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Fig. 3 Differential gene expression analysis of Retinal Determination Gene Network (RDGN) genes and phototransductiGaeémesviip
spider deutembryos. Bar graphs display fotfl change of selected RDGN and phototransduction genes. The denominator of the differential
gene expression is the always the sample in thededt. Comparison 1; Comparison between reads of early (pre-eyespot) and late deutembryos
(eyespot) of the eye-bearing specizsoanniticusapped ontoC. ioanniticusanscriptomeb, e: Comparison 2.1; Comparison between reads of
early deutembryo o€. ioanniticuand early deutembryo dE. israelensisapped ontoC. israelengignscriptomec, f: Comparison 2.2;
Comparison between reads of early deutembry@ ofoanniticuand early deutembryo €. israelensisapped ontoC. ioanniticusanscriptome.
atoAB atonalAatonalBdacAB dachshund/B eya eyes absergyg eyegonetdA B orthodenticle8; soAB sine oculigR Arr2 Arrestin<2Arr2-
likeA/BArrestin-2-like A/Bsterisks denote genes that are differentially expressed witfie0@05. Log-C = 0 foratoA OptixBandsoBfor
Comparison 1 and Comparison 2.2 are due to the absence of those parafbgsamniticuseference transcriptome. Log2FC = 04aRin
Comparison 2.1 is due to absence of this gen€.ifsraelensisference transcriptome

times higher than in the normal-eyes species (log,FC > 2;
Pagj < 0.05) (Fig. 3b; Additional file 1, Fig. S10). In Com-
parison 2.2, Pax6A and OptixA are also more highly
expressed in C. israelensis (paqj<0.05), and so is eya
(Pagj < 0.05; Fig. 3c). In Comparison 2.2, otd-B appears

reduced-eyes species, highlighting these two genes as
promising candidates involved in the reduction of eyes
in C. israelensis.

Expression of phototransduction genes and gene ontology

more highly expressed in the normal-eyes species (paq; <
0.05; Fig. 3c; Additional file 1, Fig. S11). We note that
the magnitude of log,FC and significance values differed
considerably between analysis. Nonetheless, Pax6A and
OptixA were consistently more highly expressed in the

enrichment analysis

Some of the RDGN genes surveyed are pleiotropic and
expressed outside the eye field in other arthropods, in-
cluding arachnids. For instance, dac is an important ap-
pendage patterning gene [70] and otd regulates anterior
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patterning across Arthropoda [47, 71]. Therefore, our
whole-embryo DGE comparisons may potentially not be
sensitive enough to detect differences in expression in
individual organs (i.e., eyes). In order to assess further
the sensitivity of the approach to detecting eye-specific
gene expression differences, we first quantified expres-
sion of opsins (visual pigments) and visual arrestins
(phototransduction proteins) [72, 73]. We predicted that
these retinal components should be up-regulated in the
eye-spot stages of C. ioanniticus, and expected that em-
bryos of this eyed species should have higher expression
of retinal genes in comparison to C. israelensis, the
reduced-eyes species. We found three transcripts
annotated as opsins for C. ioanniticus and C. israelensis:
a r-opsin (Long-wave-sensitive clade 2 [LWS-2]), a per-
opsin and a c-opsin (Additional file 1 Fig. S12). LWS-2
(also referred to as Rh2) and peropsins are expressed on
the eyes of some chelicerates, while c-opsins have been
reported only in the central nervous system [45, 74—77].

For the visual arrestins, we recovered one homolog of
D. melanogaster Arrestin-2 (Arr2) in C. ioanniticus. We
did not recover orthologs of Arrestin-1 (Arrl) in either
Charinus transcriptome, but Arrl orthologs occur in the
other chelicerate species surveyed (Additional file 1 Fig.
S13). In addition, we discovered two Arr2 paralogs in C.
ioanniticus and C. israelensis that we termed Arrestin-2-
like (A/B), given their close relationship to Arr2 to the
exclusion of Arrl and D. melanogaster non-visual
arrestin kutz [78] (Additional file 1 Fig. S13).

In the intraspecific comparison between C. ioanniti-
cus stages (Comparison 1), we detected that the Arr2, c-
opsin, and r-opsin are significantly more highly
expressed in the older stage with eye spots (Fig. 3d). In
the interspecific Comparison 2.1, c-opsin and r-opsin
are significantly more highly expressed in the eye bear-
ing species (Fig. 3e). In Comparison 2.2, Arr2, c-opsin,
and r-opsin are significantly more highly expressed in
the eye bearing species (Fig. 3f). In this comparison,
Arrestin-2-like B was more highly expressed in the re-
duced eye species, but we note that the identity of this
arrestin needs to be further investigated, since it is does
not cluster with the visual Arrl and Arr2 (SI Appendix,
Fig. S13). Taken together, these results suggest that our
DGE approach is able to detect predicted differences in
expression of downstream retinal genes between
treatments.

Next, we conducted a Gene Ontology (GO) enrich-
ment analysis in the gene sets of significantly highly and
lowly expressed genes in the three comparisons, in order
to investigate broader patterns of gene expression associ-
ated with eye development. We specifically looked for
enrichment or depletion of the GO term “eye develop-
ment” and child terms. In Comparison 1, we discovered
enrichment of six eye-related GO terms only in the list
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of highly expressed genes in the stage before eyes form
in C. ioanniticus, with 34 unique genes composing the
enriched categories (Additional file 2, Table S3). These
results accord with the detection of RDGN genes more
highly expressed in the pre-eye stages (see above).

In Comparison 2.1, we detected ten eye-related
enriched GO terms in the list of highly expressed
genes in embryos of the blind species C. israelensis,
with 187 unique genes composing the enriched cat-
egories (Additional file 2, Table S3). The enrichment
analysis of Comparison 2.2 yielded congruent results
(seven eye-related GO terms; 125 unique genes) (Add-
itional file 2, Table S3). The detection of eye-related
GO terms enriched only on the more highly expressed
genes of C. israelensis was unexpected, but is in ac-
cordance with the relative higher expression of Pax6A
and OptixA detected in the analysis of RDGN genes
(see above).

sine oculis is necessary for principal and secondary eye
development in a model arachnopulmonate.

Our bioinformatic analysis in the whip spider system
suggested that eya, one paralog of so, and otd may be in-
volved in the normal formation of eyes in C. ioanniticus
(Comparison 1). We also found evidence that Pax6 and
a paralog of Optix may be involved in the reduction of
eyes in the cave whip spider C. israelensis. To link bio-
informatic measurements of gene expression with func-
tional outcomes, we interrogated the function of RDGN
genes using parental RNA interference (RNAi) in the
spider P. tepidariorum. We selected Ptep-soA (Ptep-sol
sensu Schomburg et al. 2015), Ptep-otdB (Ptep-otd2
sensu Schomburg et al. 2015) and Ptep-OptixB (Ptep
Six3.2 sensu Schomburg et al. 2015). In P. tepidariorum,
these genes are known to be expressed in all eye types,
in the median eyes only, and in the lateral eyes, respect-
ively (Fig. 1d) [45].

Early expression of Ptep-soA is detected in lateral do-
mains of the head lobes (stage 10) corresponding to the
principal and secondary eyes, and continues until the
pre-hatching stage 14 [45]. Expression of Ptep-soA on
wild type stage 14.1 embryos is bilaterally symmetrical
on all eyes and uniformly strong (Fig. 4a—b). By stage
14.2, it remains strong on the principal eyes but it is
stronger at the periphery of the secondary eye spots
(Fig. 44, ).

Parasteatoda tepidariorum hatchlings, or postembryos,
initially have no externally visible lenses and pigment.
The red pigment and lenses of all eyes, and the reflective
tapetum of the lateral eyes, become progressively
recognizable in the 48 h (at 26 °C) until the animal molts
into the first instar with fully formed eyes (Additional
file 3, Video S1) (see also [79]). We fixed embryos from
Ptep-soA dsRNA-injected and dH,O-injected treatments
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indicated above each treatment

Fig. 4 In situ hybridization using DIG-labeled riboprobedfep-son late embryos of the spidétarasteatoda tepidarioruiil embryos in
frontal viewa—d: bright field imagesA'-D’: Same embryos, in Hoechst stainagSense probe of a stage 14.2 embryo (no sigmnafjntisense
probe on a wild type stage 14.1 embrgoAntisense probe on a wild type stage 14.2 embdyéntisense probe on a stage 14.2 embryo fro
the Ptep-soAlsRNA-injected treatmersAsine oculis.AVhite arrowhead: median eye; Black arrow: anterior lateral eye; White arrow: med
lateral eye; Double white arrow: Posterior lateral eye. Dotted arrowhead/arrow indicate asymmetrical expression and eye defect. Samy

between 24 h—48 h, which encompasses stages where the
eyes of postembryos are already recognizable until the
first instar.

Negative control experiments (dH,O-injected females)
yielded postembryos with eye morphology indistinguish-
able from wild type animals: the median eyes (ME; prin-
cipal eyes) have an inferior semi-lunar ring of red
pigment and lack the tapetum, and all pairs of lateral
eyes (secondary eyes) have the canoe-shaped tapetum
type [31, 32], which is split in the middle and sur-
rounded by red pigment (Fig. 5a; panel 1). We observed
misshaped tapeta on the lateral eyes of some postem-
bryos on the earlier side of the developmental spectrum
of fixed animals, but that was never observed on
postembryos close to molting or first instars (Additional
file 1, Fig. S14). It is unclear if this reflects a natural
variation of early developing tapetum or an artifact of
sample preparation.

Embryos from Ptep-soA dsRNA-injected females are
also able to hatch into postembryos and continue molt-
ing to adulthood (Additional file 3, Video S2). However,
a subset of the embryos of dsRNA-injected treatment
(9.5%; n=195/2049) exhibits a spectrum of eye defects
that was not observed on the controls (Fig. 5a-b;

Additional file 1, Fig. S15). The defects occurred on all
eyes, namely median eyes (ME), anterior lateral eyes
(ALE), posterior lateral eyes (PLE), and median lateral
eyes (MLE) (Fig. 5a). Affected median eyes have reduced
pigmentation or complete absence (Fig. 5a, panels 2-6),
while lateral eyes also exhibited defects of the tapetum
or complete absence of the eye (Fig. 5a, panels 4-6).

We selected a subset of the knockdown postem-
bryos initially scored as having any eye defect (n =48)
for quantifying the degree of effect per eye type, and
the proportion of symmetrical and mosaic eye pheno-
types in our sample. Median eyes are affected in al-
most all cases (97%), whereas the three lateral eye
types were similarly lowly affected (MLE: 14%; PLE:
8%; ALE: 10%) (Fig. 5¢; Additional file 1, Fig. S14; de-
tailed scoring criteria in Methods). The majority of
defective eyes are mosaics, meaning that a given eye
pair is affected only on one side of the animal (Fig.
5¢; Additional file 1, Fig. S14).

Parental RNAi against Ptep-soA did not completely
abolish its expression, as detected by in situ hybridization
(Fig. 4d; see Methods). Nevertheless, we detected asym-
metrical reduction of Ptep-soA expression on single eyes
of a subset of stage 14 embryos (n = 6/16; Fig. 4d), which

n

ian
le sizes are
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quantified in the embryonic transcriptome of C. ioanni-
ticus. For the interspecific comparison of early embryos
of C. ioanniticus and C. israelensis, two reciprocal
analysis were conducted: reads from both species
mapped onto C. israelensis transcriptome as the
reference (Comparison 2.1); and reads from both species
mapped onto C. ioanniticus transcriptome (Comparison
2.2).

Transcript abundance was quantified using the soft-
ware Salmon v. 1.1.0 [64], enabling the flag ‘—validate-
Mapping. Analysis of differential gene expression was
conducted with the software DESeq2 v 1.24.0 [65] fol-
lowing a pipeline with the R package tximport v.1.12.3
[122]. The exact procedures are documented in the cus-
tom R script (Additional file 5, Dataset S2).

For the enrichment analysis, we annotated both tran-
scriptomes using the Trinotate v.3.2.1 pipeline [123] and
extracted GO term annotations with ancestral GO terms
using the package script extract_GO_assignments _from_
Trinotate_xis.pl. We conducted the GO enrichment
analysis using the R package Goseq v.1.40.0 [124], as
implemented by a modified Trinity v.2.8.5 script run_
GOseq.pl [125]. Enrichment analyses were conducted for
Comparison 1, Comparison 2.1 and Comparison 2.2,
separately for the up-regulated (log,FC >1) and down-
regulated (log,FC<1) set of significant genes (p,g;<
0.05). We considered a GO term enrichment or depleted
if FDR<0.05 (Additional file 6, Dataset S3). We
searched for enriched GO terms associated with eye
development (GO:0001654), and daughter GO terms
(177 GO identifiers) as retrieved by the function get_
child_nodes in R package GOfuncR v.1.8.0 [126].

Parental RNA interference, in situ hybridization, and
imaging in Parasteatoda tepidariorum

Total RNA from a range of embryonic stages of P. tepi-
dariorum was extracted with TRIZOL (Invitrogen), and
c¢DNA was synthetized using SuperScriptIIl (Invitrogen).
Gene fragments for Ptep-soA, Ptep-otdB, and Ptep-
OptixB were amplified from cDNA using gene specific
primers designed with Primers3Web version 4.1.0 [127]
and appended with T7 ends. Cloning amplicons were
generated using the TOPO TA Cloning Kit with One
Shot Topl0 chemically competent Escherichia coli (Invi-
trogen). Amplicon identities and directionality were
assessed with Sanger sequencing. Primer, amplicon se-
quences and fragment lengths are available in Additional
file 7 Dataset S4. Double-stranded RNA for Ptep-soA,
Ptep-otdB and Ptep-OptixB was synthesized using
the MEGAScript T7 transcription kit (Thermo Fisher).
Sense and antisense RNA probes for colorimetric in situ
hybridization were synthesized from plasmid templates
with DIG RNA labeling mix (Roche) and T7/T3 RNA
polymerase (New England Biolabs).
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Parental RNA interference (RNAi) followed estab-
lished protocols for double-stranded RNA (dsRNA) in-
jection in virgin females of P. tepidariorum [81]. Each
female was injected four times with 2.5 uL. of dsRNA at
a concentration of 2 pug/ul, to a total of 20 pug. For
Ptep-soA, seven virgin females were injected with
dsRNA of a 1048 bp cloned fragment (Additional file 1,
Fig. S15C) and 3 females were injected with the same
volume of dH,O as a procedural control. Two virgin
females were injected with dsRNA for Ptep-otdB, and
six females for Ptep-OptixB. All females were mated
after the second injection and were fed approximately
every-other day after the last injection. Cocoons were
collected until the sixth clutch, approximately once per
week.

Hatchlings for all cocoons were fixed between 24 and
48 h after hatching. Freshly hatched postembryos have
almost no external signs of eye lenses and pigments. The
selected fixation window encompasses a period in which
postembryos have deposited eye pigments until the be-
ginning of the first instar, where eyes are completely
formed (Additional file 3, Video S1, S2). Hatchlings were
immersed in 25% ethanol/PBST and stored at 4 °C. For
the Ptep-soA RNAi experiment, hatchlings were scored
in four classes: (1) wild type, where all eyes were present
and bilaterally symmetrical; (2) eyes defective, where one
or more eyes were reduced in size or completely absent;
(3) dead/arrested; (4) undetermined, where embryos
were damaged or clearly freshly hatched. A subset of
Ptep-soA dsRNA-injected embryos from four clutches
(n =48) and of three control clutches (# =48) were fur-
ther inspected in detail to assess the effects on individual
eye types. Given that there is a spectrum on the intensity
of pigment deposition in the median eyes (ME), and
small asymmetries on the shape of the early developing
tapetum of the lateral eyes (LE) in control embryos, the
following conservative criteria were adopted: (1) ME
were considered affected when asymmetry in pigmenta-
tion or lens size was detected; both ME were only scored
as affected when they were both completely missing, in
order to rule out embryos that were simply delayed in pig-
ment deposition; (2) LE were considered defective only
when the tapetum was completely absent (Additional file
1, Fig. S14). Therefore, our coding does not allow detec-
tion of a phenotype consisting of delayed pigmentation.
Raw data are available in Additional file 7 Dataset S4.

For in situ hybridization, a subset of Ptep-soA dsRNA-
injected embryos at stage 13/14 [79] was fixed in a phase
of heptane and 4% formaldehyde for 12—24 h, washed in
PBST, gradually dehydrated in methanol and stored at —
20°C for at least 3 days before downstream procedures,
after a modified protocol of Akiyama-Oda and Oda
(2003). In situ hybridization followed the protocol of
Akiyama-Oda and Oda (2003).
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Embryos from in situ hybridization were counter-
stained with Hoechst 33342 and imaged using a Nikon
SMZ25 fluorescence stereomicroscope mounted with a
DS- Fi2 digital color camera (Nikon Elements software).
For postembryos, the prosoma was dissected with fine
forceps, gradually immersed in 70% Glycerol/PBS-T and
mounted on glass slides. Postembryos were imaged using
an Olympus DP70 color camera mounted on an
Olympus BX60 epifluorescence compound microscope.

The datasets in Additional files 3, 4, 5, 6 and 7 are de-
posited in: https://datadryad.org/stash/share/xb2VW408
0AmId3mLFZB07Ho7rHxPx-htK9q5]_-2miM

doi:https://doi.org/10.5061/dryad.xgxd254d1
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