata; Bm, B. mori; Ms, M. sexta.

9–14 h AEL (10–15% Development
Completed)
At 9–10 h AEL, the margins of the germ band begin to curl
inwards (Figures 5A–B00). This process indicates the formation of
the germ layers and the initiation of ectodermal and mesodermal
di�erentiation (Krause and Krause, 1964). The patterning of the
germ band begins at the anterior where at �rst, the protocephalon
is visible. The primitive groove invaginates along the midline
from anterior to posterior - the groove is deeper at the anterior
than at the posterior end. Around this time, the �rst gnathal
segments are visible (11 h AEL;Figures 5C–C00) (Krause and
Krause, 1964; Kobayashi and Ando, 1990; Miya, 2003). The
stomodeum, an invagination between the brain and the following
gnathal segments, then became visible, and will form the future
mouth region (Figure 5C00) (Krause and Krause, 1964).

During the next three hours all gnathal and thoracic segments
are determined (12–14 h AEL;Figures 5D–E00) and thus the
protocephalon is followed by the mandibular, maxillary, and
labial segments. The neurogenic furrow has formed by around
12 h AEL (12 h AEL;Figures 5D–D00), while the terminal region,
the telson, di�erentiates and submerges into the yolk (14 h AEL;
Figures 5E–E00) (Krause and Krause, 1964; Kobayashi and Ando,
1990; Miya, 2003). At 14 h AEL, the abdominal segments start to
form as well as a terminal segment, the telson.

16–28 h AEL (20–30% Development
Completed)
The abdominal segments becomes visible between 14 h AEL
(Figures 5E–E00) to 18 h AEL (Figures 6A–B00), and by 20 h
AEL all 10 abdominal segments have formed (Figure 6C).
Further di�erentiation and outgrowth of the gnathal segments
commences around 18 h AEL when the mandibular and
maxillary segments become pronounced, the head lobes become
enlarged, the labrum, and antennal rudiments become visible
(Figures 6A–C00).

Between 24–28 h AEL, head structures continue to
di�erentiate, and the prothoracic appendages elongate while
the abdominal proleg buds become visible (Figures 6D–F00).
Development of the prothoracic legs is complete by around 28 h
AEL (Figures 6E–F00). At this stage the telson is still buried in
the yolk and not fully extended (Figures 6F–F00).

30–51 h AEL (35–50% Development
Completed)
Between 30 and 36 h AEL the embryo becomes compressed
and thickens. The head structures continue to di�erentiate
and become integrated in the protocephalon (Figures 7A–B00).
Around 42 h AEL, embryonic reversion (blastokinesis) begins
from the posterior end of the embryo. During this process the
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FIGURE 4 | Early developmental stages ofB. anynanafrom 4 to 8 h. The germ disc starts to form around 5 h AEL(A,B), expands at 6 h AEL(C) and forms the
germband at around 8 h AEL(D–E00). See detailed descriptions in the main text. All embryos arestained with DAPI. AEL, after egg laying; grd, germ disc; grb,germ
band; ser, serosa. Scale bar: 400mm; all panels are at the same magni�cation.

whole embryo goes through a dorsal extension while it rotates on
its transversal layer along the anterior posterior axis. Theembryo
ends up with the previous ventral side facing inwards and the
dorsal side facing outwards by around 51 h AEL (Figures 7C–F00)
(Krause and Krause, 1964; Kobayashi and Ando, 1990; Miya,
2003). Figure 7D shows an embryo with the characteristic S-
shape during this movement. After full rotation of the embryo,
the dorsal side faces outwards. However, the dorsal opening is
not yet closed, and the embryo still incorporates the yolk via
this opening (around 44 h AEL; arrowheads) (Krause, 1939). At
48 h AEL, the dorsal opening becomes smaller (Figure 7E) and
only a small amount of yolk remains attached to the embryo
(Figure 7E0; asterisks). Full dorsal closure occurs at around 51 h
AEL (Figures 7F–F00).

At around 48 h AEL, and after blastokinesis, the morphology
of the embryonic head seems to be completed, including all

gnathal appendages. Since this staging was performed to analyse
Wnt gene expression during early embryogenesis, we did not
extend staging beyond 50% of developmental time (51 h AEL)
(Dorn et al., 1987; Broadie et al., 1991).

Overall, in terms of the order of development, the
morphogenesis of the butter�yB. anynanaembryo appears
to proceed similarly to that of moth species, such asB. mori
and M. sexta,described previously (Krause, 1939; Krause and
Krause, 1964; Kobayashi and Ando, 1990; Broadie et al., 1991).
To study the expression of Wnt genes inB. anynanawe focused
on developmental stages between 9 and 28 h AEL because this is
the period during which the segments are formed and patterning
occurs along the axes in general—thus allowing comparison to
previously characterized Wnt gene expression inD. melanogaster
and T. castaneum(e.g., Janson et al., 2001; Bolognesi et al.,
2008a,b; Janssen et al., 2010; Swarup and Verheyen, 2012).
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FIGURE 5 | Embryonic stages ofB. anynanafrom 9 to 14 h AEL. During this time the germ band develops intoa basic patterned embryo with all gnathal, thoracic,
and abdominal segments as well as the telson.(A–E00) See text for detailed description. AEL, after egg laying; grb, germ band; lab, labial segment; lbr, labrum; mds,
mandibular segment; mxs, maxillary segment; ngr, neurogenic furrow; pce, protocephalon; pco, protocorm; prg, primitive grove; stm, stomodeum; tel, telson; th1-3,
thoracic segment 1-3; yok, yolk. Orientation of embryos is indicated with anterior always to the left. Scale bar: 400mm.
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FIGURE 6 | Embryonic development from 16 to 28 hours inB. anynana.(A–F00) See detailed description in text. ab1, abdominal segment 1;AEL, after egg laying; atr,
antennal rudiment; lab, labial segment; lbr, labrum; mds, mandibular segment; mxs, maxillary segment; pce, protocephalon; pco, protocorm; ptl, prothoracic leg 1-3;
stm, stomodeum; tel, telson; th1, thoracic segment. All columns are orientated in the same way as indicated in the top row. Anterior is always to the left and the
ventral side is to the top. All pictures are to the same scale.Scale bar: 400mm.
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FIGURE 7 | Developmental stages ofB. anynanafrom 30 to 51 h AEL.(A–F00) See detailed description in text. ab1, abdominal segment 1;AEL, after egg laying; alb,
abdominal limb bud; atr, antennal rudiment; hdl, head lobe;lab, labial segment; lbr, labrum; mds, mandibular segment;mxs, maxillary segment; pce, protocephalon;
pco, protocorm; prg, primitive grove; ptl, protoracic leg 1-3; stm, stomodeum; tel, telson; th1, thoracic segment. Allpictures are orientated anterior to the left and the
dorsal side to the top as indicated in top row for each column if not otherwise stated. All pictures are to the same scale indicated in (A) (scale bar: 400mm), except
(E00) and (F00), which have individual scale bars (scale bar: 400mm).

Frontiers in Ecology and Evolution | www.frontiersin.org 9 December 2019 | Volume 7 | Article 468



Holzem et al. Bicyclus anynanaWnt Gene Evolution

Expression of Wnt Genes During Butter�y
Embryogenesis
Wnt1/wingless (wg)
In situ hybridisations inB. anynanaembryos showed expression
of wg in a very thin and faint domain lining the anterior
margin of the germ disc at 9 h AEL (Figures 8A,A0). This was
the earliest expression observed for any Wnt gene in butter�y
embryos. As soon as the germ band was formed and the head
lobes, gnathal and thoracic segments were visible, expression in
segmental stripes and in the head lobes was observed at 10 h
AEL (Figure 8B). The previously described expression patterns
in moths are similar to the segmental stripes detected inB.
anynana(Kraft and Jäckle, 1994; Dhawan and Gopinathan, 2003;
Nakao, 2010; Zhang et al., 2015). Two domains were observed
in the labrum, which is again very similar to expression in the
moth at this stage of embryogenesis (Figures 8C,D) (Nakao,
2010). At 16 h AEL, expression was observed in stripes in all
segments, which was consistent with the segmental expression
of wg in B. mori, M. sexta, D. melanogaster, T. castaneum,and
other arthropods at equivalent developmental stages (Figure 8C)
(Nusslein-Volhard et al., 1984; Kraft and Jäckle, 1994; Bolognesi
et al., 2008a; Janssen et al., 2010; Nakao, 2010).

Expression in the developing head was observed at 16–18 h
AEL in the most anterior part of the head lobes (Figures 8C,D),
and around the stomodeum (Figures 8D,E) as well as two
distinct domains in the telson (Figures 8C,E). During subsequent
development the expression ofwg in the segments was reduced
and became concentrated at the neuronal furrow along the A-
P axis (28 h AEL,Figure 8F). Strong domains of expression
were seen at the tips of the mandibles (Figure 8G) as well
as in the proximal parts of the labrum (Figure 8G). Although
embryonic stages older than 30 h AEL were excluded from
the expression domain analyses here (due to possible staining
artifacts present in the embryonic cuticle in older embryos), we
include observedwgexpression at 42 to 48 h AEL in the thoracic
legs and abdominal limb buds in (Supplement Figure S1).
Overall, the expression ofwg described duringB. anynana
embryogenesis was consistent withwg expression at similar
stages in moths and other arthropods [e.g.,Janssen et al.
(2010)], wherewg appears to have an early and conserved role
in segmentation.

Wnt5
No embryonic expression was observed forWnt5 in B. anynana
embryos using several di�erentin situ hybridization probes
(seeSupplement Figure S2). While Wnt5 is expressed at several
embryonic stages in the nervous system inD. melanogaster
(Fradkin et al., 1995, 2004) and in e.g., limb buds, head lobes, and
segmental stripesT. castaneum(Bolognesi et al., 2008a) we did
not detect any expression for this Wnt gene inB. anynana. In a
recent study ofB. mori, Wnt5 transcripts were also only observed
in very late embryonic stages (6 days AEL) as well as in larval
tissues such as head, ovaries and the wing discs (Ding et al., 2019).
Therefore, we propose, thatWnt5, contrary toDrosophilaand
Tribolium, is not expressed in the embryonic stages ofBicyclus
included in this study.

Wnt6
We did not detect anyWnt6 expression during embryogenesis
in B. anynanausing probes of di�erent lengths and sequence
(Supplement Figure S2). In T. castaneumembryos andD.
melanogasterlarvae, Wnt6 is expressed in a pattern similar to
wg (Janson et al., 2001; Bolognesi et al., 2008a,b), which is also
the case in wing discs of the butter�yH. melpomene(Martin
and Reed, 2014). EmbryonicWnt6 expression is detected in the
foregut and hindgut inD. melanogaster(Janson et al., 2001),
which does not overlap withwg expression, but again we did
not observe any such expression forWnt6 in B. anynanaat the
stages assayed.

Wnt7
In B. anynanaembryos,Wnt7 expression was �rst detected
from around 16 h AEL in each of the thoracic and abdominal
segments in lateral domains (Figures 9A,B). In D. melanogaster
andT. castaneum, Wnt7 is expressed in mesodermal cells during
development (Kozopas et al., 1998; Bolognesi et al., 2008a), and
in T. castaneum Wnt7is also observed in the developing central
nervous system (CNS) (Bolognesi et al., 2008a). It is possible
that the lateral domains ofWnt7 expression we observed inB.
anynanacorrespond to the cells of the nervous system like in
T. castaneum.

Faint expression ofWnt7 was also observed at 28 h
AEL in lateral regions of thoracic and abdominal segments
(Figures 9C,C0). In later embryonic stages, expression ofWnt7
was observed in the abdominal limb buds ofB. anynana
(Supplement Figure S1).

Wnt9
No embryonic expression ofWnt9 was detected inB.
anynana despite the application of di�erent probes
(Supplement Figure S2). In T. castaneum, expression was
detected in the larval gut (Bolognesi et al., 2008a) while, in D.
melanogasterembryosWnt9 is expressed in a segment polarity
pattern similar toWnt1 as well as in in several other embryonic
tissues such as the labrum, foregut and the ocular segment
primordial, and subsequently in the CNS and in the gut of larval
stages (Graba et al., 1995). In B. mori, Wnt9transcripts were
only detected in the testis and malphigian tubules at larval stages
(Ding et al., 2019) which could potentially support our �ndings.

Wnt10
Expression ofB. anynana Wnt10was �rst detected at around
16 h AEL in the head lobes, the labrum and in stripes in the
mandibular and maxillary segments (Figures 10A,A0). Stripes
were also observed in the thoracic and abdominal segments, but
this staining was very faint (data not shown). Later, at 26 h AEL,
small domains of faint expression were detectable along the A-
P axis in abdominal segments 2–6 (Figures 10B,B0). Expression
was also observed in the mandibular, maxillary, and labial lobes
at 28 h AEL (Figure 10C). Small domains of expression were
also detected along the neurogenic furrow as well as two discrete
domains in the telson (Figure 10C).

The expression in the neurogenic furrow and the head
region could indicate thatWnt10 plays a role in the developing
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FIGURE 8 | Wnt1/wg expression during embryogenesis inB. anynana.(A,A0) Early expression ofwg at the anterior rim of the germ disc.(A0) Indicating morphology
with DAPI.(B) Expression in segmental stripes at 10 h AEL.(C) Segmental expression ofwg at 16 h AEL.(D) Higher magni�cation of head staining at 16 h AEL.(E)
Expression at 18 h AEL showing segmental stripes.(F) wg expression at 28 h AEL along the A-P axis (pink arrowheads) and in the telson (asterisks).(G) Magni�cation
of the head at 28 h AEL indicating strong expression in mandibular segments (pink arrowheads). All pictures are orientated with anterior to the left if not otherwise
stated. ab1-3, abdominal segments 1-3; AEL, after egg laying; grb, germ band; h, hour; hdl, head lobe; lbs, labial segments; mds, mandibular segments; mxs,
maxillary segments; ngr, neurogenic furrow; ser, serosa; th1-3, thoracic segments 1-3. Scale bar: 400mm.

nervous system. Indeed, expression ofWnt10 in the developing
CNS is seen inD. melanogasterand T. castaneumat similar
developmental stages (Janson et al., 2001; Bolognesi et al., 2008a).

Wnt11
Expression ofB. anynana Wnt11was only observed during
very late stages of embryogenesis (Supplement Figures S1D–F).
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FIGURE 9 | Expression ofWnt7 during development inB. anynana.(A) The �rst expression ofWnt7 occurs around 16 h AEL (asterisks).(B) Close up of the anterior
head region indicating small lateral domains in each segment (pink arrowheads).(C) Around 28 h AEL faint expression can still be detected lateral in each segment.
(C0) Close up of the ventral abdominal part of the embryo around 28h AEL. Expression indicated by pink arrowheads. All pictures are orientated with anterior to the
left if not otherwise stated. ab1, abdominal segment 1; AEL,after egg laying; atr, antennal rudiment; h, hours; hdl, head lobe; tel, telson; th1-3, thoracic segment 1-3.
All pictures are orientated with anterior left. Scale bar: 400 mm.

Around 48 h AEL, expression could be seen in the proximal
region of the mandibular segments as well as in the antennal
regions (Supplement Figure S1E). Expression was also observed
at the distal tips of the thoracic limb buds at this stage
(Supplement Figure S1F), similar to that observed inT.
castaneum(Bolognesi et al., 2008a).

WntA
The embryonic expression ofWntA in B. anynanais similar
to wg/Wnt1. WntA expression was observed as early as
10 h AEL and appears in segmental stripes in the gnathal
and thoracic segments (Figure 11A). In addition, two distinct
anterior domains were detectable in the forming head lobes,
similar toWnt1 expression (Figures 11A,A0). A faint expression
domain was also observed within the head lobes (Figure 11A).
Expression was absent from the primitive groove and did not
transverse the entire segments at 10 h AEL (Figure 11A). Around
16 h AEL when all segments were formed, stripe-likeWntA
expression could be seen in all gnathal, thoracic and abdominal
segments (Figures 11B,B0). Interestingly the length of the stripes
in each segment was di�erent between thoracic and abdominal
segments (Figure 11B0).

Around 20 AEL, WntA expression retracts toward the
neurogenic furrow and was detected in small domains in

each segment (Figure 11C). At 28 h AEL, expression decreases
but was concentrated in the thoracic limb buds as well as
in very small domains along the A-P axis (Figure 11D).
The expression observed forB. anynana WntAin segmental
stripes that later concentrate along the midline is similar to
the previously described expression ofT. castaneum WntA
(Bolognesi et al., 2008a).

CONCLUSIONS AND FUTURE
DIRECTIONS

The early embryonic development of the butter�yB. anynana
is very similar to that described for the ditrysian mothsM.
sextaand B. mori (Krause and Krause, 1964; Kobayashi and
Ando, 1990; Broadie et al., 1991; Miya, 2003), and therefore,
early development is very likely conserved in Ditrysia. The
staging system will be useful for further comparative studies
and could be supplemented in the future by analyses of later
developmental stages including larvae—especially with respect
to the development of the gut or CNS. Here this staging system
allowed us to begin to describe the embryonic expression of the
repertoire of eight Wnt genes we have con�rmed for butter�ies
and moths.
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FIGURE 10 | Wnt10 expression duringB. anynanaembryogenesis.(A) Expression around 16 h AEL is only detectable in the head structures of the embryo.(A0)
Higher magni�cation of the head region of this embryo at 16 h AEL, indicating expression in the labrum (asterisks), the head lobes (pink arrowheads) and in the
segments. (B) Expression at 26 h AEL becomes more restricted on either sideof the neurogenic furrow, along the neurogenic furrow.(B0) Magni�cation of Wnt10
expression at 28 h AEL (pink arrowheads).(C,C0) Expression around 28 h AEL only in the abdominal segments, indicated by pink arrowheads. All images are
orientated with anterior to the left if not otherwise stated. H, hour; AEL, after egg laying; th1, thoracic segment 1; ab1, abdominal segment 1; hdl, head lobe; mds,
mandibular segment; mxs, maxillary segment; lbr, labrum; lbs, labial segment; tel, telson. Scale bar: 400mm.

Overall, expression of �ve Wnt genes was observed during
embryogenesis leaving three Wnt genes, which are probably
expressed at later stages as shown by RT-qPCR analysis forB.
mori (Ding et al., 2019). All the embryonically expressed butter�y
Wnts (Wnt1, Wnt7, Wnt10, Wnt11,and WntA) have similar
patterns to their homologs inT. castaneumduring comparable
developmental stages (Bolognesi et al., 2008a). Only expression
of Wnt1and potentiallyWnt7 have similar embryonic expression
to their homologs in D. melanogaster. We did not observe
expression forWnt5, Wnt6, and Wnt9 in the embryonic stages
we observed in this study. Still, we were able to extract all of these
genes form a cDNA pool of mixed embryonic stages—indicating
that expression of these genes might be observed in di�erent
tissues and stages than the ones we have examined. Expression
has been shown in several tissues of these genes inDrosophila
andTribolium which is why we would expect their involvement
in embryogenesis. Therefore, we conclude that further analysis of
these genes is warranted to characterize their possible divergent

functional role in butter�y embryogenesis in more detail. These
results make a further comparison of the Wnt gene function
between Coleoptera and Lepidoptera very interesting, whereas
the expression of some Wnts may be more evolutionary derived
in Diptera.

Describing Wnt gene expression patterns during early
embryogenesis and other aspects of development in Lepidoptera
is the �rst step to understand the roles of these genes in
these animals and their potential functional conservation
and divergence compared to other arthropods. Given the
important roles of these genes in cell-to-cell communication
this also provides an excellent opportunity to generate much
needed new insights into cell behavior during lepidopteran
development. However, to achieve this our study needs
to be followed up by functional analysis of these genes.
Therefore, it would be interesting to knock out Wnt genes
using CRISPR/Cas9 inB. anynana; a technique which was
recently optimized for several butter�y and moth
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FIGURE 11 | Expression ofWntA during the development ofB. anynana.(A) Expression in segmental stripes at 10 h AEL (pink arrowheads). (A0) Magni�cation of the
head at 10 h AEL, expression can be detected in the head lobe (asterisks) and proximal to this domain (pink arrowhead).(B) Expression around 16 h AEL, segmental
expression labeled by pink arrowheads.(B0) Magni�cation of segments at 16 h AEL indicating the differentheight of the stripes in the abdominal segments compared
to the thoracic segments (arrows).(C) At 20 h AEL expression in all segments is still detectable (pink arrowheads).(D) At 28 h AEL, small expression domains along
the A-P axis at the neurogenic furrow are seen (pink arrowheads). All pictures are orientated with anterior to the left ifnot otherwise stated. h, hours; AEL, after egg
laying; th1, thoracic segment 1; ab1, abdominal segment 1; mds, mandibular segment. Scale bar: 400mm.
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species (Livraghi et al., 2018; Matsuoka and Monteiro, 2018;
Prakash and Monteiro, 2018).
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