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 2 

Abstract 17 

Wnt genes encode secreted ligands that play many important roles in the development of 18 

metazoans. There are thirteen known Wnt gene subfamilies and seven of these are 19 

represented in Drosophila melanogaster. While wingless (wg) is the best understood and 20 

most widely studied Wnt gene in Drosophila, the functions of many of the other Drosophila 21 

Wnt genes are less well understood. For example, relatively little is known about Wnt6, 22 

which is an ancient paralog of wg and they form a conserved Wnt cluster together with Wnt9 23 

(Dwnt4) and Wnt10. wg and Wnt6 encode similar proteins and exhibit overlapping 24 

expression in several tissues during development. Both wg and Wnt6 were previously shown 25 

to regulate the development of maxillary palps, important olfactory organs in flies, but it 26 

remained unclear how these two ligands may combine to carry our specific functions and 27 

how this is regulated. Here, we have further analysed Wnt6 function in the context of 28 

maxillary palp development. Surprisingly, we found that Wnt6 does not appear to be 29 

necessary for development of maxillary palps. While a deletion of the 5’ region of Wnt6 30 

results in very small maxillary palps, we show that this effect is more likely to be a 31 

consequence of removing cis-regulatory elements that may regulate wg expression in this 32 

tissue rather than through the loss of Wnt6 function. Although, we cannot completely exclude 33 

the possibility that Wnt6 may subtly regulate maxillary palp development in combination with 34 

wg, our analysis of Wnt6 loss of function mutants suggests this ligand plays a more general 35 

role in regulating growth during development. Taken together our results provide new 36 

insights into maxillary palp formation and Wnt6 functions in Drosophila, and further evidence 37 

for a complex cis-regulatory landscape in the Wnt9-wg-Wnt6-Wnt10 cluster, which may help 38 

explain its evolutionary conservation. 39 

  40 



 3 

Introduction 41 

Wnt genes regulate a wide range of processes in metazoan cell biology, development and 42 

physiology (Logan and Nusse, 2004; Wiese et al., 2018). It has been shown that there are 43 

thirteen Wnt gene subfamilies and this diverse repertoire evolved early in metazoan 44 

evolution, although there has been subsequent loss and/or duplication of some of these 45 

genes in many lineages (Cho et al., 2010; Janssen et al., 2010; Lengfeld et al., 2009; 46 

Prud'homme et al., 2002).  47 

Many of the key insights into the functions of Wnt ligands have come from studies in 48 

Drosophila melanogaster, which has retained seven Wnt ligand genes: Wnt1 (wingless 49 

(wg)), Wnt5 (Dwnt3), Wnt6, Wnt7 (Dwnt2), Wnt8 (WntD), Wnt9 (Dwnt4) and Wnt10 50 

(Llimargas and Lawrence, 2001; Murat et al., 2010). In Drosophila, wg is crucial for many 51 

different aspects of development from segmentation to growth, patterning and differentiation 52 

of the imaginal discs (Bejsovec, 2018; Klingensmith and Nusse, 1994; Swarup and 53 

Verheyen, 2012; Wodarz and Nusse, 1998). In contrast, the other six Drosophila Wnt genes 54 

appear to play more restricted roles during development and the functions of some ligands, 55 

for example Wnt6 and Wnt10, are still unclear or unknown respectively (Murat et al., 2010). 56 

The absence of any major or obvious phenotypic effects from mutations or overexpression 57 

for many of these Wnts could be in part explained by overlapping expression and/or their 58 

acting in combinatorial landscapes (van Amerongen and Nusse, 2009). For instance, wg 59 

and Wnt7 appear to act together during development of the tracheal system in Drosophila 60 

(Llimargas and Lawrence, 2001). Furthermore, wg, Wnt6, Wnt9 and Wnt10 are found in an 61 

evolutionary conserved cluster (Nusse, 2001) that contains scattered cis-regulatory 62 

elements that are able to regulate distal and proximal genes in this cluster (Koshikawa et 63 

al., 2015) (Fig 1). These cis-regulatory elements may even be shared by these Wnt genes 64 

and could explain their overlapping expression patterns in some tissues.   65 
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 Two of the genes in this cluster, wg and Wnt6 are ancient paralogues (Nusse, 2001) 66 

that still encode proteins more similar to each other than to any other Wnts (Janssen et al., 67 

2010). While wg is expressed from early embryogenesis onwards in Drosophila (reviewed 68 

in Swarup and Verheyen (2012)), Wnt6 transcripts are first detected later in diffuse domains 69 

only in the embryonic gut and subsequently in larvae, where expression overlaps with wg in 70 

several imaginal discs (Doumpas et al., 2013; Janson et al., 2001; Nusse, 2001) (Fig S1). 71 

There is also evidence that wg and Wnt6 are co-regulated and can have similar functions. 72 

Smith-Bolton et al. (2009) showed that both Wnt6 and wg appear to be involved in early cell 73 

regeneration and damage response in imaginal discs, although the exact function of Wnt6 74 

in these processes remains unclear. Interestingly, an enhancer (BRV118) was identified 75 

between wg and Wnt6 that promotes damage-induced activation of wg and Wnt6 76 

expression, and ablation of this enhancer decreases the expression of both Wnt genes 77 

(Harris et al., 2016). Furthermore, there is also evidence that both wg and Wnt6 are involved 78 

in maxillary palp (MP) development (Doumpas et al., 2013; Lebreton et al., 2008).  79 

 MPs are important olfactory organs that develop from the eye-antennal imaginal discs 80 

(Haynie and Bryant, 1986; Jurgens, 1993) (Fig 2). The MP field is positioned ventrally to the 81 

antennal field in the anterior part of the disc (Haynie and Bryant, 1986; Held Jr, 2002) (Fig 82 

2B). The separation of the antennal and MP fields occurs during the second instar (L2) and 83 

subsequently these two tissues differentiate during the third instar (L3) and pupal stages 84 

(Lebreton et al., 2008). 85 

MP development requires the Hox genes Deformed (Dfd) (Merrill et al., 1987) and 86 

proboscipedia (pb) (Pultz et al., 1988) (Fig 2A). pb is responsible for the formation of the 87 

proximal-distal axis of the MP (Percival-Smith et al., 2017) and ectopic expression of pb in 88 

the eye-antennal disc leads to homeotic transformation of antennae in to MPs or legs 89 

(Benassayag et al., 2003; Cribbs et al., 1995; Held Jr, 2002; Kaufman, 1978). Dfd is also 90 
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expressed in the MP field (Diederich et al., 1991) and loss of Dfd leads to a complete loss 91 

of the MPs (Merrill et al., 1987) (Fig 2). 92 

wg is also required for the development of the MPs as well as the antennae. In the 93 

antennal primordia, wg is expressed from L2 onwards, while in the MP field wg expression 94 

appears later in early pupae. In the MP field, wg activates spineless (ss), which activates 95 

distal-less (dll), regulatory steps that are essential for MP development (Fig 2A) (Emmons 96 

et al., 2007; Lebreton et al., 2008). Importantly, the temporal delay in wg expression in the 97 

MP field is essential for MP formation, since premature wg expression in the MP field during 98 

L3 triggers a MP to antennal transformation (Burgess and Duncan, 1990; Lebreton et al., 99 

2008). This suggests regulatory elements controlling the temporal expression of wg are 100 

crucial for MP development but these cis-regulatory elements were not identified in these 101 

previous studies.  102 

More recently, Doumpas et al., (2013) showed that Wnt6 is also expressed in the MP 103 

field and flies homozygous for a deletion of the first exon of this gene had no MPs (Doumpas 104 

et al., 2013). These authors suggested that either Wnt6 interacts with Wg to specify the MPs 105 

or that previous studies had actually detected Wnt6 expression and it is this ligand rather 106 

than Wg that regulates formation of MPs (Doumpas et al., 2013). 107 

Therefore, to investigate the role of Wnt6 and its potential functional overlap with wg 108 

in the regulation of MP development further, we generated a Wnt6 null mutant using 109 

CRISPR/Cas9. In contrast with previous reports, we found that Wnt6 does not appear to be 110 

required for MP development, instead the 5’ region of this gene may in fact contain cis-111 

regulatory elements that are essential for the expression of wg in the MP field. We show that 112 

loss of Wnt6 function, however, causes a developmental delay, suggesting it may be a 113 

general regulator of growth during Drosophila development perhaps in combination with wg 114 

in the MP primordia as well as potentially in other imaginal discs and other tissues.  115 

   116 
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Results and Discussion 117 

Analysis and comparison of Wnt6 mutant lines 118 

To further study the role of Wnt6 during MP development, we generated a new null allele of 119 

this gene (Wnt6{KOmche) by using CRISPR/Cas9 to insert a construct (containing the 120 

mCherry fluorescent marker) into the coding region to produce a frameshift (Fig 1B). We 121 

confirmed the position of the insertion and its effect on the Wnt6 reading frame by 122 

sequencing and on expression with in situ hybridisation. Wnt6{KOmche} is homozygous 123 

viable and fertile, which is consistent with the previous null allele generated for Wnt6 by 124 

deletion of the first exon – hereafter Wnt6{KOd} (Doumpas et al., 2013, 2015) (Fig 1B). 125 

We first examined the MPs of both Wnt6{KOmche} and Wnt6{KOd} as well as the 126 

control line w1118 (Fig 3A-C,E). In contrast to Doumpas and colleagues (2013), we did not 127 

observe a complete loss of MPs for Wnt6{KOd} flies, however, the MPs were extremely 128 

small and malformed when compared to those of the control line (Fig 3A,B), which is not 129 

explained by differences in body size (Fig 3F,G) (Doumpas et al., 2013). Surprisingly, 130 

however, the MPs of Wnt6{KOmche} flies were not significantly different from the control 131 

line and were morphologically normal (Fig 3C,E).  132 

We also found that Wnt6{KOmche} males have significantly larger wings compared 133 

to the control (Fig 3F) that does not appear to be a general effect of body size as assayed 134 

by tibia length (Fig 3G). Small differences were also observed among the wings of w1118, 135 

Wnt6{KOd} and Wnt6{KOmche} (Fig 3F), but these likely just reflect slight differences in 136 

their overall body size (Fig 3G).  137 

It was previously shown that the wings of Wnt6{KOd} flies have perturbed spacing of 138 

the chemosensory bristles on the wing margins (Doumpas et al., 2013). We found that 139 

Wnt6{KOmche} flies had a very similar phenotype (Fig S2). The consistency of this 140 

phenotype between the two lines suggests it is caused by the loss of Wnt6.  141 
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We also noticed that both Wnt6 mutant lines appeared to develop more slowly than 142 

the control lines. Therefore, we investigated this further by quantifying the timing to puparium 143 

formation of both Wnt6{KOd} and Wnt6{KOmche} compared to a control line (Fig S2). We 144 

observed that both Wnt6{KOd} and Wnt6{KOmche} needed significantly more time to reach 145 

pupariation compared to w1118 (Fig S2). This observation suggests that the loss of Wnt6 146 

increases the time taken for the development from larvae to pupae. Therefore, Wnt6 could 147 

be involved in generally regulating and coordinating the growth of imaginal discs and 148 

potentially other tissues in Drosophila.  149 

 Our analysis of the two Wnt6 mutant lines shows that, on the one hand, both have 150 

consistently similar defects in the spacing between chemosensory bristles and delay in 151 

developmental timing, but on the other hand only Wnt6{KOd} flies have small and malformed 152 

MPs. We hypothesised that this could be a consequence of the difference in the molecular 153 

lesions in these two mutants. While Wnt6{KOd} has a deletion of the first exon of Wnt6, 154 

Wnt6{KOmche} only has an insertion that produces a frameshift without removing any of the 155 

Wnt6 locus (Fig 1B).  156 

To investigate whether the deletion of the first exon of Wnt6 may underlie the MP 157 

phenotype, we crossed the two Wnt6 knockout lines to produce flies homozygous for loss 158 

of Wnt6 function, but only heterozygous for the deletion of the first exon region (i.e. 159 

Wnt6{KOd}/Wnt6{KOmche}). Our results show, that Wnt6{KOmche}/Wnt6{KOd} MPs (Fig 160 

3D) are actually significantly larger than Wnt6{KOmche} (and Wnt6{KOd}) males and 161 

females (p < 0.001) and control females (p < 0.01) (Fig 3E), which may be a consequence 162 

of a difference in overall body size as somewhat reflected by tibia differences (Fig 3G). 163 

Taken together, our analyses of Wnt6{KOmche} and Wnt6{KOd} flies suggest that 164 

while they are both Wnt6 null mutants, general loss of Wnt6 function does not appear to 165 

affect the MPs, but that the deletion of the first exon of Wnt6, independently of Wnt6 function, 166 

is responsible for the smaller MPs of Wnt6{KOd} flies. 167 
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 168 

Interaction between the Wnt6 and wg loci  169 

In Drosophila, wg has also been shown to play a crucial role in MP development (Lebreton 170 

et al., 2008). This gene is the very next gene upstream of Wnt6 and it has been suggested 171 

that they could share cis-regulatory elements (Harris et al., 2016) (Fig 1). Curiously, 172 

Doumpas et al. (2013) also showed that Wg expression in the MP field is lost in Wnt6{KOd} 173 

flies. In light of our results, we hypothesised that the lack of Wg in the MP field could be 174 

caused by the deletion in Wnt6{KOd} because regulatory information required for wg 175 

expression in developing MPs could have been removed. We therefore investigated the 176 

expression of Wnt6 and wg in the developing MP field further. 177 

 To visualise the protein distribution of Wnt6, we generated an 2xHA tagged Wnt6 line 178 

using CRISPR/Cas9 (Wnt6{HA}). We assayed the expression of HA-Wnt6, Wg and Dfd (as 179 

a marker for the MP field) in eye imaginal discs at late L3 and pre-pupal stages (Fig 4 A-180 

B’’’). We observed overlapping expression of Wg and HA-Wnt6 in the dorsal region of the 181 

antennal field, as previously described for the mRNA expression of these genes (Doumpas 182 

et al., 2013; Janson et al., 2001) (Figs 4A, B and S1). In addition, we observed Wg 183 

expression and relatively weaker, more diffuse, HA-Wnt6 expression at late L3 in the MP 184 

field (Fig 4A-A’’’). In pre-pupae, HA-Wnt6 expression was reduced in the dorsal part of the 185 

antennal field, but was still observed in the MP field. At this stage, strong expression of Wg 186 

was still detected in the dorsal antennal field and in the MP field, where its expression 187 

appeared to be more tightly localised, but stronger than HA-Wnt6 (Fig 4B-B’’’). Overall, our 188 

results show that Wnt6 and Wg are expressed in overlapping patterns in the MP field.  189 

We then compared Wg expression in the MP field between the Wnt6{KOd} and 190 

Wnt6{KOmche} lines (Fig 4C-D’’). In Wnt6{KOmche}, strong expression of Wg could clearly 191 

be detected in the MP field that was comparable in strength to Wg expression in the antennal 192 

field (Fig 4D-D’’). However, in the developing MPs of Wnt6{KOd} at the prepupae stage, 193 
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only very faint expression of Wg was observed, which was noticeably weaker than Wg 194 

expression in the antennal field at this stage (Fig 4C-C’’), and consistent with the smaller 195 

adult MPs.  196 

We also assayed the expression of wg and Wnt6 transcripts in the developing MPs 197 

of Wnt6{KOd} and Wnt6{KOmche} flies versus controls (Fig. S3). We detected wg mRNA in 198 

the MP field of control and Wnt6{KOmche} pre-pupal discs, but we only observed Wnt6 199 

mRNA in the former. In addition, we did not detect transcripts of either gene in the MP field 200 

of Wnt6{KOd} flies (Fig S3). Thus, we were able to show that both Wnt6 and wg are 201 

expressed in the pre-pupal MP field, and while only Wnt6 expression is lost in 202 

Wnt6{KOmche} the deletion of the first exon in Wnt6{KOd} leads to a loss of wg as well as 203 

Wnt6 expression in this tissue.  204 

Taken together with our finding that MPs appear to be unaffected by loss of Wnt6 205 

function in Wnt6{KOmche}, these results suggest that the smaller MPs in Wnt6{KOd} might 206 

be caused by a reduction in Wg expression. This could potentially be explained by the region 207 

that is deleted in Wnt6{KOd} harbouring cis-regulatory elements that regulate Wg 208 

expression in the MP field. Therefore, we next tested if the first exon of Wnt6 has cis-209 

regulatory activity. 210 

We identified two lines in the Flylight collection (Pfeiffer et al., 2008) that correspond 211 

to the deleted region of Wnt6 in Wnt6{KOd} (Fig 5A). The full first exon of Wnt6 is included 212 

in GMR25A04, while GMR25A05 overlaps with the 5’ end of GMR25A04 and includes part 213 

of the Wnt6 5’UTR (Fig 5A). We used these lines to drive UAS-CD8-GFP and visualised 214 

expression using anti-CD8. GMR25A05 was able to drive strong expression in the MP field 215 

in pre-pupal discs that overlapped with Dfd and Wg expression (Fig 4B-B’’’). GMR25A04 216 

was able to drive expression in a similar pattern albeit this appeared to be weaker than with 217 

GMR25A05 (Fig 5C-C’’’). This suggests that these regions of the Wnt6 locus could contain 218 

transcription factor binding sites that can drive expression in the MP field. Removal of the 219 
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first exon of Wnt6, as in the Wnt6{KOd} mutant line, could remove these binding sites and 220 

explain the reduction in Wg expression and the smaller MPs of this line. It has to be noted, 221 

however, that two other driver lines containing DNA directly upstream of the GMR25A05 are 222 

also able to drive expression in the MP field (Pfeiffer et al., 2008), and so, the deletion in the 223 

Wnt6{KOd} mutant line may also disrupt the function of these putative regulatory elements. 224 

Based on Wnt6 expression pattern, we suggest that the Wnt6 locus is likely to be involved 225 

in the regulation of the palps by controlling the temporal expression of Wg, but Wnt6 is not 226 

required for palp specification.  227 

 228 

Conclusions  229 

Our findings, together with previous studies, indicate that both wg and Wnt6 are expressed 230 

in the MP field, but only the former is necessary for MP formation, since our Wnt6 mutant 231 

still has wg expression in the MP field and has no effect on MP size and morphology. Thus, 232 

it appears that the first exon of Wnt6 contain cis-regulatory elements that might regulate the 233 

expression of Wg in the MP field. These results provide new insights into the regulation and 234 

function of Wnt genes.  235 

Enhancers that drive specific temporal and spatial wg expression in Drosophila 236 

embryos and in imaginal discs have been found upstream of this gene (e.g. Bell et al. (2019)) 237 

within its introns (e.g. Bell et al. (2019), Neumann and Cohen (1996)) in the downstream 238 

intergenic region between wg and Wnt6 (Ekas et al., 2006; Harris et al., 2016; Pereira et al., 239 

2006), downstream of Wnt6 (Koshikawa et al., 2015) and even in the intron of the more 240 

distal Wnt10 in the case of D. guttifera (Koshikawa et al., 2015). Furthermore, it has been 241 

shown that at least some of these enhancers regulate other Wnt genes (Harris et al., 2016). 242 

Our study also provides further indication that Wnt genes in the Wnt9-wg-Wnt6-Wnt10 243 

cluster are not only regulated by distal regulatory elements, but that these may be shared 244 

by multiple Wnt genes. This may help to explain why these Wnt genes may overlap in many 245 



 11 

aspects of their expression (Janssen et al., 2010; Koshikawa et al., 2015; Nusse, 2001) and 246 

perhaps operate in combinatorial landscapes during development (van Amerongen and 247 

Nusse, 2009). Therefore, more systematic analysis of gene specific and shared enhancers 248 

throughout the Wnt9-wg-Wnt6-Wnt10 region is needed to understand the cis-regulatory 249 

logic of this important gene cluster and how shared elements may have contributed to its 250 

evolutionary conservation and functionality.  251 

  252 



 12 

Material and Methods 253 

Fly husbandry and stocks 254 

All fly stocks were kept at 25°C under a 12/12 dark/light cycle on standard fly food. The Wnt6 255 

mutant line (Wnt6{KOd}) was kindly provided by Aurelio Teleman (DKFZ, Germany). The 256 

following stocks were obtained from the Bloomington Drosophila Stock Centre (Indiana 257 

University, Bloomington): UAS-CD8-GFP (BDSC#32185), FlyLight lines GMR25A04 258 

(BDSC#45137) and GMR25A05 (BDSC#45138). The Wnt6 mutant line containing the 259 

mCherry marker insertion, referred to as Wnt6{KOmche} and a fly line containing a 2xHA 260 

tag, hereafter Wnt6{HA}, were generated in this study using CRISPR/Cas9 (see below).  261 

 262 

Cloning and transgenesis 263 

CRISPR/Cas9 was used to insert a 1.5 kb fragment containing the marker mCherry under 264 

the control of a Pax enhancer into the coding sequence of Wnt6. For this we used ~1 kb 265 

homology arms generated using the following primers: HA1Fwd 266 

CCTCGAATGTGTGCGTCTTG; HA1Rev CATTGCGAATATTAAAATTGCAATTACCAT; 267 

HA2Fwd ATTCGGCTGGTAAGTGGCATTTAAATAC; HA2Rev 268 

ACTTGTGTGTTAGAAGGAAGCCCC. Both homology arms were cloned into the final 269 

vector pTV3 (Baena-Lopez et al., 2013), kindly provided by Cyrille Alexandre (Francis Crick 270 

Institute, London). The guide-RNA (gRNA) sequence (GACTGGATTCGGCTGGTAAG) was 271 

chosen using the flyCRISPR website prediction tool (Gratz et al., 2014).  272 

To generate Wnt6{HA}, a CRISPR/Cas9 strategy was designed to insert a 2xHA tag 273 

precisely after the Wnt6 signal peptide, in frame with the following coding sequence using a 274 

gRNA (GCCCTCCGCCCTGAAAATAG) that cuts as close to this position as possible. 275 

Homology arms of 1 kb and 0.53 kb flanking the targeted region of the Wnt6 gene were 276 

generated using following primers (HA1Fwd ACGTTCACACATACTTGCTCCCACCAATAT; 277 

HA1Rev CGCCCTGAAAATAGAGGAATCATAGG TTTG; HA2Fwd 278 
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GAGGGCACCAACATCCTTCT; HA2Rev GGCTCATTTCAGGCGCTATT). The homology 279 

arms were cloned into the vector IO2xHA@NTV-Pax-Cherry (kindly provided by Cyrille 280 

Alexandre, Francis Crick Institute, London). Both homology arms were inserted into the 281 

vector using the SLIC method (Li and Elledge, 2012). Plasmids were injected by BestGene 282 

(Chino Hills, USA) into a D. melanogaster stock containing an endogenous nanos-Cas9 on 283 

the third chromosome (CAS-0003). 284 

 285 

Gene expression analysis  286 

Eye-antennal imaginal discs were dissected from wandering third instar larvae (L3) and pre-287 

pupal (white pupae) and fixed in 4% formaldehyde in PBS + 0.2% Triton 100. For antibody 288 

stainings, the following primary antibodies were used: anti-HA monoclonal rabbit antibody 289 

(1:100) (Sigma Aldrich #H6908), anti-Wg 4D4 monoclonal mouse antibody (DSHB) (1:100), 290 

anti-Deformed monoclonal guinea pig (1:250) (kind gift from Ingrid Lohmann, University of 291 

Heidelberg) and anti-CD8 monoclonal rabbit (1:500) antibody (Abcam #ab101500). The 292 

secondary antibodies, Alexa Fluor 647 anti-mouse, 488 anti-rabbit and 594 anti-guinea pig 293 

(all Invitrogen) were used at 1:1000. All tissues were additionally stained with Hoechst dye, 294 

mounted on Poly-L-Lysin coated coverslips and embedded in 100% glycerol. Images were 295 

taken using a Leica Sp8 confocal microscope and analysed using Fiji 2.0.0-rc-65/1.52b 296 

(Schindelin et al., 2012).  297 

For in situ hybridisation, L3 and pre-pupal eye-antennal imaginal discs were dissected 298 

in 1 x PBS on ice and fixed for 20 minutes in 4% formaldehyde in PBS-T (1x PBS + 0.2% 299 

Tween 20). Tissues were treated with Proteinase K (1:2000), re-fixed and hybridised at 56°C 300 

overnight with the probe (wg or Wnt6) in hybridisation buffer (50% formamide, 5x SSC pH 301 

7.0, 10 mg/ml salmon sperm, 1 mg/ml tRNA, 100 µg/ml heparin and 0.2% Tween 20, adjust 302 

pH 6.5 with 1M HCl). After hybridisation, tissues were blocked with 1x blocking reagent 303 

(Roche) and incubated with the Anti-Fab AP Fragment antibody (Roche, 1:2000) in 1x 304 
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blocking reagent (Roche). All discs were stained with NBT/BCIP (Roche) in the AP staining 305 

buffer (100 mM NaCl, 50 mM MgCl2, 100 mM Tris HCl pH 9.5 and 0.2% Tween 20). Staining 306 

was stopped by several washes with PBS-T. Note that reactions with the same probe were 307 

always stopped at the same time (after up to 45 mins), but sometimes staining was extended 308 

for an extra 20 mins to verify expression was missing in the MP field of some samples 309 

relative to controls that showed expression in this region. Discs were then mounted on Poly-310 

L-Lysine slides in 100% glycerol and imaged using a Zeiss AxioZoom.V16 microscope with 311 

an Axiocam 506 colour camera or a Zeiss Cell Observer.Z1 with a Axiocam MRc colour 312 

camera. 313 

 314 

Phenotypic analysis  315 

Three days after eclosion, female and male flies were collected and stored in 70% ethanol. 316 

The second pair of legs and the wings were dissected and mounted in Euparal (ALS 317 

Hindolveston, Norfolk). MPs were dissected in 70% ethanol and mounted in Hoyer’s medium 318 

on slides, heated overnight at 60°C. Measurements of the second leg tibia was used as a 319 

proxy for body size (Fig 3). For wing bristles measurements, the spacing between 10 320 

chemosensory bristles per wing (n = 30) of lines w1118, Wnt6{KOd} and Wnt6{KOmche} were 321 

counted using the number of mechanosensory bristles (after Doumpas et al. 2013). MPs 322 

and the wings for the bristle analysis were imaged using a Zeiss Axioplan microscope, all 323 

other wings and legs were imaged using a Zeiss Axiozoom microscope. All dissections were 324 

measured using ImageJ 1.48v (Schneider et al., 2012).  325 

To analyse the developmental time from egg to pupa of Wnt6 mutant and control 326 

lines, 30 eggs were collected from 1 to 2 hours egg lays and placed into a fly food vial in 327 

three replicates for each line. The vials were monitored throughout the following 145 hours 328 

twice a day and from 4th day after egg lay (wandering larvae) every hour until all wandering 329 

larvae pupariated. For each line, the number of pupae in three replicate vials were counted.  330 
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 331 

Statistical analysis 332 

All data was analysed using RStudio version 1.1.463 (R_Core_Team, 2018). Differences 333 

between MP areas, wing and leg lengths were tested using a one-way ANOVA followed by 334 

a Tukey’s HSD test. In all analyses, female and male measurements were assessed 335 

separately. All data was tested for normality using a Shapiro-Wilks test.  336 
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Figure legends 467 

 468 

Fig 1. The genomic location of wg and Wnt6.  469 

(A) Wnt6 and wg are located 17 kb apart on the chromosome arm 2L in Drosophila, forming 470 

the middle of the Wnt9-wg-Wnt6-Wnt10 cluster. Wnt6 contains four exons (I-IV) with the first 471 

and second exon encoding the signal peptide sequence. The first exon mainly contains the 472 

5’UTR. (B) Schematic drawing of the two Wnt6 mutant lines used in this study. 473 

Wnt6{KOmche} was created using CRISPR/Cas9 to insert a marker into the first exon, 474 

interrupting the signal peptide and reading frame of Wnt6. The Wnt6{KOd} line was created 475 

by Doumpas et al., (2013) by deletion and replacement of the whole first exon of Wnt6.  476 
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 477 

Fig 2. Maxillary palp development in Drosophila melanogaster.  478 

(A) Summary of the regulation of maxillary palp (MP) development based on Lebreton et al., 479 

(2008). MP determination occurs during L2, when expression of Dfd and pb first appears. 480 

During L3, en activates hh, which activates wg and dpp in pre-pupae. wg and dpp both then 481 

initiate expression of ss in pre-pupae. ss then activates Dll expression in the MP field. (B) 482 

Schematic drawing of a developing eye imaginal disc highlighting three mophological 483 

domains: the antennal field (AF), maxillary palp field (MPF) and eye primordia. (C) Overview 484 

of the spatial expression patterns of key genes in MP development. All disc schematics are 485 

oriented with anterior to the left. 486 
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 487 

Fig 3. Maxillary palps, wings and tibias of control and Wnt6 mutants 488 

(A) Maxillary palps of females from w1118, (B) Wnt6{KOd}, (C) Wnt6{KOmche} and (D) 489 

Wnt6{KOd}/Wnt6{KOmche}. (E) Analysis of the MP area of all lines used. (F) Wing length 490 

measurements and (G) the length of the 2nd leg tibia as proxies for body size. Significant 491 

differences were tested using a one-way ANOVA (df=7; F-valueMP=106.1; F-492 

valueWing=108.8; F-valueLeg=20.73) followed by a Tukey HSD test. * p<0.05; ** p<0.01; *** 493 

p<0.001; f: female; m: male. 494 
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 495 

Fig 4. Wnt6 and Wg expression in eye-antennal imaginal discs 496 

(A-A’’’) Expression of HA-Wnt6 in eye-antennal discs of late L3 and (B-B’’’) pre-pupal 497 

stages. (A and B) Expression of anti-Dfd, indicating the developing MP field. (A’ and B’) 498 

Expression of anti-HA-Wnt6, indicating similar expression domains of Wnt6 and Wg. (A’’ 499 

and B’’) Wg expression can be seen in the AF and MP field at both stages. (A’’’ and B’’’) 500 

Merge of all channels shows the strong colocalization of Dfd, Wnt6 and Wg in the MP field 501 
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in L3 and pre-pupal stages. (C-D’’) Expression of Dfd and Wg in the Wnt6 mutant lines in 502 

pre-pupal eye discs. (C-C’’) anti-Dfd (C) and anti-Wg (C’) in the Wnt6{KOd} line. Weak 503 

expression of Wg can be detected in the MP field. (D-D’’) anti-Dfd (D) and anti-Wg (D’) 504 

expression in Wnt6{KOmche} indicating strong Wg expression in the MP field. (E) Schematic 505 

drawing of the eye disc orientation in the presented pictures in A to D’’’. All discs are 506 

orientated with anterior to the top and ventral to the left. MPF: maxillary palp field; AF: 507 

antennal field.  Sample sizes are indicated for each strain in the merged image. Scale bar: 508 

200 µm.  509 

  510 
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 511 

 512 

Fig 5. Assaying the activity of the putative regulatory region in pre-pupal eye imaginal 513 

discs.  514 

(A) Schematic overview of the genomic location present in the two used FlyLight lines, 515 

GMR25A04 and GMR25A05, the Wnt6 locus and the deletion of the Wnt6{KOd} line. (B-516 

B’’’) Expression of anti-Dfd (B) indicates the MP field in flies from the GMR25A05>UAS-517 

CD8-GFP cross, while expression of anti-CD8 (B’) can be seen in the MP field as well as 518 

Wg (B’’). Expression of GFP indicates regulatory activity of GMR25A05 in the MP field. (C-519 

C’’’) In GMR25A04>UAS-CD8-GFP, weaker expression of anti-CD8 (C’) can be detected in 520 

the MPF, marked by anti-Dfd (C) while similar anti-Wg signal can be seen compared to 521 
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GMR25A05 line (C’’). MPF: maxillary palp field; AF: antennal field. Sample sizes are 522 

indicated in the merged image for each cross. Scale bar = 200 µm.  523 

  524 
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 525 

 526 

Fig S1. Overlapping expression of Wnt6 and wg mRNA in imaginal discs of Drosophila 527 

larvae.  528 

Expression patterns of Wnt6 and wg in wandering L3 imaginal discs of w1118. (A) Wnt6 529 

expression in the wing disc, (B) eye-antennal disc and (C) leg disc. (D) wg expression in the 530 

wing disc, (E) eye-antennal disc and (F) leg disc. At the dorsal-ventral border in the wing 531 

disc overlapping expression of Wnt6 and wg (asterisks) can be detected. In eye-antennal 532 

and leg discs the expression of Wnt6 and wg also overlap (arrowheads). Orientation of discs 533 

is indicated at right top corner. Scale bar = 200 m.  534 
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 535 

Fig S2. Phenotypic analysis of Wnt6 mutant lines.  536 

(A) Analysis of the distance between chemosensory bristles using the number of 537 

mechanosensory bristles along the anterior wing margin of wildtype (w1118, green), 538 

Wnt6{KOd} (light blue) and Wnt6{KOmche} (red). The control shows a regular spacing 539 

pattern with the frequency of 0.6 between chemosensory bristles, while both Wnt6 knockout 540 

lines have greater variation in mechanosensory bristle spacing. (B) Time to pupariation in a 541 

control line and the Wnt6 knockout lines. Shown are three biological replicates for each of 542 

the lines (R1-R3). None of the replicates for any line are significantly different from each 543 

other. Both Wnt6 mutant lines pupariate significantly later then the control line (p<0.001). 544 

Significance was tested by one-way ANOVA (df=2; F-value=33.13) followed by a Tukey 545 

HSD test. *** p<0.001.  546 



 31 

 547 

Fig S3. Expression of wg and Wnt6 expression in pre-pupal eye-antennal discs.  548 

Expression of wg in pre-pupal discs of the control w1118, and the Wnt6 mutants Wnt6{KOd} 549 

and Wnt6{KOmche} is shown in the left column. In the right column Wnt6 expression is 550 

shown for the same lines. (A and B) The control shows wg and Wnt6 expression in the MP 551 

field (arrow head), while no expression of wg or Wnt6 is seen in the MP field of Wnt6{KOd} 552 
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(C and D). (E and F) Expression of wg can be detected in the MP field of Wnt6{KOmche} 553 

while expression of Wnt6 is absent. Anterior is positioned to the left. Scale bar = 50 µm. 554 

 555 


