
Article
Vestigial organs alter fossi
l placements in an ancient
group of terrestrial chelicerates
Highlights
d Neuroanatomical and molecular characterization of eye

development in daddy-longlegs

d A living daddy-longlegs possesses six eyes, including two

vestigial pairs

d Innervation patterns to the brain reflect chelicerate ancestral

architecture

d Lateral eyes in living harvestmen change phylogenetic

position of four-eyed fossils
Gainett et al., 2024, Current Biology 34, 1258–1270
March 25, 2024 ª 2024 Elsevier Inc.
https://doi.org/10.1016/j.cub.2024.02.011
Authors

Guilherme Gainett,

Benjamin C. Klementz,

Pola Blaszczyk, ..., Rodrigo Willemart,

Efrat Gavish-Regev,

Prashant P. Sharma

Correspondence
guilherme.gainett@childrens.harvard.edu

In brief

Gainett et al. report that living daddy-

longlegs, previously thought to have only

two eyes, have additional vestigial eyes

only seen in four-eyed fossil relatives.

This discovery changes the phylogenetic

position of the fossils and pushes back

age estimates of this ancient group.

These findings underscore the role of

vestigial organs in evolution.
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SUMMARY
Vestigial organs provide a link between ancient and modern traits and therefore have great potential to
resolve the phylogeny of contentious fossils that bear features not seen in extant species. Here we show
that extant daddy-longlegs (Arachnida, Opiliones), a group once thought to possess only one pair of eyes,
in fact additionally retain a pair of vestigial median eyes and a pair of vestigial lateral eyes. Neuroanatomical
gene expression surveys of eye-patterning transcription factors, opsins, and other structural proteins in the
daddy-longlegs Phalangium opilio show that the vestigial median and lateral eyes innervate regions of the
brain positionally homologous to the median and lateral eye neuropils, respectively, of chelicerate groups
like spiders and horseshoe crabs. Gene silencing of eyes absent shows that the vestigial eyes are under
the control of the retinal determination gene network. Gene silencing of dachshund disrupts the lateral
eyes, but not the median eyes, paralleling loss-of-function phenotypes in insect models. The existence of
lateral eyes in extant daddy-longlegs bears upon the placement of the oldest harvestmen fossils, a putative
stem group that possessed both a pair of median eyes and a pair of lateral eyes. Phylogenetic analysis of
harvestman relationships with an updated understanding of lateral eye incidence resolved the four-eyed fos-
sil group as a member of the extant daddy-longlegs suborder, which in turn resulted in older estimated ages
of harvestman diversification. This work underscores that developmental vestiges in extant taxa can influ-
ence our understanding of character evolution, placement of fossils, and inference of divergence times.
INTRODUCTION

Vestigial organs have long fascinated evolutionary biologists for

their potential to clarify common ancestry and macroevolu-

tionary processes.1–3 The value of vestigial traits in evolutionary

theory is that they can bridge gaps in transformation series of

morphological structures in paleontological datasets with their

modern counterparts in extant taxa when complex organs

become less elaborate or non-functional over time.4–6 However,

the empirical importance of vestigial organs for inferring the

phylogenetic position of contentious fossils remains poorly

documented. For many taxa, the phylogenetic position of fossils

often relies on a small number of characters, and the absence of

comparable morphologies in extant taxa may convolute the cor-

rect placement of fossils in the Tree of Life.7–10

One organ system whose evolutionary history is often com-

plex is the arthropod visual system. Arthropod eyes are diverse

in form and function and have undergone repeated losses and
1258 Current Biology 34, 1258–1270, March 25, 2024 ª 2024 Elsevie
gains across the phylum.11 Chelicerates (sea spiders, horseshoe

crabs, and other arachnids) have two types of visual systems,

the median eyes (principal eyes) and the lateral eyes (secondary

eyes), which differ in their mode of embryogenesis, acuity, and

innervation to the brain.12,13 Evidence from position, gene

expression, and anatomy suggests that the median and lateral

eyes of chelicerates are homologous, respectively, to the ocelli

and the compound eyes of pancrustaceans.14–16 However,

within Chelicerata, the number of eyes and the degree of reduc-

tion of their visual systems vary extensively.17

In the order Opiliones, commonly known as harvestmen or

daddy-longlegs, extant species have a maximum of one pair of

single-lens camera-type eyes.18 In Phalangida (which includes

daddy-longlegs [Eupnoi]), a pair of median eyes is placed on a

dorsal body protrusion, the ocularium (Figure 1A).18,19 In Cy-

phophthalmi (mite harvestmen), most groups lack evidence of

eyes, but species in two families retain a pair of simplified eyes

associated with dorsolateral protrusions of the body, called
r Inc.
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Figure 1. The paradigm of harvestman eye

evolution and presence of rudimentary eyes

in embryos of the daddy-longlegs P. opilio

(evidence from molecular markers)

(A) Mite harvestmen (Cyphophthalmi) have one pair

of lateral eyes, in contrast to their sister group,

Phalangida, which were thought to have one pair of

median eyes. The fossil suborder Tetraophthalmi

has both pairs of eyes and was previously recovered

as a stem-group Cyphophthalmi.21

(B) Developing eyes in P. opilio, showing mRNA

expression of eya in magenta and so in yellow

(frontal view).

(C) Head of a spider embryo (frontal view). mRNA

peropsin expression in magenta.

(D) Head of a scorpion embryo (frontal view). mRNA

expression of rh1 and rh2 paralogs is shown in

magenta and green.

(E) Head of a P. opilio daddy-longlegs embryo

(frontal view). mRNA peropsin expression (magenta)

and mRNA rh1 expression (green). Nuclei in blue

(Hoechst).

White arrow, lateral cells; black arrowhead, median

cells; white arrowhead, median eyes. Lc, lateral

brain center. Scale bars, 100 mm.
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ozophores (Figure 1A).20 Recently, a putative stem-group fossil

harvestman, Hastocularis argus, was discovered that exhibits

two pairs of eyes, with one pair associated with an ocularium

and the other with the ozophores.21 This condition is not seen

in any extant harvestman and implies that the common ancestor

of Opiliones possessed both visual systems, that Cyphophthalmi

eyes are true lateral eyes (associated with ozophores), and that

Phalangida eyes are true median eyes (associated with the ocu-

larium) (Figure 1A). The four-eyed fossil H. argus and the oldest

known Rhynie Chert Opiliones fossil, Eophalangium sheari,

were previously recovered in a clade (Tetraophthalmi) as stem-

group mite harvestmen in a total-evidence analysis (Fig-

ure 1A),21,22 but this placement is potentially unstable for three

reasons: (1) it renders the evolution of multiple characters non-

parsimonious (supporting text at Dryad: 10.5061/dryad.

m905qfv6q); (2) the molecular data were limited to five genes;

and (3) the morphological dataset was coded for a small number

of extant terminals, none of which exhibited the four-eyed condi-

tion found in the fossils.

Comparatively little is known about the patterning of cheli-

cerate eyes with regard to developmental genetics, in contrast

to better-studied insect models.15,23 Previous work on cheli-

cerate eye development has emphasized embryonic gene

expression in a horseshoe crab and multiple species of spi-

ders.24–29 Functional data on arachnid eye development

were previously restricted to a single investigation of a spider

homolog of sine oculis, a member of a conserved gene regu-

latory network underlying eye patterning across Bilateria.29 As

part of a comparative investigation to elucidate the molecular

basis of eye development across chelicerates, we explored

eye development in the daddy-longlegs Phalangium opilio

(an exemplar of Phalangida; Figure 1A). During this investiga-

tion, we established the unexpected presence of previously
unreported rudimentary median and lateral eyes. This finding

prompted us to assess the influence of these rudimentary

eyes on the phylogenetic position of four-eyed fossil harvest-

men and reevaluate scenarios of eye evolution in Opiliones

and Chelicerata.

RESULTS AND DISCUSSION

An extant daddy-longlegs has multiple rudimentary eye
pairs
The retinal determination network (RDN) includes important

genes conserved across bilaterians in initiating and patterning

photoreceptive structures, such as Pax6, eyes absent (eya),

and sine oculis (so; Six1).30,31 To investigate eye development

in the harvestman P. opilio, we described the expression pat-

terns of eight genes (supporting text at Dryad: 10.5061/dryad.

m905qfv6q; Figures 1 andS1–S4) that are known to be important

for eye morphogenesis and photoreceptor specification in the

ocelli and compound eyes of the fruit fly Drosophila mela-

nogaster,30 and whose homologs exhibit expression in the me-

dian and lateral eyes of other chelicerates, such as spiders.25,26

The median eyes of the harvestman P. opilio develop as two

large bilateral eye folds32 that progress anteriorly over the neuro-

ectoderm as part of amorphogenetic process that will contribute

to the formation of the anterior portion of the prosomal shield33

(Figures 1B and 2A–2E; supporting text at Dryad: 10.5061/

dryad.m905qfv6q). When fully folded, the eye is a multilayered

tissue above the developing brain32 (Figures 2F–2M’; see Fig-

ure 2J’ for orientation). The eye has two distinct regions in the

frontal view, a mesal compartment and an ectal compartment

(Figure 2E). All eight genes (eyes absent [Po-eya], sine oculis

[Po-so], Po-Optix, dachshund [Po-dac], orthodenticle [Po-otd],

Pax6 paralogs [Po-Pax6a and Po-Pax6b], and Po-Pax2) are
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Figure 2. Eye development in the daddy-longlegs P. opilio

(A–E) Progression of head development in a series of embryonic stages (Hoechst staining; maximum projection). Arrows mark the anterior margin of the head,

which shifts anteriorly to cover the neurogenic ectoderm. Embryos in (A)–(D) are also shown in Figure S1 (atlas).

(F–I) Stage 13 embryo, triple labeled with eya (magenta), so (yellow), and Pax6a (green) expression (maximum projection). Nuclei in blue (Hoechst). The same

embryo is shown in Figures 1B and S1 (atlas).

(J–M) Single optical slice of the developingmedian eye (stage 13), triple marked with eya (magenta) (K), so (yellow) (L), and Pax6a (green) (M) expression. Note that

Pax6a is mostly restricted to the outer layer (lentigenic layer) of themedian eyes, while eya and so are ubiquitous in the median and inner layers. (J0–M0) Schematic

representation of the morphology and expression patterns in the eye cross-section.

(legend continued on next page)
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expressed in parts of the developing eye tissue and brain at

some stage of development analyzed here (stages 8–16)

(Figures S1–S3). Eye layers express different combinations of

genes. For instance, while Po-eya is ubiquitously expressed in

all three layers, Po-so is concentrated on the dorsal part of the

medium retinal layer and in the inner retinal layer, whereas Po-

Pax6a is restricted to the outer lentigenic layer (Figures 2J–

2M0). Po-Optix is expressed in parts of the eye fold, developing

brain, and labrum, as well as the mesal compartment of the

multi-layered eye (Figures S1H–S1M). Po-Pax6a (Figures 2I,

2M, 2M’, and S1A–S1G) and Po-Pax6b (Figure S2) aremainly ex-

pressed in the neural tissue during eye folding but are also

weakly expressed in parts of the eye folds. Po-eya, Po-so,

Po-otd, Po-dac, and Po-Pax2 expression overlaps in large areas

of the median eye tissue throughout eye fold progression and

in the multi-layered eye (Figures 2F–2H and S1–S3), with

the exception that Po-dac expression becomes restricted to

the outer layer of the eye in late stages (stage 15 onward)

(Figure S1M).

In sum, ubiquitous spatial and temporal expression of Po-eya

and Po-so (Figures 1B and S1A–S1G), as well as of Po-otd (Fig-

ure S2) and Po-Pax2 (Figures S3A–S3E), is associated with all

phases of median eye development, suggesting a pivotal role

for these genes in the establishment and differentiation of the

median eyes of P. opilio.

Beyond the median eyes, expression of Po-eya and Po-Pax2

occurs within a broader domain of Po-so expression on the an-

terolateral margin of the head, adjacent to the lateral furrow

(Figures 1B, S1A–S1G, and S3A–S3E). This region corresponds

to the site of lateral optic neuropil and lateral eye development in

arachnids with lateral eyes.25,26,34 These Po-eya and Po-Pax2

domains temporally precede foci of Po-otd expression, which

is co-expressed with Po-eya in these cells during the stages

investigated (Figure S2). In addition, Po-dac is broadly ex-

pressed in this lateral territory (Figures S1H–S1M). All eight

genes studied are expressed in parts of the developing lateral re-

gion of the brain (hereafter, lateral brain center), in most cases as

a discreet C-shaped outline (Figures 1B, 2F–2H, S1F, S1K, S1L,

and S3A–S3E).

The seemingly vestigial co-expression of the eye-patterning

genes where lateral eyes normally form in arachnids prompted

us to investigate whether P. opilio develops rudimentary eyes.

We investigated the expression of opsin-encoding genes, as op-

sins are conserved proteins upstream of the photoreceptive

cascade in photoreceptive organs across Metazoa.35 Long-

wavelength-sensitive (LWS) r-opsins are known to be canonical

visual opsins in arachnids,36 whereas peropsin has previously

been detected in the retina of spiders.37 As a point of compari-

son, we first visualized embryonic expression of LWS r-opsins

and a peropsin in a spider (Parasteatoda tepidariorum) and a

scorpion (Centruroides sculpturatus), two arachnid groups

that possess both median and lateral eyes. In the spider

P. tepidariorum, peropsin mRNA (Pt-peropsin) is expressed in

the median and lateral eyes of late embryos (stage 14), but
White arrow, lateral cells; white arrowhead, median eyes. Br, brain; ch, chelicera;

layer of the median eye; mc, mesal compartment of the median eye; mL, median la

Scale bars, 100 mm.

See also Figures S1–S3.
LWS r-opsin mRNA (Pt-rh1 and Pt-rh2) is not embryonically ex-

pressed in the eyes (Figure 1C). In the scorpion C. sculpturatus,

peropsin mRNA (Cs-peropsin) was not detected in the embry-

onic eyes, whereas one LWS r-opsin paralog (Cs-rh1) is ex-

pressed mostly in the median eyes, and a second LWS r-opsin

paralog (Cs-rh2) is expressed only in the lateral eyes (Figure 1D).

These results show that, despite some evolutionary variability,

embryonic opsins serve as specific markers for both median

and lateral eyes of arachnids.

Eight opsin genes occur in the genome of P. opilio (Figure S4).

We identified transcripts predicted as three c-opsins (non-vi-

sual), a peropsin (Po-peropsin), and four r-opsins (Po-rh1, Po-

rh3, Po-rh7, and Po-arthropsin) (Figure S4). In embryonic stages

shortly prior to eye pigment formation (stages 13–14), we de-

tected Po-peropsin expression in the median eyes and Po-rh1

(a LWS r-opsin) in a group of cells in the lateral margin of the

head (Figure 1E), co-localizing with Po-eya in the lateral cells

(Figure 3A). This differential expression of Po-peropsin and Po-

rh1 expression between the median eyes and the lateral cells

persists until stage 18, when r-opsin also becomes expressed

in themedian eyes (Figure 3B). Unexpectedly,Po-rh1 is addition-

ally expressed in two small groups of cells anterior to the median

eyes (hereafter median cells), which also do not express Po-per-

opsin initially and occur within a Po-eya expression domain

(Figures 1E, 3A, 3B, and 3I). Po-rh3 (UV opsin) is expressed in

the developing median eyes, lateral cells, and median cells,

whereas we did not detect expression of Po-rh7 and Po-arthrop-

sin in this territory throughout embryogenesis (Figure 3E). The

opsin-positive lateral cells are also present in post-embryonic

stages and adults (Figures 3J–3N).

Visual arrestin (beta-arrestin) proteins are important down-

stream components of the photoreception cascade,38 and

myosin-III protein (whose encoding gene is a homolog of

D. melanogaster ninaC) is a photoreceptor-specific marker in

the horseshoe crab that is known to localize to the developing

larval and adult lateral and median eyes.39,40 In the genome

and transcriptomes of P. opilio, we discovered two putative vi-

sual arrestins (Po-arrestin-2 and Po-arrestin-2-like) and two

myosin-III homologs (Po-myoIII-1 and Po-myoIII-2). Most genes

(except Po-arrestin-2-like; no expression detected) are ex-

pressed in the median eyes and median cells, whereas Po-ar-

restin-2 and Po-myoIII-2 are also expressed in the lateral cells

(Figures 3C, 3D, and 3F–3H). The combined expression of an

LWS r-opsin, a UV opsin, and downstream photoreceptor-

specific genes strongly suggests that the lateral and median

cells are photoreceptive. Together with the expression data of

RDN genes, these data support the interpretation that both the

lateral and median cells are rudimentary eyes.

Median and rudimentary eyes of P. opilio are under
control of retinal determination genes
To further test the hypothesis that the lateral andmedian cells are

eye homologs, we investigated whether genes patterning all

eyes (median and lateral) in other arthropods are necessary for
ec, ectal compartment of the median eye; lf, lateral furrow; lr, labrum; iL, inner

yer of the median eye; oL, outer layer of the median eye; vc, ventral nerve cord.
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Figure 3. Median cells and lateral cells ex-

press photoreception genes

(A) Stage 13 embryo, showing eya (yellow) mRNA

co-expression with rh1 (green) mRNA in the median

and lateral cells, and peropsin (magenta) in the

median eyes. Inset: detail of the eya and rh1

expression in the lateral cells.

(B–D) Stage 17 embryo (multiplexed), marked with

rh1 (green) (B), arrestin-2 (orange) (C), and myosin

III-2 (myoIII-2) (magenta) (D) expression. Note that in

this stage rh1 is also expressed in the median eyes.

(E) Stage 17, rh3 (UV) expression.

(F) Stage 17, myosin III-1 (myoIII-1) expression.

(G) Sub-stack of (F), showing expression ofmyoIII-1

in the median cells.

(H) Sub-stack of (D), showing expression ofmyoIII-2

in the median cells.

(I) Close-up of rh1 expression (green) in the median

cells and peropsin expression (magenta) in the me-

dian eyes of a stage 16 embryo.

(J) rh1 (green), rh3 (orange), and peropsin (magenta)

expression in a third instar individual.

(K) Lateral view of the rudimentary lateral eye in

a third instar individual. rh1 expression in gray.

Asterisk: concentration of rh1 expression.

(L) External view of the anterior prosoma of an adult

male, visualized by cuticle autofluorescence.

(M) Internal view of the same specimen showing

expression of rh1 (green), arrestin-2 (yellow), rh3

(magenta), and nuclei in blue.

(N) Magnification of the lateral cell, expressing

arrestin-2 (yellow) and rh3 (magenta), but not rh1

(green).

White arrow, lateral cells; black arrowhead, median

cells; white arrowhead, median eyes. Lc, lateral

brain center; Oz, ozopore; L1–L2, leg 1–2. Scale

bars, 100 mm (A–K), 500 mm (L andM), and 50 mm (N).

See also Figure S4.
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the development of the putative photoreceptors in P. opilio. In

Drosophila melanogaster, eya and so are necessary for com-

pound eye (lateral eye) and ocellus (median eye) develop-

ment41,42 and form a protein complex that works in synergy.43

Previous work in spiders suggested that the formation of both

median and lateral eye is under the control of eya and so,25,26

and knockdown of paralog so-A in the spider P. tepidariorum af-

fects the development of both eye types (there are no functional

data for eya in spiders).29 InP. opilio, we focused on eya function,

given ubiquitous and early eya expression in the median eyes

and in the early foci of expression that prefigures the location

of Po-rh1 expression in the lateral and median cells.

We conducted RNA interference (RNAi) against Po-eya via

embryonic injections of double-stranded RNA (dsRNA). Hatch-

lings in the control treatment (injected with exogenous dsRNA

or water) had wild-type eyes (n = 106/106) (Figure 4A). In the

Po-eya dsRNA-injected treatment, 83% of hatchlings (n = 54/

65) presented median eye defects, with a phenotypic spectrum

ranging from smaller median eyes with reduced pigmentation

to absence of both eyes and eye pigmentation (Figures 4B, 4C,

and S5). At embryonic stages in the RNAi treatment, the eyes
1262 Current Biology 34, 1258–1270, March 25, 2024
were smaller than in controls and showed correlated, diminished

expression of Po-eya (Figures 4D–4F). In addition to defects in

the median eyes, embryos scored as eya phenotypes before in

situ hybridization also showed reduced or absent lateral andme-

dian cells, as marked by Po-rh1 expression (n = 10/10). Notably,

the degree of reduction of median eye, median cells, and lateral

cells was tightly correlated, as evidenced by phenotypic mosaic

individuals resulting from differential gene knockdown in cells in

opposite halves of the embryo (Figure 4E). These results support

a requirement for eya in the patterning the median eye, median

cells, and lateral cells and supports the homology of median

and lateral cells with eyes.

Among Chelicerata, the basally branching Pycnogonida (sea

spiders) have two pairs of median eyes and no lateral eyes,44

whereas the remaining chelicerates mostly possess both sets

of visual systems, with secondary reduction of one or both eye

types in miniaturized taxa.17 Horseshoe crabs are unique in

that they possess larval eyes: one pair of rudimentary lateral

eyes, which becomes accessory to the compound eyes in

adults, and one pair of rudimentary median eyes, which post-

embryonically fuse into a subcuticular single eye accessory to



Figure 4. Median eyes and rudimentary eyes

in P. opilio require the retinal determination

network genes for normal development

(A–C) Frontal view of hatchlings in the control (A) and

eya RNAi treatment with reduced eyes (B) and ab-

sent eyes (C).

(D–F) Frontal view of stage 15 embryos in the control

(D) and eya RNAi treatment (E and F). eya (yellow),

rh1 (green), and peropsin (magenta) mRNA expres-

sion show the loss of both the median eyes and

rudimentary eyes upon eya knockdown. Insets show

magnification of median cells.

(G–I) Frontal view of stage 12/13 embryos in the

control (G) and dac RNAi treatment (H and I). The

peropsin channel was omitted.

(B), (E), and (H) are phenotypic mosaic embryos

arising from differential gene knockdown in cells

in opposite halves of the embryo. Nuclei in blue

(Hoechst). White arrow, lateral cells; black arrow-

head, median cells; white arrowhead, median eyes.

Hollow, dotted arrows and arrowheads indicate loss

of corresponding structures. Scale bars, 100 mm.

See also Video S2 and Figure S5.
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the pair of median eyes of adults.13,39 Although the number

of lateral eye pairs is variable in extant terrestrial arachnids

(0–5 pairs),17 they are thought to have a maximum of one pair

of median eyes. Given the position of the median and lateral

cells, we hypothesized that these putative photoreceptors of

P. opilio are components of the median and lateral eye visual

system, respectively.

To test whether the rudimentary lateral cells of P. opilio are

serially homologous to lateral eyes of other arthropod groups

(i.e., the compound eyes of pancrustaceans and horseshoe

crabs), we sought a reliable marker for lateral eye identity in

the literature. We initially explored Pax2 as a potential marker

of lateral eye homology, as the spider paralog Pax2a exhibits

early expression in spider lateral eye primordia, whereas the

paralog Pax2b is restricted to parts of the developing brain.20

However, expression of the single-copy homolog of Pax2 in

both median eye and lateral eye primordia of P. opilio demon-

strates that Pax2a is not a marker specific to chelicerate lateral

eyes, as previously suggested based on expression data in

two spiders27 (supporting text at Dryad: 10.5061/dryad.

m905qfv6q). Our interpretation is reinforced by data in a scor-

pion, wherein both paralogs of Pax2 (the orthologs of Pax2a

and Pax2b of spiders) are expressed in both median and

lateral eye primordia (Figures S3F and S3G), as in the

harvestman. These expression surveys suggest that the re-

striction of Pax2a to lateral eyes during eye development is
Current B
a derived condition of spiders and does

not reflect the dynamics of Pax2 across

Chelicerata.

As an alternative marker for lateral eye

identity, we explored the retinal determina-

tion gene dachshund (dac), which is neces-

sary for patterning lateral eyes (compound

eyes) in the fruit fly Drosophila mela-

nogaster and in the beetle Tribolium casta-

neum (late eye development).30,45–47 In
contrast to eyes absent function in both ocelli (median eyes)

and compound eyes (lateral eyes), dac mutant fruit flies have

defective compound eyes but have normal ocelli, in addition to

a well-characterized deletion of medial leg segments.45 We

reasoned that if the lateral cells of P. opilio are serially homolo-

gous to lateral eyes, then knockdown of Po-dac should impair

the development of the lateral cells, but not affect the develop-

ment of the median eyes or median cells. We replicated an

RNAi experiment against Po-dac and screened embryos exhib-

iting previously reportedmedial leg segment defects,48 using the

leg morphology as an indicator of successful dsRNA penetrance

(Figures 4G–4I). Embryos injected with dsRNA of Po-dac pre-

sented wild-type median eyes and median cells but exhibited

either reduction or loss of rh1 expression in the lateral cells

(n = 15/35), with a similar pattern of unilateral (mosaic) and bilat-

eral defects, as seen in the Po-eya experiment (Figures 4H and

4I; Supplemental Results and Discussion). Notably, every inci-

dence of reduction or loss of r-opsin in lateral cells was associ-

ated with leg axis defects on the same side, with emphasis on

mosaic phenotypes.

Given the phylogenetic position of chelicerates and hexapods,

these results first suggest that dac plays a conserved role in

patterning lateral eyes across Arthropoda. However, we add

the caveat that the function of dac homologs in the lateral eyes

may vary across the phylum. For example, in the beetle Tribolium

castaneum, maternal RNAi against dac does not affect the larval
iology 34, 1258–1270, March 25, 2024 1263

http://10.5061/dryad.m905qfv6q
http://10.5061/dryad.m905qfv6q


Figure 5. P. opilio rudimentary eyes innervate

the protocerebrum

(A) Brain of a stage 14/15 P opilio embryo (superior

view). HRP (magenta) protein marks subsets of

neurons, and acetylated tubulin protein (green) is

enriched in neural cells.

(B) rh3 (uv-opsin) (orange) and rh1 (green) mRNA

(both expressed in the median cells) mark thin

cellular projections (asterisks) from the median cells

toward the retinal cells of themedian eyes (VideoS3).

(C) arrestin-2 (orange) and rh1 mRNA expression

(green) mark cellular projections of the lateral cells

toward the lateral brain center (which is positioned

under the median eyes at this stage).

(D and E) Serial confocal planes of a frontal view of

the embryonic head, from anterior to posterior. rh1

mRNA expression (orange) marks the lateral cells,

and acet-tub protein expression (green) shows a

connection to the lateral brain center (black arrow)

(Video S4). Nuclei in blue (Hoechst).

White arrow, lateral cells; black arrowhead, median

cells; white arrowhead, median eyes. Ab, arcuate

body; Mc, median brain center; Lc, lateral brain

center. Scale bars, 50 mm.

See also Video S1 and Figure S6.
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eye, whereas larval RNAi against dac results in reduction, but not

loss, of the compound eye.47 In the milkweed bug Oncopeltus

fasciatus, RNAi against dac results in canonical loss-of-function

limb phenotypes, but no eye phenotypes were reported.49 Simi-

larly, knockout mutants for the paralog dac2 in the amphipod

Parhyale hawaiensis exhibited limb phenotypes but no eye phe-

notypes, whereas knockouts for dac1 exhibited no phenotype at

all.50,51 We speculate that this variation in phenotypic spectra

may be attributable to the severity and penetrance of RNAi in

insects and genetic compensation between paralogs in the

amphipod. Alternatively, it is possible that the variation of dac

function in lateral eye patterning may reflect developmental sys-

tem drift within the RDN of Arthropoda.

Second, these results corroborate the hypothesis that median

and lateral cells are part of the median and lateral eye visual sys-

tems, respectively.

P. opilio rudimentary eyes retain the protocerebral
innervation pattern of separate visual systems
The median and lateral eyes of arthropods innervate distinct re-

gions of the protocerebrum, the anterior-most component of the

tripartite brain. In extant chelicerates with both median and

lateral visual systems, the axons of the median eyes connect

to rostral neuropils of the protocerebrum, whereas the lateral

eyes connect to separate neuropils that arise from lateral do-

mains of the protocerebrum.13,19,34,44,52

To establish whether the rudimentary eyes indeed exhibit phy-

lotypic patterns of innervation, we examined neuroanatomy of

the developing P. opilio brain. The embryonic protocerebrum

ofP. opilio (stage 15) is composed of threemain regions: a rostral

median center, a lateral center (ventrolateral after stage 16) that

develops from the lateral furrow, and the posterior arcuate body.
1264 Current Biology 34, 1258–1270, March 25, 2024
These three regions are recognizable by combinations of neural

genes (e.g., Po-otd and Po-Pax6b; Video S1) and proteins en-

riched in neural cells (acetylated-tubulin; HRP) (Figures 5A and

S6A–S6G). Cellular projections extending from the retinal cells

of the median eyes form a nerve that projects dorsally toward

the median center of the brain (Figures S6E–S6G; Video S2), in

a position comparable to what has been described using cobalt

and DiI/DiO retro-labeling in the eyes of adult daddy-longlegs.19

Expression of Po-rh1 and Po-rh3 opsins reveals that fine cellular

projections exist between the median cells and the median eye

(Figures 3I and 5B; Video S3). This observation suggests that

median cells and median eyes potentially share the pathway of

projection into the median brain center, supporting the hypothe-

sis that the median cells are a rudimentary pair of median eyes.

Expression of photoreception-specific markers also reveals that

the lateral cells project toward the lateral region of the head,

adjacent to the median eyes (Figures 3B, 3E, and 5C). This

projection terminates in the lateral brain center, as visualized

by double-labeling of Po-rh1 mRNA and acetylated tubulin anti-

body (Figures 5D–5F; Video S4). These results show that theme-

dian and lateral cells are connected to the protocerebrum in a

pattern consistent with the rudimentary median and lateral eye

hypothesis.

The eyes of Opiliones are not thought to be capable of sharp

image formation, and the limited information on their visual ecol-

ogy suggests that they function primarily as bright and dark de-

tectors.53,54 Reduction of eyes has been generally associated

with fossorial habits and cave habitats,55 with several examples

in arachnids, including Opiliones.29,56,57 Despite the simplified

morphology of the vestigial eyes reported here, their function

in immature and adult daddy-longlegs merits future investiga-

tion, with emphasis on non-image-forming functions such as
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the establishment of circadian rhythms (a role associated with

lateral eyes of groups like scorpions).58,59

Hastocularis argus, a four-eyed fossil, is a crown-group
daddy-longlegs
We suspected that the previous placement of H. argus and

E. sheari as stem-group Cyphophthalmi hinged upon the

assumption that true lateral eyes occur only in Cyphophthalmi

and true median eyes occur only in Phalangida (Figure 1A). The

discovery of rudimentary lateral eyes in the daddy-longlegs

P. opilio challenges the paradigm of absent lateral eyes in Pha-

langida and prompted us to reinvestigate this character and

the phylogenetic placement of H. argus.

To test whether the rudimentary eyes we found in P. opilio

occur more broadly across Phalangida, we collected embryos,

generated genomic resources, established expression proto-

cols, and assayed opsin expression in the armored harvestman

Iporangaia pustulosa (amember of Laniatores, the sister group to

the remaining Phalangida). Our assays unveiled that rudimentary

lateral eyes occur during embryogenesis of this species as well,

as demarcated by the expression of the LWS opsin Ipus-rh1

(Figures 6C and 6D). We found no evidence of median cells

in this species. Our results suggest that rudimentary lateral

eyes were present in the common ancestor of daddy-longlegs

(Eupnoi) and armored harvestmen (Laniatores) and, by exten-

sion, likely occur across extant Phalangida.

Next, we compiled a total-evidence dataset composed of

78 loci with minimal missing data, based on a previous phyloge-

nomic study with well-resolved and supported relationships

of the four suborders,60 supplemented with new data for

I. pustulosa and Pettalus thwaitesi (an eye-bearing Cyphoph-

thalmi), as well as the 158 morphological characters coded in

the previous analysis.21 We first implemented the original coding

in the morphological matrix (only median eyes present in Phalan-

gida; only lateral eyes present in some Cyphophthalmi).

To infer how the presence of lateral eyes in Phalangida affects

phylogenetic reconstruction, we recoded presence of lateral

eyes under two schemes: (1) under strict coding, lateral eyes

were scored as present in P. opilio (Eupnoi) and I. pustulosa (La-

niatores), and all other Phalangida were scored as missing data

for this trait; (2) under ground plan coding, lateral eyes were

scored as present in all Phalangida, excepting troglobitic taxa

(scored as missing data for lateral eyes). For both strict and

ground plan coding, characters pertaining to median eyes

were scored as unknown (‘‘?’’) in all Cyphophthalmi, to reflect

the unexplored possibility that mite harvestmen may retain ves-

tiges of median eyes. The original coding scheme in our loci-rich

dataset recovered H. argus and E. sheari as stem groups of Pha-

langida (Figure S7A), suggesting that previous inference of these

taxa as stem-group Cyphophthalmi could in part have been

driven by the small number of loci employed in earlier works.

By contrast, both the strict and ground plan coding schemes

resolved H. argus and E. sheari as nested within Eupnoi (Figures

6A, 6B, and S7B), which accords with the original description of

E. sheari as a daddy-longlegs (Eupnoi).61 These placements

are additionally consistent with single origins of intromittent geni-

talia and leg elongation in the common ancestor of Phalangida

(Figure S7D; supporting text at Dryad: 10.5061/dryad.

m905qfv6q). As an additional test of how coding the states of
eyes influences fossil placement, we coded median eyes as ab-

sent in Cyphophthalmi in the strict and ground planmatrices (i.e.,

as in the original matrix) but kept eye character states for Phalan-

gida as described above. We recovered the same placement of

H. argus and E. sheari within Eupnoi (Data S3 at Dryad: 10.5061/

dryad.m905qfv6q).

To assess the impact of these new placements on divergence

time estimation, we performed phylogenomic node dating and

compared node ages with Tetraphthalmi treated as a stem-

group (traditional placement) versus Tetraophthalmi treated as

crown-group Eupnoi. Under the latter implementation, the me-

dian crown group of age of Eupnoi (daddy-longlegs) increased

by 74 Ma compared to the original coding (344 mya versus

418mya) (Figure S7E). The inferred ages for Phalangida andOpi-

liones increased by 56 and 49 Ma, respectively (Figure S7E).

These results suggest that harvestmen are older than previously

inferred and that crown-group Phalangida (e.g., E. sheari) were

an established part of terrestrial Devonian ecosystems.

Vestigial eyes inform evolution of visual systems across
Arthropoda
Our work provides a comprehensive molecular characterization

of the median and lateral eyes of a poorly studied terrestrial che-

licerate order, presenting a high-resolution atlas of multiplexed

gene expression of selected regulatory genes across ontogeny

and the first functional data in chelicerates for eya and dac in

the context of eyes. This dataset not only precipitated the iden-

tification of two pairs of vestigial eyes in daddy-longlegs but

also revealed conserved features of arthropod visual system

evolution. Together with the functional evidence in the spider

P. tepidariorum that a sine oculis paralog is necessary for median

and eye development,29 the evidence that eya (all eyes) and dac

(lateral eyes only) have conserved functions in a chelicerate sug-

gests that these three core components of the insect RDN

patterned the visual systems of the first arthropods.

While Pax6 paralogs in insects are early-acting genes up-

stream of eya, so, and dac,30 a role for Pax6 in chelicerate

eyes has remained contentious23 as no discrete early expression

in the eye cells has been observed in chelicerates (but see Leite

et al.62 and discussion in Friedrich23). Pax2, a member of the Six

family, had previously been suggested as a potential substitute

for Pax6, in the specific context of spider lateral eyes.27 Here,

we showed that all Pax2 homologs are expressed in both the

median and lateral eyes of a daddy-longlegs and a scorpion,

suggesting that Pax2 could play a role in both visual system

eyes of chelicerates (contra the previously reported and spi-

der-specific dynamics). Moreover, the early and discrete expres-

sion of Po-Pax2 within broader domains of Po-eya and Po-so in

the daddy-longlegs raises the possibility that Pax2 may act to

restrict the fate of eya/so-expressing cells in the head lobes

into eye progenitor cells. Future functional investigations of

Pax2 and Pax6 paralogs in P. opilio are poised to test this

hypothesis.

The presence of two pairs of median eyes in the ontogeny of a

daddy-longlegs (Figure 7A) also impacts inferences of ancestral

number of eyes in Chelicerata. The homology of median eyes

across Arthropoda, particularly with respect to the ocelli of Hex-

apoda and the frontal eyes of crustaceans (median eyes are ab-

sent in Myriapoda), is disputed, given variation in the number of
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Figure 6. Hastocularis argus, a four-eyed fossil harvestman, is a daddy-longlegs (Eupnoi)

(A) Maximum likelihood total evidence topology of Opiliones under the strict coding scheme. Numbers on nodes are ultrafast bootstrap values (values under 50%

are omitted).

(B) Schematic representation of the traditional position of H. argus under original coding (lateral eyes missing in Phalangida) (see also Figure S7).

(C) Male armored harvestman Iporangaia pustulosa guarding eggs (photo: John Uribe).

(D) rh1 mRNA expression in the rudimentary lateral eyes of an embryo of I. pustulosa.

(E) Frontal view of adult female daddy-longlegs Phalangium opilio (photo: Roman Willi).

(F) Lateral view of H. argus 3D reconstruction (reproduced with permission21).

Arrowhead, median eye; arrow, lateral eye.

See also Figure S7.
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eyes and the innervation to the protocerebrum.14,63,64 In crusta-

ceans, there are three conserved naupliar (larval) eyes and up to

four additional frontal eyes (‘‘frontal organs’’).64 Insects typically

have three dorsal ocelli,14,65 but Collembola may have additional

frontal photoreceptors.14 On the other hand, the conserved
1266 Current Biology 34, 1258–1270, March 25, 2024
visual pathway of the median eyes in sea spiders (Pycnogonida),

horseshoe crabs (Xiphosura), and other arachnids strongly sup-

ports the homology of all median eyes across Chelicerata.13,44,52

Nonetheless, the ancestral number of median eyes in Chelicer-

ata is unclear, as terrestrial arachnids have a maximum of two



Figure 7. The implications of vestigial eyes in Opiliones

(A) Summary of Opiliones phylogeny and eye evolution with the new under-

standing of vestigial eyes in the context of the updated total evidence analyses.

(B) Median eye condition of major arthropod lineages, with an updated un-

derstanding of median eye occurrence in Opiliones. Asterisk in Crustacea

denotes the occurrence of additional frontal eyes (see Elofsson64). Dashed box

in Xiphosura median eyes indicates fusion that occurs in late development.
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median eyes, sea spiders have four, and horseshoe crabs have

four median eyes embryonically (which fuse into three eyes in

adults). This inference of ancestral state is further confounded

by ongoing debate over the phylogenetic position of horseshoe

crabs, as either sister group to the rest of the arachnids or as

nestedwithin Arachnida.66,67 Regardless of the phylogenetic po-

sition of horseshoe crabs, the discovery of an additional pair of

rudimentary median eyes in the ontogeny of daddy-longlegs,

together with the condition of two median eye pairs in Pycnogo-

nida and Xiphosura, suggests that four median eyes are part of

the chelicerate ground plan (Figure 7B). This reconstruction sug-

gests that the loss of one pair of median eyes in arachnid groups

like spiders and scorpions is a derived condition, with harvest-

men exhibiting an intermediate state.

Paralleling the discovery of rudimentary median eyes in

P. opilio in this study, trilobites have recently been reported to

bear three median eyes, a state comparable to many of the

extant mandibulates (e.g., hexapods and crustaceans). The me-

dian eyes of trilobites are thought to have been overlooked

because of their occurrence in immature stages and their subcu-

ticular nature.68 However, we add the caveat that the preserva-

tion of numerous arthropod fossils, as well as their rarity in many

groups, is a barrier to the availability of phylogenetic data, partic-

ularly for vestigial organs that may be difficult to observe. As a

specific example, the interpretation of lateral eyes in H. argus

is predicated on (1) the presence of ozophores in this fossil

and (2) the close association between ozophores and lateral

eyes in mite harvestmen; there is no direct evidence of lateral

eyes in Tetraophthalmi. In addition, the condition of vestigial me-

dian eyes cannot be observed in these specimens. Thus, the
results reported herein for the vestigial eyes of P. opilio provide

far more definitive data points for reconstruction of eye evolution

than fossil data alone. A better understanding ofmedian eye evo-

lution in Chelicerata therefore requires synergy between paleon-

tological efforts and renewed investigations of rudimentary eye

ontogeny in terrestrial arachnids.

Our study documents a casewhere the occurrence of vestigial

organs bridges a gap between past and present morphologies

and underscores how vestiges in extant species can impact

our understanding of fossils, phylogeny, and morphological

evolution.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Primary: Goat polyclonal anti-HRP,

Alexa Fluor 647-conjugated

Jackson ImmunoResearch Laboratories Code: 123-605-021; RRID: AB_2338967

Primary: mouse monoclonal

anti acetylated a-tubulin

Sigma-Aldrich T6793

Secondary: goat polyclonal anti-mouse,

Alexa Fluor 488-conjugated

Jackson ImmunoResearch Laboratories Code: 115-545-003; RRID: AB_2338840

Biological samples

Opiliones embryos and adults Wild caught N/A

Parasteatoda tepidariorum (Araneae) Prashant Sharma; University

of Wisconsin-Madison

N/A

Centruroides sculpturatus (Scorpiones) Wild caught N/A

Chemicals, peptides, and recombinant proteins

Probe wash buffer Molecular Instruments N/A

Probe hybridization buffer Molecular Instruments N/A

Amplification buffer Molecular Instruments N/A

Critical commercial assays

MEGAScript T7 kit Thermo Fisher Scientific AM1334

TOPO TA Cloning Kit One Shot Top 10 Thermo Fisher Scientific K4575J10

GeneJET kit Thermo Fisher Scientific K0721

Deposited data

Raw reads for the transcriptome of

Ampheres leucopheus

This study Genbank: SRR24709463

Raw reads for the transcriptome

of Iporangaia pustulosa

This study Genbank: SRR24709462

Raw reads for the transcriptome

of Neosadocus maximus

This study Genbank: SRR24709461

Experimental models: Organisms/strains

Phalangium opilio Wild caught N/A

Ampheres leucopheus Wild caught N/A

Iporangaia pustulosa Wild caught N/A

Neosadocus maximus Wild caught N/A

Centruroides sculpturatus (Scorpiones) Wild caught N/A

Parasteatoda tepidariorum (Araneae) Prashant Sharma; University

of Wisconsin-Madison

N/A

Oligonucleotides

Hybridization Chain Reaction in situ

hybridization probes

Molecular Instruments and IDT Data S1, Table S5 at Dryad: 10.5061/dryad.m905qfv6q

Software and algorithms

BLAST+ v2.9.0+ Camacho et al.69 N/A

IQ-TREE v.1.6.10 Nguyen et al.70 N/A

TransDecoder v. 5.0.1 Bryant et al.71 N/A

Clustal Omega Sievers et al.72 N/A

MUSCLE v.3.2 Edgar et al.73 N/A

Seaview v.5.0.4 Gouy et al.74 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

GBlocks v.0.91b Castresana et al.75 N/A

FastTree v. 2.1.10 Price et al.76 N/A

PhyloBayes v.3.3f Lartillot et al.77 N/A

Tracer v.1.7 Rambaut et al.78 N/A

FIJI v.2.9.0 Schindelin et al.79 N/A

Photoshop 2022-2023 Adobe N/A

Illustrator 2022-2023 Adobe N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Guilherme

Gainett (guilherme.gainett@childrens.harvard.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d Raw reads from bulk RNA sequencing of embryos have been deposited at NCBI and are publicly available as of the date of

publication. Accession numbers are listed in the key resources table.

d All HCR probe sequences are provided in Data S1, Table S5; All raw files of confocal stacks (.czi) are available in Data S2; All the

raw files for the phylogenetic analyses are available in Data S3 (Data S1–S3 are accessible in Dryad: 10.5061/dryad.m905qfv6q

d Any additional information required to reanalyze the data reported in this paper is also available from the lead contact

upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

For all species, a range of embryonic stages was collected from multiple females on multiple days. The sex ratio for all species is

presumably 50:50.

Phalangium opilio

Adult Phalangium opilio were collected between 2017 and 2022 in Madison, Wisconsin (USA). Animals were kept at the laboratory

housed in plastic containers containing small plastic dishes with moist coconut fiber used as egg-laying surfaces. Egg clutches were

kept at a 26�C incubator (VWR Gravity Convection Incubator 414005-134). Further animal care details followed protocols described

previously.80,81

Iporangaia pustulosa, Neosadocus maximus and Ampheres leucopheus

Embryos of the laniatorean harvestmen Iporangaia pustulosa,Neosadocus maximus and Ampheres leucopheus (Gonyleptidae) were

hand collected on January 2023 on plant leaves at State Park Intervales, Ribeirão Grande-São Paulo (Brazil) (COTEC permit #:

005416/2020-86).

Centruroides sculpturatus

Females of the scorpion Centruroides sculpturatus were collected from sites in Arizona (USA) by citizen-scientist collaborators and

kept in the laboratory in plastic boxes until embryo harvesting.

Parasteatoda tepidariorum

Parastetoda tepidariorum individuals were obtained from a laboratory colony at the Sharma lab at Madison-Wisconsin (USA). This

colony descends from colony in Cologne, Germany. Spiders were kept in plant culture tubes with a foam stoper provided with moist

coconut fiber at the bottom. Cocoons with embryos were kept at room temperature for development.
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METHOD DETAILS

Embryo collection and fixation
Wild type P. opilio embryos were collected from egg-laying dishes at the appropriate stage, following the staging in Gainett.80 Em-

bryos were dechorionated in commercial bleach for 15-25 min, followed by thorough washes in water and in 1x phosphate-buffered

saline (PBS). Embryos used in embryonic injections were retrieved from halocarbon oil and washed with heptane for 1 min.

Embryos were fixed in scintillation vials for 1h45min in between a phase of heptane and 4% formaldehyde in 1x PBS (alternatively

with a 3.2% paraldehyde solution in 1x PBS). Fixed embryos were thoroughly washed in 1x PBST (1x PBS + 0.02% Tween 20 deter-

gent) followed by gradual dehydration into pure 180 proof ethanol (alternatively into puremethanol). Embryoswere stored at -20�C for

at least 1 day before use.

Embryos of the laniatorean harvestmen I. pustulosa, N. maximus and A. leucopheus were first cleaned in commercial bleach to

remove mucus, then washed in 1x PBS profusely. For RNA sequencing, we selected a broad range of stages from embryos to post-

embryo (the first stage after hatching). Embryos were fixed in RNAlater solution (Thermo Fisher, MA, USA) in the field and stored at

room temperature for a week before being transferred to TRIzol (Thermo Fisher, MA, USA) and stored at -80�C until extraction. Fix-

ation for in situ hybridization followed the same protocol outlined above for P. opilio.

Embryos ofC. sculpturatuswere dissected from gravid females in 1x PBS, fixed for 20min in 4% formaldehyde in 1x PBS, washed

in 1x PBST and gradually dehydrated into 180 proof ethanol.

Embryos of the spider P. tepidariorum were retrieved from cocoons and fixed in the same way as described above for P. opilio.

Transcriptome sequencing and assembly
Total RNA from laniatorean harvestman embryos was extracted from TRIzol fixed embryos by phase separation with BCP and pre-

cipitation with 100% isopropanol. Library preparation (TrueSeq stranded mRNA) and sequencing was performed by the Biotech-

nology Center of UW-Madison (USA) in an Illumina NovaSeq 6000 with a 150bp paired-read strategy. Assembly was performed

with Trinity v. 2.15.1.82

Gene isolation
P. opilio orthologs of RDN genes sine oculis (Po-so), Pax6a (Po-Pax6a), orthodenticle (Po-otd), and dachshund (Po-dac) were pre-

viously identified from embryonic transcriptomes.21,83 Orthologs of eyes absent (Po-eya), Pax6b (Po-Pax6b), Pax2 (Po-Pax2), and

Optix (Po-Optix), were identified from the P. opilio genome annotation.84 All eight genes were additionally identified from either

the available embryonic transcriptomes or genomic scaffolds using tblastn,85 to cross validate their sequences and obtain the

most complete transcript for downstream applications (Data S1, Table S1 at Dryad: 10.5061/dryad.m905qfv6q). The Pax2 orthologs

of the scorpionC. sculpturatuswere identified from the genome assembly and embryonic transcriptome via tblastn using the protein

sequences of the genes Pax2a and Pax2b from P. tepidariorim as queries. All sequences were reciprocally blasted against NCBI pro-

tein database (Data S1, Table S1 at 10.5061/dryad.m905qfv6q.

Candidate opsins were identified from the P. opilio genome annotation and two embryonic transcriptomes using tblastn with a pro-

tein query of the spider P. tepidariorum opsin sequences (seven opsins) identified by a previous study25 (Data S1, Table S1, at Dryad:

10.5061/dryad.m905qfv6q). Candidate opsinswere identified from the transcriptomes of the harvestmenA. leucopheus, I. pustulosa,

N. maximus, and A. acuta, and genome annotation of the scorpion C. sculpturatus, via tblastn using opsin protein sequences of

P. opilio (8 opsins) and P. tepidariorum as queries (Data S1, Table S2 at Dryad: 10.5061/dryad.m905qfv6q). All blast results were

retrieved and subject to protein predictions with TransDecoder v. 5.0.1,71 using a minimum length of 50 amino acids (-m 50). All pro-

teins were aligned to a small opsin dataset fromSchomburg et al.25 with Clustal Omega72 and a preliminarymaximum likelihood anal-

ysis was performed with FastTree v.2.1.1076 to exclude non-opsin sequences. Genes nested in the opsin clades were selected and

aligned as described above to a large dataset of metazoan opsins from previous studies15,86 and analyzed undermaximum likelihood

with IQ-TREE70 (IQ-TREE v.1.6.10, �mset LG+F+G4 –bb 1000). Nomenclature of arachnid opsins follows Morehouse et al.15

P. opilio visual arrestin andmyosin III orthologswere identified from theP. opilio genome annotation via tblastn using the horseshoe

crab Limulus polyphemus visual arrestin (GenBank: NP_001301010.1) and myosin III (Genbank: AAC16332.3) proteins as query.40,87

We identified one P. opilio ortholog of the horseshoe crab visual arrestin (Po-arrestin-2; ortholog of Drosophila melanogaster Arr229),

and two myosin III paralogs (Po-myoIII-1; Po-myoIII-2) (Data S1, Table S1 at Dryad: 10.5061/dryad.m905qfv6q).

RNA interference (RNAi) via double-stranded RNA (dsRNA) embryonic injections
A 921 bp fragment of Po-eya spanning part of the coding sequence was amplified from a cDNA library using gene-specific primers

designed with Primer3 v. 4.1.088 and appended with T7 ends. This fragment was linked to a plasmid vector into competent Escher-

ichia coli with the TOPO TA Cloning Kit One Shot Top 10 (Thermo Fisher, MA, USA) following the standard protocol. Plasmids were

purified with a GeneJET kit (Thermo Fisher, MA, USA) and sanger sequenced for verification (Data S1, Table S3 at Dryad: 10.5061/

dryad.m905qfv6q).

dsRNA was synthetized with the MEGAScript T7 kit (Thermo Fisher, MA, USA). Two clutches of embryos (n = 608 embryos) were

used for Po-eya dsRNA (knockdown; n = 448) and vector dsRNA (control; n = 160) embryonic injections (Figure S5).

Embryos were affixed to plastic cover slips with heptane glue, and injected under Halocarbon 700 oil (Sigma-Aldrich, MO, USA)

with a micromanipulator (MMO-202ND, Narishige, Tokyo, Japan) and microinjection unit (IM 300, Narishige). Needles were pulled
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from borosilicate glass capillaries (World Precision Instruments 1B100F-4) with a Sutter Instruments P-1000 micropipette puller. In-

jection volume was prepared with rhodamine dextran (1:20) for visualization, at a final concentration between 4 and 4.5 mg/mL. The

experiment was replicated in five additional clutches (Po-eya dsRNA; dH20 control), which were fixed and exclusively used in fluo-

rescent in situ hybridization. Clutches of embryos were injected between stage 5 (germ disc) and stage 8, which is before the begin-

ning of the head ectoderm folding process that forms the brain and the eyes. Hatchlings from treatment and control experiments were

sorted into four categories of phenotypes: wild type; both eyes lost; one eye small, other eye lost; both eyes small; one eye small,

other eye wild type. Only embryos that hatched or nearly hatched (stages 18, 19) were considered in the counts.

RNA interference against Po-dac
Experimental design, primers and cloned fragment followed a previous study of dac function in P. opilio leg development.48 To test

the serial homology of the lateral cells as rudiments of lateral eyes (e.g., the facetted eyes of pancrustaceans and horseshoe crabs)

we performed RNAi against Po-dac. This experiment was predicated on the observation that the loss-of-function mutant of dac in the

fruit fly D. melanogaster exhibits defects or loss of the lateral eyes (compound eyes), but shows no effect on the ocelli (median eyes).

Of 200 embryos injectedwithPo-dac dsRNA, 35 embryoswere selected that exhibited unilateral (mosaic) or bilaterally symmetrical

leg defects. These embryos were assayed for rh1 and eya expression; 26 embryos were fixed four days after injection (ca. stage

12-13) and another 9 embryos were fixed six days after injection (ca. stage 15 or older). Of the 26 embryos fixed at stages 12-13,

we observed bilaterally symmetrical absence of rh1 in lateral cells (n = 3), absence of rh1 expression in lateral cells on one side

only (n = 5), reduction of rh1 in lateral cells on one side only (n = 5), or wild type expression (n = 8). In embryos exhibiting reduction

or loss of rh1 expression in lateral cells, the affected side also exhibited canonical dac loss-of-function phenotypes in the append-

ages (truncation or fusion of medial leg segments). The remaining five embryos could not be assayed for rh1 expression (fixed too

early or insufficient signal for phenotyping). Of the 9 embryos fixed at stages 15 or older, we observed reduction of rh1 expression

in lateral cells on one side only (n = 2), or wild type expression (n = 6). The remaining one embryo could not be assayed for rh1 expres-

sion (insufficient signal for phenotyping). Notably, loss of rh1was never observed in themedian cells (rudimentary median eyes), sug-

gesting that the effect of dac RNAi is specific to the lateral cells.

Of the 20 embryos injected with exogenous dsRNA (negative controls), 9 were assayed for rh1 and eya expression. Wild type

expression of rh1 and eya was observed in 8/9 embryos.

Hybridization chain reaction (HCR) in situ hybridization and immunochemistry
Hybridization Chain Reaction (HCR) in situ hybridization followed a modified version of the Molecular Instruments (Los Angeles, CA,

USA) hybridization chain reaction (HCR) v.3 protocol.89,90 Probe sequences were designed and synthesized by Molecular Instru-

ments or in an open-source software91 and ordered from IDT (USA). Probe catalog numbers, sequences and details about initiators

are available in Data S1, Table S5 at Dryad: 10.5061/dryad.m905qfv6q. Combined HCR and immunochemistry staining followed the

protocol in.80,89 The following antibodies were used: (1) primary antibody: goat anti-HRP (123-605-021; Jackson ImmunoResearch

Laboratories); (2) primary antibody: mouse acetylated a-tubulin (T6793; Sigma-Aldrich) at 1:500 dilution; (3) secondary antibody: goat

anti-mouse Alexa Fluor 488-conjugated (115-545-003; Jackson ImmunoResearch Laboratories) at 1:200 dilution. Imaging was per-

formed on a Zeiss 710 and Zeiss 780 confocal microscope at the Newcomb Imaging Center, UW-Madison, USA. Unless otherwise

noted, fluorescent microscopy images aremaximum intensity projections, whichwere linearly adjusted for brightness and contrast in

FIJI (v. 2.9.0/1.53t) avoiding overexposure of pixels. Brightfield images were obtained on a Nikon SMZ25 fluorescent stereomicro-

scope with a DS-Fi2 digital color camera driven by Nikon Elements software. Plates were assembled in Adobe Illustrator 2022.

Phylogenetic analyses and total evidence dating
Total evidence phylogenetic analysis was performed by combining a previously established taxon 78-gene phylotranscriptomic da-

taset with minimal missing data60 with a matrix consisting of 158 morphological characters.21 To facilitate placement of phylogenet-

ically significant taxa in this study, new sequences were added for P. thwaitesi (Genbank: SRR9611071) or retrieved from the embry-

onic transcriptome of I. pustulosa (Genbank: SRR24709462) via blastn searches, followed by multiple sequence alignment with

MUSCLE v.3.273 and trimming of overhanging ends with GBlocks v.0.91b.75 I. pustulosa was coded for all 158 morphological char-

acters in the matrix. The complete dataset consisted of 60 extant and six fossil taxa. Outgroups consisted of the horseshoe crab

L. polyphemus, the scorpion C. sculpturatus, and the solifuge Eremobates sp.

Three alternative morphological coding schemes were implemented. In the first matrix (original coding), reflecting the traditional

understanding of harvestman eye evolution, lateral eyes were coded as present only in two groups of Cyphophthalmi (Stylocellidae

and Pettalidae) and median eyes were coded as present only in Phalangida (except for troglobitic species, which were scored as

absent for all eyes).

Next, we generated two new matrices with updated coding of the character ‘‘Lateral eyes’’ to reflect the presence of rudimentary

eyes discovered in this work. We interpret the presence of rudimentary lateral eyes in a broad sense that avoids discriminating be-

tween larval and adult lateral eyes, in light of the understanding that in other arthropods these are thought to be parts of the same

developmental field.16

In the second matrix (strict coding), lateral eyes (character 3) were coded as present (state 0) in P. opilio and I. pustulosa, and as

missing data (?) in all other Phalangida; the number of lateral eye pairs (character 4) were coded as one pair (state 4) in P. opilio and

I. pustulosa, and asmissing data (?) in all other Phalangida; and the condition of the lateral eye rhabdomeswas scored as unknown (?)
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in all Phalangida. In the third matrix (ground plan coding), given that the common ancestor of P. opilio and I. pustulosa is equivalent to

the common ancestor of all Phalangida, we trialed scored all non-troglobitic Phalangida as bearing a single pair of lateral eyes, with an

unknown condition of the lateral eye rhabdomes. The ground plan coding was performed to assess how the potential discovery of

lateral eyes in other groups of Phalangida would affect the analysis (and specifically, nodal support values), toward addressing the

possibility that missing data for lateral eye condition may be driving the results obtained in this study.

Median eyes were coded as missing data ("?") for all Cyphophthalmi for both the strict and ground plan coding matrices; given the

unexpected discovery of rudimentary median eyes in Phalangida, we consider the presence of undiscovered rudimentary median

eyes in Cyphophthalmi to be an unexplored possibility. Nevertheless, we also performed a separate family of analyses, coding me-

dian eyes as absent for all Cyphophthalmi, to assess whether the traditional understanding of eye incidence in this group influences

phylogenetic positions of fossils. Lastly, we performed one additional pair of analyses (strict and ground plan coding) with a new char-

acter describing the degree of lateral eye regression (present in P. opilio and I. pustulosa). The matrices are available in Data S3 at

Dryad: 10.5061/dryad.m905qfv6q.

Maximum likelihood analyses were conducted with IQ-TREE v.2,70 with six partitions (morphology and five loci). Best-fitting one-

parameter Markov and LG + I + G models were inferred for the single morphological and 78 molecular data partitions, respectively.

Nodal support was inferred using 1000 ultrafast bootstrap resampling replicates.

Phylogenomic divergence time estimation was performed using PhyloBayes v.3.3f.77 A constraint tree was provided, based on

maximum likelihood analyses of the molecular dataset, and placing the root between Opiliones + Solifugae and Scorpiones + Xipho-

sura. The rooting reflects recent inferences of higher level chelicerate relationships.66 To compare the effect of Tetraophthalmi

placement (stem-group Cyphophthalmi sensu Garwood et al.21 versus crown group Eupnoi), we implemented two sets of node cal-

ibrations. In the Tetraophthalmi stem-group calibration strategy, we calibrated the basal split of Opiliones with a floor of 411 Myr

(based on the Devonian fossil E. sheari), and both Eupnoi and Dyspnoi with a floor of 305 Myr (based on the Carboniferous fossils

Macrogyion cronus and Ameticos scolos, respectively). In the Tetraophthalmi as crown group Eupnoi calibration strategy, we cali-

brated the crown age of Eupnoi with a floor of 411 Myr, the crown age of Dyspnoi with a floor of 305 Myr, and did not calibrate the

basal split of Opiliones. Three other node calibrations (root age, split between scorpions and horseshoe crabs, and minimum age of

Cyphophthami) were used identically for both analyses and are based on a recent compendium of fossils for node calibrations across

arthropods.92 For both analyses, a CAT-GTR substitution model and a lognormal clock model were implemented. Three chains were

run for several thousand generations for each calibration strategy and the first ten thousand cycles were discarded as burnin after

assessment of chain mixing with Tracer v.1.778 (Data S3 at Dryad: 10.5061/dryad.m905qfv6q). Fossil calibrations and justifications

are provided in Data S1, Table S4 at Dryad: 10.5061/dryad.m905qfv6q.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of embryonic phenotypes is explained in method details. "n" indicates the number of individuals assessed. No statis-

tical tests were conducted to compare treatments. Methods for phylogenetic and dating analyzes are explained in method details.
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