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Summary statement
The paper describes new domains of venation patterning genes in butterflies and proposes how
simplified venation in other insect lineages might have evolved.

Abstract

The mechanism of wing vein differentiation in Drosophila is a classic text-book example of
pattern formation using a system of positional-information, yet very little is known about how this
mechanism differs in species with a different number of veins and how insect venation patterns
evolved. Here, we examine the expression patterns of genes previously implicated in vein
differentiation in Drosophila in two butterfly species with more complex venation, the African
squinting bush brown Bicyclus anynana and the Asian cabbage white, Pieris canidia. We also test
the function of one of these genes, spalt (sal), with CRISPR-Cas9 in B. anynana. We identify
both conserved as well as new domains of decapentaplegic (dpp), engrailed (en), invected (inv)
and sal gene expression in B. anynana, and propose how the simplified venation in Drosophila
might have evolved via loss of dpp and sal gene expression domains, silencing of vein inducing
programs at Sal-expression boundaries, and changes in gene expression of vein maintenance
genes.

MAIN TEXT

Introduction

Current venation patterns in several insect groups appear to be simplified versions of more
complex ancestral patterns. The fossil record indicates that ancestral holometabolous insects, such
as Westphalomerope maryvonneae, had highly complex vein arrangements which evolved into
simpler venation with enhanced efficiency to sustain powered flight in modern representatives of
Diptera and Lepidoptera (1). To identify these simplifications, Comstock and Needham in the
1900s developed a system of vein homologies across insects. The system nomenclature
recognizes six veins protruding from the base of the wings called Costa (C), Sub-costa (Sc),
Radius (R), Media (M), Cubitus (Cu) and Anal (A)(2). These veins can later branch into smaller
veins, and cross-veins add additional complexity to venation patterns. Every longitudinal insect
wing vein, however, can be identified using this nomenclature. Vein simplifications over the
course of evolution have happened either via fusion of veins or disappearance of particular veins
(3-6), but the molecular mechanisms behind these simplifications remain unclear.
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Molecular mechanisms of vein pattern formation have been primarily investigated in the model
vinegar fly Drosophila melanogaster, where a classic system of positional information takes
place. Here, the wing is initially sub-divided into two domains of gene expression, and anterior
and posterior compartment, where engrailed (en) and invected (inv) expression are restricted to
the posterior compartment (7, 8). A central linear morphogen source of the protein
Decapentaplegic (Dpp) is established at the posterior border of the anterior compartment, and
genes like spalt (sal) respond to the continuous morphogen gradient in a threshold-like manner,
creating sharp boundaries of gene expression that provide precise positioning for the longitudinal
veins (9, 10). Veins differentiate along these boundaries, along a parallel axis to the Dpp
morphogen source (11, 12). Vein cell identity is later determined by the expression of genes such
as rhomboid (rho), downstream of sal (10, 13). Conversely, intervein cells will later express
blistered (bls) which suppresses vein development (14, 15). The final vein positions are
determined by the cross-regulatory interaction of rho and bls.

The mechanisms underlying venation patterning in other insect lineages have remained poorly
understood, and so far, gene expression patterns and functions for the few genes examined seem
to be similar to those in Drosophila (16-18).

Venation patterning in butterflies (order: Lepidoptera) has been examined in a few mutants in
connection with alterations of color pattern development (19, 20) and more directly via the
expression pattern of a few genes during larval development. Two of the species in which a few
of the venation patterning genes have been studied in some detail are the African squinting bush
brown butterfly, Bicyclus anynana and common buckeye butterfly, Junonia coenia. In both
species, En and/or Inv were localized in the posterior compartment using an antibody that
recognizes the epitope common to both transcription factors (21, 22). The transcript of Inv in
Junonia, however, appears to be absent from the most posterior part of the wings (23), whereas
the transcript of hedgehog (hh), a gene is up-regulated by En/Inv (24) has been shown to be
uniformly present in the posterior compartment in both species (21, 25). There is little knowledge
of the expression domains of the other genes, including the main long-range morphogen dpp and
its downstream targets (e.g., sal). A recent report proposed the presence of a second dpp-like
organizer at the far posterior compartment in butterflies (26). This report, however, showed no
direct gene expression or functional evidence and has been debated by other researchers (27).
Currently there is also no functional evidence of altered venation for knock-out phenotypes for
any of these genes in Lepidoptera.

Here we explore the expression of an orthologous set of genes to those that are involved in setting
up the veins in Drosophila in two butterfly species: Bicyclus anynana and Pieris canidia. Then
we perform CRISPR-Cas9 to test the function of one of these genes in venation patterning in
Bicyclus.
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86  Results

87  Expression of engrailed and invected transcripts and proteins

88 We first examined the expression pattern of En and Inv at both the transcript and protein levels in
89  Bicyclus anynana and in Pieris canidia fifth instar larval wings. We used an antibody that
90  recognizes the epitope of both proteins and confirmed that En and/or Inv expression is found
91  throughout the posterior compartment in both forewings and hindwings in Bicyclus (21, 28), and
92 also in Pieris, however, a sharp drop in expression levels is observed posterior to the A2 vein in
93  both species (Fig. 1, A-D). We hypothesized that the low En/Inv posterior expression could either
94  be due to lower levels of transcription or translation of En and/or Inv, or due to the absence of
95  either of the two transcripts in the area posterior to the A2 vein. To test these hypotheses, we
96  performed in-situ hybridization using probes specific to the transcripts of en and inv in Bicyclus
97  (see Supp file for sequences). en was expressed homogeneously throughout the entire posterior
98  compartment on both the forewing and the hindwing, but inv was restricted to the anterior 70-
99  75% of the posterior compartment (Fig. 1, E-H). Hence, the low levels of En/Inv protein
100  expression appear to be due to the absence of inv transcripts in the most posterior region of the
101 posterior compartment.

102

103 Expression of dpp

104  We explored the presence of transcripts for the BMP signaling ligand Decapentaplegic (Dpp) with
105  the help of in-situ hybridization using a probe specific to its transcript (see Supp file for
106  sequence). A strong band of dpp was observed along the A-P boundary (i.e., along the M1 vein).
107 However, another strong domain was observed in the lower posterior compartment around the A3
108 vein (Fig. 2A; Fig. S3, A-C).

109

110  Expression and function of spalt

111 To localize the transcription factor Sal we performed immunostainings in larval wings of B.
112 anynana and P. canidia (29). Sal is expressed in four clearly separated domains in both early
113 (Fig. 2, B and C) as well as in mid fifth instar wing discs (Fig. 2, D and E). The first domain
114  appears anterior to the Sc vein. The second domain spans the interval between R2 and M3 veins.
115  The third domain appears between the Cu2 and A2 veins. No expression is observed in a few cells
116  posterior to the A2 vein and finally, a fourth domain appears posterior to a boundary between the
117 A2 and A3 veins (Fig. 2G). These expression domains are also observed in Pieris (Fig. 2F).

118

119 To test the function of Sal in vein development we targeted this gene using CRISPR-Cas9. The
120  phenotypes observed support a role for Sal in establishing vein boundaries at three of the four
121 domains described above (Fig. 2, B-G). We observed both ectopic and missing vein phenotypes
122 in both the forewing and the hindwing at the domains where Sal was present during the larval
123  stage of wing development (Fig. 2, H-O). In the forewing, sal crispants generated ectopic and
124  loss of vein phenotypes in between the R2 and the M3 vein domain (Fig. 2, J and L; Fig. S2. D
125  and E) and ectopic veins between the Cu2 and A2 veins (Fig. 2N). In the hindwing, we observed
126 ectopic veins connecting to the existing Sc vein (Fig. 2M), missing veins in between the Rs and
127 M3 vein and ectopic veins connecting to the existing Cu2 vein (Fig. 20).

128

129  Expression of bls

130  To localize vein and intervein cells we performed in-situ hybridization of the intervein marker
131 and vein suppressor gene blistered (bls). In the larval forewing and hindwing of B. anynana, bls is
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132 expressed in the intervein cells and lacks expression in the vein cells and cells around the wing
133 margin (Fig. 3, A-C, Fig. S3, D-F).

134

135  Discussion

136 A positional-information mechanism like that observed in Drosophila appears to be involved in
137  positioning the veins in Bicyclus (and Pieris) but differences exist between flies and butterflies at
138 multiple stages of the vein patterning mechanism (Fig. 4). These differences are highlighted
139 below.

140

141 The early wings of Bicyclus are subdivided into three gene expression domains instead of
142  two as in Drosophila

143 One of the earlier steps in vein patterning in Drosophila is the separation of the wing blade into
144  distinct compartments via the expression of En/Inv in the posterior compartment (7). In-situ
145  hybridizations against the separate transcripts of en and inv in Bicyclus, showed that en is
146 expressed across the whole posterior compartment (in the whole region posterior to the M1 vein),
147 as in Drosophila, whereas inv is expressed only in the most anterior region of the posterior
148  compartment, anterior to the A2 vein. This presumably leads to the higher En/Inv protein levels
149  observed anteriorly, and lower protein levels posteriorly. While the en in-situ results are new, the
150 inv expression is consistent with that observed in a previous study of J. coenia (23). The inv
151  expression pattern in butterflies is, thus, distinct from that of Drosophila where inv is expressed
152 homogeneously throughout the posterior compartment (8). These differences in expression of en
153  and inv between Drosophila and Bicyclus essentially set up two main domains of gene expression
154 in Drosophila wings but three in Bicyclus wings: An anterior domain with no en or inv
155  expression, a middle domain with both en and inv, and a posterior domain with en but no inv.

156

157 Two dpp signaling domains are established in Bicyclus whereas a single domain is present in
158  the wing pouch of Drosophila

159  The next step in venation patterning in Drosophila is the establishment of the main dpp organizer
160  along a stripe of cells, in the middle of the wing pouch (30). This group of dpp-expressing cells is
161  established just above the en/inv expressing cells, at the A-P boundary, where the M1+2 (L4) vein
162  will differentiate (30, 31). In Bicyclus we also observe a group of cells expressing dpp at the A-P
163  boundary above the M1 vein (Fig. 41). This dpp expression in Bicyclus is likely driven by Hh
164  diffusing from the posterior compartment to the anterior compartment where Cubitus interruptus
165  (Ci), the signal transducer of Hh signaling, is present (21, 25). In Bicyclus, however, there is a
166 second group of dpp-expressing cells around the A3 vein (Fig. 41). This second dpp domain in
167  Bicyclus is probably activated via a Hh-independent mechanism, since no Ci or Patched (the
168  receptor of Hh signaling) expression is observed in the posterior compartment around the A3 vein
169 in butterflies (21, 25). In Drosophila, there is also a group of dpp-expressing cells outside the
170  wing pouch, which are activated via a Hh independent mechanism (32) (Fig. 4E). These two
171 groups of cells could be homologous.

172 Four domains of Sal expression are established in Bicyclus, whereas a single domain is
173 present in Drosophila larval wings

174 The expression of dpp activates the next step in venation patterning in Drosophila which involves
175  the activation of sal expression some distance away from the signaling center in a single main
176 central domain (6, 9, 11, 33). Here, the anterior boundary of Sal expression is involved in setting
177 up the R2+3 (L2) vein (6, 10, 11, 34). In Bicyclus, Sal is expressed in four separate domains in the
178  larval wing, only two of which straddle the two dpp expression domains (Fig. 4, | and J). This
179  suggests that Dpp might be activating sal in two of the domains where dpp and Sal are co-
180  expressed and overlap, but a ligand other than Dpp, yet to be discovered, might activate sal in the
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181  first and third domains of Sal expression in Bicyclus. It is also interesting to note that in
182  Drosophila only one Sal central domain is present during the larval stage, when vein
183  differentiation is taking place, but a more anterior and a more posterior Sal expression domain
184  appear during the pupal stage (10, 35, 36). To our knowledge no study has yet elucidated what
185  drives the expression of Sal in these additional domains in Drosophila pupal wings.

186  sal crispants show that three Sal boundaries are involved in positioning veins in Bicyclus,
187 whereas a single Sal boundary performs this function in Drosophila

188  Sal knockout phenotypes in Bicyclus led to disruptions of veins in three out of the four Sal
189  expression domains suggesting that, as in Drosophila, Sal is involved in setting up veins. sal
190  crispants displayed: 1) ectopic Sc veins at the posterior boundary of the first Sal expression
191  domain (Fig. 2M); 2) both ectopic and missing veins in the region of the second Sal domain
192  straddling the A-P boundary, on both forewings and the hindwings, consistent with previous
193  results on Drosophila (10, 37); and 3) ectopic veins in both the forewing and the hindwing in the
194  region of the third Sal domain (Fig. 2, J and K; Fig. S2, D and E). The final Sal expression
195  domain in Bicyclus is present posterior to a boundary running in between the A2 and A3 vein
196  (Fig. 2G), and we obtained no crispant with disruptions in veins in this area. Our data provide
197  evidence, thus, that Sal boundaries of expression in domains 1, 2, and 3, are involved in
198  differentiating veins at those boundaries in Bicyclus, whereas the boundary of the last Sal domain
199  most likely are not used to position veins in the most posterior wing region.

200  The presence of both ectopic veins as well as disrupted veins in the domains of Sal expression in
201  Bicyclus might be due to the disruption of the vein-intervein network in those regions. In
202 Drosophila, ectopic and disrupted veins in sal knockout mutants are produced due to ectopic and
203  missing rho expression (10). A proposed mechanism for how these genes interact involves Sal
204  activating a hypothetical short-range diffusible protein (X) in the intervein cells and at the same
205  time inhibiting the intervein cells from responding to the signal (6, 10). A small amount of this
206  diffusible protein moves towards the sal-negative cells activating vein inducing signals which
207  includes genes such as rho (10) (Fig. 4K). Knockout of sal in clones of cells within a sal-
208  expressing domain will create novel or missing boundaries of Sal+ against Sal- cells and will
209  result in ectopic or missing expression of rho, activating or inhibiting vein development. In
210  Bicyclus, we do not have direct evidence of rho expression, however, bls which has a
211  complementary expression pattern to rho in Drosophila (14, 15) is expressed throughout the
212 Bicyclus larval wing with the exception of vein cells and the wing margin (Fig. 3, A-C), similarly
213 to its expression pattern in Drosophila. This indicates that rho is likely expressed in the vein cells
214  and that knocking out sal might result in ectopic or loss of rho in Bicyclus wing, resulting in
215  ectopic and disrupted vein phenotypes (Fig. 2, J and K).

216  Loss of sal expression domains and of the second dpp organizer likely led to venation
217 simplification in Drosophila

218 Insect wing venation has simplified over the course of evolution, but it is unclear how exactly this
219  simplification took place. Insect fossils from the Carboniferous period display many longitudinal
220  veins in their wings compared to modern insects such as Drosophila or even Bicyclus (1, 38, 39).
221 Many of the differences in venation remaining between Bicyclus and Drosophila are due to the
222  additional loss of veins in the posterior compartment in Drosophila (Fig. 4, B and C). Sal
223 expression domains and crispant phenotypes in Bicyclus indicate that the third Sal expression
224 domain, present in Bicyclus but absent in Drosophila is involved in the formation and
225  arrangement of posterior veins Cu2 and A2. In Drosophila, there is partial development of the
226 Cu2+Al (L6) vein and there are no A2 and A3 veins (Fig. 4B). The partial and missing veins in
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227  the posterior compartment of Drosophila are likely due to the reduction of the third and loss of
228  the fourth Sal expression domains. The loss of the fourth Sal domain was perhaps a consequence
229  of the partial loss of the second dpp organizer, and the reduction of the third domain mediated by
230  the delayed expression of a yet undiscovered organizer in this region, that becomes activated only
231 during the pupal stages in Drosophila.

232 Simplification of venation is also achieved via silencing of vein inducing or vein maintenance
233 mechanisms

234 Vein number reduction via loss of sal/dpp expression domains is one mechanism of vein
235  reduction across evolution, but a different mechanism of vein reduction appears to take place
236 downstream of the stable expression of these two genes. For instance, in Bicyclus, we observe the
237 development of veins at both the boundaries of the second Sal domain (i.e., veins R2 and M3)
238 (Fig. 4J), whereas in Drosophila, only cells abutting the anterior boundary of the homologous Sal
239  expression domain activate the R2+3 (L2) vein (10) (Fig. 4F). Vein activation proceeds via the
240  activation of vein-inducing genes such as rho, which does not take place at the posterior boundary
241  of Sal expression in Drosophila (Fig. 4, F and G) (10). In Bicyclus, veins are also not being
242  activated at the anterior boundary of the fourth Sal expression domain (just anterior to the A3
243 vein) (Fig. 4J). It is still unclear why veins don’t form at some boundaries of sal expression, but
244 the paravein hypothesis proposes that loss of a vein inducing program at these boundaries,
245  resulted in venation simplification in modern insects such as Drosophila (6).

246 Further venation simplification might be happening via disruptions of vein maintenance
247  mechanisms, where vein induction is later followed by vein loss. In Drosophila, the maintenance
248 of vein identity involves the stable expression of rho and the exclusion of bls from vein cells
249  throughout wing development (11, 14). Disruptions to this mechanism, however, appear to be
250  taking place at the Al vein during Bicyclus wing development (Fig. 3, D-G). The Al vein is
251 present during larval and early pupal wing development (Fig. 3, D and E) but is absent in adults
252 (Fig. 3, F and G). In Bicyclus, bls is absent from the Al vein in young larval wing discs (Fig. 3B,
253  Fig. S3D). However, as the wing grows the expression of bls becomes stronger at the Al vein
254 (Fig. 3C; Fig. S3, E and F). It is possible that during late larval and pupal wing development bls
255  becomes stably expressed at the Al vein and the vein disappears as a result. It is unclear how the
256 balance between bls and presumably rho expression is altered during development in the Al veins
257 of Bicyclus, but such a mechanism is contributing to the loss of that vein in adults and could be
258  contributing to vein loss, in general, across insects.

259

260  In conclusion, we have provided evidence for the presence of three main domains of gene
261  expression in the early wings of Bicyclus, an anterior, middle, and posterior domain instead of
262  two (anterior and posterior) domains, as observed in Drosophila. We have discovered a second
263  dpp expression domain in B. anynana present in the posterior of the wing disc, which is absent in
264  Drosophila wing pouch where the vein patterning happens. Furthermore, we have described and
265  functionally characterized four domains of Sal expression in Bicyclus, whose boundaries map to
266  the development of multiple longitudinal veins in this species. Two of the Sal domains straddle
267  the two dpp expression domains, and may be activated by a dpp gradient, but a different and yet
268  undiscovered ligand (or ligands) is activating the two other Sal domains. The data presented in
269  this study supports a Positional-Information mechanism involved in venation patterning in
270  Lepidoptera as that observed in Drosophila. Moreover, the data provide support to the hypothesis
271 of venation simplification in insects via loss of gene expression domains, silencing of vein
272 inducing boundaries (6, 35), and disruptions to vein maintenance programs (11). However, the
273 mechanisms proposed in this paper cannot explain every feature of insect venation. Insects with
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274 left-right wing differences in their longitudinal vein branching patterns, such and in Orosanga
275  japaonicus (40), and cross-vein patterns, such as in Athalia rosae (41, 42) and Erythremis
276 simplicicolis (43), most likely pattern their wings using both Positional-Information as well as
277 Reaction-Diffusion mechanisms. Future comparative gene expression studies along with venation
278  patterning modeling should continue to illuminate the evolution and diversity of venation
279  patterning mechanisms in insects.

280

281  Materials and Methods

282

283  Animal husbandry

284  Bicyclus anynana butterflies were reared at 27°C in 12:12 day: night cycle. The larvae were fed
285  young corn leaves and the adults mashed bananas.

286

287

288  In-situ hybridization

289  Fifth instar larval wings were dissected in cold PBS and transferred into 1X PBST supplemented
290  with 4% formaldehyde for 30 mins. After fixation, the wings were treated with 1.25 pl (20
291 mg/ml) proteinase-K (NEB, P8107S) in 1 ml 1X PBST and then with 2 mg/ml glycine in 1X
292  PBST. Afterward, the wings were washed three times with 1X PBST, and the peripodial
293  membrane was removed using fine forceps (Dumont, 11254-20) (in preparation for in situ
294  hybridization). The wings were then gradually transferred into a pre-hybridization buffer (see
295  Table S3 for composition) by increasing the concentration in 1X PBST and incubated in the pre-
296  hybridization buffer for one hour at 60°C. The wings were then incubated in hybridization buffer
297  (see Table S3 for composition) supplemented with 100ng/ul of probe at 60°C for 16-24 hrs.
298  Subsequently, wings were washed five times with preheated pre-hybridization buffer at 60°C. The
299  wings were then brought back to room temperature and transferred to 1X PBST by gradually
300 increasing the concentration in the pre-hybridization buffer and they were later blocked in 1X
301 PBST supplemented with 1% BSA for 1 hr. After blocking, wings were incubated in 1:3000 anti-
302  digoxygenin labeled probe diluted in block buffer. To localize the regions of gene expression
303 NBT/BCIP (Promega) in alkaline phosphatase buffer (See Table S3 for composition) was used.
304  The wings were then washed, mounted in 60% glycerol, and imaged under a Leica DMS1000
305  microscope using LAS v.4.9 software.

306

307  Immunostainings

308  Fifth instar larval wings were dissected in cold PBS and immediately transferred into a fixation
309  buffer supplemented with 4% formaldehyde (see Table S4 for composition) for 30 mins.
310  Afterward, the wings were washed with 1X PBS and blocked for one to two days in block buffer
311  (see Table S4 for composition) at 4°C. Wings were incubated in primary antibodies against
312 En/Inv (1:20, mouse 4F11, a gift from Nipam Patel, (28)), and Sal (1:20000, guinea-pig Sal
313  GP66.1, (29)) at 4°C for one day, washed with wash buffer (see Table S4 for composition) and
314  stained with secondary antibodies anti-mouse AF488 (Invitrogen, #A28175) and anti-Guinea pig
315  AF555 (Invitrogen, #A-21435) at the concentration 1:500. The wings were then washed in wash
316  buffer, mounted on an in-house mounting media (see Table S4 for composition), and imaged
317 under an Olympus fv3000 confocal microscope, Zeiss Axio Imager M2.

318

319 CRISPR-Cas9

320  Knock-out of sal was carried out using a protocol described previously(44). Briefly, a guide was
321  designed against a 20 bp region targeting exon 1 of sal (see Supp file for sequence). The guide
322 was tested via an in-vitro cleavage assay prior to injection. A total of 863 Bicyclus embryos were
323 injected with 300 ng/pl of guide and 300 ng/ul of Cas9 protein (NEB; Cat. no.: M0641) mixed
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324  together in equal parts (total volume = 10 pl) with an added small amount of food dye (0.5 pl).
325  The hatchlings were transferred into plastic cups and fed young corn leaves. After pupation, each
326 individual was assigned a separate emergence compartment (a plastic cup with lid). Once eclosed,
327  the adults were frozen at -20°C and imaged under a Leica DMS1000 microscope using LAS v4.9
328  software. Descaling of the adult wings for imaging was done using 100% Clorox solution (45).
329  Mutant individuals were tested for insertions or deletions via an in-vitro endonuclease assay on
330 the DNA isolated from the wings and then sequenced (Fig. S2).

331

332
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Bicyclus anynana | Pieris canidia Bicyclus anynan
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en| H inv
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Fig. 1. Expression of Engrailed and Invected proteins in Bicyclus anynana and Pieris
canidia and expression of mMRNA transcripts in Bicyclus anynana. (A) Expression of
En/Inv proteins in the forewing, and (B) hindwing is strong between the M1 and A2 veins,
and weaker posterior to the A2 vein. (C) Expression of En/Inv in the forewing, and (D)
hindwing in Pieris is strong between the M1 and A2 veins, and weaker posterior to the A2
vein. (E) Expression of en mRNA transcripts in the forewing, and (F) hindwing in
Bicyclus is almost homogeneous across the posterior compartment. (G) Expression of inv
in the forewing, and (H) hindwing in Bicyclus is detected around 70% of the posterior
compartment from the M1 vein till the A2 vein.
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471
472 Fig. 2. Expression of dpp in Bicyclus anynana, expression of Sal in Bicyclus anynana
473 and Pieris canidia, and function of sal in Bicyclus anynana. (A) Expression of dpp in
474 the larval wing of Bicyclus is visible at the A-P boundary spanning the M1 and R4 vein
475 (for vein positioning at the same stage refer to Fig. S7) and along the A3 vein. Expression
476 of Sal in (B) early, and (D) mid forewings, and in (C) early and (E) mid hindwings,
477 showing distinct four distinct domains of expression: From the anterior margin till the Sc
478 vein; from the R2 to M3 vein; from the Cu2 to A2 vein; and, from a boundary in between
479 the A2 and A3 veins, and the posterior wing margin. (F) Expression of Sal in the larval
480 forewing of Pieris; (G) Closeup of Sal expression in the lower posterior compartment
481 showing the anterior boundary of the fourth Sal domain (yellow arrowhead and dotted
482 yellow line). (H) WT adult forewing and (1) hindwing. (J, L and N) In CRISPR-Cas9 sal
483 knock-out mosaic individuals’ ectopic veins are produced within the boundaries of Sal
484 expression in forewings and (K, M and O) ectopic as well as missing veins are produced
485 within the Sal expression domains in hindwings.
486
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KA1

Fig. 3. Expression of blistered (bls), and loss of the Al vein in Bicyclus anynana. (A)
Expression of bls in the larval forewing, and (B) larval hindwing of Bicyclus. bls is
expressed in the intervein cells during larval wing development. (C) Closeup of bls
expression in the posterior compartment where expression is present along the Al vein.
(D-G) Disappearance of the Al vein during Bicyclus wing development. (D) Larval Wing;
(E) Pupal wing; (F) Adult wing with scales removed; (G) Adult wing with scales. The Al
vein is observed in the larval and pupal stages, but it disappears in the adult stage.
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- Invected (Inv) - Decapentaplegic (Dpp)

X —>sal

499 Hedgehog(Hh) - Spalt (Sal)

500 Fig. 4. A model for venation patterning in Bicyclus anynana and comparison with
501 Drosophila melanogaster. (A) Venation in Drosophila larval wing; (B) Venation in
502 Drosophila pupal wing; (C) Venation in Bicyclus larval forewing; The Anterior-Posterior
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503 (A-P) boundary is marked by the thick grey line. The boundary between the Upper-
504 Posterior (UP: from the M1 to A2 vein) and Lower-Posterior (LP: from the A2 vein till the
505 posterior boundary) sectors of the wing is marked by the thick orange line. (D-G)
506 Venation patterning in Drosophila wing (for details refer to the main text). (H) In
507 Bicyclus, venation patterning is initiated by En and Inv expressed in the posterior
508 compartment. En/Inv or En activates Hh in the posterior compartment, while suppressing
509 Hh signaling. (I) A small amount of Hh diffuses into the anterior compartment where due
510 to the presence of Hh signal transducer Ci, activates dpp in a thin stripe of cells in between
511 the R4 and M1 veins. A second domain of dpp is activated around the A3 vein via a Hh
512 independent mechanism. (J) In Bicyclus, Sal is expressed in four distinct domains. The
513 first three domains are involved in induction of veins at their boundaries. (K) In
514 Drosophila Sal induces vein development via the activation of a short-range hypothetical
515 signal (X) and the inhibition of the signal from X. A small amount of X diffuses outside of
516 the Sal expression domain, where it activates vein-inducing genes.
517
518
519  Supplementary Materials
520
Bicyclus anynana Pieris canidia
G
= 7
< - 4
H Rs

= i
521 -~
522 Fig. S1. Venation pattern in butterflies. (A and C) Bicyclus anynana forewing, (B and
523 D) and hindwing. (E and G) Pieris canidia forewing, (F and H) and hindwing.
524
525
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527 Fig. S2. Spalt CRISPR-Cas9 on Bicyclus anynana butterflies. (A) T7 endonuclease
528  assay on sal guide and Cas9 injected individuals. Sample 2 with T7 endonuclease added shows
529  two shorter DNA bands indicating cleavage of the PCR product. (B) Pigmentation defects on the
530  embryos. (C) Adult wing showing defects in the auditory organ and eyespot on the wing, (D and
531  E) Descaled adult forewings showing venation defects in the region where Sal is expressed (red
532 arrows). (F) Severe wing patterning defects in some individuals were observed. (G) Deletions of
533  nucleotides at the CRISPR-Cas9 target site. The target region is marked by the red box.

534

535

536

537

538

539

540

541

542

543

526 [k J ‘IO Sal CRISPR 9 A((;(JLTLL((JT jd(G(jAC(j('\ij EGC\EA( GGTGATCGA---

Manuscript Template Page 16 of 23


https://doi.org/10.1101/2020.01.02.892760
http://creativecommons.org/licenses/by-nd/4.0/

544
545

546
547
548
549

550
551

552
553
554

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.02.892760; this version posted January 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

dpp |C dpp
R4
" M1
2 A3
D bls | E bls | F bls

Fig. S3. decapentaplegic (dpp) and blistered (bls) mMRNA localization in Bicyclus
anynana. (A-C) dpp is expressed in two domains in the larval wings. (D-F) Expression of
bls. bls is absent at the Al vein at an early stage. However, during later stages bls has a
stronger expression at the Al vein.

A Sal|B

En/Inv

Sal| C

En/Inv| F

Fig. S4. Sal and En/Inv in Bicyclus anynana. (A-C). Sal staining at different stages of
wing growth. (D-F). En/Inv staining at different stages of wing growth. (G). Co-staining

of Sal and En/Inv.
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555 %
556 Fig. S5. Venation patterns in insects. (A) Comstock-Needham hypothetic venation of
557 primitive insects (redrawn from (2)), (B) Wing venation of Drosophila melanogaster
558 (redrawn from (11)), (C) Larval forewing venation and (D) hindwing venation of Bicyclus
559 butterflies. Larval wings of Bicyclus were drawn based on methylene blue staining’s (Fig.
560 S5). (E) Adult forewing and (F) hindwing venation of Bicyclus.
561
562
563
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B Engrailed/Invected (En) , Optomotor blind (Omb)
Hedgehog(Hh) B spalt (Sal)
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564
565 Fig. S6. Molecular mechanism involved in venation patterning in Drosophila
566 melanogaster. (A) Larval wing disc of Drosophila. During the larval stage, the wing is
567 divided into two populations of immiscible cells belonging to the Anterior (A) and
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568 Posterior (P) compartments. The boundary where these two-populations meets is referred
569 to as the Anterior-Posterior (A-P) boundary (marked by the gray line). (B) Adult wing of
570 Drosophila. (C) Venation patterning is initiated by the transcription factors En and Inv in
571 the posterior compartment that activate expression of hh while suppresing Hh signaling.
572 Hh is a short-range diffusible morphogen. A small amount of Hh diffuses into the anterior
573 compartment where the presence of Ci activates the BMP ligand dpp. The veins R4+5
574 (L3) and M1 (L4) form at the anterior and posterior boundary of the Hh signaling domain
575 where dpp is expressed. (D) Dpp protein then acts as a long-range morphogen activating
576 both spalt (sal) and optomotor-blind (omb) at high concentrations, and only omb when the
577 concentration falls below the sal-inducing threshold. The vein R2+3 (L2) develops at the
578 anterior boundary of Sal, while the vein Cul (L5) develops at the posterior boundary of
579 Omb protein domains.

580

581
582 Fig. S7. Methylene blue staining of Bicyclus anynana larval wings. (A, B) Forewing
583 stained with methylene blue; (D, E) Hindwing stained with methylene blue; (C)
584 Illustration of forewing venation; (F) Illustration of hindwing venation.
585
586 Table S1. Spalt CRISPR-Cas9 injection table
Sl Concentration Date Eggs Injected | Hatchlings | % Hatchlings
No.
1. 300 ng/ul 28th Sept 2018 302 48 15.9
2. 300 ng/ul 10th Oct 2018 306 25 8.2
3. 300 ng/ul 11th Nov 2018 120 18 15
4. 300 ng/ul 9th Feb 2019 135 8 5.9
587
588 Table S2. Primer table
| SI.No. | Primer Name | Sequence \ Description \
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1. Dpp_insitu_F | GTTCTTCAACGTAAGCGG | Forward primer to amplify dpp for in-
CG situ hybridization
2. Dpp_insitu R | CCACAGCCTACCACCATC | Reverse primer to amplify dpp for in-
AT situ hybridization
3. En_insitu_F TTGAAGACCGTTGCAGTC | Forward primer to amplify en for in-
C situ hybridization
4. En_insitu_R TAGATTGCTGTTCCCGCTT | Reverse primer to amplify en for in-
T situ hybridization
5. Inv_insitu_F GGACCAAAGTGACGAAG | Forward primer to amplify inv for in-
AGC situ hybridization
6. Inv_insitu_R TCCGGCACTCTAGCCTCT | Reverse primer to amplify inv for in-
AC situ hybridization
7. Bls_insitu_F CTGACCGGCACCCAAGTG | Forward primer to amplify bls for in-
AT situ hybridization
8. Bls_insitu_R | CGTTGCGGGTGGTGAGAC | Reverse primer to amplify bls for in-
AT situ hybridization
Q. Sal_CRISPR_Se | GCATCGACAAGATGCTGA Forward primer to amplify sal for
qF AA CRISPR-Cas9 invitro cleavage assay
10. Sal_CRISPR_Se | TTCATTTAGGGACGGTGG Reverse primer to amplify sal for
qR AG CRISPR-Cas9 invitro cleavage assay
11. Sal CRISPR_G | GAAATTAATACGACTCAC | Forward primer for guide synthesis to
uide F TATAGGTGATCGAGCCGG knockout sal
CGTTGAGTTTTAGAGCTA
GAAATAGC
12. Sal_CRISPR_G | AAAAGCACCGACTCGGTG | Reverse primer for guide synthesis to
uide R CCACTTTTTCAAGTTGATA knockout sal
ACGGACTAGCCTTATTTT
AACTTG
CTATTTCTAGCTCTAAAAC
Table S3. In-situ hybridization Buffers
Buffers Chemicals Amount
10X PBS (500 ml) K2HPOy4 534¢
* Sterilize by autoclaving. KH>POg4 2.64¢
NaCl 409 g
DEPC treated H>O To 500 ml
1X PBST (50 ml) 1X PBS 50 ml
Tween® 20 50 pl
20X SSC (1000 ml) NacCl 1753 g
* Adjust the pH to 7.0 with 1M HCI and Trisodium citrate 882 ¢g
sterilize by autoclaving. DEPC treated H>O Till 1000 ml
Pre-hybridization buffer (40 ml) Formamide 20 ml
20X SSC 10 ml
DEPC treated water 10 ml
TWEEN20 40 pl
Hybridization buffer (40 ml) Formamide 20 ml
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20X SSC 10 ml
DEPC treated water 10 ml
TWEEN20 40 pl
Salmon sperm 40 pul
Glycine (100mg/ml) 40 pul
Block buffer (50 ml) 1X PBS 50 ml
TWEEN20 50 pl
BSA 0.1 gm
Alkaline phosphatase buffer (20 ml) Tris-HCI (pH 8.0) 2 ml
NaCl (5M) 400 pl
MgCl; (200mM) 250 ul
DEPC treated water Till 20 ml
TWEEN20 20 pl
Table S4. Immunohistochemistry Buffers
Buffers Chemicals Amount
Fix buffer (30 ml) M PIPES pH 6.9 (500 mM) 6 ml
mM EGTA pH 6.9 60 pul
(500mM)
% Triton x-100 (20 %) 1.5 ml
mM MgSO4 (1M) 60 pl
37% Formaldehyde 55 ul per 500 ul of buffer
dH.0O 22.4 ml
Block buffer (40 ml) 50 mM Tris pH 6.8 (1 M) 2 ml
150 mM NacCl (5 M) 1.2 ml
0.5% IGEPAL (NP40) 1 ml
(20%)
5 mg/ml BSA 0.2 gr
H20 35.8 ml
Wash buffer (200 ml) 50mM Tris pH 6.8 (1 M) 10 ml
150 mM NaCl (5 M) 6 ml
0.5% IGEPAL (20 %) 5 ml
1 mg/ml BSA 0.2 gr
dH;O 179 ml
Mounting media Tris-HCI (pH 8.0) 20 mM
N-propyl gallate 0.5%
Glycerol 60%

Sequence of engrailed used for in-situ hybridization.

TTGAAGACCGTTGCAGTCCGAACCAGGCCAACAGCCCCGGTCCGGTCACCGGCAGAG
TCCCTGCGCCTCACTCCGAAGTAAGAAACGNGTACCAAAGTCAATACACTTGCACGA
CTATCGATCAAAGGTTTGACAGAACGATGACAGTGGTGAAAGTGCAGCCGAATTCAC
CACCGATGAGTCCACTGACGTGAAGCCCATAATCCCTGAGTTTGAAGACAAGAGAAA

Manuscript Template Page 21 of 23


https://doi.org/10.1101/2020.01.02.892760
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.02.892760; this version posted January 2, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

600 CCGACAACCACCACCAACCATACCCTTCTCTATCAGCAACATATTACACCCAGAATTC
601 GGTTTGACAGCGATTCGAAAAACGAACAAAATCGAAGGACCAAAACACGTCGGCCC
602 CAACCACAGCATTTTGTACAAACCTTATTTGTCGAACGAGTTATCGAGTTCGAAATTC
603 AATTTCGATTATTTAAAATCTAAGGATGATTTCGGTGCATTACCTCCACTTGGCGGTT
604 TGAGGCAGACCGTGTCGAATATTGGAGAACAGAAGGAGGCACCAAAGATTATAGAG
605 CAGCAGAAGAGGCCAGATTCAGCCAGCTCTATTGTCTCTTCCACATCTAGCGGGGCT
606 TTATCGACGTGTGGCAGCACTGACGCCAACAGCAGTCAAAGCGGGAACAGCAATCTA
607

608  Sequence of invected used for in-situ hybridization.

609 GGACCAAAGTGACGAAGAGCACGACCCCTACTCGCCCAACACTAGAGACACCATCA
610 CACCAGACTTCATAGAAGAAGACAAACAAGACAGGCCTATACACACATCCTCTTTCT
611 CCATACACAATGTCCTTAAGAAGGAAAGAGACAGTAATAGTCCTGAGAACGTCTTCT
612 CAACTGAAAAGTTGTTGCAAAGTACACCGAACTTTGAAGATTCTAGGAACTCTGAAA
613 GCGTTAGTCCGAGACTTGAAGATGATCACAATGAAAGAGCTGATATAAGTGTTGATG
614 ACAACTCTTGTTGTAGTGATGATACTGTGCTATCTGTTGGCAATGAAGCCTTACCAAC
615 CAATTACCCAAACGACAAAGATCCGAACCAAGGCTTAACCTCCTTCAAACATATACA
616 AACTCATTTGAACGCAATATCACAGTTAAGTCAAAATTTAAACATAAACCAACCAAT
617 CCTCCTACGACCCAACCCAATAACACCAAACCCGTTAATGTTCCTAAACCAACCGTT
618 GTTATTCCAAAACCCTTTAATAAACCAAGTGGATTTAAAATCAGGGTTACCGAGAAT
619 CGGCTTGCAGCAAAACAATTTAAATTTGAACCAAAATTACATGAATTATGCGAGAAA
620 AAATGAACTGAACGAAAGACGACAGAGTTATTCACCGAAGTTACATGAAAATGAGT
621 CAAGTAGAGATTTTATTAACCAAGGATGTTTGAAATTTAGCATTGATAATATACTGA
622 AAGCTGATTTTGGTAGACGAATTACTGATCCGTTGACAAAGAGAAAAACGAAGACG
623 AGGCAGTATGAGGCAAAATCTACCCCTGTCAAAGAGGTTCAGTCTCCCCCTAAAGAG
624 GTAGAGGCTAGAGTGCCGGA

625

626  Sequence of decapentaplegic used for in-situ hybridization.

627 GTTCTTCAACGTAAGCGGCGTACCGGCCGACGAGGTGGCGCGCGGCGCCGACCTCTC
628 GTTCCAACGAGCCGTCGGCACCACCGGCAGACAGAGACTGTTGTTGTACGACGTGGT
629 GCGCCCTGGCCGCCGCGGCCACTCCGAGCCGATCCTGCGGCTGCTGGACTCCGTTCC
630 GCTCCGGCCCGGGGAGGGAATCGTCAACGCCGACGCTCTGGGAGCGGCGCGACGGT
631 GGCTCAAAGAGCCCAAACATAATCACGGACTATTAGTGCGAGTGTTAGAAGAAGAC
632 GCCGCGAGTGCGAGCAGGGACGCGAAGTTCCCGCACGTGCGCGTGCGCAGACGCGT
633 CACGGACGAGGAGGAGGAGTGGCGGACGGCGCAGCCGCTGCTCATGCTGTACACGG
634 AGGACGAGCGCGCGCGCGCGTCGCGGGAGACGAGCGAGCGGCTGACGCGCAGCAAG
635 CGCGCGGCGCAGCGGCGGGGGCACCGCGCGCACCACCGCCGCAAGGAGGLCGLCGCGA
636 GATCTGCCAGCGCCGCCCGCTGTTCGTCGACTTCGCGGACGTGGGCTGGAGCGACTG
637 GATCGTGGCCCCGCACGGCTACGACGCGTACTACTGCCAGGGCGACTGCCCCTTCCC
638 GCTGCCGGACCACCTCAACGGCACGAACCACGCGATAGTGCAGACTCTGGTCAACTC
639 AGTGAACCCCGCGACGGTGCCCAAAGCGTGCTGCGTGCCGACGCAACTCTCATCTAT
640 ATCTATGTTATATATGGACGAAGTGAACAATGTGGTGCTTAAAAACTATCAGGACAT
641 GATGGTGGTAGGCTGTGG

642

643  Sequence of blistered used for in-situ hybridization.

644 GCATACGAGCTATCAACGCTGACCGGCACCCAAGTGATGCTGCTGGTCGCGTCGGAGACCGG
645 CCACGTGTACACGTTCGCGACACGCAAACTGCAGCCGATGATCACGTCCGACTCGGGCAAGC
646 GGCTCATACAGACGTGCCTCAACTCGCCCGACCCGCCCACCACCAGCGAGCAGCGLATGGCCE
647 GCCACCGGCTTCGAGGAGACCGAGCTCACGTATAACGTTGTAGACGACGAGATGAAGGTGAG
648 ACAACTGGCGTACGCTAACCAGTACCCCATAGAGCACCACCCGGGGTTGGLGLCCGTCGCCAC
649 TGCAGCAGTACCACCAGCACCCGCCCTGCCCCTCGCCLCCTCCCLCTCGGLTCGLTGGGLCAGC
650 CGTACTCGCACGCGCATCTATCGCACCCCCACATGTCTCACCACCCGCAACG
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Region of spalt used for CRISPR-Cas9 (Highlighted in red)
GCATCGACAAGATGCTGAAAATAATAATAGTCTCGAAGACGGCGAGGCCGAAATAC
CTGAAGCCGACATGCCCCCCGTGGGTCTGCCGTTCCCTTTGGCAGGACACGTTACTCT
TGAGGCTCTACAAAATACGAGAGTAGCGGTCGCCCAATTCGCTGCAACAGCGATGGC
AAATAATGCGAATAACGAAGCTGCTATACAAGAATTACAAGTGTTACACAACACTCT
ATACACTTTACAGTCACAACAAGTATTTCAACTTCAGTTAATACGTCAGCTTCAGAAT
CAGTTATCTCTAACTCGACGGAAAGAAGACGATCCACACAGCCCACCGCCAAGTGAA
CCAGAACAGAATGCCCCGONACEEEEERICEMIEABEG TCGCCGCCGCGTCCGCCA
CGGGAGCCGTCGCCTGTTATACCCTCTCCTCCTACTAGCCAAAGTTTGCCGTCGACTC
ACACACATCACACACCCAAAACTGAACAGATATCTATCCCTAAGATTCCAACTTCCT
CACCATCTTTAATGACCCACCCACTTTATAGTTCAATTTCTTCGTCATTAGCATCTTCC
ATCATAACAAACAATGATCCTCCACCGTCCCTAAATGAA
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