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I nsect wings and body wall evolved from ancient leg segments

Summary Paragraph

Researchers have long debated the origin of insect wings. One theory proposes that the
proximal portion of the ancestral crustacean leg became incorporated into the body™ 3, which
moved the leg’s epipod (multi-functional lobe, e.g. gill) dorsally, up onto the back to form insect
wings®. Another theory proposes that the dorsal insect body wall co-opted crustacean epipod
genes to form wings®. Alternatively, wings may be derived from both leg and body wall (dual
origin)®. To determine whether wings can be traced to ancestral, pre-insect structures, or arose by
COo-option, comparisons are necessary between insects and arthropods more representative of the
ancestral state, where the hypothesized proximal leg region is not fused to the body wall. To do
so, we examined the function of five leg gap genesin the crustacean Parhyale hawaiensis and
compared this to previous functional data from insects. Here we show, using CRISPR-Cas9
mutagenesis, that leg segment deletion phenotypes of all five leg gap genesin Parhyale align to
those of insects only by including the hypothesized fused ancestral proximal leg region. We also
argue that possession of eight leg segmentsis the ancestral state for crustaceans. Thus, Parhyale
incorporated one leg segment into the body, which now bears the tergal plate, while insects
incorporated two leg segments into the body, the most proximal one bearing the wing. We
propose a model wherein much of the body wall of insects, including the entire wing, is derived
from these two ancestral proximal leg segments, giving the appearance of a“dual origin” ©*°.
This model explains many observations in favor of either the body wall, epipod, or dual origin of
insect wings.

Arthropod appendages are key to their spectacular success, but their incredible diversity
has complicated comparisons between distantly related species. The origin of the most debated
appendage, insect wings, pivots on the alignment of leg segments, because wings may be derived
from an epipod (e.g. gill or plate, Fig. 1b)** of ancestral leg segments that fused to the body™*,
or alternatively, may represent a co-option of the epipod-patterning pathway by the insect body
wall®, or a combination of both (Clark-Hachtel, accompanying manuscript)®°. To answer this,
functional comparisons are necessary between insects and arthropods more representative of the
ancestral state, where the hypothesized proximal leg region is not fused to the body wall.

Towards this aim, we examined five leg gap genes, Distalless (DII), S96-9, dachshund
(dac), extradenticle (exd), and homothorax (hth), in an amphipod crustacean, Parhyale
hawaienss. While we have documented their expression at several developmental stages (Fig.
S1), our comparative analysis does not rely solely on these expression patterns, given that
expression is not always a reliable indication of function, and expression is often temporally
dynamic®. Instead, we have systematically knocked out these genesin Parhyale using CRISPR-
Cas9 mutagenesis and compared thisto our understanding of their function in Drosophila and
other insects (Figs. 2, S2).

Insects have six leg segments, while Parhyale has seven (Fig. 1). Ininsects, DIl is
required for the development of leg segments 2 —6'**" . In Parhyale, the canonical DIl gene,
DIl-e®®?, is required for the development of leg segments 3 — 7 (Fig. 2b). In insects, 06-9 is
required for the development of leg segments 1 — 6 ***%, and in addition in Drosophila, loss of
$6-9 (i.e. D-Sp1?) occasionally transforms the leg towards wing and lateral body wall
identity?®. In Parhyale, S6-9% is required for the development of leg segments 2 — 7 (Fig. 2¢),
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Fig. 1. Crustacean and insect legs. (a) Adult Parhyale, with third thoracic leg (T3) outlined. (b)
Cartoon of Parhyale T3. The coxal plate extends over the leg. (¢) Adult Oncopeltus, with T2
outlined. Inset shows magnified proximal leg, with small plate extending over the leg. (d)
Cartoon of Oncopeltus T2 leg. Pink and red insect body wall represent hypothesized ancestral
fused leg region.

and in some legs, segment 2 is occasionally homeotically transformed towards aleg segment 1
identity (Fig S3). In Drosophila, dac is required in the trochanter through proximal tarsus (leg
segments 2 — 4, and first tarsus)®*?. Parhyale has 2 dac paralogs. Dacl does not seem to be
expressed in the legs or have a knockout phenotype. Dac? is required to pattern leg segments 3 —
5 (Fig. 2d). Exd and hth are expressed in the body wall and proximal leg segments of insects™ %
and Parhyale® (Fig S1). They form heterodimers™ and therefore have similar phenotypes®®. In
insects, exd or hth knockout results in deletions/fusions of the coxa through proximal tibia (leg
segments 1 — 3, and proximal tibia) 2%, In Parhyale, exd or hth knockout resultsin
deletions/fusions of the coxa through proximal carpus (leg segments 1 — 4, and proximal carpus,
Figs. 2e, f). In both insects’®?"* and Parhyale, the remaining distal leg segments are sometimes
transformed towards a generalized thoracic leg identity (compare Fig. 2 e, f and Fig $4). In both
insects”®? and Parhyale (Fig. $4), exd or hth knockout results in deletions/fusions of body
segments.

In summary, the expression and function of DIl, 6-9, dac, exd, and hth in Parhyale are
shifted distally by one segment relative to insects. This shift is accounted for if insects fused an
ancestral proximal leg segment to the body wall (Fig. 2g). Thus, there is a one-to-one homology
between insect and Parhyale legs, displaced by one segment, such that the insect coxais
homologous to the crustacean basis, the insect femur is the crustacean ischium, and so on for all
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Fig. 2. Knockout
phenotypes of leg gap
genes. (af) Parhyale
CRISPR-Cas9
phenotypes in dissected
third thoracic legs (T3).
Graded cyan in f
indicates deletion/fusion
of proximal leg segment
5. (9) Leg gap gene
function in Parhyale
and insects aligns only if
insects incorporated the
red leg segment into the
body wall (0). Color
Dll-e KO bars correspond to
remaining leg segments
following knockout,
transparent bars indicate
deleted leg segments.
Open bar in dac
indicates dlight

DIl - extension of dac
Sp6-9 = function into tarsus 1 of
Dac? m— Co— insects. Coxal plate
exd/hth - (Cp), gill (G), tergal
plate (Tp). Scale bar
50um.

leg segments. This also means that at |east part of the insect body wall is homologous to the
crustacean coxa.

An examination of the crustacean appendage morphology literature in the context of
recent phylogenies shows that most crustaceans have an additional proximal leg segment, the
precoxa (Fig. 3a), and that the presence of a precoxa isthe ancestral state. Although a precoxa
has not been previously documented in amphipods, a careful examination using confocal and
bright field microscopy reveals that Parhyale has a structure between the coxa and body wall
that meets the criteriafor aleg segment: it protrudes from the body wall; it forms a true, muscled
joint; and it extends musculature to another leg segment (Figs. 3 and S5)*2***. Notably, the
tergal plate emerges not from the body wall, but from this precoxa (Fig. 3e). Clark-Hachtel
(accompanying manuscript) show that the tergal plate, coxal plate, and basal plate (epipods of
the precoxa, coxa, and basis, respectively) all require the same “wing” genes, indicating that all
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three are indeed epipods. They also show that nubbin, amarker of arthropod leg segments™, is
expressed in adistinct stripe above the Parhyale tergal plate, likely marking the beginning of the
precoxa. Thus, much of what appearsto be lateral body wall in Parhyaleisin fact proximal leg.
Our results show that the insect coxa is homologous to the crustacean basis, and that
Parhyale has two leg segments proximal to the basis, the precoxa and coxa, each equipped with
an epipod, the tergal plate and coxal plate, respectively. Since insects evolved from crustaceans,
one would thus expect to find two leg segments incorporated into the insect body wall, each
equipped with an epipod (Fig. 3c). In fact, two leg-like segments can be observed proximal to the
coxain basal hexapods® including collembolans®, as well as in the embryos of many
insects™" . In insect embryos, these two leg-like segments fuse to the lateral body wall before
hatching®® to form the large and small plates of the adult (Fig 1c)%39%3"3% Notably, the
Parhyale precoxa forms part of the apparent lateral body wall, just as this segment doesin


https://doi.org/10.1101/244541

bioRxiv preprint doi: https://doi.org/10.1101/244541; this version posted January 9, 2018. The copyright holder for this preprint (which was not

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

< Fig. 3. Parhyale has a precoxa. (a) Phylogeny based on Oakley 2012, precoxa referencesin
supplements. (b) Confocal of Parhyale hatchling. Round T5 tergal plate and pointy T6 tergal
plate (dashed outlines). (c) Confocal of Parhyale hatchling, cuticle in cyan, musclein red. Note
the blocks of smple, anterior-posterior muscles of the body vs the orthogonal, complexly
arranged muscles of the leg segments. Outline of tergal plates (dashed line) relative to orthogonal
muscle. (d) BF image of right half of adult Parhyale, sagittal dissection, innards removed, lateral
view. Wire used to position sample (w). The same orthogonal musclesin b arevisible as
striations that continue above the wire. The precoxa forms ajoint with the coxa, including a
gliding articulation (arrow). The dorsal limit of the precoxais unclear, but the most conservative
estimate isto begin at the gliding joint (arrow) and follow the leg up to where it meets the
adjacent leg, denoted by (<). By comparing (<) and (=), it can be seen that the precoxa
protrudes quite a bit from the body wall. However, the precoxa appears to continue farther up the
body wall (compare orthogonal muscle striations). (e) Posterior-lateral view of right T6, looking
edge-on at tergal plate. Thetergal plate (dotted outline) emerges from the precoxa (contiguous
pink between <, >, and ---). In ¢, d, coxaisred (coxal plate not shaded, to focus on joints), gills
(teal) partialy cut for visibility, basisis orange, precoxais pink. Note that all three plates (tergal,
coxal, and basal) form contiguous cuticle with their leg segment, i.e. there is no distinguishing
suture.

insects. Furthermore, insects indeed have two epipods proximal to theinsect coxa. When “wing”
genes are depleted in insects via RNAI, two distinct regions are affected: the wing, but also the
small plate adjacent to the leg (Fig. 1c) “>*. These two outgrowths are the epipods of the
ancestral precoxa and crustacean coxa, respectively.

The results presented here may settle along-standing debate concerning the origin of
insect wings as derived either from (a) the epipod of the leg, (b) the body wall, or, more recently,
(c) from both (dual-origin hypothesis; see Clark-Hachtel, accompanying manuscript)®. The
model proposed here isthat wings are entirely appendicular in origin: the ancestral crustacean
precoxa and coxa fused to and displaced the lateral insect body wall, moving the epipod-field of
the precoxainto adorsal position to later form insect wings (Fig 3a). Thus, the insect large plate
with the wing blade (Fig. 1c, d, pink) would be homologous to the ancestral crustacean precoxa
with the epipod (Fig. 3c, pink), and the insect small plate (Fig. 1c, d) would be homologous to
the crustacean coxa (Fig. 3c, red).

This model accounts for all observationsin favor of either the body wall or epipod origin
of insect wing evolution, including the dorsal position of insect wings relative to their legs, the
loss of ancestral leg segments in insects, the two-segmented morphology of the insect subcoxain
both embryos and adults, the complex musculature for flight, and the shared gene expression
between wings and epipods. The realization that crustaceans have a precoxa accounts for the
apparent “dual origin” of insect wings. much of what appears to be insect body wall isin fact the
crustacean precoxa.

In fact, a number leg-associated outgrowths in arthropods are explained by thismodel, in
addition to insect wings. The Daphnia carapace™ is the epipod of the precoxa; the Oncopeltus
small plate outgrowth (Fig. 1c) isthe epipod of the crustacean coxa; and the thoracic stylus of
jumping bristletails (Fig. 3C, st) is the epipod of the crustacean basis'®*. This also explains
many insect abdominal appendages, like gills®, gin traps*, prolegs*’, and sepsid fly
appendages®, which are often proposed as de novo structures® . However, most insects form
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137  abdominal appendages as embryos®®*?, but these fuse to the body wall before hatching to form
138  the sternites®. According to the results presented here, insect abdominal appendages that express
139  the $p6-9 homolog buttonhead® form three proximal leg segments, including the insect coxa.
140 Thus, rather than de novo co-options, abdominal appendages were always there, persisting in a
141  truncated, highly modified state, and de-repressed in various lineages to form apparently novel
142  structures. This provides amodd for how insect wings can be both homologous to the epipod of
143  the crustacean precoxa, and yet not be continuously present in the fossil record: epipod fields
144  may persist in atruncated state, perhaps only visible as anub in the embryo, but can later be de-
145  repressed to form apparently novel structures.

¢ Fig 3. Proposed leg segment homologies

fused free 5
leg segment leg segment  PIPOd (colors) between an ancestral crustacean,
Q D) ﬁ Parhyale, and insects. Ancestral precoxa

epipod, Parhyale tergal plate (Tp), and

@ insect wing are homologous (pink, 0).
Ancestral Ancestral coxa epipod, Parhyale coxal
crustacean ) 3 NS .7 plate and gill, and insect small plate (see

Fig. 1c) are homologous (red, 1).
Ancestral basis epipod, Parhyale basal
plate (Bp), and jumping bristletail stylus
(sty) are homol ogous.
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" Fig S1. Expression of leg gap genes in whole embryos and dissected third thoracic legs (T3). (a
—d): Dll-e. (e—h): §6-9. (i —1): dac2. (m—p): exd. (g —t): hth. Embryonic expression datafor
DIl-e"®% $6-9%, and exd and hth® have been previously characterized, but not at the level of
individual leg segments. (d) Dll-eis expressed in leg segments 3 — 7; in theinterior of the tergal
plate (Tp), coxal plate (Cp), and gill (G), where it may be playing a sensory role, similar to the
expression of DIl that patterns sensory hairs in the Drosophilawing margin®®; and marks the
bristle (") of leg segment 2. Thisbristleis deleted in DIl-e KO (compare Fig. 2a, b). (h) S6-9is
expressed in leg segments 2 — 7. (1) dac2 is expressed in leg segments 3 — 5. Expression in
segment 5 may be stronger at other time points. (p) exd is expressed in the body wall through leg
segment 5, and perhaps alittlein 6. Exd is not expressed in the gill (not visible here). (t) hthis
expressed in the body wall through leg segment 3. Hth is not expressed in the gill. Note that both
insects and Parhyale share a peculiar disparity between hth expression and function, wherein hth
knockout deletes one more leg segment than would be predicted by the hth expression domain.

146

147

148

149

150

151

152

153

154

155

156

157


https://doi.org/10.1101/244541

bioRxiv preprint doi: https://doi.org/10.1101/244541; this version posted January 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

e B B e e R Fig. S2. T7 endonuclease assay to confirm
e+ = oo S50 B P CRISPR-Cas9 mutagenesis. For each
T LT @ gene, oneor two wild type (WT)
hatchlings were assayed, and one, two, or
% three KO hatchlings were assayed. T7
- endonuclease was either added (+) or not
added (-) to the heteroduplex mixture. In
o Hith Hh  Sp6S  Sp6d  Sp6d brief, a~1kb region flanking the CRISPR-
Sl Eol L B0l W LR Cas9 target site by at |least 300bp to either
= Al side was amplified by PCR from either
WT or KO hatchlings. The purified PCR
products were denatured, then slowly
cooled to allow WT DNA and mutant
DNA with indels to anneal, resulting in a
: “bubble’ of unpaired DNA (heteroduplex)
M p— e — at thetarget site. T7 endonuclease was
: 2 ol added to the (+) samples, incubated, and
—— run on a1.5% agarose gel. KO animals
aremosaic, so if the target site was cut,
the indels will cause heteroduplexes when
annealed with either aWT strand, or a
different indel. When asingle deletion is
present, each half of the cut heteroduplex
adds up to approximately 1kb (see Sp6-9
KO 1 and 2). Some deletions are large
enough to be seen without the T7
endonuclease assay (see Dll-e KO), and
some hatchlings had multiple deletions
which produced multiple bands when cut
with T7 (seeexd KO 1, hth KO 2, dac2
KO).

T7 nuclease & = G5 +
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#hatch % phenotype
Gene sgRNA total injected # dead death % w/phenotype of hatched

Dll-e 1+2 151 45 30% 57 54%
exd 1+2 206 90 44% 86 74%
exd 1 204 102 50% 84 82%
exd 2 173 36 21% 85 62%
hth 1+2 124 71 57% 32 60%
hth 1 131 30 23% 36 36%
hth 2 99 62 63% 22 59%
dac2 1+2 80 28 35% 41 79%
dac2 1 84 31 37% 9 17%
dac2 2 88 18 20% 16 23%
S06-9 1+2 165 88 53% 51 66%
F06-9 1 54 22 41% 9 28%
S06-9 2 37 3 8% 15 44%

Table 1. CRISPR-Cas9 injection numbers. Two sgRNAS per gene were made, and either one
or both were injected as indicated. Both guides for each gene gave the same phenotype. # dead
isthe number of embryos that did not survive to hatching. For each gene, sgrRNA 1 and 2
produced the same phenotypes.

160

161

162

163

164

165

166

167

168


https://doi.org/10.1101/244541

bioRxiv preprint doi: https://doi.org/10.1101/244541; this version posted January 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

i KO T8
Fig S3. 06-9 knockout sometimes causes a homeotic transformation of orange leg segment 2
towards ared leg segment 1 identity in jumping legs (thoracic legs T6 — 8). In WT jumping
legs (a, c), orange leg segment 2 isvery large and wide, due to the epipod on this segment
(compare to skinny orange leg segment of WT T3 leg, inset inc). In WT T6 legs (a), the red
coxal plateisbilobed, whilein the WT T8 legs (c), the coxal plateis small and oval. In T6
S06-9 KO (b), the epipod of orange leg segment 2 is bilobed, indicating a transformation
towards red leg segment 1. In T8 S06-9 KO (d), the large epipod of orange leg segment 2 has
been reduced to the size and shape of the coxal plate, indicating a transformation towards red
leg segment 1. Note that the tergal plates are unaffected (d, pink, Tp), whichissimilar to
Drosophila $6-9 knockouts, where the wings are unaffected®. The bilobed shape of the
transformed T6 basal plate demongtrates that these are transformations towards a coxal plate
rather than tergal plate, because the tergal plates are never bilobed. Therefore, these represent a
homeotic transformation of one leg segment into another. This argues that the transformation
of Drosophila leg to wing following loss of Sp6-9 is also atransformation of one leg segment
into another, and thus that insect wings are appendicular. Scale bar 50um.
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Exd KO

knockout whole hatchling. Confocal of unilaterally affected hatchling, dorsal view, anterior
at bottom, posterior at left. Left side of animal (L) appears WT. The foreshortening of only
theright (R) half of the body results in hatchlings with bodies twisted laterally into a nearly
spiral shape. The tissue where the eye (E) would have been located is deleted, leaving a
recess. Left first antenna (Anl), left and right telson (tL, tR). White brackets compare the
length of the body segmentsin right fused and left unfused segments. (b) WT T4 leg. Inset,
WT T3 leg. Note broad shape of WT T3 blue leg segment 6 to skinny shape in WT T4/5.
Also note triangle shape of WT T3 cyan leg segment 5 vs cylinder shapein WT T4/5, and
presence of bristlein T3. (c) exd KO T4 and T5 legs. Loss of exd deletes/fuses leg segments
1 -4 and proximal 5, leaving the distal half of leg segment 5 (indicated by fading cyan), and
all of leg segments 6 and 7. Note that the joint between leg segments 5 and 6 is normal, but
there is no apparent joint on the proximal side of leg segment 5. Exd KO also transforms the
remaining T3 leg segments towards a T4/5 identity: exd KO T3 blue leg segment 6 is
skinny, and cyan leg segment 5 iscylindrical and lacks the bristle (see Fig 2f). (d) Lateral
view of exd KO hatchling. Hatchling died before cuticle growth. Dorsal midline indicated
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with dashed white line. Left and right positions of eyein WT animals (EL, ER). (e) Lateral
view of hth KO hatchling. Exd and hth KO produce the same body segment
deletions/fusions, indicated with (*), compare to WT body segmentsin a, Left side, and in
Figs. 1A and 3B. Neither exd nor hth KO appears to affect abdominal legs, because all
abdominal proximal leg segments (red and orange) are intact in the same severely affected
hatchlings where all thoracic proximal leg segments are deleted/fused, leaving only the
distal thoracic leg segments (cyan, blue, purple). Lack of phenotype in abdominal legsis not
due to knockout mosaicism: exd and hth are indeed knocked out in the abdomens of these
hatchlings, because the body segments of the abdomen are fused together (*). Antenna (An).
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Fig. Sb. Parhyale precoxa forms a true, muscled joint and extends musculature to another leg
segment. Confocal images. (a) Phalloidin stain of muscle in right half of Parhyale hatchling.
Contrast simple, anterior-posterior body muscles to orthogonal, complexly arranged leg muscles.
No muscles cross the coxa-basis joint, as noted by Boxshall 1998. Note that all three plates
(tergal, coxal, and basal) form contiguous cuticle with their leg segment, i.e. thereisno
distinguishing suture. (b) Optical section showing superficial muscles of right half. Confocal
colors are partially desaturated: cuticlein grey-blue, muscle in grey-pink. The precoxa forms two
articulations with the coxa: an anterior, bifurcated, load-bearing hinge articulation (arrowhead),
and a posterior gliding articulation (=) (see also Fig. 3e). Coxaisred (coxal plate not shaded, to
focus on joints), basisis orange, precoxa is magenta pink. Adjacent legs meet on their ventral
sides at (<) and on their dorsal sides at (*). Outline of tergal plate (dashed line) relative to muscle
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and joints shows that tergal plate emerges from precoxa. Muscles in green insert on the precoxa-
coxajoint, indicating that thisis atrue joint, and not merely a point of flexure in the exoskeleton
(annulation)****3*, The shorter, anterior muscle originates in the protruding precoxa to insert on
the rim of the next leg segment, the coxa. This muscle is therefore an intrinsic muscle, a hallmark
of atrue leg segment™>***. (c) Confocal of dissected left half, medial view. Coxal plate and
basis partially cut. The precoxaforms ajoint with two articulations with the coxa: an anterior,
bifurcated, load-bearing hinge articulation (arrowhead), and a posterior gliding articulation
(arrow). Orthogonal muscles visible as striations on T4 precoxa. (d) Close-up of left T4, medial-
anterior view, showing bifurcated hinge articulation.
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METHODS

BIOINFORMATICS

Partial or complete sequences for Parhyale DI, S06-9, Exd, and Hth have been
previously identified. These were >99% identical at the nucleotide level to sequencesin the
Parhyale assembled transcriptome. In order to confirm their orthology, identify potential
Parhyale paralogs and identify Parhyale dac, we ran reciprocal best Blast hit searches. For each
gene, orthologs from several arthropods and vertebrates were downloaded from NCBI and
EMBL and aligned against the Parhyale transcriptome™ using standalone NCBI blastp. The
Parhyale hits with the lowest E-values were used to run a blastp against the NCBI database,
restricted to Arthropoda. We confirmed that the original set of orthologs from several arthropods
were the best hitsto our Parhyale candidates (i.e. were each other’ s reciprocal best Blast hits).
These reciprocal best Blast hits are listed in the tables below, and were deposited in Genbank
under Accession Numbers MG457799 - MG457804.

No Parhyale buttonhead/Sp5 was recovered in the assembled transcriptome.
Buttonhead/Sp5 was also not found in the genome of the related amphipod Hyalella azteca. The
assembled transcriptome only recovered fragments of Parhyale Sp1-4, so the previously
sequenced Parhyale Sp1-4 (CBH30980.1) was used for the table below (asterisk).

Parhyale has three DIl paralogs, which appear to be an amphipod-specific duplication,
because a related amphipod, Hyalella azteca, also has these same three DIl paralogs. The three
Parhyale DIl paralogs had the lowest E-values to al DIl orthologs examined, but which of the
three Parhyale DIl paralogs had the lowest E-value was variable, as expected for a clade-specific
duplication.

The coding region for Parhyale exd and hth in the assembled transcriptome are longer
than those previously identified. Exd is 204 amino acids longer, and hth is 166 amino acids
longer. This explains the higher-than-expected E-values between the Parhyale exd and hth
sequences identified previously and the Parhyale exd and hth sequences used in this study.

Extradenticle

Query id Subject id E-value
Daphnia pulex exd EFX62563.1 Parhyale exd MG457802 8.00E-177
Drosophila exd AAF48555.1 Parhyale exd MG457802 7.00E-173
Hyalellaexd XP_018011298.1 Parhyale exd MG457802 2.00E-166
Parhyale exd CAO98909.1 Parhyale exd MG457802 6.00E-126
Tribolium exd NP_001034501.1 Parhyale exd MG457802 1.00E-173
Homo Pbx1 NP_002576.1 Parhyale exd MG457802 3.00E-166
Homothorax

Query id Subject id E-value
Daphnia hth EFX75948.1 Parhyale hth MG457803 0
Drosophila hth NP_476578.3 Parhyale hth M G457803 6.00E-179
Homo Meis2 AAH07202.1 Parhyale hth MG457803 1.00E-148
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Hyalella hth XP_018016731.1 Parhyale hth MG457803 0
Parhyale hth CA098908.1 Parhyale hth M G457803 0
Tribolium hth NP_001034489.1 Parhyale hth MG457803 0

Sp6-9, Sp1-4, buttonhead/Sp5

Query id Subject id E-value
Drosophila btd NP_511100.1 Parhyale Sp6-9 MG457804 4.00E-47
Drosophila Sp1-4 NM_142975.3 * Parhyale Sp1-4 CBH30980.1 | 5.00E-62
Drosophila Sp6-9 NP_727360.1 Parhyale Sp6-9 MG457804 6.00E-109
Homo Sp4 NP_003103.2 * Parhyale Sp1-4 CBH30980.1 | 2.00E-66
Homo Sp5 NP 001003845.1 Parhyale Sp6-9 MG457804 7.00E-62
Homo Sp8 NP_874359.2 Parhyale Sp6-9 MG457804 3.00E-105
Hyalella Spl-4 XP_018012207.1 * Parhyale Sp1-4 CBH30980.1 | O

Hyalella Sp6-9 XP_018014881.1 Parhyale Sp6-9 MG457804 0
Parhyale Sp1-4 CBH30980.1 * Parhyale Sp1-4 CBH30980.1 | 0
Parhyale Sp6-9 CBH30981.1 Parhyale Sp6-9 MG457804 0
Tribolium btd NP_001107792.1 Parhyale Sp6-9 MG457804 7.00E-59
Tribolium Spl-4 XP_015833716.1 Parhyale Sp6-9 MG457804 3.00E-62
Tribolium Sp6-9 XP_008198341.1 Parhyale Sp6-9 MG457804 6.00E-159
Distalless

Query id Subject id E-value
Drosophila DIl ACL83212.1 PhDIIL2 2.00E-54
Drosophila DIl ACL83212.1 PhDIIL1 2.00E-48
Drosophila DIl ACL83212.1 PhDlle MG457801 4.00E-42
Homo DLX-2 AAB40902.1 PhDlle MG457801 3.00E-35
Homo DLX-2 AAB40902.1 PhDIIL2 6.00E-35
Homo DL X-2 AAB40902.1 PhDIIL1 3.00E-34
HyalellaDLX-2 XP_018023955.1 PhDlle MG457801 0
HyalellaDLX-2 XP_018023955.1 PhDIIL1 1.00E-49
HyalellaDLX-2 XP_018023955.1 PhDIIL2 3.00E-45
HyalellaDLX-6 XP_018023956.1 PhDIIL2 4.00E-102
HyalellaDLX-6 XP_018023956.1 PhDIIL1 1.00E-51
HyalellaDLX-6 XP_018023956.1 PhDlle MG457801 1.00E-40
Hyalella unchar. protein XP_018023484.1 | PhDIIL1 8.00E-83
Hyalella unchar. protein XP_018023484.1 | PhDIIL2 0.89
Parhyale DIl-e ACT78885.1 PhDlle MG457801 0
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Parhyale DIl-e ACT78885.1 PhDIIL1 7.00E-48
Parhyale DIl-e ACT78885.1 PhDIIL2 1.00E-44
Tribolium DIl AAG39634.1 PhDIIL1 7.00E-48
Tribolium DIl AAG39634.1 PhDIIL2 1.00E-46
Tribolium DIl AAG39634.1 PhDlle MG457801 5.00E-39
Dachshund
Query id Subject id E-value
Daphnia pulex dac EFX90187.1 Parhyale Dacl MG457799 3.00E-67
Drosophila dac AAF53538.3 Parhyale Dac2 M G457800 2.00E-64
Homo dach2 Q96N X9 Parhyale Dacl MG457799 4.00E-52
HyalellaDacl XP_018011787.1 Parhyale Dacl MG457799 7.00E-109
HyalellaDacl XP _018011787.1 Parhyale Dac2 M G457800 2.00E-55
HyalellaDac2 XP_018011801.1 Parhyale Dac2 M G457800 0
HyalellaDac2 XP 018011801.1 Parhyale Dacl MGA457799 1.00E-59
Tribolium dacl XP_015834662.1 Parhyale Dac2 M G457800 6.00E-72
IN SITU PRIMER SEQUENCES

Primer name product size | seq

hth FORWARD 941 | GTTATGGGCTCCGTACCTGA

hth REVERSE 941 | GCCAGCTGTTTCTTCTGGTC

exd FORWARD 734 | AGCGAGTCCTCAACAAAGGA

exd REVERSE 734 | AGGAGGCGTGTGCTATTCTG

DIl FORWARD 725 | TGGGTCCAGTTCAACCTCTC

DIl REVERSE 725 | GACATCGTCCTCCAAAGCAT

dac 1 FORWARD 638 | GGAGAGCAGAGGGGACTTTT

dac 1 REVERSE 638 | CCACTTCACGACCTCCTCAT

dac 2 FORWARD 699 | CTTCAACCCCCTCCAGTACA

dac 2 REVERSE 699 | TGTCTGTCGTCGTCTTCCTG

Sp6-9 FORWARD 789 | CAAATGGCTCGCATGTATTG

Sp6-9 REVERSE 789 | CAGTGCGTTCAAACTTCCAA
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CLONING AND RNA PROBE SYNTHESIS

Total RNA was extracted from alarge pool of Parhyale embryos at multiple stages of
embryogenesis, from Stages 12 to 26 using Trizol. cDNA was generated using Superscript I11.
Primers were generated with Primer3 (http://bioinfo.ut.ee/primer3-0.4.0), with a preferred
product size of 700bp, and did not include the DNA binding domain. Inserts were amplified with
Platinum Taq (ThermoFisher 10966026), ligated into pGem T-Easy vectors (ProMega A1360),
and transformed into E coli. The resulting plasmids were cleaned with a QiaPrep mini-prep kit
(Qiagen A1360), and sequenced to verify the correct insert and determine sense and anti-sense
promoters. In situ templates were generated by PCR from these plasmids using M13F/R primers
and purified with Qiagen PCR Purification kit (Qiagen 28104). The resulting PCR products were
used to make DIG-labeled RNA probes (Roche 11175025910) using either T7 or Sp6 RNA
polymerase. RNA probes were precipitated with LiCl, resuspended in water, and run on an
agarose gel to check that probes were the correct size, and concentration was determined using a
Nanodrop 10000. Probes were used at 1-5ng/ulL. concentration.

IN SITU PROTOCOL

Embryo collection, fixation, and dissection as previously described™. In situ performed as
previously described™. In brief, embryos were fixed in 4% paraformaldehyde (PFA) in artificial
seawater for 45 minutes, dehydrated to methanol, and stored overnight at -20C to discourage
embryos from floating in later hybridization solution (Hyb) step. Embryos were rehydrated to
1xPBS with 0.1% Tween 20 (PTw), post-fixed for 30 minutesin 9:1 PTw:PFA, and washed in
PTw. Embryos were incubated in Hyb at 55C for at least 36 hours. Embryos were blocked with
5% normal goat serum and 1x Roche blocking reagent (Roche 11096176001) in PTw for 30
minutes. Sheep anti-DIG-AP antibody (Roche 11093274910) was added at 1:2000 and incubated
for 2 hours at room temperature. Embryos were developed in BM Purple (Roche 11442074001)
for afew hoursto overnight. After embryos were sufficiently developed, they were dehydrated to
methanol to remove any pink background, then rehydrated to PTw. Embryos were then moved to
1:1 PBS:glyceral with 0.1mg/mL DAPI, then 70% glycerol in PBS.

CRISPR-CAS9 GUIDE RNA GENERATION, INJECTION, AND IMAGING

Guide RNAs were generated using ZiFit>®*’ as previously described™®. syRNAs were ordered
from Synthego. Injection mixes had afinal concentration of 333ng/uL Cas9 protein, 150ng/uL
sgRNA (for both single and double guide injection mixes), and 0.05% phenol red for
visualization during injection, all suspended in water. One- or two-cell embryos were injected
with approximately 40 — 60 picoliters of syJRNA mixture as previously described®. Resulting
knockout hatchlings were fixed in 4% paraformaldehyde in artificial seawater at 4C for 1 —2
days, then moved to 70% glycerol in 1XxPBS. Dissected hatchling limbs were visualized with
Zeiss 700 and 780 confocal microscopes using the autofluorescence in the DAPI channel. Z-
stacks were assembled with Volocity. Hatchling images were desaturated, levels adjusted, and
false-colored using Overlay with Adobe Photoshop CS6.

T7 ENDONUCLEASE | ASSAY

Genomic primers were designed using Primer3, and flanked the target site by at least 400bp to
either side. DNA isolation and subsequent PCR amplification of the region of interest was
modified from previously described protocols™. Genomic DNA was amplified directly from
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fixed hatchlingsin 70% glycerol using ExTaq (Takara RRO01A). The resulting PCR products
were purified with the Qiaquick PCR purification kit (Qiagen 28104). Heteroduplexes were
annealed and digested by T7 endonuclease | according to NEB protocols (NEB M0302L). The
digested products were run out on a 1.5% agarose gel. Genomic primers used for the T7
endonuclease | assay are listed below.

GENOMIC DNA PRIMERS

242
OO

Primer name product size | seq 344
exd left 907 CTTGAGATTCGTTCAGGTGCA 345
exd right 907 TTCTCCCCAGTTCCTTGCAA 346
hth |eft 943 TGTTCGTGTACCCGCAGAT S
hth right 943 TCGGGCATACTAGAAGGCAG 340
Sp6-9 left 935 GCCCAGCTACTAACGATTTTCA 350
Sp6-9 right 935 GATCCGCTTCCTGACAGTTG 351
Dll-e left 922 GGAATGGTGAAGGAAGAGCG 352
Dll-eright 922 TCAGCAGTGCAGACTCATGT 503
dac2 left 083 CACGCGACACTCATACACAG o
dac2 right 983 GATGCTCCTCCCACCGAATA 356
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