Supplementary Information

Genomic adaptations to aquatic and aerial life in mayflies and the origin of
insect wings

Almudi et al.

Contents:
Supplementary Note 1. Genome sequencing and assembly
1.1 Sample collection
1.2 Genomic DNA samples of C. dipterum for genome-wide sequencing
1.2.1 lllumina sequencing
1.2.2 Nanopore sequencing
1.3 Hybrid Assembly Strategy
1.4 RNA sequencing
1.3.1 PE RNA samples
1.3.2 SE RNA samples
1.5 Gene annotation
1.6 Repeat masking and TEs
Supplementary Note 2. Resources for comparative genomics
2.1 Gene family reconstruction and orthology assignment
Supplementary Note 3. Comparative transcriptomics
3.1 Transcriptomics clustering along life cycle stages (Mfuzz)
3.2 Differential gene expression analysis (DESeq2)
3.3 Weighted Gene Correlation Network Analysis (WGCNA)
Supplementary Note 4. Chemosensory gene families
4.1 Identification and annotation of chemosensory gene complements
4.1.1 Functional and structural classification of CS sequences
4.2 Phylogenetic reconstruction
4.3 Gene Clustering analysis
4.4 Odorant Binding Proteins and Chemosensory Proteins
4.5 Gustatory and Odorant Receptors
4.6 lonotropic Receptors
4.7 Sensory neuron membrane proteins
4.8 OBPs spatial gene expression patterns (in situ hybridizations)
4.9 Gene clustering and heatmap plots
Supplementary Note 5. Opsin complement
5.1 ldentification and annotation of opsin genes
5.2 Gene trees
5.3 In situ hybridizations
Supplementary Note 6. Phylostratigraphy
Supplementary Note 7. Evolutionary origin of wings
7.1 Functional test of shared genes
7.2 Tissue specific transcriptomics



Supplementary Figures
Supplementary References



Supplementary Note 1. Genome sequencing and assembly
1.1 Sample collection

The samples were collected from an inbred line of C. dipterum kept in the
laboratory for 7 generations .

1.2 Genomic DNA samples of C. dipterum for genome-wide sequencing

1.2.1 lllumina sequencing

DNA was extracted from five individual adult males using a standard
Phenol:Chloroform protocol. The average amount of gDNA obtained per
individual was 1 pg. The extracted DNA was used to build an lllumina
sequencing library with fragment size 450bp. This library was sequenced using
TruSeq Rapid SBS Kit v2 (lllumina Inc.), in paired end mode with a read length
of 2x250bp and in two sequencing lanes of HiSeq2500 flowcell v2 (lllumina Inc.)
according to standard lllumina operation procedures. A total of 160.89 Gb of
raw sequence were produced. Primary data analysis, the image analysis, base
calling and quality scoring of the run, was processed using the manufacturer’s
software Real Time Analysis and followed by generation of FASTQ sequence
files by CASAVA v1.8. The FastQC reports suggested that quality decays
dramatically towards the end of the read, specially affecting some tiles during
the last sequencing cycles. Noticeably, the average base quality scores are

above 30 (1 error every 1000 base calls) in the first 180 bp of the reads.

1.2.2 Nanopore sequencing

Five other samples, also of adult males from the same inbred line, were
utilised to extract High-Molecular-Weight DNA, using MagAttract HMW DNA Kit
(Qiagen) following the manufacturer's instructions, and build different library
preparations for Oxford Nanopore Technologies (ONT) Sequencing.

The 1D? genomic libraries for the nanopore sequencing were prepared
using the Ligation sequencing kit SQK-LSK308 (Oxford Nanopore
Technologies, ONT) following the manufacturer’'s recommendations. Briefly, the
adapter mix Il was ligated to 2 ug of purified gDNA, followed by 0.4X AMPure
XP Beads purification and 1D? adapter ligation. These two ligation steps were

performed using the NEB Blunt/TA ligase Master Mix and finally purified with



the 0.4X AMPure XP Beads, washed with ABB buffer (ONT) and eluted with
Elution Buffer (ONT).

Five sequencing runs were performed using FLO-MIN107 R9.5 flow cells
on the MinlON/MKI Pk.1 instrument (ONT). The MinKNOW (v1.10.11) interface
QC (ONT) was run in order to assess the flow cell quality and this was followed
by the flow cell priming. After the flow cell priming, the pre-sequencing mix was
combined with Running Buffer (ONT), water, and Library loading Beads (ONT)
and loaded in the flow cell. The sequencing data was collected over 48 hours
and the quality parameters of the sequencing runs were further monitored by
the MinKNOW platform. The raw data were base-called with Albacore 2.1.0.

The total yield from the five runs was more than 7.56Gb of sequence.
The read length distribution was characterized by an N25 of 5.37 Kb, N50 of
3.51 Kb (i.e. 50% of the data contained reads 3.51Kb or longer) and N95 of
1.64 Kb.

1.2.3 PreQC Analyses
Before processing the reads, we estimated the genome size using three

different methods. First, an analysis of k-mers present in the sequence reads of
the PE450 library was carried out using Jellyfish? to count k-mers of length 17.
A peak k-mer depth was observed at 722-fold k-mer coverage (Supplementary
Figure 1). A rough estimate of genome size can be made by dividing the total
number of counted k-mers (150,314,958,593) by the k-mer coverage (722),
which gives 208.19 Mb. Second, accounting for sequencing error, bias, and
repetitive sequence using the program gce® with k=17, we obtained a similar
estimate of 208.35 Mb. Using a k=31, Maryland Super-Read Celera Assembler
(MaSuRCA) v3.2.3 *° provided a slightly lower estimate, 198.9 Mb. Finally,
SGA preqc °, which also uses k=31, gave an estimate of approximately
176.7Mb (Supplementary Data 2).

A detailed look at the 17-mer distribution indicated the presence of at
least two contaminant genomes of different molarity in our sample. In order to
detect such contaminants before assembling the mayfly genome, we ran
Kraken ’ on the raw paired-end reads. This approach allowed us to detect and
identify contaminant species in 4.21% of the reads (Supplementary Data 3).



1.2.4 Pre-processing the sequencing data

Due to the base quality distribution and the massive sequencing coverage of
the PE library, we decided to trim the reads to 180bp and select those pairs with
higher base quality along the read. Therefore, after trimming to 180 bp, we used
FASTX Toolkit 0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/) to keep those
reads with a minimum base quality of 35 over at least 97% of their sequence.
Finally, only valid pairs were kept for further filtering of contaminants.

Then, all remaining paired reads were filtered by mapping (gem—mapper8
with up to 2% mismatches) against a contamination database that included
phiX, Univec sequences, E. coli, the complete mitochondrial genome of
Ephemera orientalis and the genomes of the contaminants detected with kraken
”in the PE reads (Supplementary Data 4). These clean PE reads accounted for
55,502,519 2x180bp pairs, representing a sequencing coverage of 95.9x.

The nanopore reads were only filtered against the DNA_CS sequenced
(lambda phage fragment spiked in to assess error rates). Matches to the control
sequence using the following BWA MEM (v0.7.12)° options were filtered out: -k
16-W60-r10-A1-B1-O1-E1-LO -t

1.3 Hybrid Assembly Strategy
We ran a hybrid assembly using MaSuRCA v3.2.3 >'° with 95.9x short-read

lllumina and 36.34x ONT long-read coverage. All the options were set to

default, but activating the usage of the linking mates and choosing the Celera
assembler for contigging and scaffolding. The final assembly, clodip2,
accounted for a total of 180,286,980 bp, with a contig N50 of 434,950 bp and
scaffold N50 of 461,411 bp (Supplementary Data 2).

We assessed the assembly quality in terms of total length and gene
completeness. The assembly length of 180.28 Mb is within the range of
genome size estimates obtained with different k-mer analyses (176.7-208.35
Mb). Gene completeness was estimated with two different programs. CEGMA
v2.5 " identified 95.56% Complete and 1.21% Fragmented Core Eukaryotic
Genes (CEGs) and 3.23% Missing CEGs (This means that only 8 out of 248
CEGs were not identified). BUSCO v3 "2, which used a more comprehensive
database (insecta_odb9) that includes up to 1,658 BUSCOs, found 96.9%
Complete BUSCOs (94.1% in single-copy and 2.8% Duplicated), 1.3%



Fragmented and only 1.8% missing (29 genes, see Supplementary Data 2). In
summary, 98.2% of the insecta_odb9 BUSCOs are present in our clodip2

assembly.

1.4 RNA sequencing

A comprehensive collection of 37 RNA-seq datasets of multiple developmental
stages, e.g. days post fertilization (dpf), and dissected tissues and organs was
generated using the lllumina technology.

Four embryonic stages (E4: 4 dpf or germ disc stage (2 replicas: x2), E6:
6 dpf or segmented embryo (x1), E10: 10 dpf or revolution stage (x2), E14: 14
dpf or pre-nymph (x2)), heads from nymphs at three stages: early (x4), mid (x2)
and late nymph (x4), adult male heads (x2), adult female heads (x2), nymphal
gills (x2), nymphal wing pads (x2), nymphal gut (x2), nymphal Malpighian
tubules (x2), adult muscle (x2), testes (x2), ovaries (x2) and adult brain (x2)
samples were obtained from the C. dipterum inbred line kept in the laboratory.
Organs and embryos were processed immediately after dissection and RNA
was extracted using RNeasy Mini Kit (Qiagen) or RNAqueous™-Micro Total

RNA Isolation Kit (Ambion) following manufacturers' instructions.

1.4.1 PE RNA samples
lllumina libraries were constructed from total RNA samples of four embryonic
stages (x2 E4, E10 and E14; x1 E6), adult male heads (x2), adult female heads
(x2), nymphal gills (x2), nymphal wing pads (x2), adult muscle (x2), testes (x2)
and ovaries (x2). Total RNA was quantified by Qubit® RNA BR Assay kit
(Thermo Fisher Scientific) and the RNA integrity was estimated by using RNA
6000 Nano Bioanalyzer 2100 Assay (Agilent).

The RNASeq libraries were prepared with KAPA Stranded mRNA-Seq
lllumina® Platforms Kit (Roche-Kapa Biosystems) following the manufacturer’s

recommendations. Briefly, 400-500ng of total RNA was used as the input
material, the poly-A fraction was enriched with oligo-dT magnetic beads and the
mRNA was fragmented. The strand specificity was achieved during the second
strand synthesis performed in the presence of dUTP instead of dTTP. The
blunt-ended double-stranded cDNA was 3’adenylated and lllumina TruSeq

indexed adapters were ligated. The ligation product was enriched with 15 PCR



cycles and the final library was validated on an Agilent 2100 Bioanalyzer with
the DNA 7500 assay.

The libraries were sequenced on a HiSeq 2500 (lllumina, Inc) in paired-
end mode with a read length of 2x76bp using TruSeq SBS Kit v4 or Rapid
TruSeq v2 following the manufacturer’s protocol. Over 45 million paired-end
reads for each library were generated in a fraction of a sequencing flow cell
lane. Image analysis, base calling and quality scoring of the run were
processed using the manufacturer's software Real Time Analysis (RTA
1.18.66.3) and followed by generation of FASTQ sequence files.

In addition, samples of gut (x2), Malpighian tubules (x2) and female brain
(x2), were sequenced on an lllumina HiSeq2500 machine generating an
average of 50 million strand specific 100-nt paired-end reads.

We detected that one of the Female Head replicates showed an unusual
pattern when we performed Principal Component Analysis (PCA) and clustering
of the samples: instead of clustering together with Male heads or Female
Brains, it was close to some embryonic samples. As an ovoviviparous species,
the body cavity of C. dipterum adult female individuals is almost entirely full of
developing embryos in close contact with the head region. Thus, some
embryonic RNA could have been also captured during the extraction of this
female head RNA sample. Therefore, we did not use this sample in some of the
analyses in which the presence of this head replicate was not essential.

1.4.2 SE RNA samples
RNA obtained from the heads of three nymphal stages was used to generate

lllumina libraries through a standard Illumina TruSeq protocol. Samples
corresponded to sectioned heads from four young individuals the sex of which
was undetermined (early nymphs, resulting in 4 replicates), two heads of female
mid nymphs (mid nymphs, 2 replicates) and four late individuals, two females
and two males (late nymphs, 4 replicates, as sex was not taken into account for
the analyses in which they were used). We obtained an average of 10 million
non-strand specific of 50-nt single end reads.

1.5 Gene annotation




Reads from all PE transcriptomes were assembled together using Trinity ** and
subsequently aligned to the genome using the Program to Assemble Spliced

Alignments PASA pipeline ™.

After conceptual translation, high-quality
transcripts were selected as a training set to build a hidden-Markov profile for
de novo gene prediction in Augustus '°.

Reads were aligned to the genome using Spliced Transcripts Alignment
to a Reference STAR with default parameters '® and transcriptome assembled
using Stringtie for each sample '’. The assemblies derived from all samples
were merged using Taco which ensures high accuracy fusion of transcriptomes
'® This transcriptome assembly contained 31,913 gene loci,- including protein-
coding and non-coding-, and 56,639 transcripts. In parallel, alignments from all
samples were merged in order to filter and summarise splice-junctions using the
Portcullis tool ([https://github.com/maplesond/portcullis]).

Consensus transcriptome assembly and splice-junctions were converted
into hints and provided to the Augustus gene prediction tool which yielded
16,364 evidence-based protein-coding gene models. Isoforms and UTR regions
were added by updating Augustus gene models against the PASA
transcriptome databased for two subsequent rounds, resulting in 34,699
transcripts for the 16,364 genes. These models contain 4,308 non-redundant
PFAM domain models in 11,030 genes as assigned using the PfamScan tool.

Taking the orthology (from Orthofinder '°) from C. dipterum or Strigamia
maritima to Drosophila melanogaster (taking the D. melanogaster gene to GO
database from Ensembl BIOMART, and pulling across all the GO terms for
each gene), we generated a topGO gene to GO key, by copying across all GO
terms represented in each orthogroup from D. melanogaster to C. dipterum or
S. maritima, respectively. Functionally annotated mayfly (or S. maritima)
proteome was utilised for subsequent analyses (e. g., Enrichment analysis for

Gene Ontology using topGO package (v 2.36.0)%°)

1.6 Repeat masking and TEs

RepeatModeler, a de novo repeat identification program, version 1.0.11 ?' was
run on the C. dipterum genome with default parameters. We identified 65 de

novo transposable element (TE) sequences in the C. dipterum genome. The



consensus sequences reported by RepeatModeler which had not been properly
classified (thus assigned to the Unknown class) were filtered using BLASTX
from the BLAST+ 2.9.0 release against the nr database (downloaded using the
update_blastdb.pl script on the 2019-07-30). Only elements whose hit title
contained at least one element from a set of TE-related string patterns
('transpos', 'integras', 'retro’, among others) were kept. The consensus
sequences were added to the RepBase library % for Metazoa from the
2018.10.26 update and this new library was used to mask the genome with
RepeatMasker #* version 4.0.9. The divergence distribution was obtained by
calculating the Kimura distance from each TE classified up to the family level to
the consensus of its family. The larger number of differences between the
identified copy and its consensus translates into a larger Kimura distance. The
distribution was plotted (Supplementary Figure 1d) using the helper scripts from
RepeatMasker. Unclassified sequences were not included in this plot.

Supplementary Note 2. Resources for comparative genomics
2.1 Gene family reconstruction and orthology assignment

To obtain phylogeny-based orthology relationships between different taxa, the
predicted proteomes of 14 species (Apis mellifera®®, Cloeon dipterum, Daphnia
pulex?, Drosophila melanogaster’®?’, Ephemera danica®®, Folsomia candida®®,
Homo sapiens, Ladona fulva®®, Pediculus humanus®, Stegodyphus
mimosarum®’,  Strigamia maritima®, Tigriopus californicus®,  Tribolium

castaneum®, Zootermopsis nevadensis®®)

representing major arthropod
lineages and outgroups were used as input for OrthoFinder 2 . All versus all
similarity searches were obtained using DIAMOND (0.9.15)*® and an inflation
parameter of 1.5 for the clustering. After this step, OrthoFinder 2 identified
orthogroups, which are groups of proteins that share significant homology.

Then, proteins belonging to each orthogroup were aligned using
MAFFT(v7.221)*" (LINSI mode), trimmed with trimAl (v1.4)*® (-gt 0.2), and
RAXML-NG *° was used to build the maximum likelihood phylogenetic tree (--
model LG+G4 --seed 12345). The resulting trees were parsed with the
OrthoFinder 2 ' pipeline to discriminate between orthologues and paralogues

within each orthogroup.



Gene gains and losses in major transition of arthropod evolution were
inferred with a recently presented pipeline “°*2. Similarity searches of protein
coding genes were performed using DIAMOND (0.9.25)*. Clustering was
performed with MCL v14-137 with a granularity parameter of 2 **. The patterns
of gains and losses were reconstructed based on the taxonomic occupancy of
the gene clusters. Briefly, novel genes are gene families present in at least one
species of each of the two main lineages of clade (e.g., for Hexapoda, present
in at least one paleopteran and one pterygotan) and absent outside the clade of
interest. Core novel genes are genes present in every single lineage of a clade
or absent only once, and are absent in taxa outside the clade of interest.
(Supplementary Figure 1). The C. dipterum GO annotations were used to
inspect the functions of these genes in Paleoptera; for the rest of the nodes, the
functions of the genes were inferred by submitting D. melanogaster 1Ds to
PantherGO **.

Supplementary Note 3. Comparative transcriptomics
3.1 Transcriptomics clustering along life cycle stages (Mfuzz)

The Mfuzz software *° was used to perform soft clustering of genes according to
developmental and life history expression dynamics in C. dipterum. We selected
eight developmental and post-embryonic stages: E.4 (4 dpf embryos or germ
disc stage), E.6 (6 dpf embryos or segmented embryo), E.10 (revolution stage
embryos), E.14 (pre-nymph), early nymph heads (2.5 mm nymphs), mid nymph
heads (4 mm nymphs), late nymph heads (5 mm nymphs) and adult heads. We
mapped RNA samples to the annotated genome using hisat2 v2.1.0 *®. Then,
we obtained counted reads for each of the samples (two replicates each
condition, except for the E.6 sample, with only one replicate) with samtools

utilities (<http://www.htslib.org/>) and htseg-count *’. To be able to profile the

eight RNA-seq datasets together (PE and SE libraries), we used "R1" datasets
from the PE libraries. Datasets used were an average of the replicates for each
time point to avoid experimental or sex bias. Datasets were normalised using
"DESeq2" library and genes with low variability (variance < 3) across the
datasets were removed (1475 genes filtered out) for the analysis. Additional
pre-processing was performed: We filtered out genes with missing values
(filter.NA(minimalSet, thres=0.5) and fil.NA(eset, mode="knnw")) and genes



whose standard deviation was 0 (filter.std(eset, min.std=0)). Finally, we
standardised the samples using ‘standardise’ function from Mfuzz package.
Direct estimate of the fuzzifier ‘m’ parameter was calculated using ‘mestimate’
function and resulted m=1.43. Minimum centroid distance was calculated using
"Dmin" function to obtain the optimum number of clusters, which resulted in 30
(Supplementary Figure 2). 'Dmin' function calculates the minimum centroid
distance as the minimum distance between two cluster centres produced by
the c-means clusterings. We used the decrease of minimum centroid
distances plotted versus a range of cluster number and a slower decrease of
the minimum centroid distance for higher cluster number to determine the
number of clusters. However, we assessed the suitability of 30 as the number of
clusters by checking GO term enrichments obtained using topGO package %°.

Mfuzz soft clustering allows genes to be included in several clusters,
giving each gene in each of the cluster 'Memberships' values. In other words,
genes were assigned to clusters by highest scores of membership. Membership
values therefore represent the correlation of expression of genes with the
cluster, and are colour coded in Mfuzz plots with high values (high correlation)
in magenta and low values (poor correlation) in greens (Supplementary Figure
2, Supplementary Data 9). Moreover, we determined the core genes of each of
the clusters that represent genes whose membership value was higher than the
alpha core that we set as 0.7, as suggested by the developers (Supplementary
Data 9). We also determined that the overlap between core genes in each of
the cluster was zero.

To assess the stability of the clusters representing the life history traits of
the mayfly (cl 21, cl 18 and cl 30), we performed Mfuzz analyses varying ‘m’
parameter values to m=1.53 (which produced less robust clusters) and m= 1.33
(which generated 'hard' clustering, with genes whose Membership value was
close to 1 and 0) and observed that these clusters maintained their internal
structure, a high overlap of the genes contained in them and the GO term
enrichment analyses showed very similar categories (Supplementary Figure 7).

Taking the functional annotation of C. dipterum, (see methods 1.5
annotation) we generated a topGO gene to GO key. We performed an

Enrichment Analysis for Gene Ontology using topGO package (v 2.36.0) %



and used all genes considered in the Mfuzz experiment as a background.
Uncorrected P values shown in plots corresponded to two-sided Fisher’'s exact
tests as provided by topGO ?°. These analyses allowed us to assign GO terms
that reflected main biological and molecular processes occurring for each of the
clusters. For instance, cluster 2, 3, 8 or 21, which included genes with high
expression during embryonic stages, showed enrichment in terms such RNA
splicing, epithelium development, animal organ morphogenesis, etc. associated
to morphogenetic processes happening at these developmental points. By
contrast, clusters whose genes are expressed during nymphal stages, such as
cluster 1, cluster 7, cluster 9 or cluster 18 exhibited enrichment in categories
related to chitin, cuticle formation and perception of chemical stimulus
(Supplementary Figure 2, Supplementary Data 9).

3.2 Differential gene expression analysis (DESeq2)

We mapped adult male and adult female head RNA samples to the annotated
genome using hisat2 v2.1.0 “°. Then, we obtained counted reads for each of the

samples (two replicates each condition) with samtools utilities

t47

(<http://www.htslib.org/>) and htseq-count *’. Differentially gene expression

analysis was performed with default parameters of "DESeqg2 v1.20.0" package
in R *® to detect whether there were differences in gene expression based on
sex.

We obtained 3,243 genes that were differentially expressed between
male and female heads (padj < 0.05), and of them, 1,406 genes were
upregulated in female heads and 1,837 were upregulated in male heads
(Supplementary Data 12).

3.3 Weighted Gene Correlation Network Analysis (WGCNA)
We used the cRPKM metric (corrected-for-mappability Reads Per Kilobasepair

of uniquely mappable positions per Million mapped reads *°) to perform these
gene expression analyses. We selected the transcript with the largest number
of exons for each of the protein-coding genes annotated in the C. dipterum
genome. In the case of D. melanogaster and S. maritima we used 19 and 14
datasets from *° (Supplementary Data 13) and calculated cRPKMs as described
in *°. Note that the recommended number of samples to perform WGCNA



analysis is 15 and we only used 14 samples for S. maritima. However, when
analysing the modules obtained for this centipede species, we were able to
assign different ‘categories’ based on either high gene expression in a main
tissue and/or GO term enrichment to different modules representing meaningful
biological processes or functions.

To characterise modules of co-expressed genes across our RNAseq
datasets that include developmental stages and nymphal and adult tissues and
organs, we utilised WGCNA °'. We selected 26, 19 and 14 samples of C.
dipterum, D. melanogaster and S. maritima (Supplementary Data 13). We
performed the analyses using as datasets all the genes that showed variance
across samples (coef. var = 1). In total, the number of genes included in each
dataset were, 13,720 for C. dipterum, 12,463 for D. melanogaster and 13,001
for S. maritima (Supplementary Data 13). To construct the weighted gene
network (co-expression similarity), we used softpower (BETA) settings of 6 for
C. dipterum, D. melanogaster and S. maritima datasets. Calculated ‘adjacency’
was utilised to construct the Topological Overlap Matrices (TOM) and their
corresponding dissimilarities. After performing the hierarchical clustering with
the ‘hclust’ function, we set a minimum module size of 30. Finally, we merged
modules with similar expression profiles using as height cut 0.25 to obtain 22,
17 and 21 modules for C. dipterum, D. melanogaster and S. maritima,
respectively. These modules contained genes that were assigned to them
based in their membership values across the RNA samples used in the study.
Each module was designated with a tissue or a biological category related to
gene expression across tissues and GO enrichment (Supplementary Data 13
and Supplementary Data 1). To assess the robustness of the modules
generated we took C. dipterum samples and performed replications of the
analysis. We modified the default parameters used (BETA 6, VAR 1) to BETA
12, VAR 1; BETA 18, VAR 1; BETA 6, VAR 5 and BETA 6, VAR 20 and
checked whether the gene content of the modules was modified. In all the
replications performed most of the genes were maintained in their assigned
modules (Supplementary Data 13). Finally, we analysed the overlap between
orthologous groups for each pair of modules for each of the species in a

pairwise manner.



To evaluate the significance, we performed hypergeometric tests. We
translated the list of genes contained in each module into a list of 'orthologous
gene families' (obtained from our orthologous families from OrthoFinder2
'9). This way, two genes that belonged to the same family were both translated
to their family's identifier. This allowed us to compare modules across species.

After this 'translation’, we kept a set of unique gene families per module
and then considered a hypergeometric test where the number of unique gene
families (ugf) in one module was the sample size (SS), the number of ugf of the
other module was the 'success in population' (SIP), their common ugf was the
'success in sample' (SIS) and the total available ugf (including those found in
neither of the two modules tested) was considered the population (POP). In
other words, we computed a probability of finding SIS, or more, common
families in our sample of SS families (the one module), that also belonged to the
other module which contained SIP families out of POP total available families.

a = set([module 'a' gene-family-ids])
b = set([module 'b' gene-family-ids])

gene_SS = len(a) # Sample Size

gene_SIP = len(b) # Success in Population

gene_SIS = len(a.intersection(b)) # success in sample
gene_POP = total number of gene family unique ids

hsv = scipy.stats.hypergeom.sf(gene_SIS-1, gene_POP, gene_SS, gene_SIP)
value_in_heatmap = -log(hsv, ,10)

Having obtained these values for each pair-wise comparison, we
visualized them in a clustered heatmap. For this we used the clustermap
method of the seaborn python library with the default parameters; hierarchical
clustering with euclidean metric and average method (Unweighted average
linkage clustering, or UPGMA). In order to stop the few extreme values from
dominating the clustering (a couple of module comparisons reach a -log(pvalue)
of 100 when most of the other significant comparisons are under 10), we
clipped the values at 10 before clustering. Additionally, we set a minimum value
of 3 for the visualization of the heatmap, therefore, the comparisons with
pval>0.001 were not shown.



To further investigate the module preservation between species, we ran
a specific WGCNA module preservation protocol, following the tutorial at

"https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/ModulePreservati

on/Tutorials/HumanChimp.pdf". To do this, we took the two WGCNA results for

mayfly and Drosophila, then filtered the two sets to include genes that had a
single orthologous gene between the two species only (n= 5,247 genes). Next,
we renamed the Drosophila genes to their C. dipterum gene ID equivalent, and
ran the module preservation (WGCNA function) and in-group proportion
statistics (through the clusterRepro package, 10,000 permutations) to assess
module conservation (Supplementary Figure 6b).

Supplementary Note 4. Chemosensory gene families

4 .1 ldentification and annotation of chemosensory gene complements

We created a dataset containing reference sequences for each chemosensory
(CS) gene family (Gustatory Receptors (GR), Odorant Receptors (OR),
lonotropic and ionotropic glutamate receptors (IR/iGIuR), CD36/Sensory neuron
membrane proteins (CD36/SNMP), Odorant Binding Proteins (OBP) and
Chemosensory Proteins (CSP)) from relative annotated insect genomes

(Supplementary Figure 3°%°

and Supplementary Data 10). In addition, we
constructed specific Hidden Markov Models (HMM) profiles for each CS gene
family based on their Pfam profiles (see Supplementary table 1 in 2),

We used the sequence database and the HMM profiles in the program
BITACORA ® to (i) identify new CS members, or to curate the already
annotated ones, among the pre-compiled gene models of these families
(obtained with automatic methods), and (ii) to generate new models (of
previously undetected copies) from the genomic sequences. Briefly, we
performed various iterative rounds of BLASTP and HMMER searches against
the automatically annotated proteins of C. dipterum and curated incorrect and
incomplete (when possible) gene models. Also, we used TBLASTN against the
genomic sequence to identify novel (not annotated by the automatic methods)
regions encoding CS proteins. We generated a GTF file containing our curated

annotation of C. dipterum CS genes.



4.1.1 Functional and structural classification of CS sequences

We classified the novel sequences in different categories based on structural
and functional criteria ®*. First, we examined the presence of premature stop
codons; these features could represent real non-functional copies
(pseudogenes), errors in sequencing or genome assembly steps or
inaccuracies in our automatic annotation step based on TBLASTN hits. All
sequences encoding complete proteins (CPs) that were free of stop codons
were included in the first category (CP set). Operationally, we considered a CP
when its length was >80% of the corresponding average protein domain length.
In addition, for the GR and OR families, we also required that the CP members
contained a minimum of 5 of the 7 transmembrane domains (defined by the
software TMHMM version 2.0c ®°; Phobius version 1.01%). For the CP IR/iGIUR
members, we required the presence of the ligand channel domains, namely,
PFO00060 (ligand-gated ion channel), present in all IR/iGIuR subfamilies, i.e.,
kainate, AMPA, NMDA, conserved IRs (IR25a/IR8a), and divergent IRs " The
remaining sequences that were free of stop codons and did not pass the length
filter criteria were classified as incomplete proteins (IP set). Finally, the CP and
IP sequences exhibiting some in-frame stop codons (that could represent
pseudogenes, among other features; W) were incorporated into the W data set.
We renamed all proteins with the initials of the family name and a number
starting from 100, except those with clear homology to D. melanogaster CS
members which were named as in Drosophila. We added a “p” to the name of
incomplete proteins to identify them.

We identified a total of 367 putative proteins across all CS gene families
in the genome of C. dipterum (see Supplementary Data 10). CS gene families
are characterized as fast evolving and highly divergent both across insects,
therefore surprisingly, the 95.4% of the copies were already predicted in the
automatic annotation, although some of them had incorrect gene models (i.e.
extra exons badly assigned to the gene, missing exons...), while the remaining
were identified from the genome sequence. The use of deep transcriptome
libraries from several stages and tissues in genome-wide automated gene

modelling provided these gene models for most of the CS sequences.



4.2 Phylogenetic reconstruction

We included in the phylogenetic analyses all CS genes identified in C. dipterum,
the members of these families in the fruit fly D. melanogaster, and the GR, OR,
IR and OBP proteins annotated in the C. splendens genome (loannidis, Simao
et al. 2017). We also included the ORs annotated in E. danica genome ©' and
the OBPs obtained from a preliminary sequence similarity-based search in E.
danica genome assembly
([https://www.ncbi.nim.nih.gov/assembly/GCA 000507165.2/]). The analysis of
the OBPs and CSPs was performed with the mature proteins (after excluding

the signal peptide identified using SignalP software; ®®). We used MAFFT (with
‘--auto’ option) to build family-specific multiple sequence alignments (MSA) .
The phylogenetic analysis was performed with |IQ-TREE version 1.6.5,
estimating automatically the protein substitution model for each tree "°. Node
support was estimated from 1000 ultrafast bootstrap replicates ’'. The
phylogenetic tree images were created using the iTOL webserver 2. Trees
were rooted using outgroups according to available phylogenetic information.
Additionally, we used OrthoMCL (v2.0.9; 73) to infer orthology among the gene
family members to compare with the relationships observed in the phylogeny.

4.3 Gene Clustering Analysis

We used computer simulations to test whether the members of a CS gene
family are physically clustered in the genome of C. dipterum. We assessed the
clustering pattern of all annotated CS genes by computing the variance of the
number of copies of a given family per scaffold (in 1,395 scaffolds). To build the
null hypothesis of no clustering, we randomly chose from the total genome gene
set a number of genes equal to the number of copies of the gene family we
wanted to test, and calculated the variance of the number of genes per scaffold.
We repeated this procedure 10,000 times until having an empirical distribution
of this quantity based on all genes. The empirical P-value of being distributed
across the genome just like any other gene, regardless of being a member of a
CS family, was obtained by comparing the observed variance of CS genes per
scaffold against this genome-wide distribution using the Empirical Cumulative
Distribution Function (ecdf) in R (R Core Team 2016).



4.4 Qdorant Binding Proteins and Chemosensory Proteins

We found the largest OBP repertoire known in insects, with a total of 191
fragments encoding members of this family, being 167 of them complete and
harbouring the typical conserved cysteine pattern. Among the 24 partial OBP
sequences, two are putative pseudogenes (sequences containing premature
stop codons that truncate the sequence) and 22 incomplete OBPs that could be
either also pseudogenized sequences or just incomplete annotations or
assemblies. The C. dipterum OBP gene repertoire far exceeds the 109 OBP

genes identified in the cockroach Blatella germanica ™

, and contrast greatly
with the four OBPs found in the genome of Calopteryx splendens *®, and the 39
putative genes of this family found in a preliminary search of the E. danica
genome.

We also identified 16 CSP proteins with complete gene models and the
typical four cysteine pattern of this family. The phylogenetic tree shows that this
genome encodes three highly divergent members of this family (CdipCSP107,
CdipCSP108 and CdipCSP113; Supplementary Figure 3b). We could not
establish any orthology relationship between D. melanogaster and C. dipterum
CSPs.

We determined that the members of the OBP family of C. dipterum are
significantly clustered in the genome (P-value < 0.0001). This clustering pattern
would be expected if new copies originate by tandem gene duplications and
their genomic structure is maintained for long time periods by selection against
rearrangements, as reported for this family in different insect species >7"’. An
alternative, not selective, explanation is a very recent burst of gene duplication
in the lineage of C. dipterum (in the family or in the entire genome) that
generated large tandem arrays of genes that still remain physically close in the
genome. We observed several species-specific phylogenetic clades of these
physically close copies in the OBP family tree with relatively short branch
lengths, suggesting a very recent origin and, therefore supporting the second
hypothesis; nevertheless, we also observe some basal lineages that group with
D. melanogaster and C. splendens sequences, pointing to a much older origin
and, therefore, suggesting some selective constraint against cluster

rearrangements.



The OBP tree also highlights the presence in C. dipterum of an ortholog
of the DmelOBP73a protein, here named as CdipOBP73a, which is also present
in C. splendens, CsplOBP1. This orthogroup is highly conserved across insects,
indicating a critical (but already unknown) function in this group °°. Additional
orthologies, such as that of the OBP43a group, were also detected, although
bootstrap support was low.

4.5 Gustatory and Odorant Receptors

The genome annotation of chemoreceptors was more challenging as
they are 4-fold longer than OBPs and CSPs and their expression is more
restricted (most of them are specific to chemosensory appendages). We found
that almost half of the sequences encoding chemoreceptors are partial
fragments, including also some putative pseudogenes. Nonetheless, we
identified 64 GR genes which would encode, at least, 56 receptors, 26 of them
being complete. Regarding ORs, we found 50 sequences encoding at least 43
proteins, 29 with full-length models. Interestingly, and unlike most insects, in C.
dipterum the number of OR and OBP proteins, both involved in olfaction, is very
different, supporting the idea that OBPs could have other unknown functions.

The phylogenetic analysis of chemoreceptors uncovered the presence in
C. dipterum of the highly conserved OR co-receptor, known as ORCO and of 49
specific OR (Supplementary Figure 3c and f). Although many OR copies in
Ephemeroptera would have originated in this lineage, some of them would be
already present in the common ancestor of C. dipterum and E. danica.

For the GR genes, we found a gene similar to the Drosophila receptors
for sugar taste (here CdipGR124), a group of proteins conserved in all insects
and also found in the crustacean D. pulex "®. Two additional GR found in this
study, CdipGR133 and CdipGR156, are similar to the GR characterized as the
CO;, receptors in Drosophila. Apart from these highly conserved sequences, we
identified some phylogenetic-based candidates to be the fructose receptor or to
participate in bitter compound detection, although the key nodes were largely
unsupported. The remaining GRs grouped in species-specific clades and their
functions are completely unknown. Noticeably several of these GRs are
expressed in the pre-nymphal embryo and in nymphal heads, so these
receptors probably also mediate gustation in C. dipterum.



4.6 lonotropic Receptors
Of the 34 (23 and 11) IR/iGIuR genes identified in C. dipterum (26 complete

sequences), 11 are canonical iGluRs, while 23 likely encode ionotropic (putative

chemosensory) receptors (Supplementary Figure 3). Particularly, we identified
some IR members known to be conserved across insects, such as the co-
receptor IR8a, which is duplicated in the mayfly ( CdipIR8a_1 and CdiplR8a_2),
IR25a and IR76b,IR93a, IR21a, IR40a, IR68a, the three first associated with
thermo- and hygrosensory mechanisms & Among the IR members identified in
C. splendens, only IR75c, which respond to various acids (Prieto-Godino, Rytz
et al. 2017) seems to be missing in C. dipterum. The phylogenetic analysis also
uncovers a small burst of ancient CdiplRs similar in number to the one
observed in C. splendens (Supplementary Figure 3e). These divergent IRs
could be implicated in chemosensory functions but also in the response to other
stimuli, such as temperature or humidity, as has been documented in D.

melanogaster °

. The diversity of tissues in which these receptors are
expressed predicts their broad range of functions. We observed particular IR
copies highly expressed in adult heads (IR40a and IR93a), gills (IR68a, IR107,
IR8a_1, IR103 and IR114p) and early embryos (E4; IR109, IR112p, IR25a),
while canonical iGluRs were found majorly expressed in whole heads and

brains.

4.7 Sensory neuron membrane proteins

We identified 12 complete genes encoding CD36-SNMP proteins, and no
evidence of partial fragments or pseudogenes in this family. Only SNMP, found
to be expressed in specific Drosophila pheromone-responding sensory
neurons, has been related with chemoreception, playing a key role in the
sensory perception of an important fruit fly pheromone by facilitating the contact
between the ligand and the membrane receptor 2°. The phylogenetic analysis
indicated that the only copy of this family conserved in C. dipterum is SNMP2,
which is represented by five divergent paralogs. Interestingly, four of these five
genes are mostly expressed during embryonic stages, in particular at the
segmented embryo stage (E6).



4.8 OBP spatial gene expression patterns (in situ hybridizations)

We selected some of the OBP genes that showed high expression in the gills
RNA-seq datasets to investigate the spatial expression pattern within this organ.
We designed and generated RNA probes against OBP799, OBP260 and
OBP219 (Supplementary Data 17). After whole trunks were fixed in FA 4% at 4°
C o.n,, gills were separated from the body wall and gill’s cuticle was carefully
removed. Gills were incubated at 60° C with RNA probes after post-fixation in
Methanol and Proteinase K treatment. Anti-digoxinenin-AP (OBP260, for 1 h 30
min; Roche) or anti-digoxinenin-POD (OBP199, OBP219, o.n. at 4° C; Roche)
antibodies were used to detect our DIG-labelled probes. OBP199 and OBP219
gills were incubated with Tyramide Signal Amplification (TSA) 1:100 in borate
buffer for 1 hour. After washing the TSA reaction, gills were stained with DAPI
1:10000 and Goat anti-HRP-Cy3 1:100 (Jackson Immunoresearch) at 4° C, o.n.
Image acquisition was done with a Leica SPE confocal microscope. Images
were processed with Fiji 1 For OBP260 in situ hybridization standard protocol

was followed, NBT/BCIP was used as chromogenic reagent.

4.9 Gene clustering and heatmap plots

To generate heat maps representing gene expression of chemosensory gene
families throughout multiple samples, we used previous normalised counts (see
Mfuzz normalisation using DESeq2 library in 3.1 section: Transcriptomics
clustering along life cycle stages (Mfuzz)) and applied the function to the
datasets:

cal_z_score <- function(x){

(x - mean(x)) / sd(x)
}

data_subset_norm <- t(apply(Chemos_matrix, 1, cal_z_score))

Finally, pheatmap package (v 1.0.12) was used to generate the heat maps
through the 'pheatmap' function.

To perform the clustering of tissue transcriptomes (Figure 4g) we first
selected the most variable genes by requiring: (i) a minimum coefficient of
variation across the 26 samples of 3, (ii) a minimum expression of at least 10
(using the cRPKM metric *°), and (iii) the expression was supported by at least



100 reads in at least one sample. These cut-offs resulted in a selection of 812
genes, whose log converted cRPKM values were used to perform a clustering
in R using (1 - Spearman correlation coefficients) as distance (hclust(as.dist(1-
cor(matrix,method="spearman",use ="na.or.complete")))). Heatmap of pairwise

correlations was plotted using the heatmap.2 function in R.

Supplementary Note 5. Opsin complement
5.1 Identification and annotation of opsin genes

A total 1247 opsins from all the major metazoans groups were used as seed in
the BLAST searches of the predicted protein sequences of C. dipterum, E.
danica (Edan_2.0;[https://www.ncbi.nlm.nih.gov/assembly/GCA 000507165.2/])
and L. fulva (Lful_2.0;
[https://www.ncbi.nim.nih.gov/assembly/GCA 000376725.2/]). All the genes
with e-value < 107° were retained for further analysis. To be considered an

opsin it was required to have the retinal binding domain or that the first BLAST
against Uniprot was an opsin (for short sequences). These sequences were
then merged with those from %4, To this set of sequences, additional mayfly
LWS, UV and Blue opsin sequences from transcriptome assemblies for Baetis

sp. EP001 and Epeorus sp. EP006 were obtained from 838

and for Baetis sp.
AD2013 from 8. Sequences derived from the previously mentioned
transcriptomes that were shorter than 100 amino acids were not included in
subsequent analyses. We also searched a Baetis rhodani shotgun whole
genome assembly %. The fragmentary nature of this assembly precluded
confident annotation of opsin genes, but allowed us to find one candidate exon
of a putative ortholog of C. dipterum UV-Ops1, that was too short to be included
in the phylogenetic analyses (Supplementary Figure 5, Supplementary Data
18). To this dataset, we finally added the sequences for an additional 27
species covering seven orders retrieved from &’.

All mayfly LWS, UV and Blue opsin sequences were carefully inspected
and curated to detect gene annotation errors such as fusions and fissions of
gene models, missing or spurious exons. Furthermore, in the case of E. danica,
we detected and corrected several cases of identical sequences derived from
haplotypes of the same gene. These errors were corrected using available

transcriptomic data and taking into account sequence and intron position



conservation with opsin genes from other species and other opsin paralogs
within the same species (Supplementary Data 18). Cd-hit was used to remove
the redundant sequences resulting in 687 insect opsins sequences. The
alignment was performed using MAFFT*” with default parameters and regions
with more than 70% of gaps were removed using TRIMAL®, Phylogenetic
reconstruction was performed using Ultrafast bootstrap with 1000 replicates,
aLRT Bootstrap and aBayes # using 1Q-Tree-1.6.7 °' under LG+G4+F model.
Furthermore, we produced a reduced version of the dataset where most lineage
specific duplicates from Odonata were not included, since these proteins were
not relevant for our study and their exclusion significantly reduced the
computational cost of the analysis. This data encompassed 359 sequences and
was subject to a Bayesian phylogenetic reconstruction using Phylobayes MPI
under GTR-G4 model and iqgtree-1.6.7 under LG+G4+F %% |n all the
phylogenetic analyses the trees were rooted using the melatonin receptor which

represent the opsin closest outgroup 2.

5.2 Uv-Ops in situ hybridizations

Specific primers were designed to generate DIG-labelled probes against UV-
OpsZ2 and UV-Ops4 (Supplementary Data 17). After o.n. fixation of the heads in
FA 4% at 4° C, dissected retinas were bleached using Formamide Solution %
for 16 hours. The following steps were as described for OBP2719 and OBP199
genes. Briefly, we post-fixated the retinas and treated them with Proteinase K
for 15 min. The hybridization was carried out at 60° C o.n. The next day, retinas
were incubated with anti-digoxigenin-POD at 4° C o.n. Finally, retinas were
incubated with 1:100 TSA in borate buffer. Leica SPE confocal microscope was
used to acquire images that were processed with Fiji 8'.

Supplementary Note 6. Phylostratigraphy

To classify genes by origin (phylostratigraphy) we used an expanded dataset of
28 species (Acanthoscurria geniculata®’, Apis mellifera®, Caenorhabditis
elegans®, Cloeon dipterum, Daphnia pulex®, Drosophila melanogaster’®%,
Ephemera danica®®, Heliconius melpomene®, Holacanthella duospinosa®’,
Homo sapiens, Ixodes scapularis®®, Ladona fulva®®, Laodelphax striatellus®,

Lepidurus arcticus’®, Limulus polyphemus™’, Lingula anatina’®?, Locusta



migratoria’®, Nematostella vectensis'™, Parhyale hawaiensis'®, Pediculus
humanus®, Penaeus vannamei'®, Ramazzottius varieornatus'®’, Sinella

%6 Stegodyphus mimosarum®', Strigamia maritima®, Tigriopus

curviseta
californicus®, Tribolium castaneum®, Zootermopsis nevadensis®®) aiming to
sample more densely arthropod lineages and key taxonomic clades.
OrthoFinder2 '® with DIAMOND *° as search engine and an inflation parameter
of 2 were used to compute orthogroups. A higher inflation parameter was
required to increase granularity aiming at capturing more defined orthogroups.
Then, the orthogroups with sequences from Cloeon and Drosophila were
selected, and each gene for each species was assigned an age based on the
furthest species that had a member of the same orthogroup (e.g. present in
Cloeon and Nematostella -> phylostratum Planulozoa). This resulted in 13
phylostrata for Drosophila and 13 for Cloeon (see Supplementary Data 6). To
compute enrichment tests on gene age, the proportion of gene ages/phylostrata
in a subset of interest (e.g. genes in WGCNA module “wings”) was compared to
the background proportion of ages of the species of interest using a Fisher's
exact test fisher.test (alternative = "two.sided") in R. The list of p-values for
each phylostratum were corrected for multiple-testing using p.adjust(method =
"BH") in R, and only those enrichments with a adjusted p-value < 0.01 were
classified as significant.

Supplementary Note 7. Evolutionary origin of wings

7.1 Functional test of shared genes

We selected eight genes of the 130 shared orthologs between the wing disc
and wing pad modules based on the following criteria: availability of RNAI line in
a stock centre, lack of off-target effects of such line, reported undetermined
function in the wing in Flybase and presence of orthologs in other species to
focus on genes that appeared near the origin of pterygote insects (absent in
non-winged insects and present in winged insects or genes that arose by gene
duplications at the base of pterygotes). Vienna Drosophila Research Centre
(VDRC) lines (see Supplementary Data 15) were crossed to yw; nub-Gal4; +
line to expressed the RNAI constructs specifically in the wing. Crosses were
kept at 25° C for 48 hours and then switched to 29° C to maximize GAL4-



induced RNAi expression. Wings were dissected from adult females and
mounted in Hoyer’s/Lactic medium for image capture.

7.2 Tissue specific transcriptomics

To characterise similarities between tissue-specific transcriptomes, we
calculated which genes where expressed in wing pads and one of the other
tissues preferentially, according to cRPKM (Minimum fraction of the minimum
expression of test group that has to separate both distributions; ($min_test >=
$min_expr && ($min_test-$max_neg)/$min_test >= $min_fr)). We considered
that the minimum expression (min_expr) of the test group was 20 and that the
difference between the test group (wing pad and second tissue, min_fr) with the
rest of the tissues was at least of 30 % (Supplementary Figure 6e, f). To assess
the statistical significance, we randomized the 98 counts among the 11 tissues
and scored how many times one tissue had a similar differential with the second
highest sample comparable to what we observed for gills (i.e. 20 genes more
than 10dpf embryos) and/or reached >=42 counts in 1,000,000 iterations. We
did not observe any of these two conditions in the 1,000,000 iterations and we
therefore propose a p<=10%-6. We also tested other tissues as ‘main tissue’ and
obtained meaningful biological relationships. For instance, when Malpighian
Tubules was the main tissue, 125 genes had the Gut as ‘second tissue’ out of
161 genes with high expression in Malpighian tubules and viceversa, when gut
was chosen as ‘main tissue’ Malpighian tubule appeared as "second tissue’ with
125 out of 181 genes highly expressed in the Gut. In the same manner, ‘Gills’
second tissue was ‘Wing pad’ (42 genes) or ‘Male head’ second tissue was
‘Brain’ (32). This analysis resulted in 98 genes with wing pad-specific
expression and from those, in 42 of the cases, the second tissue was the gills
(Supplementary Data 16). We found that 30 of these 42 genes had Drosophila
orthologs and from those, 40% (12/30) had a known role in wing development.
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Supplementary Figure 1. The genome of C. dipterum. a, Simplified animal
phylogeny showing number of gene gains and losses for specific lineages. In
green, novel genes (those that are present in the common ancestor of the clade
but not found in the outgroup), in blue, novel core genes (present in every
representative species) and in red, lost genes in the last common ancestor of
the clade. b, 17-mers analysis of the genome. A peak k-mer depth was
observed at 722-fold k-mer coverage. A detailed look at the 17-mer distribution
indicates the presence of at least two contaminant genomes (cont1 and cont2)
of different molarity in our sample. ¢, TE content by order. The most abundant
families in each order are indicated. d, TE divergence distribution for the TE
copies that were classified at the family level (n=15,070 individual TE copies
annotated using the 65 predicted consensus TEs).



Supplementary Figure 2
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Supplementary Figure 2. Dynamics of gene expression along C. dipterum
life cycle. Relative expression changes along RNA-seq samples,
corresponding to different life cycle stages obtained with Mfuzz R package (E4:
4 days post fertilization (dpf) embryo, E6: 6 dpf embryo, E10: 10 dpf embryo,
E14: 14 dpf embryo, eN: early nymph head, mN: mid nymph head, IN: late
nymph head, A: adult head). Numbers in plot show the number of genes and
the number of core genes (in brackets, with alpha score above 0.7) assigned to

each cluster
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Supplementary Figure 3. Chemosensory gene families in C. dipterum
genome. a, Bar plots exhibiting the CS gene complement in several
pancrustacea species (D. pulex, Crustacea; H. duospinosa, O. cincta, F.
candida, Collembola; C. aquinolaris, Diplura; M. hrabei, L. y-signata,

Archaeognatha; T. domestica, Zygentoma; L. fulva, C. splendens, Odonata; E.



danica, C. dipterum, Ephemeroptera; P. humanus, Psocodea; T. cristinae,
Phasmatodea; B. germanica, Z. nevadensis, Blattodea; T. castaneum,
Coleoptera; D. melanogaster, Diptera). b, CSP gene family phylogeny. c,
SNMP and CD36 gene families and phylogeny. d, GR phylogenetic tree. e,
IR/iIGIUR phylogeny. f, OR gene complement and phylogeny. C. dipterum genes
are shown in green, D. melanogaster shown in mustard, E. danica in blue and

C. splendens genes are shown in brown.
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Supplementary Figure 4. Expression of chemosensory gene families
across tissues and developmental stages. a, CSP gene family. b, GRs. c,
SNMP and CD36 genes. d, IR/iGIuR C. dipterum genes. e, NMDAR genes. f,
OR genes. g, OBP genes. Blue corresponds to high expression; light yellow

corresponds to low expression.
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Supplementary Figure 5. Opsin complement in C. dipterum. a, ML-tree of
opsin genes from different insects (DIP, Diptera; HYM, Hymenoptera; HEM,
Hemiptera; COL, Coleoptera; Odonata and Ephemeroptera). Black branches
represent melatonin receptor, which was chosen as outgroup; in red, RGR
genes; in grey, pteropsins; arthropsin in mustard; in green, LWS opsin; in
orange Rh7; in blue, Blue sensitive opsins and in violet, UV-sensitive opsins. a’,
Detail of Ephemeroptera LWS Opsin phylogeny. Numbers at each node
represent boostrap and posterior probabilities values, respectively. a”’, UV-
sensitive Opsin. a’’, Blue sensitive Opsins in Ephemeroptera. b, Ancestral
expansion of LWS opsins in Ephemeroptera is located in a genomic cluster.
Upper track shows C. dipterum genomic region and lower track shows E.
danica region. ¢, Alignment of exon 6 of C. dipterum UV-Ops1 with its
orthologous region from B. rhodani and homologous regions from other mayflies.
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Supplementary Figure 6. Transcriptomic conservation of wings and other
insect tissues. a, Orthologous gene overlap between modules from C.
dipterum (vertical) and S. maritima (horizontal) obtained by weighted correlation
network analysis (WGCNA) shown by levels of raw statistical significance. a’,
Overlap of orthologues between modules from D. melanogaster (vertical) and S.
maritima (horizontal) obtained by weighted correlation network analysis
(WGCNA) shown by levels of raw statistical significance. b, Heatmaps showing
module preservation between C. dipterum (horizontal) and D. melanogaster
(vertical, left) and S. maritima (vertical, right). Numbers in colour boxes show
the number of genes in each of the modules (Note that these analyses were
done only with one-to-one orthologs). Heatmap colour code represents p-
values, which are shown in each of the heatmap cells, together with the number
of genes. ¢, Wing phenotypes observed when knocking down orthologous
genes (CG42747, CG33129, CG14812, CG14103, CG12948, CG11560 and
CG12880) shared between C. dipterum and D. melanogaster wing and wing
disc modules. Control wings: nub-Gal4; UAS-GFP. Extra vein territories are
highlighted by black arrowheads. d, Heat maps showing enrichment test on
gene age/phylostrata in WGCNA modules (left heat map) and tissue-specific
RNA datasets (right heat map) relative to the background proportion of ages of
the species of interest (p-value < 0.01). e, Scheme showing the methodology
used to assign transcriptomic similarities between tissues. f, CD11458, which D.
melanogaster orthologue is shifted, is highly expressed in wings and gills, in

comparison to the rest of the tissue-specific RNA samples
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Supplementary Figure 7. Mfuzz analyses show cluster robustness.
Relative expression changes along RNA-seq samples, corresponding to
embryonic (a), nymphal (b) and adult (¢) Mfuzz clusters maintain their structure
with different values of the ‘m’ parameter (m= m1 (1.43 as in Figure 1, Figure 2
and Supplementary Figure 2), m= 1.33 and m= 1.53). Venn diagrams show
gene overlap of clusters for each category. Tables show enriched GO terms for
genes assigned to these clusters and calculated p-values as two-sided Fisher’s
exact tests. (E4: 4 days post fertilization (dpf) embryo, E6: 6 dpf embryo, E10:
10 dpf embryo, E14: 14 dpf embryo, eN: early nymph head, mN: mid nymph
head, IN: late nymph head, A: adult head).
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