


EVOLUTION

Deep cis-regulatory homology of the butterfly wing
pattern ground plan
Anyi Mazo-Vargas1,2*, Anna M. Langmüller3, Alexis Wilder2, Karin R. L. van der Burg1,
James J. Lewis1,4, Philipp W. Messer3, Linlin Zhang1,5, Arnaud Martin2, Robert D. Reed1*

Butterfly wing patterns derive from a deeply conserved developmental ground plan yet are diverse and evolve
rapidly. It is poorly understood how gene regulatory architectures can accommodate both deep homology
and adaptive change. To address this, we characterized the cis-regulatory evolution of the color pattern gene
WntA in nymphalid butterflies. Comparative assay for transposase-accessible chromatin using sequencing
(ATAC-seq) and in vivo deletions spanning 46 cis-regulatory elements across five species revealed deep
homology of ground plan–determining sequences, except in monarch butterflies. Furthermore, noncoding
deletions displayed both positive and negative regulatory effects that were often broad in nature. Our results
provide little support for models predicting rapid enhancer turnover and suggest that deeply ancestral,
multifunctional noncoding elements can underlie rapidly evolving trait systems.

T
rait evolution frequently occurs through
sequence divergence in noncoding re-
gions of the genome that control gene
expression (1). Few case studies, how-
ever, have characterized the history of

regulatory systems that underlie rapidly evolv-
ing traits (2). In this work, we performed com-
parative chromatin analyses and regulatory
knockouts of the butterfly wing pattern gene
WntA to investigate how trait homology is
reflected in regulatory sequences of a highly
diverse, continually adapting character sys-
tem. WntA encodes a signaling ligand that
induces major color pattern elements of the
butterfly wing pattern ground plan (3–6), and
WntAnoncoding variation underlies color pat-
tern adaptation inmultiple unrelated butterfly
species (4, 7). Thus, allelic variation at the
WntA locus underlies pattern variation at mi-
croevolutionary scales yet also explainsmacro-
evolutionary aspects of pattern divergence.
To characterize the cis-regulatory architec-

ture of the WntA [i.e., identities and locations
of regulating cis-regulatory elements (CREs)],
we first used Hi-C to infer the topologically
associating domain (TAD) of the WntA locus
in developing wings. Inside individual TADs,
CREs and genes preferentially interact with
each other (8). In imaginal discs of Junonia
coenia, when WntA is expressed (5), we iden-
tified a TAD that spans WntA and its two in-
tergenic regions (Fig. 1, A and B). The strongest
CRE-to-promoter interactions occurred just

upstream of the WntA promoter and across
its lengthy first intron. These data, coupled
with sequence association studies (7, 9), led
us to focus our functional screens for WntA
CREs on these regions.
We performed the assay for transposase-

accessible chromatin using sequencing (ATAC-
seq) to profile chromatin accessibility in heads,
forewings, and hindwings from the last larval
instar of five nymphalids (Fig. 1C and fig. S1). By
comparing head and wing profiles, we iden-
tified regions showing wing-specific activity.
We next asked to what extent individual wing-
specific CREs are conserved or are lineage
specific. By overlapping the most conserved
sequences (Fig. 1C) with the differentially ac-
cessible chromatin regions, we observed that
69 to 88% of wing-specific CREs in the WntA
TAD were in areas with strong sequence con-
servation between the nymphaline, satyrine,
and heliconiine subfamilies. The exception was
the monarch butterfly, Danaus plexippus, for
which 70.6% of the ATAC-seq peaks were in
danaine-specific regions (fig. S2). Whereas the
nymphaline and heliconiine datasets high-
lighted both orthologous and novel CREs, most
wing-specific CREs were conserved within and
between these nymphalid subfamilies. By con-
trast, the sister group to the rest of the nym-
phalids, the Danainae clade showed a largely
lineage-specific repertoire of CREs (figs. S1 and
S2), consistentwith the divergentmode ofWntA
expression previously reported inmonarchs (6).
We functionally assessed regions containing

candidate WntA CREs using a CRISPR-Cas9
shotgun mosaic deletion approach (10), where
we injectedmultiple single-guideRNAs (sgRNAs)
tiled across open chromatin regions (Fig. 2A,
fig. S3, and tables S1 and S2). This approach
results in pattern mutant clones derived from
a spectrum of deletions of different lengths
and positions around candidate CREs. To iden-
tify regions that potentially play a role in
establishing the nymphalid ground plan, we

targetedwing-specific CREs conservedbetween
J. coenia andVanessa cardui—two species with
ancestral-like WntA-induced color patterns
(5, 6). We observed that most of our deletions
generated mutant clones affecting similar or
overlapping wing color pattern elements (fig.
S3 and data S1) (11) and also affected basal,
central, and distal pattern elements across both
wings (Fig. 2B and fig. S3). This high prevalence
of overlapping phenotypic effects is consistent
with the Hi-C data, which reveal physical inter-
actions across multiple CREs and the WntA
promoter (Fig. 1A) and support a model where
color patterns are determined by a spatially
distributed array of physically interacting non-
coding sequences.
This conserved WntA regulatory architec-

ture prompted us to investigate the role of
recently evolved sequences in pattern forma-
tion. To test this, we deleted a region centered
on CRE 24, which appears to be specific to
V. cardui. CRE 24 is not found in congener-
ics Vanessa tameamea or Vanessa atalanta
(which diverged ~10 to 15 million years ago)
(12) (fig. S4) or any other currently sequenced
butterfly. Deletion of this region caused the
reduction and/or loss of basal, central, and
marginal pattern elements (figs. S1 and S5),
thus demonstrating how even recently evolved
noncoding sequences can be integrated into
cis-regulatory networks.
Color pattern homologies ofHeliconius but-

terflies are a long-standing question (13, 14).
WntA specifies melanic patches in this genus
thatmay bederived from thenymphalid ground
plan (3, 6). We thus investigated to what degree
ancestral versus Heliconius-specific CREs de-
termine these patterns. ATAC-seq and compa-
rative sequence analysis showed a large number
of WntA CREs with deep sequence conserva-
tion between heliconiines and nymphalines
(Fig. 1C and fig. S1), including CREs required
for ground plan patterning in J. coenia and
V. cardui. We generated deletions centered
on five of these deeply conserved CREs in
Heliconius himera (figs. S3C and S4). Notably,
deletions spanning all five CREs, including on
opposite ends of the first intron, had similar
broad effects on melanic Heliconius wing pat-
terns (Fig. 2D) (11). Deletions spanning two
additional heliconiine-specific CREs revealed
similar, overlapping phenotypes (11). We con-
clude thatHeliconius WntA shares a conserved
cis-regulatory architecture with nymphaline
butterflies and that the highly derivedmimicry-
related color patterns of Heliconius appear to
share deep regulatory homology with the nym-
phalid ground plan.
It has been speculated that the color pat-

terns of basal heliconiines, which typically
show fragmented black, brown, and silver spots,
may represent an intermediate state bridging
the ancestral ground plan with the Heliconius
pattern archetype (13, 14).We tested this in the
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basal heliconiine Agraulis vanillae by produc-
ing deletions spanning the same regulatory re-
gions tested in H. himera (Fig. 2D) and several
additional heliconiine-specific CRE regions (fig.
S4). Again, we found similar results—deletions
of regulatory sequences across very different
regions of the first intron had overlapping ef-
fects distributed across allWntA-induced color
patterns (data S1) (11). This supports models
that heliconiine color patterns evolved through
simplification of the nymphalid ground plan
and suggests that this process occurred part-
ly through the tinkering of an ancestral cis-
regulatory apparatus.
We next examined D. plexippus, the mon-

arch butterfly—an exemplar of the nymphalid
subfamily Danainae—to investigate howdeeply
the cis-regulatory architecture described above
is conserved in nymphalids. Inmonarchs,WntA
shows distinctive vein-associated expression
patterns, and WntA knockouts cause the loss
of these patterns (6). These patterns are highly

derived and challenging to homologize with
the nymphalid ground plan (6). Overall, the
noncoding region of the monarchWntA locus
shares relatively little sequence similarity with
those of other nymphalids and shows a re-
duced number of ATAC-seq peaks (Fig. 1C),
most of which are in danaine-specific genomic
sequences (figs. S2 and S4). Although there are
a few orthologous CREs, including theWntA
promoter, most show no identifiable sequence
similarity with other nymphalids, which sug-
gests that they are independently derived or
that their sequences are so divergent that or-
thology is difficult to ascertain (15, 16). To test
thewing patterning function ofmonarch CREs,
we generatedmosaic deletions centered on six
danaine-specific CREs and one ancestrally con-
served CRE. Again, we found that even distantly
spaced regions had similar effects on WntA-
induced color patterns (Fig. 2E and data S1).
Thus, although many nymphalid wing pat-
terns appear to derive from a deeply conserved

regulatory architecture, there are also cases
where divergent regulatory sequences under-
lie lineage-specific patterns.
Previous work has shown thatWntA knock-

outs result in a highly specific loss of WntA-
expressing color patterns (3, 6). Our deletions
that phenocopy WntA coding knockouts (Fig.
2) validate the enhancer-like function of these
noncoding regions.However, wewere surprised
to observe expansions ofWntA-expressing color
patterns in severalmosaic deletion experiments
(data S1) (11). These expansions are phenocop-
ied by heparin injections, which enhance
WntA signaling during color pattern forma-
tion (5, 6, 17). Because deletion-induced color
pattern expansion accurately replicates WntA
gain-of-function effects, we speculate that some
regulatory deletions had a positive impact
onWntA transcription. These dual gain- and
loss-of-function effects are well illustrated in
A. vanillae, in which WntA is expressed in a
subset of silver and black spots (Fig. 3A). When
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Fig. 1. Deeply conserved
chromatin landscape of the
WntA regulatory region.
(A) Hi-C reveals abundant
chromatin interactions across
the upstream and first-intron
regions of WntA. Color intensity
corresponds to the contact
frequency per bin. (B) TAD
separation score. Black lines in
(A) depict TAD boundaries as
predicted by the TAD separa-
tion score. (C) Chromatin
accessibility tracks (ATAC-seq)
for each species sampled in this
study, with phylogenetic rela-
tionships shown. Orthologous
CREs assessed in this study are
in blue shadows connecting
different species, whereas
lineage-specific elements are
shown in gray; see figs. S1
and S4 for details. mya, million
years ago; Diff., differential.
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heparin is injected, the WntA-expressing silver
spots expand, whereas WntA-negative spots
melanize or disappear. WntA coding knock-
outs present the opposite results—WntA-
expressing silver spots disappear, whereas

WntA-negative spots extend (6). Both expan-
sion and reduction effects were observed in
many deletion clones (Fig. 3B) across all spe-
cies (fig. S6 and data S1). Our results show that
WntA regulatory sequences encode both pos-

itive and negative regulatory instructions for
color pattern formation.
The color pattern expansion and contrac-

tion phenotypes described above are present
inmosaic individuals that bear deletion alleles
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Fig. 2. In vivo mosaic deletions of WntA CREs reveal evolutionarily con-
served wing pattern development functions. (A) Shotgun deletion generates
butterflies that are mosaic for different deletion lengths. bp, base pair; WT, wild
type. (B) A J. coenia WntA null mutant shows loss of WntA-expressing color
pattern elements (left). This effect is phenocopied by the CRE 20 mosaic
knockout (mKO). (C) CRE 21 ortholog mKOs across nymphaline (J. coenia
and V. cardui) and heliconiine (A. vanillae) species illustrate deep evolutionary
conservation of wing pattern ground plan CREs. (D) CRE 7 ortholog mKOs

across nymphaline (V. cardui) and heliconiine (H. himera and A. vanillae)
species suggest that the highly divergent Heliconius wing patterns share
a deep regulatory architecture with the nymphalid ground plan. (E and
F) D. plexippus lineage-specific wing pattern CREs illustrated by CRE 8 (E)
and CRE 2 (F) mKOs. CL-WT refers to contralateral wings with mostly or
completely wild-type color patterns from the same individuals as the pictured
mKO phenotypes. Cyan arrowheads point to asymmetric color patterns.
Fw, forewing; Hw, hindwing.
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of different lengths (Fig. 2A). The mosaic
nature of the shotgun mutations, however,
limits our ability to make precise mechanistic
conclusions about the functions encoded
within individual CREs. Therefore, to link
specific color pattern effects to specific mutant

alleles, we in-crossed V. cardui G0 crispants to
generate F1’s and then in-crossed further to get
F2 germline mutants bearing deletions in CRE
23 (Fig. 3, E and F, and fig. S7). We confirmed
heterozygous and compound inheritance of
deletions within this single CRE (fig. S7), which

caused different color pattern changes exem-
plified by specific gain-of-function effects in
dorsal and ventral melanic subelements on
the forewings (Fig. 3, E and F). This allelic
series shows that small changes in a single
CRE are enough to cause localized phenotypic
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Fig. 3. Positive and negative regulatory activity is a characteristic of color
pattern regulation. (A) Heparin injections [gain-of-function (GOF), magenta] andWntA
knockouts [loss-of-function (LOF), green] in A. vanillae highlight the effects of experimental
manipulations of the WntA signaling axis. Expr., expression. (B) Mosaic shotgun
deletions ofWntA CRE 12 in A. vanillae variably result in expansion and contraction of
the anterior hindwing silver spots, consistent with a WntA LOF and GOF, respectively.

(C)Wild-typeV. cardui butterfly with closeup of ventralmiddle forewing region. (D) Heparin
injections in V. cardui illustrate the WntA GOF phenotype. (E and F) F1 (E) and F2 (F)
WntA CRE 23 deletion in V. cardui. Each individual represents a different combination of
deletion alleles (fig. S7). Cyan dots and dashed annotations show wing landmarks. The
“X”marks indicate an absence of pattern with respect to the wild-type phenotype.
Arrowheads point to the extension of melanic pigmentation. gRNA, guide RNA.
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changes (Fig. 3E) and illustrates the role of
negative, silencer-like regulatory directives
during patterning.
In testing the wing patterning functions of

many orthologous and lineage-specific regu-
latory regions across five different butterfly
species, we made several discoveries that re-
shape our understanding of the regulatory ar-
chitecture of morphological evolution. First, in
contrast to traditional models, most noncod-
ing deletions that we studied acted globally
across forewings and hindwings, often with-
out restriction to any specificWntA-expressing
color pattern elements. These broad effects
suggest an unexpected regulatory fragility to
wing patterning. Similar sensitivity to pertur-
bation was also observed for the Heliconius
color pattern gene optix (10) and may indicate
that these loci require the assembly of clusters
of CREs into transcriptional hubs to mediate
gene expression, consistent with emerging
superenhancer models (18–20). Second, many
deeply conserved wing pattern CREs are
shared between nymphalid butterflies. These
conserved elements control homologous ground
plan components as well as divergent color
patterns in species that evolved derivedmodes
of WntA expression. We propose that this
deep conservation reflects an ancestral reg-
ulatory homology that underlies the nym-
phalid ground plan. Third, noncoding regions
have the capacity to both promote and sup-
press WntA color patterns. Overall, the com-
bination of deep conservation and dense
functionality of WntA regulatory sequences
suggests a mode of evolution marked less by

the gain and loss of pattern-specific enhancers
andmore by nuancedmodification of an array
of deeply ancestral, multifunctional ground
plan sequences.
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The butterfly’s grand ground plan
In the 1920s, biologists proposed that butterfly wing pattern diversity evolved as variations of a ground plan of pattern
elements that vary in color, shape, and position between different species. Mazo-Vargas et al. found that major
aspects of this ground plan are determined by an ancient array of deeply conserved noncoding DNA sequences (see
the Perspective by Espeland and Podsiadlowski). These regulatory sequences can have both positive and negative
effects, and nuanced interactions between noncoding regions sculpt wing patterns. Deep homology of complex, rapidly
evolving traits can thus be reflected in noncoding genomic sequences. —LMZ and DJ
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By Marianne Espeland and 
Lars Podsiadlowski

T
he development of morphological 
patterns and structures in organisms 
is the result of transcription factors 
and epigenetic regulation in different 
cells and tissues. Transcription factors, 
which are proteins that bind to DNA 

at sites called cis-regulatory elements (CREs), 
can turn gene expression on or off. The fine-
tuned regulation of where, when, and to 
what extent a gene is expressed is also 
maintained by epigenetic processes, 
such as by modulating the accessibility 
of CREs to transcription factors. On 
an evolutionary time scale, variation 
in CREs may modify the expression of 
a neighboring gene and therefore the 
phenotype of the organism. On page 
304 of this issue, Mazo-Vargas et al. 
(1) analyze the evolution of regulatory 
elements of the gene WntA, which is 
involved in wing pattern formation 
in Nymphalidae butterflies. Their 
results illustrate how gene regulatory 
elements can be conserved over a long 
time but sometimes quickly undergo 
adaptive changes.

Butterfly wing patterns provide a 
prominent model for studying the 
development and genetic regulation 
underlying evolutionary changes. 
This is because slight shifts in gene expres-
sion of a few master genes, such as WntA, 
affect the expression of several other genes, 
which can be directly observed as wing color 
and pattern variations (2–7). In the family 
Nymphalidae, which includes more than 
6000 species, patterns from different species 
deviate from the idealized nymphalid ground 
plan pattern. This idealized pattern consists 
of color elements arranged in multiple par-
allel rows across the wings, known as sym-
metry systems (8). For butterflies of the fam-

ily Nymphalidae, the WntA gene modulates 
certain elements of these symmetry systems 
and, specifically, the black coloration in the 
rather atypically patterned genus Heliconius 
(2, 3, 5), which does not display any typical 
elements of the symmetry systems. Because 
the sequence of the protein-coding region of 
WntA is very similar even in Nymphalidae 
species with different wing patterns, it was 
assumed that noncoding CREs play a key role 
in the variation of wing patterns (2).

Mazo-Vargas et al. used comparative se-
quence analysis and ATAC-seq (assay for 
transposase-accessible chromatin using 
sequencing). Combining the data from the 
two analytical methods, the authors identi-
fied CREs that might control WntA expres-
sion in five different Nymphalidae species. 
 Many of the candidate CREs are located 
immediately upstream of the WntA gene 
and in the first intron. Mazo-Vargas et al. 
find that some of these candidates show 
sequence similarity among nymphalid but-
terflies, implying that the candidates were 
present in their last common ancestor, 
whereas other candidates evolved recently.

Gene-editing techniques have been use-

ful for understanding the function of genes 
in wing patterning. For example, after inac-
tivating WntA, variations in colors and pat-
tern elements can be observed, demonstrat-
ing that this gene is involved in wing pattern 
development (5, 9). Instead of inactivating 
the gene itself, Mazo-Vargas et al. inactivated 
regulatory elements that control the gene us-
ing CRISPR-Cas9 to excise small stretches of 
DNA from the genome. The effect of this de-
letion on the phenotype of the butterfly could 
then be studied. Mazo-Vargas et al. generated 
such deletions around 46 WntA-associated 
CREs in five butterfly species covering the di-
versity of the Nymphalidae family. A similar 
CRISPR-Cas9 approach has been used in but-
terfly studies before but only on a small taxo-
nomic scale—e.g., for investigating the wing 
pattern–regulating master gene optix and its 
regulatory elements of butterflies from the 
genus Heliconius, which are also members of 
the Nymphalidae family (10).

The highly divergent wing patterns of 
members of the genus Heliconius do not 
display typical elements of the symmetry 
systems found in other Nymphalidae and 

have been proposed to either be de-
rived from the nymphalid ground 
plan pattern or to have originated in-
dependently (11). If the former is true, 
one would expect to find the same 
CREs involved in wing pattern forma-
tion in Heliconius species as in other 
Nymphalidae species. If the latter is 
true, the CREs involved in pattern 
formation in Heliconius would not be 
found in other Nymphalidae species. 
Mazo-Vargas et al. confirm that both 
explanations are partly true—both 
conserved and recently evolved CREs 
play a role in wing pattern formation. 
Inactivation of each of the five selected 
deeply conserved CREs in the species 
Heliconius himera had broad effects 
on the black coloration. This indicates 
that although Heliconius color pat-
terns look very different from those of 
other Nymphalidae species, they share 

the same regulatory elements as those butter-
flies displaying the nymphalid ground plan 
pattern. Furthermore, inactivation of CREs 
that are specific for Heliconius butterflies re-
sulted in similar phenotypes, which indicates 
that recently evolved elements have adopted 
a role in wing patterning alongside the older, 
conserved CREs.

According to Mazo-Vargas et al., the inacti-
vation of another less-conserved CRE, which 
is only found in a single species (Vanessa 
cardui) but not in a close relative (Vanessa 
tamerlana), resulted in changes in multiple 
wing elements on both wings. This cor-
roborates the idea of recently evolved CREs 
quickly becoming part of the regulatory 
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EVOLUTION

How butterfly wings 
got their pattern
Gene regulatory elements play a crucial role 
in the pattern formation of butterfly wings

Evolutionary changes in wing patterns of Nymphalidae butterflies, such 
as that of the common buckeye butterfly (Junonia coenia), are 

mediated by regulatory elements associated with a few master genes.
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pathway in color pattern formation. In some 
cases, inactivation of a CRE expanded the 
wing area where WntA is expressed, demon-
strating that some CREs may negatively con-
trol WntA transcription.

The five species analyzed by Mazo-Vargas 
et al. represent a large part of the diversity 
of the Nymphalidae family. The broadness of 
the sampling allows the authors to address 
the question of sequence similarity for regu-
latory elements at a larger scale than has 
been done by previous studies, which have 
largely restricted their experiments to a few 
closely related species. By choosing to study 
the monarch butterfly (Danaus plexippus), 
which is quite distantly related to the other 
four species in their experiment, the authors 
show that some regulatory elements are 
conserved even in species diverging almost 
90 million years ago (12). So, how far across 
the order Lepidoptera does this similarity 
extend? WntA is apparently not expressed 
in the wings of a previously studied butter-
fly species from the Pieridae family (13). It 
would be interesting to see whether WntA 
plays a role in the formation of the wing 
patterns in other butterflies and moths that 
share similar wing patterns with unpalatable 
Nymphalidae species to avoid predation. It 
is worth investigating whether the patterns 
in these insects evolved through the same 
genetic pathways—for example, involving 
WntA and the conserved wing pattern mas-
ter genes cortex and optix  (4, 6, 14, 15)—or 
whether different pathways are involved.

Mazo-Vargas et al. demonstrate that al-
though the regulatory landscape surrounding 
a gene may be stable over a long time, the loss 
or gain of CREs may suddenly enable evolu-
tionary change. The approach to manipulate 
CREs and observe the phenotypic changes 
opens possibilities for examining other gene 
regulatory questions in developmental biol-
ogy, such as those relevant for understanding 
invertebrate and vertebrate body plans. j
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 O
ptical spectrometers can measure the 
intensity of light with spectral resolu-
tion. Although laboratory benchtop 
spectrometer systems offer high reso-
lution and wide spectral range, their 
large size hampers them from being 

more widely adopted for general consumer 
products, such as wearable electronics. The 
miniaturization of spectrometers is crucial to 
making them cheaper and easier to integrate 
with other devices, which can 
help expand the use of such a 
powerful analytical tool. There 
is a wide range of potential ap-
plications for cheap and small-
sized spectrometers, from 
detecting counterfeit phar-
maceuticals and banknotes to 
monitoring specific biosignals. 
On page 296 of this issue, Yoon 
et al. (1) present a design for an 
ultraminiaturized spectrom-
eter with performance approaching that of 
benchtop systems. 

Over the past decade, the miniaturization 
of spectrometers has advanced steadily. 
However, there are often performance 
trade-offs when miniaturizing them (2). For 
example, designs that are simply scaled-
down versions of benchtop models tend to 
have relatively poor spectral resolution and 
light sensitivity. The recent development of 
“reconstructive-type” spectrometers holds 
promise to overcome these limitations by 
using a different operation principle, which 
could allow researchers to develop high-per-
formance, ultraminiaturized spectrometers.

In conventional spectrometers, a disper-
sive element, such as a prism or a diffraction 
grating, is used to spread out the spectrum of 
a light source. Then, the intensity for the dif-
ferent wavelengths is measured using a large 

array of identical detectors. By contrast, re-
constructive spectrometers do not require 
the use of a dispersive element. Instead, their 
operation principle relies on a much smaller 
number of detectors, where each detector 
is designed to measure light of a different 
wavelength range. When measuring the 
light signal, the different detectors produce 
signals that can be “reconstructed” using 
software to produce the overall spectrum (2). 
Besides eliminating the need for dispersive 
elements, this design also reduces the num-
ber of sensors from millions to tens or even 

fewer, which further facilitates 
device miniaturization.

The recent discovery of 
semiconducting nanomateri-
als with strong light-matter 
interaction opened an avenue 
for further reducing the size of 
reconstructive-type spectrom-
eters. An ultracompact micro-
spectrometer (with a footprint 
of 10 µm by 150 µm) has been 
produced with a nanowire, 

which is engineered to contain segments with 
different light-absorption spectral profiles 
(3). In addition to nanowires, two-dimen-
sional (2D) semiconductors have also been 
used to make ultracompact microspectrom-
eters. Because the optical absorption spectra 
of 2D semiconductors can be changed and 
controlled by an external electric field (4, 5), 
this enables a design with just a single de-
tector, whose absorption spectrum can be 
adjusted to scan a range of wavelengths over 
time. Previously, 2D black phosphorus was 
used to build a reconstructive-type infrared 
spectrometer with a very small footprint of 
10 µm by 20 µm (6). The device, however, 
did not work in the visible spectrum and re-
quired cryogenic temperatures to function, 
which limited its applications. 

The 2D spectrometer presented by Yoon 
et al. works in the visible spectrum under 
ambient temperature. The ultraminiaturized 
spectrometer is created using an overlapping 
junction of two different semiconducting 2D 
materials—molybdenum disulfide (MoS

2
) 

and tungsten diselenide (WSe
2
). The device 

has a footprint of 22 µm by 8 µm, which is 
smaller than the average human skin cell. 
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An ultraminiaturized 
spectrometer
Scaling down spectrometers could allow their 
application in consumer devices

“The device 
has a footprint of 

22 µm by 8 µm, 
which is smaller
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Materials and Methods 
Butterflies 

We sampled five distantly related species of nymphalids for the study: Danaus plexippus, the 
monarch butterfly; Junonia coenia, the common buckeye; Vanessa cardui, the painted lady; 
Agraulis vanillae, the gulf fritillary; and Heliconius himera, a neotropical longwing. All butterfly 
colonies were reared in the Reed Lab at Cornell University. We used a 16:8 hr light:dark cycle at 
a temperature of 27-30°C and relative humidity of 60%. Monarch butterflies were a gift of the 
Anurag Agrawal lab at Cornell University, and larvae fed on Asclepia curassavica. The J. coenia 
butterflies derived from a lab colony originated by Fred Nijhout lab at Duke University, and the 
larvae were fed an artificial diet as described by Nijhout (21). V. cardui caterpillars and artificial 
food were purchased from US Commercial Provider, Carolina Biological Supplies, catalog # 
144070, and 144040. A. vanillae pupae were purchased from Shady Oak Butterfly Farm, and H. 
himera were imported from Ecuador through LPS LLC. Larvae of A. vanillae and H. himera 
were fed on Passiflora biflora. 

 

Genome assemblies 

Here we report a novel genome sequence for A. vanillae and an improved assembly for J. coenia. 
For A. vanillae, a single female individual was obtained from a commercial breeder in Florida 
(Shady Oak Farms). High molecular weight DNA was extracted from a whole pupa using 
Qiagen Genomic-tips 100/G, and sequenced on a PacBio Sequel sequencer at the Institute for 
Genome Sciences (University of Maryland - Baltimore). An initial sequencing library used 
Sequel v2.1 chemistry and was sequenced on five SMRT cell 1M runs (30 Gb total yield, 8.7 kb 
mean subread length), and a second library prepared with Sequel v3 chemistry was sequenced on 
three additional SMRT cell 1M runs with an increase in read length (23 Gb total yield, 13.5 kb 
mean subread length). An heterozygous assembly was generated using Arrow and FalconUnzip, 
before haplotype separation using HaploMerger2 (22). The resulting haploid genome sub-
assembly 411 Mb and N50 contig length of 509 kb is available on the Dryad repository. For J. 
coenia, we improved the assembly presented in (23) using Hi-C data (24). First Haplomerger2 
was used to resolve haplotype assemblies. Next, Hi-C reads from J. coenia wings were aligned 
and a Hi-C contact map was generated using juicer (25). Last, we used 3-d DNA (26) to anchor, 
orient and order or contigs. The resulting assembly has a total length of 502 Mb, and an N50 
scaffold length of 17.8 Mb. Of note, 32 scaffolds were larger than 5 Mb, suggesting chromosome 
level assembly. The assembly is available on lepbase.org as Jc_v2. 

 

ATAC-seq 

We collected three replicates of the head, forewing, and hindwing tissue from the middle of the 
last developmental instar, for each species. Nuclei were extracted and processed as previously 
described (10), with the following modifications: For each library, 3-4 larvae were dissected in 
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ice-cold PBS, and isolated wing or head tissues were homogenized with a dounce homogenizer. 
Homogenate was then dyed with trypan blue, and nuclei were counted using a hemocytometer. 
The formula used to calculate the number of nuclei was (size human genome (3.2Gb) / butterfly 
genome size) x 50,000. Lysis and transposition were done according to the original ATAC-seq 
protocol (27). Qiagen PCR cleanup kits were used to clean transposed DNA, followed by PCR 
amplification for 10-11 cycles and a final PCR cleanup kit purification step. Libraries were 
pooled and sent to the BRC Genomics Facility at Cornell University for 2 x 37 bp paired-end 
(PE) read sequencing on an Illumina NextSeq 500. Read alignment and filtering for samples 
were performed as previously described (10). Briefly, ATAC-seq reads were aligned to each 
species' reference genome (table S3) using Bowtie2 (28). We used ATACseqQC (29) and 
Deeptools (30) packages to assess data quality. We evaluated alignment metrics, mapping 
quality, estimated library complexity, and the fraction of reads in the called peaks or FRiP score 
(table S4). Alignments were filtered, and duplicates were removed. We measured sample 
correlations using the multiBigwigSummary / plotCorrelation from Deeptools (30). Peak calls 
were made using Fseq (31). For visualization, data was normalized for each replicate and tissue 
using the bamCoverage RPKM method (30). A list of non-redundant peak coordinates was 
generated for each species data set using bedtools intersect (32). These data were used as initial 
input for DESeq2 (33) to assess the changes in ATAC-seq peak signals between tissues. 
Differential accessibility of peaks was called with Benjamini-Hochberg adjusted p-value < 0.05. 

 

Hi-C-seq 

We pooled 26 J. coenia forewing imaginal discs collected from 13 larvae in the middle of their 
final developmental instar. We followed a published in-situ Hi-C protocol (34) with 
modifications as described (10). Hi-C sequences were analyzed with HiCExplorer tools 30, 35). 
Reads were mapped against J. coenia reference genome (Jc_v2) to produce a contact matrix 
(HicBuildMatrix) at different resolution bins (1kb, 5kb, 10kb, 20kb, 50k, 100kb). Matrices were 
corrected using hicCorrectMatrix (--correctionMethod 'KR'). Finally, we estimated TAD-
separation scores to identify the degree of separation between right and left directions of the 
analyzed bin with tool hicFindTADs, and visualized them with hicPlotTADs. 

 

Whole-genome alignment and ortholog prediction 

We identified evolutionarily conserved, orthologous CREs using a known phylogenetic tree (36) 
and a multiple species alignment. Eleven representative genomes from Nymphalidae, plus a 
Papilio genome as outgroup (table S3), were aligned using progressiveCactus (37). HAL tools 
(38) was then used to validate and to export alignments to the MAF format. PhastCons was used 
to calculate conservation scores and predictions of the "most conserved" elements (39). Each of 
the five species in this study was used as a reference to generate conservation tracks for the WntA 
scaffold. Also, we used HALPER (40) to identify open chromatin orthologs between the five 
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species of interest; this tool allowed us to construct continuous orthologs segments using ATAC-
seq peaks coordinates and summits for each species. 

 

CRISPR/Cas9 mosaic shotgun CRE deletions 

ATAC-seq signal from heads was subtracted from wings using bamCompare with RPKM 
normalization from Deeptools (30) and inspected in IGV browser. We restricted the focus area to 
the region around the WntA coding sequence, limited by the TAD information resulting from Hi-
C analysis and conservation between species. The signal in the focal area was visually inspected 
in each species for sharp differentially accessible peaks with a positive signal in wings. From 
those, we selected peaks that did not overlap with exons to be incised from the genome using 
CRISPR/Cas9. We designed between 2-4 sgRNAs per peak (table S1), following the motif 
N20NGG, and purchased sgRNAs from Synthego. This "shotgun" approach of injecting multiple 
sgRNAs to produce a range of different deletion lengths in and around individual CREs (see 
below) in order to screen for different possible sequence-specific functions of the element. To 
avoid or reduce off-target effects, we checked sgRNA sequences for either: (1) being unique 
blast hits in the reference assembly (optimal case) or, (2) with few hits but with more than two 
mismatches in the first eight nucleotides adjacent to the PAM, and no PAM present. For each 
species, oviposition was stimulated by placing a host plant in their cage; eggs were collected 
after 1 – 3 hr. D. plexippus, A. vanillae, and H. himera eggs were injected without further 
treatment. J. coenia and V. cardui eggs were washed with 5% benzalkonium chloride (Sigma-
Aldrich, St Louis, MO, USA) for 60 and 30 seconds, respectively, and then dried in a desiccation 
chamber for 10 min. Finally, eggs were glued to a slide and injected using either borosilicate or 
aluminosilicate needles. Larvae were reared as described above. The final number of injected 
eggs and surviving caterpillars are in the table S5. 

 

Long-read DNA genotyping 

Our CRISPR mosaic "shotgun deletion" strategy uses 2-4 pooled sgRNAs to create indels of 
different sizes at targeted loci. To confirm the correct targeting of sgRNAs in vivo, and to assess 
relative frequencies of edit lengths, we used Nanopore long-read sequencing. DNA was extracted 
from bodies (thoracic muscle and legs) of butterflies that showed mutant phenotypes using the 
Omega Biotek E-Z 96 Tissue DNA Kit. We then PCR amplified DNA using primer pairs at least 
400 bps away from the most external sgRNAs for each CRE (table S6). Amplified samples were 
purified with KAPA pure beads. We pooled samples using the EXP-NBD196 kit, and library 
preparation was done using the Ligation Sequencing Kit (SQKLSK109) following the 
manufacturer's specifications (Version: NBA_9102_v109_revB_09Jul2020). The flow cell was 
placed on MiniON (ONT) and allowed to run for 48 hours. MinKNOW produced FAST5 files, 
and Guppy (41) performed base-calling with a high-accuracy model (--barcode_kits EXP-
NBD196, --config dna_r9.4.1_450bps_hac.cfg). Canu (42) was then used to map long read 
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sequences to the amplicon wild type sequence. Assembled contigs were filtered to remove non-
specific amplification, and positive hits on the WntA scaffold were aligned to the reference locus 
before the scoring of deletions around sgRNAs cut sites in Geneious Prime 2020.1.2. 
(https://www.geneious.com). A summary of the deletion alleles found and the average read 
coverage for each CRE are reported in Data S2 and table S7. 

 

Estimation of the shotgun deletion length distribution 
It has been reported that CRISPR/Cas9 genome editing can cause unexpected large deletions 
spanning several kilobases at a non-negligible frequency (43, 44). Such large deletions would be 
impossible to detect with PCR if they overlap with primer sites. Thus, any amplicon-based 
deletion screening will be biased towards shorter deletions, and observed deletion length 
distributions might not be fully representative of the true underlying deletion length distributions. 
Since unexpectedly large deletions might affect more than one functional genomic element (e.g., 
CREs or exons), we sought to estimate the relative distribution of large deletions. To do this we 
conducted a 2-step simulation approach to infer the true underlying deletion length distribution, 
informed by the empirically observed deletion data, along with parameters of our genotyping 
strategy (i.e., amplicon size and position of sgRNA target sites).  
 
The long-read sequencing data (Data S2, table S7) suggest that observed deletions fall into two 
modes: The first mode reflects very short deletions (≤25 bp, n=66), presumably resulting from 
cuts at only one sgRNA target site. These short deletions are frequent, and should not 
significantly contribute to the problem outlined above since they would rarely overlap with PCR 
primer sites. The second mode has a much broader length distribution with an average of 1.1 kb 
(n=215) (fig. S8). These longer deletions presumably result when multiple sgRNA target sites 
are cut simultaneously. Based on these observations, our simulation approach assumed two 
distinct processes for generating short (≤25 bp) and large deletions (> 25 bp). We first inferred 
the underlying distribution of the larger deletions (step 1), and then estimated the proportion of 
short deletions (p) afterwards (step 2). This sequential approach was justified because p only 
determines the relative abundance of short deletions and does not affect the distribution of large 
deletions.  
 
In step 1, we modeled the true underlying large (>25 bp) deletion length distribution with a 
gamma distribution defined by a scale parameter 𝑘, and a shape parameter 𝜃. Although the 
gamma distribution is only defined by 2 parameters, it is extremely versatile and includes a 
variety of standard distributions (e.g., exponential, Erlang, and chi-square) as special cases. The 
gamma distribution allowed us to model deletion length as a positive, unlimited variable with a 
distribution of arbitrary skewness and flexible shape. We systematically varied both parameters 
(𝑘#$% = 0.25, 𝑘#+, = 5, 𝑘-./0	-$2/ = 0.25; 𝜃#$% = 100, 𝜃#+, = 3000, 𝜃-./0	-$2/ = 100) and 
screened for the parameter value combination (𝑘∗, 𝜃∗) that resulted in the closest resemblance 
between simulated and empirical large deletion cumulative distribution when mimicking PCR 
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screening limitations for the simulated data. Specifically, given a parameter combination (𝑘$, 𝜃$), 
we simulated 500 observable deletions for each observed empirical large deletion. This was done 
by first sampling the center of each simulated deletion uniformly between the two outmost 
sgRNA target sites of the given locus and then drawing its length from the gamma distribution 
with the given (𝑘$, 𝜃$) pair. If the deletion had any overlap with a PCR primer site, it was 
rejected and a new deletion was simulated, until 500 observable deletions were obtained for each 
observed empirical large deletion. Overall, this resulted in 107,500 observable large deletions for 
each parameter combination (𝑘$, 𝜃$). By simulating a constant number of observable deletions 
per empirical observation, we retained the empirical relative abundances of different butterfly 
species and PCR amplicons in the simulated data. For each (𝑘$, 𝜃$) pair, we then used a 
Kolmogorov-Smirnov (KS) test to compare the simulated with the empirical large deletion 
length distribution (excluding all deletions ≤ 25 bp in both distributions). Among all tested (𝑘$, 
𝜃$) pairs, 𝑘∗ = 2.5 and 𝜃∗ = 1000 resulted in the highest resemblance (i.e., lowest KS test 
statistic) between the empirical and simulated deletion length distributions (fig. S9).  
 
In step 2, we included a proportion p of short deletions (≤ 25 bp) into our simulation approach. 
For this, we modeled large deletions with the previously determined best fitting gamma 
distribution (𝑘∗ = 2.5 and 𝜃∗ = 1000) and then systematically varied the proportion of small 
deletions that are simulated for each empirical observation (𝑝#$% = 0, 𝑝#+, = 1, 𝑝-./0	-$2/ =
0.01). For simplicity, we set the length of both – simulated and empirical – short deletions to 0, 
since we are not interested in the precise length distribution of these short deletions, but only 
their relative proportion among all deletions. For each value of p, the resemblance of the 
observable simulated and empirical deletion length distribution – both now consisting of short 
and large deletions – was again assessed with the KS test. Among all tested proportions, 𝑝∗ =
0.22 resulted in the highest resemblance (i.e., lowest KS test statistic, fig. S10). Finally, to 
estimate the frequency of overlooked large deletions in our data, we simulated 1,000,000 
deletions using the inferred parameters of our best fitting true deletion length model (22 % short 
deletions and long deletions drawn from a gamma distribution with 𝑘∗ = 2.5 and 𝜃∗ = 1000), 
but without mimicking PCR screening limitations. For this distribution, 64 % of all deletions 
were smaller than the average amplicon size (2339 bp) in our deletion sequencing data (fig. S11), 
suggesting that they should be detectable by the PCR screening approach. From this simulated 
distribution we calculated P30-P90 values, which indicate the percentage of deletions expected 
to be under a certain length (e.g., a P50 of 1.7 kb means that 50% of deletions are 1.7kb or less), 
and graphically mapped these values at each deletion target (fig. S3). 
 
It is important to note that this simulation approach has some limitations. First, it assumes that all 
large deletions, both observed and unobserved, are generated by the same underlying process. 
We cannot absolutely rule out that there could exist some additional process that generates 
exceptionally large, unobservable deletions. It is not clear, however, what such a process would 
be. The power of our analysis is also limited by the amount of empirical data (281 deletions), 
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which results in some uncertainty for parameter fitting (fig. S9). While 𝑝∗ = 22	%, 𝑘∗ = 2.5 and 
𝜃∗ = 1000 yielded the best fit (i.e., lowest KS test statistic) among all tested parameter 
combinations, but there is some noise in this analysis. We therefore cannot exclude that a 
different parameter combination could provide a better fit if there were more data. From the data 
we do have, however, there is no reason to assume that we are dramatically underestimating long 
deletions. This is also consistent with the fact that we do not observe a strong truncation at the 
right tail of the empirical deletion length distribution, which we would expect if most deletions 
were in fact too long for us to detect. Thus, while we cannot rule out that very long deletions 
may be occurring at some rate, all empirical data and simulations suggest that the majority of 
deletions should be observed with our PCR screening approach.  
 
Generation and genotyping of V. cardui CRE 23 F1 and F2 mutants 
V. cardui eggs were injected within a maximum of one hour after being laid using the three 
sgRNAs (table S1). Caterpillars were reared as described above. We crossed G0 crispants in 
pools of 10-20 butterflies in single cages with a 50:50 sex ratio to obtain F1 individuals.  Eggs 
were collected for the next generation, with a subsequent cross of ten F1 butterflies, 50:50 sex 
ratio. DNA was extracted from the thorax of F1 and F2 adult butterflies with mutant phenotypes 
on their wings. PE150 libraries were sequenced in an Illumina NovaSeq6000 S4 Flow cell at the 
Institute for Genome Sciences (University of Maryland - Baltimore). Read alignments to the V. 
cardui reference genome (Table S3) were generated using BWA-MEM (45). Mosdepth (46) 
calculated the median genome-wide sequencing coverage for 10bp fixed-size windows along the 
scaffold that includes WntA. To normalize the data, coverage values for each window were 
divided by the average depth for the complete scaffold. Two CRISPR/Cas9 deletion alleles were 
observed around the gRNA target sites in each of the sequenced butterflies after inspection of the 
coverage plots and the alignments on IGV 2.13 (47) (fig. S7). Although we sequenced a limited 
number of progeny, it is worth noting that between the eight alleles observed there were ten 
deletion events 90% smaller than the simulated P30 deletion length (818bp), which is consistent 
with the predicted deletion length distribution described above. Fluctuations in coverage profiles 
outside the target region result from population variation compared to the reference genome.  
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Fig. S1. Chromatin accessibility tracks (ATAC-seq) for each species sampled in this study. 
Orthologous CREs assessed in this study are highlighted in blue while lineage-specific elements 
are highlighted in grey. Purple numbers are the IDs for each CRE knocked out in this study.  
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Fig. S2. Distribution of accessible chromatin regions in ancestral and lineage-specific WntA 
TAD sequences. Proportion of peak calls from ATAC-seq profiles overlapping with the 'most 
conserved' DNA regions were calculated by PhastCons. Most of the ATAC-seq peaks are not 
differentially accessible between head and wing tissue (grey), but of the differentially accessible 
peaks, most are wing-specific (blue).  
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Fig. S3 (previous page). Predicted P30-P90 intervals for expected deletion sizes for each 
target CRE and the presence of mutant clones in wings. ATAC-seq profiles for (A) D. 
plexippus, (B) A. vanillae, (C) H. himera, (D) J. coenia, and (E) V. cardui. Dotted lines are the 
middle portion of the expected sgRNAs deletion range with a heatmap with the percentile (P30-
P90) sizes of the predicted deletions. We recorded the presence (✓) and absence (-!) of mutant 
clones in the basal (green), median (cyan), and distal (magenta) regions of butterfly wings. Gray 
and black colors in the butterfly cartoons are for pattern reference.
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Fig. S4. Phylogenetic histories of WntA CREs in this study. Sequence conservation of an 
expanded selection of butterflies reveals deep conservation of many WntA CREs, as well as a 
handful of recently derived elements in several lineages. Solid color boxes indicate orthologous 
regions. Divergence times from Espeland et al. (47).  
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Fig. S5. A recently derived, species-specific CRE regulates multiple ancestral wing patterns. 
(A) V. cardui wild type. (B-F) WntA CRE 24 mosaic knockout (mKO) shows effects across 
multiple pattern elements. Wild type (WT), and mKaO phenotypes are from contralateral (CL) 
wings of the same individual in A-D and E-F. The arrows point to mutant changes in pattern 
between contralateral wings.  
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Fig. S6 (previous page). Examples of gain- and loss-of-function from WntA CRE knockouts 
in five nymphalid species. (A) D. plexippus ventral wild type wings. (B-D) ventral wings of WntA 
CRE 9 mKO. (E) A. vanillae ventral wild type wings, (F-H) wings of a WntA CRE 7 mKO crispant 
showing both WntA GOF and LOF clonal effects. (I-J) dorsal and (K-L) ventral forewings of H. 
himera WntA CRE 13 mKO. (M) V. cardui wild type ventral forewing. (N-P) V. cardui WntA CRE 
21 mKO effects in the ventral forewing. J. coenia WntA CRE 7 mKO, (Q-R) in ventral hindwing, 
(S-T) and dorsal forewings. Cyan dots are vein-based wing landmarks. Magenta lines and arrows 
highlight the gain-of-function (GOF) phenotypic effects, while green colors indicate loss-of-
function (LOF) effects.  
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Fig. S7. F1 and F2 WntA CRE 23 mutant genotypes. Genotyping by whole-genome resequencing 
of (A) one F1 and (B-D) three F2 V. cardui WntA CRE 23 mutants presenting gain- and/or loss-of-
function effects in butterfly color patterns (see Fig 3) with aligned PE150 Illumina reads revealing 
different knockout alleles. A-D represent compound heterozygosity of two deletion alleles at the 
targeted site. Cyan arrowheads and dashed annotations show regions with color pattern effects. (E) 
Normalized mean sequencing coverage around the target site. 
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Fig. S8. Empirical deletion length distribution. Shotgun deletion sequencing data, n=281 
deletion alleles. A deletion length of 25 bp – the chosen threshold separating short and large 
deletions in our simulation approach – is highlighted as a vertical dotted line.  
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Fig. S9. Large deletion simulations (step 1). (A) Difference in Kolmogorov-Smirnov test statistic 
(KS) between the gamma distribution with the closest resemblance (orange dot, min (KS)=0.06) 
and other gamma distributions when compared to the empirical large deletion data. Two additional 
randomly chosen parameter combinations are highlighted in sky-blue and sea-green respectively. 
(B) Standardized empirical (histogram) vs. simulated (dots) large deletion length distributions. 
Dots are colored according to the used shape and scale parameters (see fig. S9A).   
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Fig. S10. Small deletion simulations (step 2). (A) Difference in Kolmogorov-Smirnov test 
statistic (KS) between the gamma distribution with the closest resemblance (orange dot, min (KS) 
= 0.05) and other gamma distributions when contrasted to the empirical deletion data. While the 
proportion of short deletions varied (x-axis), large deletions were simulated with a gamma 
distribution using a shape parameter of 2.5, and a scale parameter of 1000. Two additional 
randomly chosen parameter values are highlighted in sky-blue and sea-green respectively. (B) 
Standardized empirical (histogram) vs. observable simulated (dots) deletion length distributions. 
Dots are colored according to the used proportion parameter p (see fig. S10A).  
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Fig. S11. Cumulative distribution of 1,000,000 simulated deletions. (22 % short deletions, large 
deletions drawn from a gamma distribution with shape parameter of 2.5 and a scale parameter of 
1000) without considering PCR screening limitations. The average PCR amplicon size (2339 bp) 
of our deletion sequencing data is highlighted as a vertical dotted line.   
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Table S1. 
List of sgRNAs used in CRISPR-Cas9 knock-out experiments. wCRE= WntA cis-regulatory 
element. Vc: Vanessa cardui, Jc: Junonia coenia, Av: Agraulis vanillae, Dp: Danaus plexippus, 
Hhim: Heliconius himera. 

 
continuation table S1…. 
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Table S2. 
Genome coordinates of target ATAC-seq peaks per each species. 
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Table S3. 
List of species and genome sequence sources used in this study. 
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Table S4. 
ATAC-seq samples with the alignment and quality control statistics. Non-Redundant Fraction 
(NRF), PCR Bottlenecking Coefficients 1 and 2 (PBC1, PBC2), fraction of reads in called peak 
region (FRip) 

  



 

25 
 

Table S5.  
Summary of CRISPR/Cas9 experiments and number of mosaic mutant adults. 
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Table S6. 
List of oligos used to amplify regions containing target CREs 
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Table S7. 
Nanopore sequencing coverage statistics.  
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Data S1. (separate xlxs file - sheet 1) 
List of all mKOs obtained from CRE shotgun CRISPR/Cas9 experiments. Knock-out effect in 
adult wings is code as Loss-of-function (L), Gain-of-function (G), presence of Loss-of-Function 
and Gain-of-Function effects on the same wing surface (T), ambiguous effects (A). No 
phenotype effects (NP). DFw=Dorsal Forewing, DHw=Dorsal Hindwing, VFw= Ventral 
Forewing, VHw=Ventral Hindwing 
 
Dats S2. (separate xlxs file - sheet 2) 
List of deletion alleles found in mKO butterflies using long-read sequencing. 



Species Ortholog CRE # Species CRE ID Mutant - ID DFw DHw VFw VHw Size mutant clones
A vanillae CRE# 07 wcreAv01 wcreAv01-01 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-02 G G T G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-03 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-04 G T T G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-05 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-06 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-07 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-08 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-09 G NP G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-10 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-11 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-12 G G T G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-13 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-14 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-15 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-16 G G G G Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-17 G G G T Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-m1 G G T T Medium to large
A vanillae CRE# 07 wcreAv01 wcreAv01-m2 T G T G Medium to large
A vanillae CRE# 18 wcreAv02 wcreAv02-01 G G T G Medium to large
A vanillae CRE# 18 wcreAv02 wcreAv02-02 G G G G Small 
A vanillae CRE# 18 wcreAv02 wcreAv02-03 NP NP T G Small 
A vanillae CRE# 18 wcreAv02 wcreAv02-04 L NP G NP Small 
A vanillae CRE# 18 wcreAv02 wcreAv02-05 L G T T Medium to large
A vanillae CRE# 18 wcreAv02 wcreAv02-06 G G NP L Medium to large
A vanillae CRE# 18 wcreAv02 wcreAv02-07 G G L G Medium to large
A vanillae CRE# 15 wcreAv03 wcreAv03-01 NP NP NP G Small 
A vanillae CRE# 15 wcreAv03 wcreAv03-02 L L L L Medium to large
A vanillae CRE# 15 wcreAv03 wcreAv03-03 G G G G Medium to large
A vanillae CRE# 15 wcreAv03 wcreAv03-04 L G L G Medium to large
A vanillae CRE# 21 wcreAv04 wcreAv04-01 G NP G G Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-02 G NP G NP damage mutant
A vanillae CRE# 21 wcreAv04 wcreAv04-03 L L L L Medium to large
A vanillae CRE# 21 wcreAv04 wcreAv04-04 L L T L Medium to large
A vanillae CRE# 21 wcreAv04 wcreAv04-05 L L L L Medium to large
A vanillae CRE# 21 wcreAv04 wcreAv04-06 NP L NP NP Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-07 NP NP G NP Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-08 NP NP T L Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-09 G L NP NP Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-10 L L G L Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-11 G G G G Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-12 NP NP G G Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-13 NP NP L NP Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-15 NP L L L Small 
A vanillae CRE# 21 wcreAv04 wcreAv04-16 NP NP L NP Small 
A vanillae CRE# 06 wcreAv05 wcreAv05-01 NP NP L L Medium to large
A vanillae CRE# 06 wcreAv05 wcreAv05-02 NP NP NP G Small 
A vanillae CRE# 06 wcreAv05 wcreAv05-03 NP G T G Medium to large
A vanillae CRE# 06 wcreAv05 wcreAv05-04 NP NP G G Medium to large
A vanillae CRE# 06 wcreAv05 wcreAv05-07 L L T L Small 
A vanillae CRE# 06 wcreAv05 wcreAv05-08 NP G NP L Small 
A vanillae CRE# 12 wcreAv06 wcreAv06-01 G A T T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-02 A G G T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-03 G NP NP NP Medium to large

Data S1. List of all mKOs obtained from CRE shotgun CRISPR/Cas9 experiments. Knock-out effect in adult wings is code as Loss-
of-Function (L), Gain-of-Function (G), presence of Loss-of-Function and Gain-of-Function effects on the same wing surface (T), 
ambiguous effects (A). No phenotype effects (NP). DFw=Dorsal Forewing, DHw=Dorsal Hindwing, VFw= Ventral Forewing, 
VHw=Ventral Hindwing



A vanillae CRE# 12 wcreAv06 wcreAv06-04 G G T NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-05 G NP T L Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-06 NP G T NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-07 NP NP NP T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-08 G A T G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-09 T L T G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-10 G G L G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-11 G G G NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-12 T A T NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-13 NP G G T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-14 G G G G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-15 L L L A Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-16 G G A G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-17 L A L L Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-18 G G G NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-20 G G A T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-21 G G L A Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-22 G G L T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-23 NP NP G T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-24 G A NP A Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-25 G G T A Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-26 A G T L Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-27 NP A NP G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-28 G NP G NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-29 A A T G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-30 L NP T T Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-31 G G G NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-32 G G T G Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-33 L G T NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-34 A G T NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-35 NP G NP NP Medium to large
A vanillae CRE# 12 wcreAv06 wcreAv06-37 NP NP NP T Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-01 NP NP NP L Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-03 NP L L L Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-04 L L T G Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-05 NP NP NP L Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-06 A L L L Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-08 L NP L G Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-09 L L L L Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-10 L NP L A Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-11 NP NP L NP Small 
A vanillae CRE# 23 wcreAv07 wcreAv07-12 NP NP L G Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-13 L L L A Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-14 L L L NP Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-15 NP L NP T Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-16 NP L L NP Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-17 L NP L NP Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-18 NP L G L Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-20 L L L G Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-23 NP NP L NP Small 
A vanillae CRE# 23 wcreAv07 wcreAv07-25 NP NP L NP Small 
A vanillae CRE# 23 wcreAv07 wcreAv07-26 A A L NP Small 
A vanillae CRE# 23 wcreAv07 wcreAv07-27 NP NP L NP Small 
A vanillae CRE# 23 wcreAv07 wcreAv07-28 NP NP L NP Medium to large
A vanillae CRE# 23 wcreAv07 wcreAv07-29 A G NP NP Medium to large
A vanillae CRE# 01 wcreAv09 wcreAv09-01 G NP NP G Small 
A vanillae CRE# 01 wcreAv09 wcreAv09-02 NP NP T A Small 
A vanillae CRE# 01 wcreAv09 wcreAv09-04 NP NP L NP Small 
A vanillae CRE# 05 wcreAv10 wcreAv10-01 L NP L L Medium to large



A vanillae CRE# 05 wcreAv10 wcreAv10-02 L L L L Medium to large
A vanillae CRE# 05 wcreAv10 wcreAv10-03 L NP L L Medium to large
A vanillae CRE# 05 wcreAv10 wcreAv10-04 L L L L Medium to large
A vanillae CRE# 05 wcreAv10 wcreAv10-05 A L L NP Medium to large
A vanillae CRE# 05 wcreAv10 wcreAv10-06 L L L L Medium to large
A vanillae CRE# 05 wcreAv10 wcreAv10-07 L L L L Medium to large
A vanillae CRE# 05 wcreAv10 wcreAv10-08 L L L L Medium to large
D plexippus CRE# 04 wcreDp01 wcreDp01-01 G L L L Medium to large
D plexippus CRE# 04 wcreDp01 wcreDp01-02 T G L L Medium to large
D plexippus CRE# 04 wcreDp01 wcreDp01-03 G NP L L Medium to large
D plexippus CRE# 04 wcreDp01 wcreDp01-06 NP L L L Medium to large
D plexippus CRE# 04 wcreDp01 wcreDp01-07 NP L L NP Medium to large
D plexippus CRE# 04 wcreDp01 wcreDp01-08 A NP A L Small 
D plexippus CRE# 04 wcreDp01 wcreDp01-10 NP NP L L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-01 G NP L NP Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-03 G NP T L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-04 G NP T L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-05 L NP T T Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-06 G NP G T Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-07 G G NP G medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-09 G G NP NP Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-11 G G G G Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-12 L NP L L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-13 NP NP G L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-14 G NP NP NP Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-18 G G G NP Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-20 G T T L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-22 G A A L Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-23 G G G T Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-24 G A G T Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-25 G NP G L Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-26 T L L NP Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-31 T T G L Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-34 T NP T L Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-40 G L T NP Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-41 NP G A L Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-45 G NP G NP Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-47 G A NP G Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-48 G NP G NP Small 
D plexippus CRE# 08 wcreDp02 wcreDp02-49 G NP G L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-50 G G G L Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-51 G A L G Medium to large
D plexippus CRE# 08 wcreDp02 wcreDp02-52 G NP NP L Medium to large
D plexippus CRE# 22 wcreDp03 wcreDp03-02 G G T L Medium to large
D plexippus CRE# 22 wcreDp03 wcreDp03-14 NP NP L L Medium to large
D plexippus CRE# 22 wcreDp03 wcreDp03-19 G NP NP NP Small 
D plexippus CRE# 22 wcreDp03 wcreDp03-25 G NP L NP Medium to large
D plexippus CRE# 22 wcreDp03 wcreDp03-27 L NP L L Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-01 NP L NP L Small 
D plexippus CRE# 09 wcreDp04 wcreDp04-07 G G T L Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-09 G NP G L Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-11 G NP T L Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-15 NP G G L Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-17 G NP G NP Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-18 NP G L L Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-21 NP G G NP Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-24 G G NP NP Medium to large
D plexippus CRE# 09 wcreDp04 wcreDp04-28 G NP T T Medium to large
D plexippus CRE# 16 wcreDp05 wcreDp05-01 T L L L Medium to large



D plexippus CRE# 16 wcreDp05 wcreDp05-09 G A L L Small 
D plexippus CRE# 02 wcreDp06 wcreDp06-01 A L L L Medium to large
D plexippus CRE# 02 wcreDp06 wcreDp06-02 G NP NP L Medium to large
D plexippus CRE# 02 wcreDp06 wcreDp06-03 NP G NP L Small 
D plexippus CRE# 02 wcreDp06 wcreDp06-04 G NP L L Medium to large
D plexippus CRE# 02 wcreDp06 wcreDp06-06 T G NP L Medium to large
D plexippus CRE# 02 wcreDp06 wcreDp06-09 G G G L Medium to large
D plexippus CRE# 02 wcreDp06 wcreDp06-10 L NP L L Small 
D plexippus CRE# 02 wcreDp06 wcreDp06-11 NP L NP L Medium to large
D plexippus CRE# 02 wcreDp06 wcreDp06-12 L L NP L Small 
D plexippus CRE# 02 wcreDp06 wcreDp06-13 T L NP L Medium to large
D plexippus CRE# 02 wcreDp06 wcreDp06-22 NP G NP NP Small 
D plexippus CRE# 02 wcreDp06 wcreDp06-23 G NP NP L Small 
D plexippus CRE# 05 wcreDp07 wcreDp07-01 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-02 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-03 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-04 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-05 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-06 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-07 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-08 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-10 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-11 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-12 L NP L L Small 
D plexippus CRE# 05 wcreDp07 wcreDp07-18 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-20 NP NP NP L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-22 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-23 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-24 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-25 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-26 L L L L Medium to large
D plexippus CRE# 05 wcreDp07 wcreDp07-27 L L L L Medium to large
H himera CRE# 07 wcreHhim01 wcreHhim01-01 G NP G NP Medium to large
H himera CRE# 07 wcreHhim01 wcreHhim01-02 L NP L NP Medium to large
H himera CRE# 07 wcreHhim01 wcreHhim01-04 G NP A NP Small 
H himera CRE# 07 wcreHhim01 wcreHhim01-05 A NP A NP doubful mutant
H himera CRE# 07 wcreHhim01 wcreHhim01-06 L NP L NP Small 
H himera CRE# 07 wcreHhim01 wcreHhim01-m1 G NP G NP Medium to large
H himera CRE# 18 wcreHhim02 wcreHhim02-01 T NP T NP Medium to large
H himera CRE# 18 wcreHhim02 wcreHhim02-02 G NP G NP Medium to large
H himera CRE# 18 wcreHhim02 wcreHhim02-03 G NP T NP Medium to large
H himera CRE# 18 wcreHhim02 wcreHhim02-04 T NP T NP Medium to large
H himera CRE# 18 wcreHhim02 wcreHhim02-05 G NP G NP Small 
H himera CRE# 18 wcreHhim02 wcreHhim02-06 A NP A NP doubful mutant
H himera CRE# 18 wcreHhim02 wcreHhim02-m1 G NP G NP Medium to large
H himera CRE# 15 wcreHhim03 wcreHhim03-02 G NP G NP Medium to large
H himera CRE# 15 wcreHhim03 wcreHhim03-03 T NP T NP Medium to large
H himera CRE# 15 wcreHhim03 wcreHhim03-04 T NP G NP Medium to large
H himera CRE# 15 wcreHhim03 wcreHhim03-05 A NP T NP Medium to large
H himera CRE# 21 wcreHhim04 wcreHhim04-01 A NP A NP doubful mutant
H himera CRE# 21 wcreHhim04 wcreHhim04-03 A NP A NP doubful mutant
H himera CRE# 21 wcreHhim04 wcreHhim04-05 A NP A NP doubful mutant
H himera CRE# 12 wcreHhim06 wcreHhim06-01 T NP T L Small 
H himera CRE# 12 wcreHhim06 wcreHhim06-02 G NP G NP Small 
H himera CRE# 12 wcreHhim06 wcreHhim06-05 A NP L NP Medium to large
H himera CRE# 13 wcreHhim07 wcreHhim07-01 A NP G NP Small 
H himera CRE# 13 wcreHhim07 wcreHhim07-02 A NP NP NP Small 
H himera CRE# 13 wcreHhim07 wcreHhim07-03 L L L L Medium to large
H himera CRE# 13 wcreHhim07 wcreHhim07-04 T NP L A Medium to large



H himera CRE# 14 wcreHhim08 wcreHhim08-01 G NP G NP Medium to large
H himera CRE# 14 wcreHhim08 wcreHhim08-02 A NP G NP Small 
H himera CRE# 14 wcreHhim08 wcreHhim08-03 G NP G NP Small 
H himera CRE# 05 wcreHhim10 wcreHhim10-m1 L NP L NP Medium to large
J coenia CRE# 10 wcreJc01 wcreJc01-27 G G NP L Small 
J coenia CRE# 10 wcreJc01 wcreJc01-30 NP NP NP A Small 
J coenia CRE# 10 wcreJc01 wcreJc01-31 A NP NP NP Small 
J coenia CRE# 10 wcreJc01 wcreJc01-32 A NP NP NP Small 
J coenia CRE# 10 wcreJc01 wcreJc01-33 A NP NP NP Small 
J coenia CRE# 10 wcreJc01 wcreJc01-37 A NP L NP Small 
J coenia CRE# 10 wcreJc01 wcreJc01-43 NP NP A NP Small 
J coenia CRE# 07 wcreJc02 wcreJc02-59 NP NP NP L Small 
J coenia CRE# 07 wcreJc02 wcreJc02-64 NP NP NP A Small 
J coenia CRE# 07 wcreJc02 wcreJc02-65 NP NP NP L Small 
J coenia CRE# 07 wcreJc02 wcreJc02-66 G NP NP NP Small 
J coenia CRE# 21 wcreJc03 wcreJc03-01 NP NP L NP Medium to large
J coenia CRE# 21 wcreJc03 wcreJc03-34 A NP NP NP Small 
J coenia CRE# 21 wcreJc03 wcreJc03-49 NP NP G NP Small 
J coenia CRE# 21 wcreJc03 wcreJc03-50 L NP NP NP Small 
J coenia CRE# 21 wcreJc03 wcreJc03-52 NP NP NP L small 
J coenia CRE# 21 wcreJc03 wcreJc03-54 L NP NP NP small 
J coenia CRE# 21 wcreJc03 wcreJc03-56 L NP NP NP Small 
J coenia CRE# 06 wcreJc04 wcreJc04-14 A NP NP L Small 
J coenia CRE# 06 wcreJc04 wcreJc04-15 NP NP L NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-04 NP NP G NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-06 NP NP G NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-09 NP NP A NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-10 NP A NP NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-17a NP NP A A Medium to large
J coenia CRE# 20 wcreJc05 wcreJc05-17b L NP NP A Small 
J coenia CRE# 20 wcreJc05 wcreJc05-18 NP NP NP L Medium to large
J coenia CRE# 20 wcreJc05 wcreJc05-20 G NP L L Medium to large
J coenia CRE# 20 wcreJc05 wcreJc05-21 NP NP NP L Medium to large
J coenia CRE# 20 wcreJc05 wcreJc05-24 NP NP L NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-25 NP NP NP NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-26 NP NP G NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-27 NP NP NP NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-29 NP NP A L Medium to large
J coenia CRE# 20 wcreJc05 wcreJc05-30 G NP NP NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-32 G NP NP NP Small 
J coenia CRE# 20 wcreJc05 wcreJc05-33 NP NP L NP Small 
J coenia CRE# 17 wcreJc06 wcreJc06-24 NP NP A A Small 
J coenia CRE# 17 wcreJc06 wcreJc06-30 NP G NP NP Medium to large
J coenia CRE# 17 wcreJc06 wcreJc06-38 A NP NP NP Small 
J coenia CRE# 17 wcreJc06 wcreJc06-40 L NP NP A small 
J coenia CRE# 17 wcreJc06 wcreJc06-41 NP NP L NP Small 
J coenia CRE# 23 wcreJc07 wcreJc07-13 NP NP L L Small 
J coenia CRE# 23 wcreJc07 wcreJc07-15 NP NP L NP Small 
J coenia CRE# 23 wcreJc07 wcreJc07-16 NP NP L NP Small 
J coenia CRE# 12 wcreJc09 wcreJc09-01 NP NP L L Medium to large
J coenia CRE# 12 wcreJc09 wcreJc09-02 NP NP NP L Medium to large
J coenia CRE# 12 wcreJc09 wcreJc09-03 NP NP L L Medium to large
J coenia CRE# 12 wcreJc09 wcreJc09-04 NP NP L NP Medium to large
J coenia CRE# 12 wcreJc09 wcreJc09-05 NP NP NP L Medium to large
J coenia CRE# 12 wcreJc09 wcreJc09-06 NP NP A NP Small 
J coenia CRE# 12 wcreJc09 wcreJc09-07 NP NP A NP Small 
J coenia CRE# 05 wcreJc10 wcreJc10-01 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-02 L NP L NP Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-03 L NP L L Medium to large



J coenia CRE# 05 wcreJc10 wcreJc10-04 L NP L NP Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-05 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-06 NP NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-07 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-08 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-09 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-10 NP NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-11 L NP L NP Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-12 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-13 NP NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-14 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-15 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-16 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-17 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-18 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-19 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-20 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-21 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-22 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-23 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-24 NP NP NP L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-25 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-26 L NP L L Medium to large
J coenia CRE# 05 wcreJc10 wcreJc10-27 L NP L L Medium to large
V cardui CRE# 10 wcreVc01 wcreVc01-12 NP NP G NP medium to large
V cardui CRE# 10 wcreVc01 wcreVc01-13 A NP G A Small 
V cardui CRE# 10 wcreVc01 wcreVc01-15 A NP NP A Small 
V cardui CRE# 10 wcreVc01 wcreVc01-16 NP NP A NP Small 
V cardui CRE# 10 wcreVc01 wcreVc01-17 NP NP NP G Small 
V cardui CRE# 10 wcreVc01 wcreVc01-23 NP NP L NP Small 
V cardui CRE# 07 wcreVc02 wcreVc02-03 L L NP NP Small 
V cardui CRE# 07 wcreVc02 wcreVc02-04 A NP NP NP Small 
V cardui CRE# 07 wcreVc02 wcreVc02-05 NP NP L NP Small 
V cardui CRE# 07 wcreVc02 wcreVc02-06 A NP A NP Small 
V cardui CRE# 07 wcreVc02 wcreVc02-07 A NP NP L Small 
V cardui CRE# 07 wcreVc02 wcreVc02-10 NP NP NP L Small 
V cardui CRE# 07 wcreVc02 wcreVc02-20 A NP A L Medium to large
V cardui CRE# 07 wcreVc02 wcreVc02-21 NP NP A NP Small 
V cardui CRE# 24 wcreVc03 wcreVc03-08 L A A NP Medium to large
V cardui CRE# 24 wcreVc03 wcreVc03-12 NP NP A NP Small 
V cardui CRE# 24 wcreVc03 wcreVc03-17 NP NP G NP Small 
V cardui CRE# 24 wcreVc03 wcreVc03-18 NP NP A A Small 
V cardui CRE# 24 wcreVc03 wcreVc03-20 NP NP NP L Small 
V cardui CRE# 24 wcreVc03 wcreVc03-21 NP NP NP G Small 
V cardui CRE# 24 wcreVc03 wcreVc03-23 NP NP A G Small 
V cardui CRE# 24 wcreVc03 wcreVc03-29 NP NP L NP Medium to large
V cardui CRE# 24 wcreVc03 wcreVc03-34 A NP L L Medium to large
V cardui CRE# 24 wcreVc03 wcreVc03-35 NP NP A A Small 
V cardui CRE# 24 wcreVc03 wcreVc03-39 NP NP NP L Small 
V cardui CRE# 24 wcreVc03 wcreVc03-41 G NP NP L Small 
V cardui CRE# 24 wcreVc03 wcreVc03-46 NP NP L NP Small 
V cardui CRE# 24 wcreVc03 wcreVc03-53 G G G G Medium to large
V cardui CRE# 24 wcreVc03 wcreVc03-57 L G A G Medium to large
V cardui CRE# 24 wcreVc03 wcreVc03-62 L NP L L Small 
V cardui CRE# 11 wcreVc04 wcreVc04-06 L NP L NP Small 
V cardui CRE# 11 wcreVc04 wcreVc04-15 NP NP G NP Small 
V cardui CRE# 11 wcreVc04 wcreVc04-21 L NP NP NP Small 
V cardui CRE# 11 wcreVc04 wcreVc04-32 NP NP G NP Small 
V cardui CRE# 11 wcreVc04 wcreVc04-34 NP NP NP G Medium to large



V cardui CRE# 20 wcreVc05 wcreVc05-01 NP NP NP L Small 
V cardui CRE# 20 wcreVc05 wcreVc05-03 L NP G G Small 
V cardui CRE# 20 wcreVc05 wcreVc05-09 NP NP NP L Small 
V cardui CRE# 20 wcreVc05 wcreVc05-12 L NP T NP Small 
V cardui CRE# 20 wcreVc05 wcreVc05-13 L NP A A Small 
V cardui CRE# 20 wcreVc05 wcreVc05-17 G NP L L Medium to large
V cardui CRE# 20 wcreVc05 wcreVc05-18 L NP NP NP Medium to large
V cardui CRE# 20 wcreVc05 wcreVc05-22 L NP A NP Small 
V cardui CRE# 20 wcreVc05 wcreVc05-23 NP NP A L Small 
V cardui CRE# 20 wcreVc05 wcreVc05-24 G NP A L Medium to large
V cardui CRE# 20 wcreVc05 wcreVc05-26 L NP L NP Small 
V cardui CRE# 20 wcreVc05 wcreVc05-28 NP NP NP A Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-01 G NP G NP Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-02 G NP NP NP Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-03 G NP G NP Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-06 G NP G L Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-10 NP NP NP L Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-12 NP NP G NP Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-13 NP NP G NP Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-14 G NP G NP Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-15 T NP G G Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-16 G NP G NP Medium to large
V cardui CRE# 17 wcreVc06 wcreVc06-19 G NP G G Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-01 T NP T L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-02 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-06 L NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-07 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-08 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-09 G NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-10 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-11 NP NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-12 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-13 G NP NP NP Small 
V cardui CRE# 23 wcreVc07 wcreVc07-14 NP NP A A Small 
V cardui CRE# 23 wcreVc07 wcreVc07-17 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-18 G L G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-19 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-21 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-24 NP NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-25 G NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-31 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-32 G NP T NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-33 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-35 NP NP T NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-36 G NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-40 G A G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-42 G NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-48 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-51 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-52 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-54 T L G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-55 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-57 G NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-58 NP NP G NP Small 
V cardui CRE# 23 wcreVc07 wcreVc07-60 NP NP G NP Small 
V cardui CRE# 23 wcreVc07 wcreVc07-62 G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-66 G NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-68 NP NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-69 G NP G L Medium to large



V cardui CRE# 23 wcreVc07 wcreVc07-70 NP NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-73 G NP G L Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-78 G NP G A Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-80a G NP NP G Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-80b G NP G NP Medium to large
V cardui CRE# 23 wcreVc07 wcreVc07-82 G NP G NP Medium to large
V cardui CRE# 21 wcreVc09 wcreVc09-02 G NP G NP Medium to large
V cardui CRE# 21 wcreVc09 wcreVc09-13 NP NP NP A Small 
V cardui CRE# 21 wcreVc09 wcreVc09-23 NP NP NP A Small 
V cardui CRE# 21 wcreVc09 wcreVc09-27 NP NP A NP Small 
V cardui CRE# 21 wcreVc09 wcreVc09-29 NP NP G NP Small 
V cardui CRE# 21 wcreVc09 wcreVc09-36 NP NP L NP Medium to large
V cardui CRE# 21 wcreVc09 wcreVc09-37 G NP NP NP Medium to large
V cardui CRE# 21 wcreVc09 wcreVc09-40 NP NP G G Small 
V cardui CRE# 21 wcreVc09 wcreVc09-41 G NP G A Small 
V cardui CRE# 21 wcreVc09 wcreVc09-42 NP NP NP L Small 
V cardui CRE# 21 wcreVc09 wcreVc09-43 NP NP G NP Small 
V cardui CRE# 21 wcreVc09 wcreVc09-44 G NP G NP Medium to large
V cardui CRE# 21 wcreVc09 wcreVc09-45 G NP G A Medium to large
V cardui CRE# 21 wcreVc09 wcreVc09-47 A NP G NP Small 
V cardui CRE# 21 wcreVc09 wcreVc09-48 G NP G NP Small 
V cardui CRE# 05 wcreVc10 wcreVc10-01 L L L NP Small 
V cardui CRE# 19 wcreVc11 wcreVc11-01 G NP G NP Medium to large
V cardui CRE# 19 wcreVc11 wcreVc11-03 NP NP G NP Medium to large
V cardui CRE# 19 wcreVc11 wcreVc11-05 G NP NP NP Small 
V cardui CRE# 19 wcreVc11 wcreVc11-06 NP NP NP G Medium to large
V cardui CRE# 19 wcreVc11 wcreVc11-07 G NP G NP Medium to large
V cardui CRE# 19 wcreVc11 wcreVc11-08 G A G NP Medium to large



Dats S2. List of deletion alleles found in mKO butterflies using long-read sequencing.

Species Element
Deletion 
Size Canu output tig name

WT 
amplicon 
size (bp)

Distance from  5' 
oligo to most 5' 
gRNA cut site

Av wcreAv01 4 wcreAv01_04_tig00000001 1807 1435
Av wcreAv01 8 wcreAv01_04_tig00000001 1807 1435
Av wcreAv01 1006 wcreAv01_04_tig00000002 1807 1435
Av wcreAv01 1264 wcreAv01_04_tig00000003 1807 1435
Av wcreAv01 1111 wcreAv01_04_tig00000004 1807 1435
Av wcreAv01 7 wcreAv01_04_tig00000004 1807 1435
Av wcreAv01 1526 wcreAv01_04_tig00000005 1807 1435
Av wcreAv01 7 wcreAv01_04_tig00000005 1807 1435
Av wcreAv01 6 wcreAv01_06_tig00000001 1807 1435
Av wcreAv01 8 wcreAv01_06_tig00000001 1807 1435
Av wcreAv01 8 wcreAv01_09_tig00000001 1807 1435
Av wcreAv01 1170 wcreAv01_09_tig00000001 1807 1435
Av wcreAv01 1197 wcreAv01_09_tig00000003 1807 1435
Av wcreAv02 686 wcreAv02_01_tig00000001 1520 105
Av wcreAv02 867 wcreAv02_01_tig00000002 1520 105
Av wcreAv02 5 wcreAv02_01_tig00000003 1520 105
Av wcreAv02 5 wcreAv02_05_tig00000001 1520 105
Av wcreAv02 5 wcreAv02_06_tig00000001 1520 105
Av wcreAv02 825 wcreAv02_01_tig00000005 1520 105
Av wcreAv02 944 wcreAv02_01_tig00000006 1520 105
Av wcreAv02 1118 wcreAv02_01_tig00000007 1520 105
Av wcreAv02 472 wcreAv02_05_tig00000002 1520 105
Av wcreAv02 848 wcreAv02_06_tig00000002 1520 105
Av wcreAv03 1013 wcreAv03_02_tig00000003 2187 907
Av wcreAv03 6 wcreAv03_03_tig00000001 2187 907
Av wcreAv03 2 wcreAv03_03_tig00000001 2187 907
Av wcreAv03 824 wcreAv03_03_tig00000002 2187 907
Av wcreAv03 473 wcreAv03_03_tig00000003 2187 907
Av wcreAv03 587 wcreAv03_04_tig00000001 2187 907
Av wcreAv03 7 wcreAv03_04_tig00000002 2187 907
Av wcreAv03 7 wcreAv03_04_tig00000004 2187 907
Av wcreAv03 5 wcreAv03_04_tig00000002 2187 907
Av wcreAv03 938 wcreAv03_04_tig00000004 2187 907
Av wcreAv03 7 wcreAv03_04_tig00000004 2187 907
Av wcreAv03 909 wcreAv03_04_tig00000005 2187 907
Av wcreAv03 54 wcreAv03_04_tig00000005 2187 907
Av wcreAv04 415 wcreAv04_03_tig00000001 2990 1364
Av wcreAv04 2282 wcreAv04_03_tig00000005 2990 1364
Av wcreAv04 2263 wcreAv04_03_tig00000006 2990 1364
Av wcreAv04 16 wcreAv04_04_tig00000002 2990 1364
Av wcreAv04 2171 wcreAv04_04_tig00000003 2990 1364



Av wcreAv06 340 wcreAv06_01_tig00000001 2061 1140
Av wcreAv06 4 wcreAv06_01_tig00000001 2061 1140
Av wcreAv06 852 wcreAv06_01_tig00000002 2061 1140
Av wcreAv06 835 wcreAv06_01_tig00000003 2061 1140
Av wcreAv06 81 wcreAv06_01_tig00000003 2061 1140
Av wcreAv06 867 wcreAv06_01_tig00000004 2061 1140
Av wcreAv06 21 wcreAv06_11_tig00000001 2061 1140
Av wcreAv07 380 wcreAv07_01_tig00000001 2302 693
Av wcreAv07 139 wcreAv07_01_tig00000002 2302 693
Av wcreAv07 6 wcreAv07_01_tig00000002 2302 693
Av wcreAv07 554 wcreAv07_01_tig00000004 2302 693
Av wcreAv07 34 wcreAv07_01_tig00000004 2302 693
Av wcreAv07 13 wcreAv07_04_tig00000002 2302 693
Av wcreAv07 317 wcreAv07_09_tig00000001 2302 693
Av wcreAv07 1249 wcreAv07_09_tig00000002 2302 693
Av wcreAv08 8 wcreAv08_03_tig00000002 3005 1423
Av wcreAv09 2600 wcreAv09_01_tig00000003 3036 1304
Av wcreAv10 468 wcreAv10_02_tig00000001 2308 1015
Av wcreAv10 573 wcreAv10_02_tig00000002 2308 1015
Av wcreAv10 239 wcreAv10_02_tig00000003 2308 1015
Av wcreAv10 1134 wcreAv10_02_tig00000004 2308 1015
Av wcreAv10 805 wcreAv10_02_tig00000005 2308 1015
Av wcreAv10 6 wcreAv10_02_tig00000005 2308 1015
Av wcreAv10 1735 wcreAv10_03_tig00000001 2308 1015
Av wcreAv10 7 wcreAv10_03_tig00000002 2308 1015
Av wcreAv10 7 wcreAv10_03_tig00000002 2308 1015
Av wcreAv10 7 wcreAv10_03_tig00000002 2308 1015
Av wcreAv10 1197 wcreAv10_07_tig00000001 2308 1015
Av wcreAv10 1816 wcreAv10_07_tig00000002 2308 1015
Dp wcreDp01 5 wcreDp01_01_tig00000001 1614 936
Dp wcreDp01 385 wcreDp01_01_tig00000005 1614 936
Dp wcreDp01 142 wcreDp01_01_tig00000005 1614 936
Dp wcreDp01 1430 wcreDp01_02_tig00000001 1614 936
Dp wcreDp01 1058 wcreDp01_06_tig00000002 1614 936
Dp wcreDp02 1145 wcreDp02_04_tig00000002 1993 245
Dp wcreDp02 1600 wcreDp02_04_tig00000003 1993 245
Dp wcreDp02 1499 wcreDp02_04_tig00000004 1993 245
Dp wcreDp02 925 wcreDp02_04_tig00000005 1993 245
Dp wcreDp02 958 wcreDp02_04_tig00000006 1993 245
Dp wcreDp02 1169 wcreDp02_12_tig00000001 1993 245
Dp wcreDp02 7 wcreDp02_12_tig00000001 1993 245
Dp wcreDp02 1159 wcreDp02_12_tig00000002 1993 245
Dp wcreDp02 1602 wcreDp02_12_tig00000003 1993 245
Dp wcreDp02 17 wcreDp02_12_tig00000004 1993 245
Dp wcreDp02 1650 wcreDp02_12_tig00000006 1993 245



Dp wcreDp02 1354 wcreDp02_12_tig00000008 1993 245
Dp wcreDp02 1316 wcreDp02_51_tig00000001 1993 245
Dp wcreDp02 1640 wcreDp02_51_tig00000002 1993 245
Dp wcreDp02 1015 wcreDp02_51_tig00000003 1993 245
Dp wcreDp02 930 wcreDp02_51_tig00000004 1993 245
Dp wcreDp02 10 wcreDp02_51_tig00000004 1993 245
Dp wcreDp03 915 wcreDp03_27_tig00000002 2871 1095
Dp wcreDp04 931 wcreDp04_09_tig00000002 3083 1160
Dp wcreDp04 1065 wcreDp04_09_tig00000003 3083 1160
Dp wcreDp04 1905 wcreDp04_09_tig00000004 3083 1160
Dp wcreDp04 2452 wcreDp04_28_tig00000001 3083 1160
Dp wcreDp04 1985 wcreDp04_28_tig00000003 3083 1160
Dp wcreDp05 1204 wcreDp05_01_tig00000001 1543 87
Dp wcreDp05 1003 wcreDp05_09_tig00000001 1543 87
Dp wcreDp05 1099 wcreDp05_09_tig00000003 1543 87
Dp wcreDp05 1203 wcreDp05_09_tig00000004 1543 87
Dp wcreDp05 543 wcreDp05_09_tig00000005 1543 87
Dp wcreDp06 2237 wcreDp06_01_tig00000001 2811 976
Dp wcreDp06 32 wcreDp06_01_tig00000002 2811 976
Dp wcreDp06 30 wcreDp06_01_tig00000002 2811 976
Dp wcreDp06 1281 wcreDp06_01_tig00000004 2811 976
Dp wcreDp06 706 wcreDp06_01_tig00000005 2811 976
Dp wcreDp06 1209 wcreDp06_02_tig00000003 2811 976
Dp wcreDp06 1328 wcreDp06_04_tig00000001 2811 976
Dp wcreDp06 853 wcreDp06_04_tig00000004 2811 976
Dp wcreDp06 1856 wcreDp06_04_tig00000005 2811 976
Dp wcreDp07 2147 wcreDp07_01_tig00000002 3166 1490
Dp wcreDp07 2194 wcreDp07_01_tig00000003 3166 1490
Dp wcreDp07 1899 wcreDp07_01_tig00000004 3166 1490
Dp wcreDp07 1948 wcreDp07_01_tig00000005 3166 1490
Dp wcreDp07 1885 wcreDp07_01_tig00000006 3166 1490
Dp wcreDp07 1550 wcreDp07_01_tig00000007 3166 1490
Dp wcreDp07 1319 wcreDp07_02_tig00000001 3166 1490
Dp wcreDp07 2885 wcreDp07_02_tig00000002 3166 1490
Dp wcreDp07 1738 wcreDp07_02_tig00000003 3166 1490
Dp wcreDp07 2074 wcreDp07_02_tig00000004 3166 1490
Dp wcreDp07 2756 wcreDp07_03_tig00000002 3166 1490
Dp wcreDp07 1987 wcreDp07_03_tig00000003 3166 1490
Dp wcreDp07 2517 wcreDp07_03_tig00000004 3166 1490
Hhim wcreHhim02 5 wcreHhim02_02_tig00000001 1934 961
Hhim wcreHhim02 878 wcreHhim02_04_tig00000002 1934 961
Hhim wcreHhim02 259 wcreHhim02_04_tig00000003 1934 961
Hhim wcreHhim02 620 wcreHhim02_04_tig00000004 1934 961
Hhim wcreHhim03 2488 wcreHhim03_02_tig00000002 2847 1080
Hhim wcreHhim03 279 wcreHhim03_02_tig00000003 2847 1080



Hhim wcreHhim03 538 wcreHhim03_02_tig00000005 2847 1080
Hhim wcreHhim03 1292 wcreHhim03_02_tig00000007 2847 1080
Hhim wcreHhim03 3 wcreHhim03_03_tig00000002 2847 1080
Hhim wcreHhim03 1481 wcreHhim03_03_tig00000005 2847 1080
Hhim wcreHhim03 2275 wcreHhim03_03_tig00000008 2847 1080
Hhim wcreHhim03 863 wcreHhim03_m1_tig00000001 2847 1080
Hhim wcreHhim03 2474 wcreHhim03_m1_tig00000003 2847 1080
Hhim wcreHhim03 2457 wcreHhim03_m1_tig00000004 2847 1080
Hhim wcreHhim03 1863 wcreHhim03_m1_tig00000005 2847 1080
Hhim wcreHhim03 728 wcreHhim03_m1_tig00000006 2847 1080
Hhim wcreHhim03 309 wcreHhim03_m1_tig00000006 2847 1080
Hhim wcreHhim04 1122 wcreHhim04_01_tig00000001 2703 1372
Hhim wcreHhim04 25 wcreHhim04_01_tig00000001 2703 1372
Hhim wcreHhim04 12 wcreHhim04_01_tig00000002 2703 1372
Hhim wcreHhim04 25 wcreHhim04_01_tig00000002 2703 1372
Hhim wcreHhim04 2004 wcreHhim04_01_tig00000003 2703 1372
Hhim wcreHhim04 1584 wcreHhim04_01_tig00000004 2703 1372
Hhim wcreHhim04 10 wcreHhim04_03_tig00000001 2703 1372
Hhim wcreHhim04 25 wcreHhim04_03_tig00000001 2703 1372
Hhim wcreHhim04 1923 wcreHhim04_03_tig00000002 2703 1372
Hhim wcreHhim04 1201 wcreHhim04_05_tig00000001 2703 1372
Hhim wcreHhim04 10 wcreHhim04_05_tig00000002 2703 1372
Hhim wcreHhim04 2305 wcreHhim04_05_tig00000003 2703 1372
Hhim wcreHhim04 1207 wcreHhim04_05_tig00000004 2703 1372
Hhim wcreHhim07 3 wcreHhim07_03_tig00000001 1715 838
Hhim wcreHhim07 6 wcreHhim07_03_tig00000001 1715 838
Hhim wcreHhim07 691 wcreHhim07_03_tig00000002 1715 838
Hhim wcreHhim07 604 wcreHhim07_03_tig00000003 1715 838
Hhim wcreHhim07 194 wcreHhim07_03_tig00000004 1715 838
Hhim wcreHhim07 5 wcreHhim07_03_tig00000005 1715 838
Hhim wcreHhim07 310 wcreHhim07_03_tig00000005 1715 838
Hhim wcreHhim07 294 wcreHhim07_04_tig00000001 1715 838
Hhim wcreHhim07 3 wcreHhim07_04_tig00000003 1715 838
Hhim wcreHhim10 515 wcreHhim10_01_tig00000001 2301 1170
Hhim wcreHhim10 939 wcreHhim10_01_tig00000002 2301 1170
Hhim wcreHhim10 1208 wcreHhim10_01_tig00000004 2301 1170
Hhim wcreHhim10 165 wcreHhim10_01_tig00000004 2301 1170
Jc wcreJc03 1357 wcreJc03_01_tig00000001 1663 582
Jc wcreJc03 432 wcreJc03_01_tig00000002 1663 582
Jc wcreJc03 742 wcreJc03_56_tig00000001 1663 582
Jc wcreJc03 432 wcreJc03_56_tig00000002 1663 582
Jc wcreJc05 1968 wcreJc05_17a_tig00000001 2509 953
Jc wcreJc05 342 wcreJc05_17a_tig00000002 2509 953
Jc wcreJc05 929 wcreJc05_17b_tig00000001 2509 953
Jc wcreJc05 1173 wcreJc05_17b_tig00000002 2509 953



Jc wcreJc05 179 wcreJc05_17b_tig00000002 2509 953
Jc wcreJc05 1084 wcreJc05_17b_tig00000003 2509 953
Jc wcreJc05 658 wcreJc05_17b_tig00000004 2509 953
Jc wcreJc05 953 wcreJc05_20_tig00000001 2509 953
Jc wcreJc05 552 wcreJc05_20_tig00000003 2509 953
Jc wcreJc05 1168 wcreJc05_20_tig00000004 2509 953
Jc wcreJc06 638 wcreJc06_24_tig00000002 2575 1160
Jc wcreJc06 2245 wcreJc06_40_tig00000001 2575 1160
Jc wcreJc06 613 wcreJc06_40_tig00000003 2575 1160
Jc wcreJc06 319 wcreJc06_40_tig00000005 2575 1160
Jc wcreJc07 851 wcreJc07_13_tig00000002 1499 283
Jc wcreJc07 1169 wcreJc07_13_tig00000004 1499 283
Jc wcreJc07 895 wcreJc07_13_tig00000005 1499 283
Jc wcreJc07 2 wcreJc07_15_tig00000001 1499 283
Jc wcreJc07 14 wcreJc07_15_tig00000001 1499 283
Jc wcreJc07 1168 wcreJc07_15_tig00000002 1499 283
Jc wcreJc07 1214 wcreJc07_15_tig00000003 1499 283
Jc wcreJc07 878 wcreJc07_15_tig00000004 1499 283
Jc wcreJc07 851 wcreJc07_15_tig00000005 1499 283
Jc wcreJc07 595 wcreJc07_15_tig00000006 1499 283
Jc wcreJc10 1528 wcreJc10_01_tig00000001 2550 1322
Jc wcreJc10 1468 wcreJc10_01_tig00000002 2550 1322
Jc wcreJc10 129 wcreJc10_01_tig00000003 2550 1322
Jc wcreJc10 24 wcreJc10_03_tig00000001 2550 1322
Jc wcreJc10 442 wcreJc10_03_tig00000002 2550 1322
Jc wcreJc10 1627 wcreJc10_05_tig00000002 2550 1322
Jc wcreJc10 416 wcreJc10_05_tig00000003 2550 1322
Vc wcreVc02 5 wcreVc02_07_tig00000001 3164 1429
Vc wcreVc02 957 wcreVc02_07_tig00000002 3164 1429
Vc wcreVc02 5 wcreVc02_10_tig00000001 3164 1429
Vc wcreVc02 782 wcreVc02_10_tig00000002 3164 1429
Vc wcreVc03 3 wcreVc03_46_tig00000001 1346 395
Vc wcreVc03 3 wcreVc03_62_tig00000001 1346 395
Vc wcreVc04 1133 wcreVc04_15_tig00000002 1445 359
Vc wcreVc05 5 wcreVc05_03_tig00000001 2668 727
Vc wcreVc05 5 wcreVc05_03_tig00000002 2668 727
Vc wcreVc05 460 wcreVc05_03_tig00000003 2668 727
Vc wcreVc05 132 wcreVc05_03_tig00000004 2668 727
Vc wcreVc05 469 wcreVc05_03_tig00000005 2668 727
Vc wcreVc05 1265 wcreVc05_17_tig00000002 2668 727
Vc wcreVc05 977 wcreVc05_17_tig00000003 2668 727
Vc wcreVc05 5 wcreVc05_24_tig00000001 2668 727
Vc wcreVc05 4 wcreVc05_24_tig00000002 2668 727
Vc wcreVc05 702 wcreVc05_24_tig00000003 2668 727
Vc wcreVc06 1211 wcreVc06_10_tig00000001 2819 872



Vc wcreVc06 4 wcreVc06_10_tig00000002 2819 872
Vc wcreVc06 3 wcreVc06_10_tig00000002 2819 872
Vc wcreVc06 21 wcreVc06_10_tig00000003 2819 872
Vc wcreVc06 795 wcreVc06_10_tig00000003 2819 872
Vc wcreVc06 1485 wcreVc06_10_tig00000004 2819 872
Vc wcreVc06 1250 wcreVc06_15_tig00000002 2819 872
Vc wcreVc06 497 wcreVc06_15_tig00000003 2819 872
Vc wcreVc06 1638 wcreVc06_15_tig00000004 2819 872
Vc wcreVc06 2081 wcreVc06_16_tig00000001 2819 872
Vc wcreVc06 2385 wcreVc06_16_tig00000002 2819 872
Vc wcreVc06 1707 wcreVc06_16_tig00000004 2819 872
Vc wcreVc06 1702 wcreVc06_16_tig00000005 2819 872
Vc wcreVc06 882 wcreVc06_16_tig00000006 2819 872
Vc wcreVc06 1546 wcreVc06_16_tig00000007 2819 872
Vc wcreVc07 756 wcreVc07_01_tig00000001 1689 348
Vc wcreVc07 756 wcreVc07_01_tig00000002 1689 348
Vc wcreVc07 866 wcreVc07_06_tig00000001 1689 348
Vc wcreVc07 964 wcreVc07_06_tig00000002 1689 348
Vc wcreVc07 343 wcreVc07_06_tig00000004 1689 348
Vc wcreVc07 780 wcreVc07_p2_Fw1_tig00000001 1689 348
Vc wcreVc07 3 wcreVc07_p2_Hw1_tig00000001 1689 348
Vc wcreVc07 335 wcreVc07_p2_Hw1_tig00000003 1689 348
Vc wcreVc07 921 wcreVc07_p2_Hw1_tig00000004 1689 348
Vc wcreVc07 342 wcreVc07_p2_Hw2_tig00000003 1689 348
Vc wcreVc07 3 F0_Vc07_1_2_P1_tig00000001 1689 348
Vc wcreVc07 978 F0_Vc07_1_2_P1_tig00000001 1689 348
Vc wcreVc07 823 F0_Vc07_1_2_P1_tig00000002 1689 348
Vc wcreVc07 580 F0_Vc07_1_2_P1_tig00000003 1689 348
Vc wcreVc07 8 F0_Vc07_1_2_P2_tig00000001 1689 348
Vc wcreVc07 860 F0_Vc07_1_2_P2_tig00000003 1689 348
Vc wcreVc07 188 F0_Vc07_1_2_P2_tig00000004 1689 348
Vc wcreVc07 646 F0_Vc07_1_2_P2_tig00000005 1689 348
Vc wcreVc07 449 F0_Vc07_1_3_P5_tig00000001 1689 348
Vc wcreVc07 744 F0_Vc07_1_3_P5_tig00000002 1689 348
Vc wcreVc07 911 F0_Vc07_1_3_P5_tig00000003 1689 348
Vc wcreVc07 337 F0_Vc07_1_3_P5_tig00000004 1689 348
Vc wcreVc07 623 F0_Vc07_2_3_P3_tig00000001 1689 348
Vc wcreVc07 428 F0_Vc07_2_3_P3_tig00000002 1689 348
Vc wcreVc07 293 F0_Vc07_2_3_P3_tig00000003 1689 348
Vc wcreVc07 953 F0_Vc07_2_3_P3_tig00000005 1689 348
Vc wcreVc07 584 F0_Vc07_2_3_P4_tig00000001 1689 348
Vc wcreVc07 952 F0_Vc07_2_3_P4_tig00000003 1689 348
Vc wcreVc07 11 F1_Vc07_2_3_m1_tig00000001 1689 348
Vc wcreVc07 978 F1_Vc07_2_3_m1_tig00000002 1689 348
Vc wcreVc07 823 F1_Vc07_2_3_m1_tig00000004 1689 348



Vc wcreVc07 598 F1_Vc07_2_3_m1_tig00000005 1689 348
Vc wcreVc07 7 F0_Vc07_1_2_P2_tig00000004 1689 348
Vc wcreVc07 10 F0_Vc07_1_2_P2_tig00000005 1689 348
Vc wcreVc07 3 F0_Vc07_1_3_P5_tig00000001 1689 348
Vc wcreVc07 3 F1_Vc07_2_3_m1_tig00000002 1689 348
Vc wcreVc07 18 F1_Vc07_2_3_m1_tig00000005 1689 348
Vc wcreVc09 1846 wcreVc09_36_tig00000001 2244 933
Vc wcreVc09 5 wcreVc09_36_tig00000002 2244 933
Vc wcreVc09 892 wcreVc09_36_tig00000003 2244 933
Vc wcreVc09 40 wcreVc09_36_tig00000003 2244 933
Vc wcreVc10 1913 wcreVc10_01_tig00000001 3072 1516
Vc wcreVc10 1617 wcreVc10_01_tig00000002 3072 1516
Vc wcreVc10 2443 wcreVc10_01_tig00000003 3072 1516
Vc wcreVc11 492 wcreVc11_07_tig00000001 2841 1082
Vc wcreVc11 31 wcreVc11_08_tig00000001 2841 1082



Distance from  3' 
oligo to most 3' 
gRNA cut site

Number of 
gRNAs

Maximum 
expected KO

ratio del size/ 
WT PCR size

substract WT PCR - 
Deletion size

82 3 266 0.002213614 1803
82 3 266 0.004427227 1799
82 3 266 0.556723852 801
82 3 266 0.699501937 543
82 3 266 0.614831212 696
82 3 266 0.003873824 1800
82 3 266 0.844493636 281
82 3 266 0.003873824 1800
82 3 266 0.003320421 1801
82 3 266 0.004427227 1799
82 3 266 0.004427227 1799
82 3 266 0.647482014 637
82 3 266 0.662423907 610

978 3 417 0.451315789 834
978 3 417 0.570394737 653
978 3 417 0.003289474 1515
978 3 417 0.003289474 1515
978 3 417 0.003289474 1515
978 3 417 0.542763158 695
978 3 417 0.621052632 576
978 3 417 0.735526316 402
978 3 417 0.310526316 1048
978 3 417 0.557894737 672

1148 2 113 0.463191587 1174
1148 2 113 0.002743484 2181
1148 2 113 9.14E-04 2185
1148 2 113 0.376771834 1363
1148 2 113 0.216278006 1714
1148 2 113 0.268404207 1600
1148 2 113 0.003200732 2180
1148 2 113 0.003200732 2180
1148 2 113 0.002286237 2182
1148 2 113 0.428898034 1249
1148 2 113 0.003200732 2180
1148 2 113 0.41563786 1278
1148 2 113 0.024691358 2133
1195 3 412 0.138795987 2575
1195 3 412 0.763210702 708
1195 3 412 0.756856187 727
1195 3 412 0.005351171 2974
1195 3 412 0.726086957 819



600 4 302 0.164968462 1721
600 4 302 0.001940805 2057
600 4 302 0.413391557 1209
600 4 302 0.405143134 1226
600 4 302 0.03930131 1980
600 4 302 0.420669578 1194
600 4 302 0.010189229 2040

1212 4 378 0.165073849 1922
1212 4 378 0.060382276 2163
1212 4 378 0.002606429 2296
1212 4 378 0.240660295 1748
1212 4 378 0.014769765 2268
1212 4 378 0.005647263 2289
1212 4 378 0.137706342 1985
1212 4 378 0.542571677 1053
1220 3 343 0.00266223 2997
1472 2 241 0.856389987 436
1034 3 238 0.202772964 1840
1034 3 238 0.248266898 1735
1034 3 238 0.10355286 2069
1034 3 238 0.491334489 1174
1034 3 238 0.348786828 1503
1034 3 238 0.002599653 2302
1034 3 238 0.751733102 573
1034 3 238 0.003032929 2301
1034 3 238 0.003032929 2301
1034 3 238 0.003032929 2301
1034 3 238 0.518630849 1111
1034 3 238 0.786828423 492
383 2 276 0.003097893 1609
383 2 276 0.238537794 1229
383 2 276 0.087980173 1472
383 2 276 0.885997522 184
383 2 276 0.65551425 556

1506 2 223 0.574510788 848
1506 2 223 0.802809834 393
1506 2 223 0.752132464 494
1506 2 223 0.464124436 1068
1506 2 223 0.480682388 1035
1506 2 223 0.586552935 824
1506 2 223 0.003512293 1986
1506 2 223 0.581535374 834
1506 2 223 0.803813347 391
1506 2 223 0.008529854 1976
1506 2 223 0.827897642 343



1506 2 223 0.679377822 639
1506 2 223 0.660311089 677
1506 2 223 0.82288008 353
1506 2 223 0.509282489 978
1506 2 223 0.466633216 1063
1506 2 223 0.005017561 1983
1198 2 559 0.318704284 1956
1036 4 869 0.301978592 2152
1036 4 869 0.345442751 2018
1036 4 869 0.617904638 1178
1036 4 869 0.795329225 631
1036 4 869 0.64385339 1098
950 4 483 0.780298121 339
950 4 483 0.650032404 540
950 4 483 0.712248866 444
950 4 483 0.779650032 340
950 4 483 0.35191186 1000

1405 3 411 0.795802206 574
1405 3 411 0.011383849 2779
1405 3 411 0.010672359 2781
1405 3 411 0.455709712 1530
1405 3 411 0.251156172 2105
1405 3 411 0.430096051 1602
1405 3 411 0.47242974 1483
1405 3 411 0.303450729 1958
1405 3 411 0.660263252 955
1323 4 334 0.678142767 1019
1323 4 334 0.692987997 972
1323 4 334 0.599810486 1267
1323 4 334 0.615287429 1218
1323 4 334 0.595388503 1281
1323 4 334 0.489576753 1616
1323 4 334 0.416614024 1847
1323 4 334 0.911244473 281
1323 4 334 0.548957675 1428
1323 4 334 0.655085281 1092
1323 4 334 0.870499052 410
1323 4 334 0.627605812 1179
1323 4 334 0.795009476 649
693 3 258 0.002585315 1929
693 3 258 0.453981386 1056
693 3 258 0.133919338 1675
693 3 258 0.320579111 1314

1215 3 533 0.873902353 359
1215 3 533 0.097997893 2568



1215 3 533 0.188970847 2309
1215 3 533 0.453811029 1555
1215 3 533 0.001053741 2844
1215 3 533 0.520196698 1366
1215 3 533 0.799086758 572
1215 3 533 0.303126098 1984
1215 3 533 0.868984896 373
1215 3 533 0.863013699 390
1215 3 533 0.654373024 984
1215 3 533 0.255707763 2119
1215 3 533 0.1085353 2538
898 3 414 0.41509434 1581
898 3 414 0.009248983 2678
898 3 414 0.004439512 2691
898 3 414 0.009248983 2678
898 3 414 0.741398446 699
898 3 414 0.586015538 1119
898 3 414 0.003699593 2693
898 3 414 0.009248983 2678
898 3 414 0.711431743 780
898 3 414 0.444321125 1502
898 3 414 0.003699593 2693
898 3 414 0.852756197 398
898 3 414 0.446540881 1496
536 3 321 0.001749271 1712
536 3 321 0.003498542 1709
536 3 321 0.402915452 1024
536 3 321 0.352186589 1111
536 3 321 0.113119534 1521
536 3 321 0.002915452 1710
536 3 321 0.180758017 1405
536 3 321 0.171428571 1421
536 3 321 0.001749271 1712
596 4 515 0.223815732 1786
596 4 515 0.408083442 1362
596 4 515 0.524989135 1093
596 4 515 0.071707953 2136
629 3 432 0.815995189 306
629 3 432 0.259771497 1231
629 3 432 0.4461816 921
629 3 432 0.259771497 1231
883 4 654 0.784376246 541
883 4 654 0.136309287 2167
883 4 654 0.370267039 1580
883 4 654 0.467516939 1336



883 4 654 0.071343165 2330
883 4 654 0.432044639 1425
883 4 654 0.262255879 1851
883 4 654 0.379832603 1556
883 4 654 0.220007971 1957
883 4 654 0.465524113 1341
884 4 512 0.24776699 1937
884 4 512 0.87184466 330
884 4 512 0.238058252 1962
884 4 512 0.123883495 2256
347 4 849 0.567711808 648
347 4 849 0.779853235 330
347 4 849 0.59706471 604
347 4 849 0.001334223 1497
347 4 849 0.00933956 1485
347 4 849 0.779186124 331
347 4 849 0.809873249 285
347 4 849 0.585723816 621
347 4 849 0.567711808 648
347 4 849 0.396931288 904
570 4 637 0.599215686 1022
570 4 637 0.575686275 1082
570 4 637 0.050588235 2421
570 4 637 0.009411765 2526
570 4 637 0.173333333 2108
570 4 637 0.638039216 923
570 4 637 0.163137255 2134
909 4 806 0.001580278 3159
909 4 806 0.302465234 2207
909 4 806 0.001580278 3159
909 4 806 0.247155499 2382
569 3 363 0.002228826 1343
569 3 363 0.002228826 1343
724 4 343 0.784083045 312

1452 3 469 0.001874063 2663
1452 3 469 0.001874063 2663
1452 3 469 0.172413793 2208
1452 3 469 0.049475262 2536
1452 3 469 0.175787106 2199
1452 3 469 0.474137931 1403
1452 3 469 0.366191904 1691
1452 3 469 0.001874063 2663
1452 3 469 0.00149925 2664
1452 3 469 0.263118441 1966
1436 4 491 0.429584959 1608



1436 4 491 0.001418943 2815
1436 4 491 0.001064207 2816
1436 4 491 0.00744945 2798
1436 4 491 0.282014899 2024
1436 4 491 0.526782547 1334
1436 4 491 0.443419652 1569
1436 4 491 0.176303654 2322
1436 4 491 0.581057112 1181
1436 4 491 0.738205037 738
1436 4 491 0.846044697 434
1436 4 491 0.605533877 1112
1436 4 491 0.603760199 1117
1436 4 491 0.312876907 1937
1436 4 491 0.548421426 1273
1072 3 249 0.447602131 933
1072 3 249 0.447602131 933
1072 3 249 0.512729426 823
1072 3 249 0.570751924 725
1072 3 249 0.203078745 1346
1072 3 249 0.461811723 909
1072 3 249 0.001776199 1686
1072 3 249 0.198342214 1354
1072 3 249 0.545293073 768
1072 3 249 0.202486679 1347
1072 3 249 0.001776199 1686
1072 3 249 0.579040853 711
1072 3 249 0.487270574 866
1072 3 249 0.343398461 1109
1072 3 249 0.00473653 1681
1072 3 249 0.509177028 829
1072 3 249 0.111308467 1501
1072 3 249 0.382474837 1043
1072 3 249 0.265837774 1240
1072 3 249 0.440497336 945
1072 3 249 0.53937241 778
1072 3 249 0.199526347 1352
1072 3 249 0.368857312 1066
1072 3 249 0.253404381 1261
1072 3 249 0.173475429 1396
1072 3 249 0.564239195 736
1072 3 249 0.345766726 1105
1072 3 249 0.563647128 737
1072 3 249 0.006512729 1678
1072 3 249 0.579040853 711
1072 3 249 0.487270574 866



1072 3 249 0.354055654 1091
1072 3 249 0.004144464 1682
1072 3 249 0.005920663 1679
1072 3 249 0.001776199 1686
1072 3 249 0.001776199 1686
1072 3 249 0.010657194 1671
960 4 332 0.822638146 398
960 4 332 0.002228164 2239
960 4 332 0.397504456 1352
960 4 332 0.017825312 2204
691 4 846 0.622721354 1159
691 4 846 0.526367188 1455
691 4 846 0.795247396 629

1476 3 264 0.173178458 2349
1476 3 264 0.010911651 2810
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Materials Design Analysis Reporting (MDAR)  
Checklist for Authors 

 
The MDAR framework establishes a minimum set of requirements in transparent reporting applicable to studies in the life sciences 
(see Statement of Task: doi:10.31222/osf.io/9sm4x.). The MDAR checklist is a tool for authors, editors and others seeking to adopt 
the MDAR framework for transparent reporting in manuscripts and other outputs. Please refer to the MDAR Elaboration Document 
for additional context for the MDAR framework.   
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Materials 
 

Antibodies Yes  (indicate where provided: page no/section/legend) n/a 
For commercial reagents, provide supplier 
name, catalogue number and RRID, if available. 

 X 

   
Cell materials Yes  (indicate where provided: page no/section/legend) n/a 

Cell lines: Provide species information, strain. 
Provide accession number in repository OR 
supplier name, catalog number, clone number, 
OR RRID 

 X 

Primary cultures: Provide species, strain, sex of 

origin, genetic modification status. 
  

   
Experimental animals Yes  (indicate where provided: page no/section/legend) n/a 
Laboratory animals: Provide species, strain, sex, age, 
genetic modification status. Provide accession 
number in repository OR supplier name, catalog 
number, clone number, OR RRID 
 

 X 

Animal observed in or captured from the 
field: Provide species, sex and age where 
possible 

 
 

X 

Model organisms: Provide Accession number 
in repository (where relevant) OR RRID 

 X 

   
Plants and microbes Yes  (indicate where provided: page no/section/legend) n/a 

Plants: provide species and strain, unique accession 
number if available, and source (including location 
for collected wild specimens) 
 

 X 

Microbes: provide species and strain, unique 
accession number if available, and source 

 X 

   
Human research participants Yes  (indicate where provided: page no/section/legend) n/a 
Identify authority granting ethics approval (IRB or 
equivalent committee(s), provide reference number 
for approval.  

 

 X 

Provide statement confirming informed consent 
obtained from study participants. 

 

 X 

Report on age and sex for all study participants.  X 
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Design 
 

Study protocol Yes  (indicate where provided: page no/section/legend) n/a 

For clinical trials, provide the trial registration 
number OR cite DOI in manuscript. 
 
  

 X 

   
Laboratory protocol Yes  (indicate where provided: page no/section/legend) n/a 
Provide DOI or other citation details if detailed step-
by-step protocols are available.  
 
 

ATAC-seq: Buenrostro et al. 
2015:10.1002/0471142727.mb2129s109 
CRISPR: Zhang & Reed 2017: 10.1007/978-981-10-4956-

9_8 
Hi-C: Rao et a., 2014: 10.1016/j.cell.2014.11.021 

 

   
Experimental study design (statistics details) Yes  (indicate where provided: page no/section/legend) n/a 
State whether and how the following have been 
done, or if they were not carried out. 

  

Sample size determination 
 

Sample size was not pre-determined  
Randomisation 
 

Samples were not randomized  
Blinding 
 

No blinding was done  
Inclusion/exclusion criteria 
 

No samples were excluded  
   
Sample definition and in-laboratory replication Yes  (indicate where provided: page no/section/legend) n/a 
State number of times the experiment was 
replicated in laboratory 

ATAC-seq had three biological replicates per each tissue  

Define whether data describe technical or biological 
replicates 

All data describes biological replicates  

   
Ethics Yes  (indicate where provided: page no/section/legend) n/a 
Studies involving human participants: State details of 
authority granting ethics approval (IRB or equivalent 
committee(s), provide reference number for 
approval.  

 X 

Studies involving experimental animals: State details 
of authority granting ethics approval (IRB or 
equivalent committee(s), provide reference number 
for approval. 

 X 

Studies involving specimen and field samples: State if 
relevant permits obtained, provide details of 
authority approving study; if none were required, 
explain why. 

 X 

   
Dual Use Research of Concern (DURC) Yes  (indicate where provided: page no/section/legend) n/a 
If study is subject to dual use research of concern, 
state the authority granting approval and reference 
number for the regulatory approval 

 X 

 

  



4 
 

Analysis 
 

Attrition Yes  (indicate where provided: page no/section/legend) n/a 
State if sample or data point from the analysis is 
excluded, and whether the criteria for exclusion were 
determined and specified in advance. 

 X 

   
Statistics Yes  (indicate where provided: page no/section/legend) n/a 
Describe statistical tests used and justify choice of 
tests. 
 

Wald test p-value was used to compare read counts in 
peak call annotations. 

 

   
Data Availability Yes  (indicate where provided: page no/section/legend) n/a 
State whether newly created datasets are available, 
including protocols for access or restriction on 
access. 

All sequencing data is available in NCBI. Butterfly wing 
data is in Dryad. 

 

If data are publicly available, provide accession 
number in repository or DOI or URL. 

https://www.ncbi.nlm.nih.gov/bioproject/695303 
https://doi.org/10.5061/dryad.8cz8w9gpr  
 

 

If publicly available data are reused, provide 
accession number in repository or DOI or URL, where 
possible. 

 X 

   
Code Availability Yes  (indicate where provided: page no/section/legend) n/a 
For all newly generated code and software essential 
for replicating the main findings of the study: 

  

State whether the code or software is available. All code used is available  

If code is publicly available, provide accession 
number in repository, or DOI or URL. 

https://doi.org/10.5061/dryad.8cz8w9gpr  

 

Reporting 
 

Adherence to community standards Yes  (indicate where provided: page no/section/legend) n/a 

MDAR framework recommends adoption of 
discipline-specific guidelines, established and 
endorsed through community initiatives. Journals 
have their own policy about requiring specific 
guidelines and recommendations to complement 
MDAR.  

  

State if relevant guidelines (eg., ICMJE, MIBBI, 
ARRIVE) have been followed, and whether a checklist 
(eg., CONSORT, PRISMA, ARRIVE) is provided with 
the manuscript.  

 X 
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