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1  Summary

2 Eyespot patterns of nymphalid butterflies are an example of a novel trait yet, the
3 developmental origin of eyespots is still not well understood. Several genes have been
4  associated with eyespot development but few have been tested for function. One of these
5 genesis the signaling ligand, wingless, which is expressed in the eyespot centers during early
6  pupation and may function in eyespot signaling and color ring differentiation. Here we
7  tested the function of wingless in wing and eyespot development by down-regulating it in
8  transgenic Bicyclus anynana butterflies via RNAi driven by an inducible heat-shock promoter.
9 Heat-shocks applied during larval and early pupal development led to significant decreases
10  in wingless mRNA levels and to decreases in eyespot size and wing size in adult butterflies.
11 We conclude that wingless is a positive regulator of eyespot and wing development in B.
12 anynana butterflies.

13  Keywords: Novel trait, morphogen, transgenesis, RNAi

14  Introduction

15

16  The origin of novel traits remains an outstanding question in evolutionary developmental
17 biology (Hall and Kerney, 2012; Monteiro and Podlaha, 2009; Wagner, 2014). In particular, it
18 is largely unknown how novel traits originate via modifications in development (Wagner,
19  2015). It has been suggested that novel traits arise when pre-existing genes (True and
20 Carroll, 2002) or larger gene regulatory networks (Monteiro and Das Gupta, 2016) get co-
21  opted into novel parts of the body and function in this novel context to produce the new
22 trait. Thus, understanding trait origins can begin with the identification and functional
23 investigation of key molecular players in trait development.

24  One example of a morphological novelty is the eyespot, a circular pattern with contrasting
25 color rings, on the wings of butterflies. Comparative data suggests that eyespots originated
26  once within the nymphalid family of butterflies, around 90 million years ago (Oliver et al.,
27  2014; Oliver et al., 2012), likely from simpler colored spots (Oliver et al., 2014). Eyespots
28 appear to serve adaptive roles in both predator avoidance and sexual signaling
29 (Kodandaramaiah, 2011; Oliver et al., 2009; Olofsson et al.,, 2010; Prudic et al., 2011;
30 Robertson and Monteiro, 2005; Stevens, 2005; Stradling, 1976; Westerman et al., 2014;
31  Westerman et al.,, 2012) and eyespot number and size are key determinants of butterfly
32 fitness (Ho et al., 2016; Kodandaramaiah, 2011; Prudic et al., 2011; Prudic et al., 2015;
33 Robertson and Monteiro, 2005; Stevens et al., 2007; Westerman et al., 2014; Westerman et
34 al,2012).

35  Several genes have been associated with butterfly eyespot development via their eyespot-
36  specific expression (reviewed in Monteiro 2015), however, only a few of these genes have
37  beendirectly tested for function (Dhungel et al., 2016; Monteiro et al., 2013; Monteiro et al.,
38  2015; Tong et al., 2014; Tong et al., 2012; Zhang and Reed, 2016). wingless (wg) is one of the
39  genes associated with eyespot development in Bicyclus anynana butterflies as Wg protein
40  was visualized in developing eyespot centers at the early pupal stage (Monteiro et al., 2006).

41  Wwg is a signaling ligand involved in multiple aspects of animal development. This includes
42 wing growth and differentiation of melanized spots on the wings of Drosophila flies (Sharma,
43 1973; Sharma and Chopra, 1976; Werner et al., 2010), as well as pigmentation in the
44 silkworm, Bombyx mori (Yamaguchi et al., 2013; Zhang et al., 2015). wg down-regulation via
45 local electroporation of short interfering RNA (siRNA) showed that wg is required for the
46  development of crescent-like melanized markings on the larval epidermis of B. mori
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47  (Yamaguchi et al., 2013), whereas knock-outs in the same species with CRISPR-Cas9 showed
48  lighter embryo pigmentation effects despite almost complete embryonic lethality (Zhang et
49  al, 2015). On the other hand, spots of dark pigment can be induced by the ectopic
50  expression of wg in particular regions of the wings of Drosophila guttifera (Werner et al.,
51 2010), and in the larval epidermis of B. mori (Yamaguchi et al., 2013), showing the
52  sufficiency of wg in generating these patterns. Furthermore, genetic variation in the vicinity
53 of the wingless locus controls variation in number of larval markings in B. mori silkworms
54  (Yamaguchi et al., 2013). Additionally, a recent study (Koshikawa et al., 2015) showed that a
55 novel enhancer of wg is associated with a novel wing color pattern in Drosophila guttifera
56 flies. Since evolution in the regulation of wg appears to be involved in the origin of novel
57  wing color patterns in flies and lepidoptera, we set out to test wg function in eyespot
58 development in butterflies.

59  Differentiation of the rings in a butterfly eyespot has been hypothesized to result from the
60 action of a morphogen produced in the eyespot center that diffuses to neighboring cells
61  during the early pupal stage (Monteiro et al., 2001; Nijhout, 1980). The morphogen
62  hypothesis is supported by experiments where transplantation of cells from the future
63 eyespot centers induce a complete eyespot in the tissue around the transplant (French and
64  Brakefield, 1995; Monteiro et al., 1997; Nijhout, 1980), and where damage inflicted to these
65 central cells leads to reductions in eyespot size (Brakefield and French, 1995; French and
66 Brakefield, 1992; Monteiro et al., 1997). Although other mechanisms, such as serial
67  induction of the rings, have been proposed for eyespot differentiation (Otaki, 2011), the
68  morphogen hypothesis can most easily explain why central damage can sometimes induce
69 outer rings of color bypassing the induction of the inner rings (Monteiro, 2015).

70  Both Wg and TGF-B ligands were proposed as candidate morphogens involved in butterfly
71  eyespot formation due to the presence of Wg protein and pSmad protein, a signal
72 transducer of the TGF-f signaling pathway, at the center of the pattern in B. anynana, when
73  signaling is known to be taking place (Monteiro et al., 2006). Here we test the function of
74  one of these candidates, wg, in eyespot and wing development by down-regulating this gene
75 in independent transgenic lines using a heat-shock inducible wg-RNAi construct, and
76  measuring the effect of this down-regulation on adult eyespot size, wing size, and body size.

77  Materials and Methods

78  Animal hushandry. Butterflies were reared in climate controlled chambers at 27°C on a 12L:
79 12D photoperiod, and 80% humidity. Larvae were fed with young corn plants and adults
80  with mashed banana.

81 In-situ hybridization. A wg riboprobe was synthesized from a wingless 558 bp fragment,
82  amplified from cDNA (with primers wg F: 5’ - CCA TGT GGA CCG CTC GCC GC - 3’ and wg_R:
83 5 -GTG TCG TTG CAG GCA CGC TCG - 3’) and cloned into a pGEMT-Easy vector. For in situ
84  hybridization, we used a modified version of the protocol in (Martin and Reed 2014). The
85  sequence of the probe used is provided in Suppl. File 1.

86 Making the wg-RNAi transgenic lines. A wg-RNAi vector was constructed using the piggyBac
87  vector, Pogostick (Chen et al,, 2011). Two reverse complementary and complete cDNA
88  sequences of B. anynana wg were cloned in opposite direction into the vector. These fold
89 upon each other upon transcription, and initiate the process of RNAi inside the cells. The
90 activation of the RNAI process is controlled temporally by a heat-shock, via the heat-shock
91 promoter from Heat-shock protein 70 (Hsp70) from Drosophila, which is functional in
92  Bicyclus butterflies (Chen et al., 2011; Ramos et al., 2006). Eggs were injected with a mix of
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93  the wg-RNAi vector (800 ng/ul in the final concentration), a piggyBac helper plasmid (800
94  ng/ul), and a small amount of food dye within one hour after being laid, following the
95 protocol of (Ramos et al. 2006). Hatched larvae were placed on a young corn plant and
96 reared to adulthood. Groups of up to five individuals of the same sex were placed in the
97  same cage with the same number of wild-type butterflies of the opposite sex for mating to
98  take place. Their offspring were screened for the expression of green fluorescence in the
99 eyes. Contained within Pogostick is a marker for transformation that contains the gene for
100  Enhanced green fluorescent protein (Egfp) driven by a synthetic promoter (3xP3) that drives
101 gene expression in the eyes up to adult emergence (Chen et al., 2011; Gupta et al., 2015).
102 Positive individuals were confirmed via PCR with primers specific to the vector and the wg
103  sequence inserted into the vector (Clone_R: 5’ - AAC GGC ATACTG CTC TCGTT-3"; wg _F: 5’
104 - GTC ATG ATG CCC AAT AC CG - 3').

105 Whole-body heat-shocks. Three independent heat-shock experiments were carried out in
106  this study. In the first experiment heterozygous transgenic and sibling non-transgenic Wt
107  butterflies were reared at 272C and given two heat-shock pulses, the first heat-shock started
108  at2pm (~9 h before pupation), whereas the second heat-shock started 12 h later, at 2am (~3
109 h after pupation). These two time periods were chosen based on previous work that showed
110  a ~8 h delay in the RNAI response following a heat-shock and a loss of the down-regulation
111  effect ~38 h after a single heat-shock performed at 39°C (Chen et al., 2011). The intended
112  goal was to down-regulate wg in eyespots from the moment of pupation to around 24 h
113 after pupation, when eyespot ring differentiation is thought to be complete (French and
114  Brakefield, 1995), and Wg protein expression is no longer visible in the eyespot field
115 (Monteiro et al., 2006). Pupae normally pupated between 11 pm and 12 am. Heat-shocks
116  were performed at 392C for 1.5h (Tong et al., 2014). Similar numbers of transgenic and
117  sibling wild-type butterflies, not exposed to heat-shock, were used as controls. Pre-pupae
118  pupated within the incubator, and the resulting pupae were removed before 2pm the
119 following day. These pupae were later screened for their genotype: Heterozygous wg-RNAi
120  animals with green fluorescence eyes were separated from their wild-type siblings before
121 adult eclosion. The second heat-shock experiment was applied to homozygous transgenic
122 and non-sibling wild-type butterflies of a subsequent generation and followed the same
123 heat-shock conditions as the first experiment (Table 1). The third heat-shock experiment was
124  applied to homozygote individuals of a subsequent generation and consisted of multiple
125 heat-shocks. Homozygous transgenic and wild-type butterflies reared at 27°C were heat-
126  shocked four times a day, at 39°C for 1.5h, with a 6 hour interval, from the beginning of the
127  fifth larval stage till adult eclosion. All heat-shocks were conduced in a Sanyo laboratory
128  incubator oven (MIR152).

129  Morphological measurements. Adults were sacrificed by freezing shortly after emergence.
130  Left forewings from female butterflies were carefully cut from the body and imaged using a
131 digital microscope with an attached camera (Leica DMS1000). Pictures were taken using a
132 Leica 0.32X lens at 2.52 magnification. Wings were measured without knowledge of line or
133 treatment identity in Adobe Photoshop. The dorsal forewing Cul eyespot of females was
134  selected for measurements as it exhibits minimal developmental plasticity in response to
135  temperature, and is therefore expected to be less responsive to the effects of heat-shocks,
136  as opposed to male dorsal eyespots and ventral eyespots (Monteiro et al., 2015; Prudic et
137  al, 2011). This minimizes confounding effects of heat on eyespot size. Nevertheless, we
138  control for these confounding effects by comparing whether heat-shocked individuals from
139 Wt and transgenic lines respond to the heat-shock in the same way (see statistics below).
140  The following five traits were measured on all dorsal female forewings: the area of the white
141  center, black ring, and gold rings of the Cul eyespots, the whole eyespot area obtained by
142 adding the three measurements above, and the whole wing area. Eyespot measurements
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143  were done using the ellipse tool to draw the limits of each color ring manually, and using the
144  magic wand tool to select the whole wing area in Adobe Photoshop. Fresh body mass
145  (weight) was measured after the wings were removed from the bodies.

146 Real-time PCR. To confirm wg knock-down, wg mRNA levels were measured before and
147  after the heat-shock treatments by quantitative PCR (qPCR). Wing tissue was dissected from
148  wg-transgenic and sibling Wt pre-pupae and early pupae at different time points before and
149 up to 18 h after the first heat-shock, with a 6 hr interval between each time point, and
150  stored in RNAlater solution (Qiagen) at -802C. The following time points were sampled: At 2
151  pm before the start of the first heat-shock (BH), 6 h later, 12 h later (and before the 2™ heat-
152  shock), and 18 h later (after both heat-shocks were applied). Animals were at the pre-pupal
153  stage before the first heat-shock (BH) and 6 h after the first heat-shock, and at the early
154  pupal stage 12 h and 18 h after the first heat-shock. Total RNA was extracted from the set of
155  two forewings from each individual using an RNeasy Plus Mini Kit (Qiagen). RNA was treated
156  with RNase-free DNase | (Thermo Scientific) to prevent genomic DNA contamination. Total
157 RNA concentration and purity were measured using NanoDrop 1000 spectrophotometer
158  (Thermo Scientific). Three biological replicates were used per time point and sample type.

159  Around 200 ng of RNA per sample was reverse-transcribed to cDNA with Reverse-
160  Transcriptase PCR (RT-PCR) using the RevertAid Reverse Transcription Kit (Thermo Scientific).
161  Real-time qPCR was performed with KAPA SYBR® FAST qPCR Kit (KAPA Biosystems) using the
162  Applied Biosystems ABI Prism” 7000 Sequence Detection System. Three technical replicates
163  were run for each biological replicate. Average values of technical replicates were used to
164  calculate expression levels of each sample. For each sample, 5 ng of cDNA was quantified.
165  Amplification and quantification of wg cDNA levels used the following wg primers: wg_F: 5 -
166  CCG AGA GTT CGT TGA CA - 3’; wg_R: 5" - ACC TCG GTA TTG GGC AT -3’, which amplifies a
167  fragments of 246 bp in length. The housekeeping gene EF1-a was used as the reference gene
168  for the relative quantification of wg expression because expression levels of EFI-a were
169  consistent throughout development and showed similar Ct values for tissue samples
170  collected at different developmental times. EF1-¢ primers used were: EF1-a_F: 5 - GTG GGC
171 GTC AAC AAA ATG GA - 3’; EF1-a_R: 5’ - TTA GCG GGA GCA AAA ACA ACG AT - 3/, which
172 amplify a 404 bp fragment. Each reaction mixture contained 10 pl of KAPA Master Mix, 0.5 pl
173  of wg or EF1-a forward primers, 0.5 ul of wg or EFI-a reverse primers, 8.1 ul of DEPC-
174  treated water and 0.5 pl of cDNA. For a negative control we used DEPC-treated water, in
175  place of cDNA.

176  The reaction conditions were 952C for 3 minutes, followed by 40 amplification cycles of 952C
177  for 30 seconds, 572C for 30 seconds and 72°C for 30 seconds. Relative quantification of wg
178  transcripts was obtained using the 27**“ method (Livak and Schmittgen, 2001), transcript
179  expression levels were normalized to the EFI-a gene and one sample was used as a
180  calibrator to compare the expression of wg transcripts across developmental time points.

181 Statistical analysis. Analyses of covariance (ANCOVA) were performed on adult dorsal
182  forewing measurements, with line (wg-transgenic vs Wt) and treatment (heat-shock vs
183 control) as fixed variables, family as a random variable, and with wing size as the covariate
184 to normalize eyespot measurements by wing area because eyespot size is normally
185  positively correlated with wing area (Monteiro et al., 2013). The model included all main
186  effects and two-way interactions such as line*family, line*treatment and family*treatment.
187 Levene’s test was used to test homogeneity of variances between the sample groups
188 compared and analyzed, and data transformations in the form of logarithm or other
189  arithmetic functions were conducted as necessary. In data from the second heat-shock
190  experiment, white center, gold ring and total eyespot size from line A were transformed to
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191  log10 values. In data from the third heat-shock experiment, black ring area from line A and
192  white center, black ring, gold ring, and total eyespot area from line B were transformed
193  using 1/x? ratio. Estimated means (of eyespot size features) for each group of butterflies, for
194  the same wing size, are plotted in all graphs.

195 For the wg qPCR data, analyses of variance (ANOVA) were used to test for differences in wg
196 relative expression levels at the respective time points in wings extracted from wg-
197  transgenic and Wt individuals. Logarithmic data transformations were conducted across all
198 data in order to make variances comparable across groups. SPSS statistics, Version 20, was
199  used for all analyses.

200 Results

201 In-situ hybridization shows wingless is expressed in eyespot centers. To confirm the
202  presence of wg expression in eyespot centers in early pupal wings of B. anynana we
203  performed in situ hybridizations using a riboprobe against wg (Suppl. File 1). We visualized
204  wg expression in eyespot centers of forewings and hindwings in wing discs of 16, 17, and 24-
205 26 h old pupae as well as expression along the wing margin (Fig. 1), confirming previous
206  work that detected Wg protein in these regions up to 16 hrs (using an antibody against
207  human Wntl1) (Monteiro et al., 2006), and showing that transcripts are present beyond this
208  period.

209  Making the transgenic lines. Wild-type embryos were injected with a wg-RNAi piggyback
210  based vector (Pogostick) (Chen et al., 2011), as well as a helper plasmid. The wg-RNAi
211  construct contains a heat-shock promoter that can be used to induce wg knock-down upon
212  delivery of a heat-shock. From a total of 7839 injected embryos, 426 larvae hatched (5%
213  hatching rate), and around 60% of the hatched larvae survived to adult stage. Groups of five
214 emerged adults were crossed with Wt virgins of the opposite sex in separate cages.
215 Offspring from two separate cages (line A and line B) displayed high levels of green
216  fluorescence in their eyes (a marker for transgenesis inserted alongside the wg inverted
217  sequences; Fig. S1), indicating independent genomic insertions of the wg-RNAi construct.
218  The presence of these insertions in EGFP-expressing individuals was confirmed via PCR on
219  genomic DNA extractions. Adults stopped expressing EGFP in their eyes immediately upon
220  emergence, as previously described for this eye-specific promoter (3xP3) in B. anynana
221  (Gupta et al., 2015). Five offspring of line A and four offspring of line B were crossed with Wt
222  virgins of the opposite sex in separate mating cages to rear separate families. Approximately
223 half of the offspring in each family had bright green eyes, indicating that line A and line B
224  individuals were likely heterozygous for a single genomic insertion. These mixed wg-RNAi
225  transgenic and Wt sibling offspring were used for the first heat-shock experiment (Table 1).
226 A few of these heterozygous EGFP-expressing individuals were subsequently mated with
227  each other and offspring with the brightest eyes (~10%) were selected to set-up
228  homozygous transgenic lines (Chen et al, 2011). Individuals from these subsequent
229 generations all had green fluorescent eyes and were used for the second and third heat-
230  shock experiments (Table 1).

231  wingless is down regulated in wg RNAi transgenic lines. To examine how a pre-pupal and a
232 pupal heat-shock impacted natural wg expression we quantified wg expression levels in non-
233 heat-shocked (control) and heat-shocked Wt individuals at four developmental time points,
234  from prior to pupation till approximately 6 h after pupation using qPCR applied to whole
235  forewings. wg expression was relatively low in control Wt individuals at the early pre-pupal
236  and early pupal stage, compared to the late pre-pupal stage and 6 h post-pupation (PP) (Fig.
237 2A). Heat-shocked Wt butterflies showed higher wg expression relative to controls at 6 h
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238  and 18 h after the first heat-shock (Fig. 2A), this increase was not statistically significant (Fy ¢
239  =2.332, p-value=0.201 at 6 h and F;¢=0.288, p-value = 0.620 at 18 h). wg gene expression
240  was relatively low at 12 h (right after pupation) in both treatment groups, indicating a
241  natural low expression at this time point.

242 To confirm that the heat-shocks were down-regulating wg in wg-RNAi transgenics, we
243 examined wg gene expression in heat-shocked wg-RNAi heterozygous individuals and their
244 Wt siblings from both line A and line B. In line A, wg expression was significantly down-
245 regulated at 6 h (F; = 18.875, p-value = 0.012) and 18 h (Fy¢= 46.833, p-value = 0.002) after
246  the first heat-shock relative to wild-type siblings (Fig. 2B). Similarly, in line B, wg expression
247  in wg-RNAI butterflies was also significantly reduced relative to their wild-type siblings at 6 h
248 (F16= 18.438, p-value = 0.013) and at 18 h (Fy 5= 12.873, p-value = 0.037), after heat-shock
249 treatment (Fig. 2C). In addition, there was a large difference in the overall levels of wg
250  expression in Wt individuals segregating out of lines A and B at 18 h, after both heat-shock
251 treatments, with wild-type line B individuals displaying lower wg levels relative to line A (Fy¢
252 =13.122, p-value =0.022).

253 wingless down regulation reduces the size of eyespots. The application of two heat-shocks
254 around pupation led to no changes in wing area (F1 3= 1.079, p-value = 0.300) but led to
255  different responses in eyespot size in wg-RNAI transgenic and Wt sibling individuals of line A.
256  Cul dorsal eyespots became reduced in transgenics, relative to non-heat-shocked transgenic
257 controls, while they suffered no change or showed slight increases in size in heat-shocked
258  wild-type sibling butterflies (Fig. 3). This led to a significant interaction between genotype
259 (transgenic and wild-type individuals) and treatment (heat-shock and control) for multiple
260  eyespot area measurements. This interaction was significant for the size of each colored
261  area of scales in an eyespot including the white center (F12s6= 5.163, p-value = 0.024), black
262 disc (Fy,236 = 4.206, p-value = 0.041) and gold ring (F1 236 = 4.279, p-value = 0.040), as well as
263  total eyespot area (Fiz3s = 4.946, p-value = 0.027) (Fig. 3). However, butterflies from the
264  independently derived and genetically distinct line B didn’t show any statistically significant
265 interactions between genotype and treatment in any of the colored scale areas of forewing
266  Cul eyespots: white center (Fy 249 = 0.289, p-value = 0.591), black disc (F1 49 = 1.549, p-value
267 =0.215), gold ring (F1 240 = 0.056, p-value = 0.814), and combined eyespot area (F1245= 1.080,
268  p-value = 0.300). These butterflies also did not show any changes in wing area (Fy 245 = 0.079,
269  p-value = 0.778). The smaller difference observed in levels of wg expression between heat-
270  shocked Wt and sibling transgenic individuals of line B (Fig. 2C) may explain the weaker
271  eyespot responses to wg knockdown in transgenic individuals of this line. For this reason, we
272 conducted two new heat-shock experiments: one where we used homozygous transgenic
273 lines, and kept the heat-shock parameters constant, and one where we used homozygous
274 lines and increased the number and frequency of heat-shocks, starting in the early 5™ instar
275  larval stage and ending at adult emergence.

276  The application of two heat-shocks to homozygous wg transgenic and non-sibling Wt
277  butterflies led to similar results as the first experiment using heterozygous individuals. In
278  general, transgenic and non-transgenic individuals responded differently to the heat-shock
279  regarding eyespot size. While heat-shocked transgenic individuals maintained the size of
280 each colored ring, relative to non-heat-shocked individuals, the size of these rings increased
281  in Wt individuals after a heat-shock. This interaction between line and treatment was
282  significant for area of the gold ring (Fy1120= 5.632, p-value = 0.019) for individuals in line A,
283 and line B (Fy 150= 7.147, p-value = 0.009). Additionally, p values for the interaction between
284  line and treatment were bordering significance for area of the black ring (F1120= 3.735, p-
285  value = 0.056), and total eyespot area (Fy120= 3.392, p-value = 0.068) in Line A. There were
286 no significant interactions for line and treatment regarding wing area for both lines (Line A:
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287 F1120= 0.829, p-value = 0.365; Line B: F;150= 3.296, p-value = 0.072). The use of homozygous
288  individuals of Line B, thus, led to a significant area reduction in one of the color rings, a
289  result not observed with heterozygous individuals. However, the use of non-related
290 individuals, instead of siblings, appears to have reduced the power of this experiment in
291  detecting significant effects of the heat-shock in line A.

292 Multiple heat-shocks lead to no effects on eyespot size but strong effects on wing size.
293  Unlike the treatment with two heat-shocks, multiple heat-shocks led to similar eyespot
294 responses in wild-type and wg-RNAi individuals of both lines. In general, multiple heat-
295  shocks led to minor changes in the area of all the eyespot color rings relative to wing size in
296  both wg-RNAi and Wt individuals (Fig. S2). There were no significant interactions between
297  genotype and treatment in the size of each colored area of scales in the eyespots of line A,
298  including the white center (F, ,,, = 0.026, p-value = 0.871), black disc (F, ;4 = 0.092, p-value =
299  0.763), gold ring (F, ,,s = 0.000, p-value = 0.987) and overall area (F, ,,; = 0.023, p-value =
300 0.880). Similarly, in line B, there was no significant interaction between genotype and
301  treatment in the size of the white center (F, ,; = 0.308, p-value = 0.580), black disc (F, ,; =
302 0.929, p- value = 0.337), gold ring (F, ,,, = 2.333, p-value = 0.129), and overall eyespot size
303 (F s = 1.269, p-value = 0.262). Performing the more extensive series of heat-shocks,
304  however, led to strong effects on wing size (Fig.4), but not on body size (F, ,, = 1.864, p-value
305  =0.189) (Fig. S3). This effect on wing size, where wg-RNAi and Wt individuals responded
306 differently to the heat-shocks was not previously observed with the more restrictive pre-
307  pupal/early pupal heat-shocks. Heat-shocking wg-RNAi individuals of line A led to a
308 significant reduction in wing size, whereas heat-shocking Wt individuals led to no changes in
309  wing size (line and treatment interaction: F(3 0= 12.657, p-value = 0.001) (Fig. 4). This was
310  also observed in line B (line and treatment interaction: F(;,145y= 11.995, p-value = 0.001) (Fig.
311 4).

312 Discussion

313 In this study we tested the function of a signaling ligand, wingless, in eyespot development
314  using transgenic butterflies carrying a heat-inducible wg-RNAi construct. We first showed
315 that wg expression was successfully knocked down, albeit to different degrees, in two
316  genetically independent transgenic lines, relative to wild-type sibling butterflies, not
317  containing the transgene. This down-regulation of wg led to significant reductions in the size
318  of Cul forewing eyespots, for wings of comparable size, indicating that wg is a positive
319 regulator of eyespot development in butterflies. Interestingly, our two independently
320  derived transgenic lines had either different endogenous wg levels or different sensitivities
321 to the heat-shock, which led to variation in wg levels after the heat-shock. More
322 accentuated differences in wg levels between heat-shocked and control individuals were
323  foundin line A, and less marked differences between treatments in line B. The extent of wg
324  variation before and after treatment within a line correlated with the extent of eyespot size
325  variation following heat-shock for each of the lines. In particular, the area of all three color
326  rings was more readily altered in line A (in the first and the second heat-shock experiments),
327  whereas only the area of the outer gold ring was altered in line B (in the second heat-shock
328  experiment).

329  Reduction of wg mRNA levels may be affecting the differentiation of the eyespot rings via
330 changes in a putative Wg protein gradient. If wg transcription in the eyespot centers leads to
331 a gradient of Wg protein, diffusing from the central cells to the surrounding cells (Fig. 5),
332  then stronger or weaker modulations in the height and shape of that gradient, could lead to
333  the observed phenotypes (Fig. 5). While the existence of long-range gradients of Wg
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334  signaling is currently controversial in Drosophila (Alexandre et al., 2014; Martinez Arias,
335 2003; Strigini and Cohen, 2000), butterfly eyespots may provide an alternative model system
336  totestthese ideas in future.

337  The timing of wingless expression, measured via in situ hybridizations, was found to be
338  extended relative to a previous study that examined wg expression at the protein level using
339 cross-reactive antibodies (Monteiro et al., 2006). The previous study showed that Wg
340  proteins were found in the eyespot field (primarily in the center) between 10.5 h and 16 h
341 after pupation, whereas beyond this point, Wg proteins were found at levels below
342 background levels in the eyespot center. Older pupal wings (>24hrs old), however, were not
343 studied (Monteiro et al., 2006). Here, wg expression was visualized at the mRNA level in the
344  developing eyespot centers at 16 h and at 22-24 h after pupation. The timing of both mRNA
345 and protein expression fits data from previous experiments where damage applied to the
346  signaling eyespots centers stops having an effect on eyespot size after 24 hrs (French and
347 Brakefield, 1995). However, the reason why Wg protein stops being detected in the eyespot
348  centers after 16 hrs is unknown, and may be due to post-transcriptional regulatory
349  processes not investigated here.

350  Our results are consistent with the function of wg in the development of wing color spots in
351  D. guttifera (Koshikawa et al., 2015; Werner et al., 2010) and melanized markings on the
352  larval epidermis in B. mori (Yamaguchi et al., 2013), suggesting a conserved role for wg in
353 color patterning the integument of flies, moths, and butterflies in the eyespot centers. While
354  these color patterns are not considered homologous, they could be sharing a conserved
355  signaling process for their differentiation.

356  The current study also demonstrated that wg is a positive regulator of wing growth in
357  butterflies similarly to findings in other insects. wg down-regulation in butterflies
358  throughout the last (5" larval) instar, as well as throughout pre-pupal and pupal
359  development, led to a significant reduction in wing size in both wg-RNAi lines. wg's function
360 in wing growth was initially demonstrated in D. melanogaster where frequent occurrences
361  of wingless and haltere-defective fruit flies led to the isolation of the gene (Sharma, 1973;
362  Sharma and Chopra, 1976; Swarup and Verheyen, 2012). wg is expressed along the wing
363 margin of larval, pre-pupal, and pupal wing discs in Drosophila flies where it promotes wing
364  growth (Couso et al., 1994; Phillips and Whittle, 1993). The same pattern of wg expression is
365 observed in B. anynana larval (Monteiro et al., 2006) and pupal wings (Fig. 1) as well as larval
366  wings of multiple other butterflies and moths (Carroll et al., 1994; Kango-Singh et al., 2001;
367  Martin and Reed, 2010; Monteiro et al., 2006). Deficiency in wg receptors inhibits the
368  development of the wing field (Chen and Struhl, 1999), whereas ectopic expression of wg
369  induces overgrowth of wing discs during larval development (Neumann and Cohen, 1997).
370 Levels of wg expression are associated with wing length in polymorphic planthoppers, and
371  wg RNAiI individuals developed significantly shorter and deformed wings (Yu et al., 2014).
372 Lesions in the wg gene found in natural populations of Apollo butterflies after a bottleneck
373  were proposed to lead to a high frequency of reduced and deformed wings in individuals of
374  this population (Lukasiewicz et al., 2016). These studies all show that wg is required for
375 normal wing growth (Swarup and Verheyen, 2012). Since wg expression in B. anynana was
376 not completely shut down but merely down-regulated in this study, a lower expression of
377  wg in the wing tissues of heat-shocked wg-RNAi butterflies led to the development of
378  smaller wings.

379  Surprisingly, eyespots in wg-RNAi and Wt butterflies were affected to the same extent after
380  multiple heat-shocks, i.e., wings of wg-RNAi butterflies became significantly smaller but
381  eyespot size scaled down in perfect proportion, rather than disproportionately, with wing
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382  size (Fig. S2). It is unclear what factors caused this pattern, but mechanisms of eyespot size
383  plasticity could be playing a role. The eyespots of B. anynana are particularly sensitive to
384  ambient temperatures during the wandering stage of late larval development (Monteiro et
385  al., 2015). High temperatures (27°C) during this stage lead to high ecdysteroid titers, which
386 in turn lead to large eyespots (Monteiro et al., 2015). Our multiple heat-shock experiment
387  comprised the wandering stage of development, whereas the late pre-pupal and early pupal
388 heat-shock happened after this stage. It is possible that one of the genes that leads to larger
389  eyespots in response to ambient temperature is wg. The positive effect of temperature on
390 wg expression could potentially override its negative effect via endogenous wg down-
391 regulation leading to relatively proportioned sized eyespots. Interestingly, a connection
392  between the same ecdysteroid and wg was observed in B. mori larval epidermis where
393 raised ecdysteroid titers at the end of each molt activate wg expression in the area of the
394  melanic spots (Yamaguchi et al., 2013).

395  Recent studies showed that wg and WntA, another Wnt protein family member, are
396  expressed along anterior-posterior stripes in larval wing discs across multiple species of
397 butterflies (Carroll et al., 1994; Gallant et al., 2014; Martin et al., 2012; Martin and Reed,
398 2010, 2014). Interestingly, wg was found associated with the basal, central and marginal
399  stripe patterns in moths and butterflies (Martin and Reed, 2010), and WntA was proposed to
400 play a role in organizing the basal, central, and marginal symmetry systems (Martin and
401  Reed, 2014). Linkage mapping, gene expression, and functional studies using injections of
402 small molecules, heparin and dextran sulfate, that can bind Wnt molecules (as well as other
403 ligands) to enhance their diffusion (Binari et al., 1997; Yan and Lin, 2009), all suggested that
404 WntA is associated with the differentiation of anterior-posterior stripes in several butterfly
405  species, including Euphdryas chalcedona, Junonia coenia, Heliconius and Limenitis butterflies
406 (Gallant et al., 2014; Martin et al., 2012; Martin and Reed, 2014). Here, we show that B.
407  anynana eyespots, belonging to the border symmetry system, are in fact using wg signaling
408 in the development and differentiation of their color rings. This works constitutes the first
409  functional demonstration that a Wnt family member is involved in wing pattern
410  development in butterflies.

411  Future work should examine whether wg ectopic expression would be sufficient to induce
412  an eyespot color pattern in butterflies. This would be necessary to show that the
413 recruitment of this gene to the eyespot centers helped in the origination of a morphological
414  novelty.
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Table 1. Differences between independently conducted heat shock experiments

Heat shock Heat shock Heat shock
Parameters . . .
Experiment | Experiment I Experiment Il
N fh hock
umber of heat shocks per 2 2 Multiple heat shocks

individual

Developmental stage during

Pre-pupae and early

Pre-pupae and early

From 5th larval

heat shocks pupae pupae instar until eclosion
Homogeneity of the
H H H
transgenic butterflies eterozygous 0mozygous omozygous
Heat Line A: 57 Line A: 30 Line A: 17
shocked | wild-type control: 70 | Wild-type control: 30 | Wild-type control: 31
LineA | Non- | LineA:57 Line A: 30 Line A: 27
heat . . .
Sample shocked Wild-type control: 52 | Wild-type control: 30 | Wild-type control: 33
size Heat Line B: 101 Line B: 30 Line B: 38
shocked | wild-type control: 54 | Wild-type control: 30 | Wild-type control: 31
LineB | Non- | LineB:58 Line B: 30 Line B: 46
heat . . .
shocked Wild-type control: 36 | Wild-type control: 30 | Wild-type control: 33

Data used for

Morphological
measurement and
gene expression

Morphological
measurement

Morphological
measurement

Figures

A

Fig. 1. wg is expressed in eyespots and in the wing margin. (A) wg is expressed in the
future eyespot centers (white arrow heads mark the Cul eyespots) of a 24-26 h old pupal
forewing and (B) a 16 h old pupal hindwing, as well as along the wing margin (black arrow).
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Fig. 2. wg transcript levels are reduced in wg-RNAi individuals of both lines following one
and two heat-shocks. (A) wg expression (quantified via gPCR) in control (light green bars)
and heat-shocked (dark green bars) Wt forewings from the pre-pupal stage to the 6h post-
pupal (PP} stage. Heat-shocked Wt butterflies showed comparable levels of wg expression
relative to Wt controls at 6h and 18h after the first and second heat-shocks, respectively,
whereas expression levels were naturally low at the other two time periods. (B) In line A, wg
expression was significantly reduced in wg-RNAi wings (red bars) at 6h after the first heat-
shock treatment, and at 18h, after the first two treatments, relative to wings of heat-
shocked wild-type siblings (green bars). (C) In line B, wg expression was also significantly
reduced in wg-RNAi wings at 6h and 18 h after the first heat-shock treatment, relative to
wings of heat-shocked wild-type individuals. Arrows indicate the time points of the heat-
shock treatments at the pre-pupal and the early pupal stages. Quantification of wg mRNA
levels at those periods was performed before the heat-shock was applied. Gray dots show
the actual data points. Error bars represent 95% confidence intervals of means. * Represents
a p-value £ 0.05 and ** represents a p-value < 0.01.
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610  Fig. 3. Wt and heterozygous sibling wg-RNAi butterflies show significant differences in
611 their response to two heat-shocks on eyespot size (first heat-shock experiment). (A)
612  Representative heat-shocked Wt and (B) heat-shocked wg-RNAi transgenic sibling
613 butterflies. Red arrows indicate the Cul eyespots measured in this study. Both images are at
614  the same scale. (C-F) Area measurements for control (white symbols) and heat-shocked
615 (black symbols) Wt and wg-RNAi individuals in the area of the (C) white center, (D) black
616 ring, (E) gold ring and (F) total eyespot, with (*) representing a significant interaction
617  between genotype and treatment (p-value < 0.05). Y-axes represent corrected means for
618  each eyespot color ring area, based on values obtained from analyses of covariance on
619 eyespot sizes using wing area as the covariate. Error bars represent 95% confidence intervals
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620  of means.
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621

622  Fig. 4. Multiple heat-shocks reduce wing size in homozygous wg-RNAi butterflies of lines A
623  and B but not in wild-type butterflies (third heat-shock experiment). (A-F) Representative
624  dorsal forewings of (A) control Wt, (B) line A and (C) line B individuals, and (D) heat-shocked
625  Wt, (E) line A and (F) line B individuals. All images are at the same scale (scale bar in A
626  represents 2mm). (G,H) Wing area measurements for control (white symbols) and heat-
627  shocked (black symbols) wg-RNAi and Wt individuals of (G) line A and (H) line B. (***)
628 Represents a significant interaction between line and treatment with p-value < 0.001. Y-axes
629 represent the total wing area. Error bars represent 95% confidence intervals of means.
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Fig. 5. Classic gradient model that can explain how wg down-regulation affects the
differentiation of the eyespot rings. Differentiation of the rings in a butterfly eyespot could
involve a Wg protein gradient (black curved lines) where the protein is produced in the
eyespot centers and diffuses to neighboring cells. Threshold responses to that protein
gradient could determine the area of the black (T1) and gold (T2) color rings via the
activation of intermediate tier genes such as Distal-less and spalt (red} and engrailed (green)

(Brunetti et al., 2001). Down-regulation of wg (black arrow) alters the area of the color rings
in an eyespot, while the thresholds of response to Wg protein remain constant.

Supplemental Figures

Fig. S1. Transgenic Bicyclus anynana wg-RNAi line A pupa with green fluorescent eyes.
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646 Wing area

647  Fig. S2. Allometric relationship between eyespot size (white eyespot center) and wing area
648  after the multiple heat-shock treatment. (A) Heat-shocked wild-type and transgenic
649  Dutterflies of line A. Eyespots are reduced in size in proportion to wing size. (B) Non heat-
650  shocked (control) wild-type and transgenic butterflies of line A.
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652  Fig. S3. Allometric relationship between wing size and body mass of a random sample of
653 heat-shocked wild-type and transgenic butterflies of line B. Transgenic and wild-type
654  butterflies have different wing sizes but they do not differ in body mass, indicating that wg
655  down-regulation has a wing-specific effect.
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656
657  Supplementary File 1 — Sequence of wingless probe used for the in situ hybridizations

658 CCATNTGGACCGCTCGNCGCACCGCGCGCGNGCCGCCGCCGCCGCCAACGTGAGGGTCTGGAAAT
659 GGGGCGGGTGCAGCGACAACATCGGCTTCGGCTTCAAGTTCAGCCGNGANTTCGTTGACACCGGGG
660 AAAGGGGCAAGACGCTTAGGGAGAAGATGAACTTGCACAACAATGAGGCCGGCAGGATGCACGTG
661  CAAACGGAGATGCGCCAGGAGTGCAAGTGCCACGGTATGTCTGGGTCCTGCACGGTGAAGACGTGC
662 TGGATGAGGCTGCCGACGTTCCGGTCTGTAGGCGACGCCCTGAAAGACAGCTTCGACGGGGCGTCG
663 CGGGTCATGATGCCCAATACCGAGGTGGAGGCGCCGTCGCAGAGGAACGACGCCGCACCTCACAG
664  GGTCCCGCGCCGTGACCGCTACAGGTTCCAACTTCGGCCGCACAACCCTGACCACAAAACACCCGGG
665  GTCAAGGACCTTGTATACTTGGAATCTTCACCAGGTTTCTGC
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