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ABSTRACT
The eyes of the horseshoe crab Limulus polyphemus have long been
used for studies of basic mechanisms of vision, and the structure and
physiology of Limulus photoreceptors have been examined in detail.
Less is known about the opsins Limulus photoreceptors express. We
previously characterized a UV opsin (LpUVOps1) that is expressed
in all three types of Limulus eyes (lateral compound eyes, median
ocelli and larval eyes) and three visible light-sensitive rhabdomeric
opsins (LpOps1, -2 and -5) that are expressed in Limulus lateral
compound and larval eyes. Physiological studies showed that visible
light-sensitive photoreceptors are also present in median ocelli, but
the visible light-sensitive opsins they express were unknown. In the
current study we characterize three newly identified, visible light-
sensitive rhabdomeric opsins (LpOps6, -7 and -8) that are expressed
in median ocelli. We show that they are ocellar specific and that all
three are co-expressed in photoreceptors distinct from those
expressing LpUVOps1. Our current findings show that the pattern of
opsin expression in Limulus eyes is much more complex than
previously thought and extend our previous observations of opsin co-
expression in visible light-sensitive Limulus photoreceptors. We also
characterize a Limulus peropsin/RGR (LpPerOps1). We examine the
phylogenetic relationship of LpPerOps1 with other peropsins and
RGRs, demonstrate that LpPerOps1 transcripts are expressed in
each of the three types of Limulus eyes and show that the encoded
protein is expressed in membranes of cells closely associated with
photoreceptors in each eye type. These finding suggest that peropsin
was in the opsin repertoire of euchelicerates.

KEY WORDS: Limulus photoreceptor, Ocellar specific opsin, Opsin
co-expression, Peropsin

INTRODUCTION
The eyes of the American horseshoe crab Limulus polyphemus
Linnaeus 1758 have long served as models for studies of
phototransduction, light and dark adaptation, retinal integration and
circadian changes in visual function. Limulus polyphemus (hereafter
referred to as Limulus) is one of only four extant species of
xiphosauran chelicerates, an early branching sister group to
arachnids (Regier et al., 2010; Edgecombe and Legg, 2014).
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Therefore, studies of the structure and function of Limulus eyes may
provide insights into the structure and function of the eyes of
Euarthropoda (Nilsson and Kelber, 2007).

Limulus has three different types of eyes: a pair of median ocelli
or median eyes (MEs), a pair of lateral compound eyes (LEs) and
three pairs of larval eyes – lateral, median and ventral. The locations
of these eyes are illustrated in Fig. 1A. Horseshoe crabs are the only
extant chelicerates with compound eyes. All other chelicerates with
eyes have camera-type eyes. Much is known about the physiology
and structure of photoreceptors in each eye type; less is known about
the opsins they express. Opsin, the protein component of
photopigments, largely determines the spectral sensitivity and
function of the photopigment (Yokoyama, 2000). In the present
study we examine the expression of four newly identified Limulus
opsins in each eye type; therefore the retina and photoreceptors in
each are described here briefly.

Each ME has a single lens below which lie elongated
photoreceptors with rhabdoms close to the base of the lens (Fig. 1B).
The structure and function of MEs has been examined in detail in a
number of studies (Nolte and Brown, 1969; Nolte and Brown, 1970;
Nolte and Brown, 1972; Lall, 1970; Jones et al., 1971; Fahrenbach
and Griffin, 1975; Behrens and Fahy, 1981). The ME retina consists
of a number of loosely organized photoreceptor clusters, referred to
as pseudo-ommatidia, containing UV-sensitive and visible light-
sensitive photoreceptors, guanophores – cells containing reflective
crystals of guanine – and usually one arhabdomeric cell. The relative
number of UV compared with visible light-sensitive photoreceptors
varies widely among photoreceptor clusters, but on average, about
70% of ME photoreceptors are sensitive to UV light. Arhabdomeric
cells are electrically coupled to photoreceptors, generate action
potentials when photoreceptors depolarize and are thought to be
principally responsible for transmitting visual information from the
eye to the brain. Partitions between photoreceptor clusters are
formed by pigment cells, guanophores and glial cells. Glial cells also
penetrate photoreceptors and line the base of the photoreceptor layer.
A dense layer of pigment cells surrounds the periphery of the ME
cup (Fig. 1B). The shape of the ME lens and organization of the
underlying retina suggests that the eye is not image-forming
(Fahrenbach, 1975), but the eye conveys directional information
(Lall and Chapman, 1973) and the large aperture of the lens suggests
that the eye is adapted to operating in low light conditions
(Fahrenbach, 1975).

LEs in an adult animal consist of over 1000 well-organized
ommatidia (Fig. 1C). Below each conical lens is a cluster of five to
12 photoreceptors, or retinular cells, that encircle the dendrites of
one to three eccentric cells. LE eccentric cells are thought to be
functionally equivalent to ME arhabdomeric cells (Waterman and
Wiersma, 1954). Pigment cells are another major cell type in LE
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ommatidia. Distal pigment cells surround the base of the lens, the
aperture at the base of the lens and distal portions of retinular cells.
Intraommatidial pigment cells surround retinular cells at their mid-
region and project into partitions between them. Proximal pigment
cells are located at the base of ommatidia and extend processes into
partitions between retinular cells (Fahrenbach, 1968; Fahrenbach,
1969).

Larval eyes, also called rudimentary eyes, appear in the embryo
before the median ocelli and lateral compound eyes develop and
persist in the adult (Harzsch et al., 2006). Of these, the ventral larval
eyes (VEs) have been studied most extensively (Fig. 1D). In an adult
animal, VEs consist of a pair of optic nerves that extend anteriorly
from the brain and terminate at the ventral organ that can be seen on
the ventral cuticle. Giant and small photoreceptors (Fig. 1E) are
scattered along the length of each optic nerve and cluster near the
brain and in an end organ at the distal end of each nerve. VEs
contain no pigment cells, but the photoreceptor cell bodies are
ensheathed by several layers of glial cells that also project into
photoreceptor cell bodies (Clark et al., 1969; Calman and
Chamberlain, 1982; Herman, 1991). Lateral and median larval eyes
have been studied much less extensively, but the best evidence
indicates that they contain the same cell types as the VEs
(Millecchia et al., 1966; Fahrenbach, 1970; Battelle et al., 2014).

We previously examined the expression of three visible light-
sensitive Limulus opsins (Ops), LpOps1, LpOps2 and LpOps5
(Smith et al., 1993; Dalal et al., 2003; Katti et al., 2010), and a UV-
sensitive opsin (LpUVOps1) (Battelle et al., 2014). LE retinular
cells and giant ventral photoreceptors each express the three visible
light-sensitive opsins, LpOps1, -2 and -5. LpOps1 and LpOps2
cannot be distinguished with antibodies (Battelle et al., 2001),
therefore we refer to them here as LpOps1-2. LpOps5 clusters to a
different opsin clade from LpOps1 and LpOps2 (Katti et al., 2010),
but its spectral sensitivity is similar to that of LpOps1-2 (Battelle et
al., 2014). LpUVOps1 is expressed in each of the three types of
Limulus eyes (Battelle et al., 2014): in many ME photoreceptors, as
was anticipated from electrophysiological studies (Nolte and Brown,
1969; Nolte and Brown, 1970), and unexpectedly, in small VE
photoreceptors where it is co-expressed with LpOps5, and in LE
eccentric cells. LE eccentric cells have long been considered to be
secondary visual cells (Waterman and Wiersma, 1954). However,
the discovery that eccentric cells express LpUVOps1 suggests that
they also may be intrinsically photosensitive to UV light. 

A puzzling aspect of our previous results is that although
transcripts for LpOps1, LpOps2 and LpOps5 are routinely detected
by PCR in ME cDNA preparations (Katti et al., 2010) (B.-A.B.,
personal observation), and LpOps2 was originally cloned from a ME
cDNA library (Smith et al., 1993), we have been unable to detect

LpOps1-2 or LpOps5 in rhabdoms of ME photoreceptors using
antibodies that detect these opsins in rhabdoms of LE and VE
photoreceptors (Battelle et al., 2001; Katti et al., 2010; Battelle et
al., 2013; Battelle et al., 2014). Yet we know from physiological
studies that MEs are sensitive to both UV and visible light. These
findings led us to propose that other, not yet identified visible light-
sensitive opsins are expressed in ME photoreceptors.

In the present study we report that in a transcriptome analysis of
ME (Speiser et al., 2014), we detected two rhabdomeric opsins 
(r-opsins) that had not been identified previously in transcriptomes
of VE and LE, and in a BLAST analysis of a recent assembly of 
the Limulus genome (http://www.ncbi.nlm.nih.gov/bioproject/
PRJNA20489), we detected an additional r-opsin sequence closely
related to one found in the ME transcriptome. We call these opsins
LpOps6, LpOps7 and LpOps8. We show that these are predicted
long wavelength-sensitive opsins, present evidence that they are ME
specific and show that all three are expressed in the same
photoreceptors.

We also characterize a Limulus peropsin/RGR-like sequence we
call Limulus peropsin1 (LpPerOps1). Peropsins are an enigmatic
group belonging to a large clade of opsins called ‘RGR/Go’
(Plachetzki et al., 2007; Feuda et al., 2012) or Group IV opsins (Porter
et al., 2012). The founding members were identified in cDNA libraries
of human and mouse eyes and shown by immunocytochemistry to be
expressed in retinal pigmented epithelium (Sun et al., 1997). Their
functions are largely unknown. The most closely related gene to
peropsin in the human genome is RGR (RPE-retinal G-protein-
coupled receptor) (Jiang et al., 1993), a photoisomerase (Chen et al.,
2001). More recently, peropsin/RGR-like sequences were identified
in transcriptomes of two species of chelicerates (Nagata et al., 2010;
Eriksson et al., 2013). In the present study, we examine the
phylogenetic relationship of LpPerOps1 with other peropsins and
RGRs, we demonstrate that LpPerOps1 transcripts are expressed in
each of the three types of Limulus eyes and show that the encoded
protein is expressed in membranes of cells closely associated with
photoreceptors in each eye type.

RESULTS
Characterization of transcripts encoding three previously
unidentified Limulus r-opsins
We identified full-length sequences encoding two previously
unidentified opsins in a ME transcriptome (Speiser et al., 2014)
(LpOps6 and -8: accession numbers KM538950 and KM538952,
respectively) and an additional sequence 61% identical to LpOps6
at the amino acid level in an assembly of the Limulus genome
(http://www.ncbi.nlm.nih.gov/bioproject/PRJNA20489) (LpOps7:
accession number KM538951). All were cloned from ME cDNA
and their sequences confirmed. An alignment of LpOps6, -7 and -8
with previously characterized Limulus opsins (LpOps1-2, LpOps5
and LpUVOps1) confirmed that they are r-opsins (Fig. 2). Their
sequences contain seven predicted transmembrane domains, a
conserved lysine in transmembrane VII that aligns with the
predicted chromophore binding site in LpOps1 (K218),
serine/threonine-rich C-termini and a triplet of amino acids (HPR/K)
aligning with HPR/K334 in LpOps1 (Fig. 2, asterisks), a
characteristic of opsins that activate the Gq/11 α class of GTP-binding
proteins. Furthermore, a string of eight amino acids aligning with
R246–N253 in LpOps1 that is conserved in many arthropod opsins
[R(E/D)QAKKM(N/G)] (Porter et al., 2007) is also conserved in
LpOps6 and -8 (87 and 100%, respectively), but less well in LpOps7
(50%) (Fig. 2, plus signs). All three are predicted visible light-
sensitive opsins because they lack a lysine at the site equivalent to

List of abbreviations
c-opsin ciliary opsin
LE lateral compound eye
Lp Limulus polyphemus
ME median eye of ocellus
Ops opsin
ORF open reading frame
PCR polymerase chain reaction
PerOps peropsin
RGR retinal G-protein-coupled receptor
r-opsin rhabdomeric opsin
UTR untranslated region
UV ultraviolet
VE ventral eye
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E90 in bovine rhodopsin (Fig. 2, arrow), a characteristic of UV light-
sensitive r-opsins (Salcedo et al., 2003), and in a phylogenic analysis
(Fig. 3) they cluster with other arthropod long wavelength-sensitive
opsins.

With primers designed to amplify full-length sequences of LpOps
6, -7 and -8 (supplementary material Table S1), transcripts encoding
each were amplified from cDNA prepared from ME but not from
LE or VE (Fig. 4A). Because LpOps7 was not detected in the ME
transcriptome, as were LpOps6 and -8, and the assembled Limulus
genome indicates it is encoded on a single exon, we also probed for
LpOps7 transcripts in a ME RNA preparation after it had been

incubated in parallel with and without reverse transcriptase
(Fig. 4B). An appropriately sized product was obtained from cDNA;
no product was amplified in the no-reverse transcriptase control.
This indicates that the LpOps7 PCR product from ME did not
originate from genomic DNA. Thus LpOps6, -7 and -8 transcripts
are present in ME and may be ME specific.

Distribution of LpOps6 in ME
We examined the distribution of LpOps6 using a monoclonal
antibody (anti-LpOps6) generated against the C-terminal sequence
of LpOps6 underlined in Fig. 2 that showed no cross-reactivity with

A

N

iRh

Glial infolding

E

Ax

Small photoreceptor

iRh

N RL
AL

eRh

Glia

Ax

Giant photoreceptor

Glial infolding

E

E

D

Brain

MONVONEO

VO

Brain

Ventral
larval eye

VO

ME

Median
larval eyes

LE Lateral
larval eyeB

RA

L Dpc

Ipc

EC

ECD

Rh

P

PG

Ap

Ppc

NEC

A

R

ECD Iopc

RhPG
P

C

Photoreceptor
Guanophore

Arhabdomeric
cell

Pigment
cells

L
Rh

Glia

Fig. 1. Schematic of Limulus showing the locations of its eyes and schematics of ME, LE and VE retinas and photoreceptors. (A) Dorsal view of
Limulus showing the locations of its eyes. Upper box on left: enlargement to show the locations of the median ocelli and the fused median larval eyes located
under the carapace between them. Lower box on left: enlargement to show the location of the lateral larval eye at the posterior edge of each lateral compound
eye. Central cut-away shows the location of the brain and ventral optic nerves that extend anteriorly from the brain and terminate at the ventral organ visible on
the ventral cuticle (LE, lateral eye; ME, median eye; VO, ventral organ) (modified from Calman and Battelle, 1991). (B) Schematic of a longitudinal section
through a median ocellus showing clusters of photoreceptors, arhabdomeric cells and guanophores separated by partitions of glial and pigment cells.
Rhabdoms of ME photoreceptors are located close to the lens. Pigment cells surround the retina (L, location of the lens; Rh, rhabdoms). Glial cells also
surround the base of the photoreceptor layer (modified from Jones et al., 1971). (C) Left: schematic of a cross-section of a LE ommatidium showing
photoreceptors surrounding a central eccentric cell dendrite. Intraommatidial pigment cells surround the photoreceptors and extend into partitions between
them. Right: schematic of a longitudinal section through an ommatidium from a LE fixed during the day in the light (A, arhabdomeral segment; Ap, aperture;
Dpc, distal pigment cells; EC, eccentric cell body; ECD, eccentric cell dendrite; Ipc, intraommatidial pigment cells; L, lens; N, nucleus; P, photoreceptor cell; PG,
photoreceptor pigment granules; Ppc, proximal pigment cells; R, rhabdomeral segment; Rh, rhabdom) [based on Fahrenbach (Fahrenbach, 1969; Fahrenbach,
1975)]. (D) Schematic of ventral optic nerves projecting anteriorly from the brain and ending beneath the ventral organ on the ventral cuticle. The ovals
scattered along the optic nerves and clustered at the end organ and near the brain represent cell bodies of giant and smaller ventral photoreceptors (EO, end
organs; MON, median optic nerves; VO, ventral organ; VON, ventral optic nerves. (E) Diagrams of ventral photoreceptors. Left: giant ventral photoreceptor;
scale bar, 50 μm. Right: small ventral photoreceptor with an internal rhabdom. A second type of small ventral photoreceptor is organized much like the giant
ventral photoreceptors. Both types of small ventral photoreceptors are approximately the same size. Scale bar, 20 μm. AL, arhabdomeral lobe; Ax, axon; E,
efferent terminal; eRh, external rhabdom; iRh, internal rhabdom; N, nucleus; RL, rhabdomeral lobe). Based on Clark et al. (Clark et al., 1969), Calman and
Chamberlain (Calman and Chamberlain, 1982) and Herman (Herman, 1991).
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the C-terminal sequences of LpUVOps1, LpOps7 or LpOps8
(Fig. 5A). On western blots of membranes from LE, VE and ME,
anti-LpOps6 immunostained a single band from ME with an
apparent molecular mass of 40 kDa (Fig. 5B). This is close to the
mass of LpOps6 predicted from its amino acid sequence (43 kDa).
We detected no LpOps6-immunoreactivity (ir) in lanes containing
LE or VE membranes, although LE and VE photoreceptor members
were clearly present as indicated by the LpOps5-ir bands in these
lanes. LpOps5 typically migrates as a doublet at 32 and 35 kDa
(Katti et al., 2010). LpOps5-ir bands with greater mass can be
attributed to opsin oligomers, which often form in sodium dodecyl
sulfate (Fliesler, 1993). We detected no LpOps5-ir in ME
membranes, which is consistent with previous findings (Katti et al.,
2010). On ME sections, we detected LpOps6-ir in some but not all
rhabdoms identified by Gqα-ir (Fig. 6A). We also observed LpOps6-
ir in some photoreceptor cell bodies. All LpOps6-ir was eliminated
when the antibody was pre-incubated with antigen (Fig. 6A, Ops6-
Abs), indicating that immunostaining is specific. ME sections
double-labelled for LpOps6-ir and LpUVOps1-ir showed that these
opsins do not co-localize (Fig. 6B); therefore LpOps6 is not co-
expressed with LpUVOps1 in ME photoreceptors.

Distribution of LpOps7 and LpOps8 transcripts in ME
We tested the distribution of LpOps7 on ME sections double
labelled for LpOps7 transcripts and LpOps6 protein. This assay is
possible because, as was shown in Fig. 6A, LpOps6-ir is detected
in ME photoreceptor cell bodies as well as rhabdoms. To assure
probe specificity, the LpOps7 probe targeted its 3′-untranslated
region (UTR) instead of its coding region because the transcripts
of LpOps6 and LpOps7 are 70% identical within their coding
regions.

We consistently detected LpOps7 transcripts in LpOps6-ir
photoreceptors and not in other photoreceptors (Fig. 6C), indicating
that LpOps7 is co-expressed with LpOps6 in ME photoreceptors and
not with LpUVOps1. Both antisense and sense probes targeting
LpOps7 transcripts stained glia and other cells surrounding
photoreceptor clusters; therefore we consider this staining non-
specific.

ME sections double-labelled with antisense probes targeting
LpOps8 and LpUVOps1 transcripts showed that LpOps8 is
expressed in a population of ME photoreceptors different from those
expressing LpUVOps1 (Fig. 7A). However, we consistently detected
LpOps8 transcripts in LpOps6-ir photoreceptors (Fig. 7B) and in

Fig. 2. Clustal W alignment of the predicted amino acid sequences of Limulus opsins 6, -7 and -8 (LpOps6, LpOps7 and LpOps8) with Limulus
opsins 1, 2 and 5 (LpOps1, LpOps2, LpOps5) and UV opsin1 (LpUVOps1) show that LpOps6, -7 and -8 are predicted visible light-sensitive r-opsins.
Positions of the transmembrane domains, indicated by the lines above the sequences, are estimated from an alignment of bovine rhodopsin (Palczewski et al.,
2000). The arrow indicates the site equivalent to E90 in bovine rhodopsin. A lysine at this site in r-opsins is responsible for conferring UV sensitivity. Asterisks
denote a triplet of amino acids characteristic of opsins that activate Gq/11 α GTP-binding proteins. The ‘+’ symbols denote a string of eight amino acids
conserved in many arthropod r-opsins. The C-terminal sequence of LpOps6 underlined is the antigen used to produce monoclonal antibodies directed against
LpOps6 (anti-LpOps6). The C-terminal sequences of LpOps7 and -8 underlined were expressed to test the specificity of anti-LpOps6. The antigen used to
generate the anti-LpUVOps1 used in this study was described previously (Battelle et al., 2014).
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photoreceptors expressing LpOps7 transcripts (Fig. 7C). We
detected no heterogeneity among photoreceptors expressing visible
light-sensitive opsins, as has been found in butterfly (Kitamoto et
al., 1998), i.e. subsets of photoreceptors expressing different
combinations of visible light-sensitive opsins. Rather, our evidence
indicates that visible light-sensitive ME photoreceptors consistently
express all three visible light-sensitive opsins, and that none of these
opsins is expressed together with UV opsins.

LpOps6 protein and LpOps7 and -8 transcripts are not
detected in LE or VE
We did not detect LpOps6-ir in LE retinular cell rhabdoms or
eccentric cell dendrites or in the rhabdoms of small or giant ventral
photoreceptors (supplementary material Fig. S1). We also did not
detect LpOps7 or LpOps8 transcripts in LE photoreceptors,
eccentric cells or VE photoreceptors (supplementary material
Fig. S2). These findings are consistent with the PCR (Fig. 4) and
western blot results (Fig. 5), and provide further evidence that the
expression of LpOps6, -7 and -8 is ME specific.

Characterization of a Limulus peropsin/RGR (LpPerOps1,
accession number KM538953)
Starting with a peropsin-like fragment identified in a transcriptome
of VE, we amplified and cloned full-length sequences 59% identical
and 75% similar to spider peropsins from VE and CNS cDNA
(Fig. 8A). We call this sequence LpPerOps1. When we screened the
Limulus genome with this sequence we found another sequence that
is 58% identical and 67% similar at the amino acid level. We call
this sequence LpPerOps2. An alignment of the predicted amino acid
sequences of LpPerOps1 and -2 is shown in supplementary material
Fig. S3. When we probed for LpPerOps1 and LpPerOps2 with PCR
in the same VE, LE and ME cDNA preparations using specific
primers predicted to amplify across an intron, we obtained an
anticipated 1.1 kbp LpPerOps1 product from each cDNA and
confirmed the identity of each by sequencing, but no product from
any of the cDNAs using LpPerOps2 primers (Fig. 9A). This
suggests that LpPerOps1, but not LpPerOps2, is expressed in each
eye type.

Our phylogenetic analysis was conducted to test the relationship
of LpPerOps1 with other presumptive peropsins from chelicerates,
the only arthropods in which peropsin-like sequences have been
detected, and the peropsins and RGR (RPE-retinal G-protein-
coupled receptor) proteins from deuterostomes and molluscs
(Fig. 8B). The Limulus peropsin/RGR-like sequence forms a clade
with the three peropsins from chelicerates (100%), and is sister to
the two spider peropsins (93%). Our results are similar to previous
analyses that cannot confidently place the chelicerate peropsin-like
sequences in a specific position between peropsin and RGR.

LpPerOps1 is present in membranes of cells surrounding
photoreceptors in each eye type
On western blots of membrane preparations from each Limulus eye
type, a monoclonal antibody directed against the C-terminus of
LpPerOps1 (anti-LpPerOps1) immunostained a single band with an
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Fig. 3. A phylogenetic analysis of selected arthropod opsins shows that
LpOps6, -7 and -8 fall in a clade along with other long wavelength-
sensitive arthropod opsins. Accession numbers for the sequences used to
generate the tree are given in supplementary material Table S2. The tree was
constructed using a maximum likelihood analysis of amino acid sequences.
Numbers on the branches indicate aLRT (approximate likelihood-ratio test)
values for nodes supported by more than 70%. Major clades have been
collapsed for clarity. Long wavelength-sensitive opsins are highlighted in
green and UV short wavelength-sensitive opsins in blue. Limulus sequences
are in red. Rh, rhodopsin; SWLS, short wavelength-sensitive.

Fig. 4. Transcripts encoding LpOps6, -7 and -8 were detected in ME
cDNA but not cDNA prepared from LE or VE. (A) cDNA prepared from ME,
VE and LE were probed for LpOps6, -7 and -8 using primers to amplify the
full-length transcript (LpOps6-F1/R1; LpOps7-F1/R1; LpOps8-F1/R1;
supplementary material Table S1). Each primer set amplified an appropriately
sized product from ME cDNA and the identity of each was verified by
sequencing. No products were amplified from LE or VE cDNA. (B) ME RNA
(120 μg) was added to each of two reverse transcription reactions, one with
reverse transcriptase and the other without. The products were then probed
for LpOps7 using the primers listed in A. An appropriately sized product was
amplified from cDNA but not from the no-reverse transcriptase control (Cntl).
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apparent molecular mass of about 40 kDa, which is close to the
predicted molecular mass of 39.3 kDa for LpPerOps1 (Fig. 9B).
These bands were eliminated when we pre-incubated the antibody
with antigen (not shown), indicating that the immunostaining is
specific. These results show that LpPerOps1 is expressed in VE, LE
and ME membranes.

Low power images of VE end organs revealed LpPerOps1-ir in
cells surrounding photoreceptor cell bodies identified by Gqα-ir in
rhabdoms (Fig. 10, VE). In LE cross-sections, we detected
LpPerOps1-ir in the location of pigment cells that surround
photoreceptors (Fig. 10, LE). In longitudinal sections of ME
(Fig. 10, ME), we observed LpPerOps1-ir in cells that surround the
photoreceptor layer and in partitions between photoreceptor clusters.
Higher power views of the rhabdomeral layer, which is located just
below the lens, also show extensive LpPerOps1-ir between
rhabdoms. No LpPerOps1-ir was detected with antibody we had
pre-incubated with antigen (PerOps1-Abs), indicating that
immunostaining is specific.

Figs 11 and 12 provide more detailed views of LpPerOps1
expression in VEs and LEs. In VEs, LpPerOps1 transcripts and the
expressed protein are detected most intensely in glial cells
surrounding photoreceptor cell bodies. The bulk of the axon is only
weakly labelled (Fig. 11). Fig. 11 also shows that each photoreceptor
type in the VE is surrounded by LpPerOps1-ir glia: giant
photoreceptors (Fig. 11B), small photoreceptors with external
rhabdoms (Fig. 11C, left panel) and small photoreceptors with
internal rhabdoms (Fig. 11C, right panel).

In LEs, LpPerOps1 is expressed in pigment cells. Three types of
pigment cells have been identified in LEs (Fahrenbach, 1968;
Fahrenbach, 1969), and the distribution of LpPerOps1-ir (Fig. 12)
suggests that it is expressed in each. A cross-section of a LE
ommatidium at about mid-level shows LpPerOps1-ir in
intraommatidial pigment cells that surround retinular cells at the
periphery of the ommatidium and extend processes into the
partitions between retinular cells (Fig. 12A). Longitudinal sections
of eyes fixed during the day in the light (daytime eyes) and during
the night in the dark (night-time eyes) revealed LpPerOps1-ir in
distal pigment cells adjacent to where the base of the lens was
located and adjacent to the aperture at the base of the lens
(Fig. 12B). In daytime eyes, LpPerOps1-ir immediately adjacent to
the aperture is often obscured by the high concentration of pigment
at this location. However, LpPerOps1-ir is evident in this region in
night-time eyes when pigment in distal pigment cells is less
concentrated near the aperture (Fahrenbach, 1968). In fortuitous
sections through ommatidia from daytime eyes (Fig. 12B, day:
inset), we also observed bright LpPerOps1-ir at the base of the
rhabdom in the location of proximal pigment cells. We did not detect
LpPerOps1-ir in cells that line distal regions of the lens or the cornea
between ommatidia.

DISCUSSION
In the present study we characterized three predicted visible light
sensitive r-opsins (LpOps6, -7 and -8) that are expressed in MEs but
not LEs or VEs, and showed that all three are co-expressed in a
population of ME photoreceptors that are distinct from those
expressing LpUVOps1. We also characterized a peropsin/RGR
(LpPerOps1) and showed it is expressed in membranes of cells
closely associated with photoreceptors in each Limulus eye type.

Ocellar-specific expression of visible light-sensitive opsins
We classify LpOps6, -7 and -8 as visible light-sensitive opsins based
on their sequences and their phylogenic relationship to other
arthropod opsins (Figs 2 and 3). We consider them ME-specific
because they are expressed in MEs (Figs 4–7) but not in LEs or VEs
(Fig. 4; supplementary material Figs S1 and S2). A separate question
is whether the visible light-sensitive opsins expressed in the LEs and
VEs (LpOps1-2 and -5) are expressed in MEs. A puzzling finding
mentioned in the Introduction is that although we routinely detect
LpOps1-2 and -5 transcripts in ME cDNA with PCR using primers
that amplify across an intron (Smith et al., 1993; Katti et al., 2010),
we do not detect LpOps1-2 or -5-ir in ME rhabdoms using
antibodies that clearly detect these proteins in LE and VE (Katti et
al. 2010; Battelle et al., 2013) (present study, Fig. 5B). There are
several possible explanations for these conflicting results. Our ME
RNA preparations may be contaminated by RNA from median
larval eyes that are located close to the median ocelli (Fig. 1).
Photoreceptors in median larval eyes, like those in ventral larval
eyes, express LpOps1-2 and -5 (B.-A.B., not shown). LpOps1-2 and
-5 transcripts may be expressed in ME photoreceptors but not
translated, or they may be expressed at very low levels. LpOps1-2

Fig. 5. Anti-LpOps6, which does not cross-react with LpOps7, -8 or
LpUVOps1, immunostained a single band in membrane preparations
from ME but not LE or VE. (A) Left-hand and center panels:
chemiluminescent images of western blots of C-terminal polypeptides, 1 μg
each, from LpOps8, LpUVOps1 and LpOps6 that were probed with anti-
LpOps6 (1:25 dilution) stripped and re-probed with anti-LpUVOps1 (1:1000).
The dotted rectangles show the locations of the polypeptides as visualized
with Fast Green staining. Anti-LpOps6 did not immunostain the C-terminal
polypeptide from either LpOps8 or LpUVOps1, and anti-LpUVOps1 did not
immunostain the C-terminal polypeptide from either LpOps8 or LpOps6. Right-
hand panel: polypeptides encoding the C-terminal sequences of LpOps6 and 
-7 (1 μg each) were blotted together and probed with anti-LpOps6 as
described above. The dotted rectangles show the locations of the
polypeptides as visualized with Fast Green staining. The chemiluminescent
image shows that anti-LpOps6 did not immunostain LpOps7. (B) Western
blots of membranes from the equivalent of 2.5 VE, 1 ME and 0.3 LE were
probed with anti-LpOps6 (1:25 dilution) stripped, then reprobed with anti-
LpOps5 (1:350 dilution). A single LpOps6-ir band with an apparent molecular
weight of about 40 kDa was detected in membranes from ME. No LpOps6-ir
bands were detected in membranes from LE or VE, although the LpOps5-ir
detected in the LE and VE lanes indicated that opsin-containing membranes
were present. LpOps5 typically migrates as a doublet of about 32 and 35 kDa;
higher immunostained bands are opsin oligomers. No LpOps5 was detected
in ME membranes, consistent with previous findings (Katti et al., 2010).
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and -5 transcripts were not detected in ME photoreceptors by in situ
hybridization (B.-A.B., not shown). Despite the puzzling PCR
results, our present study provides strong evidence that the visible
light-sensitive opsins expressed in Limulus MEs are different from
those expressed in LE and larval eyes.

Ocellar-specific expression of visible light-sensitive opsins has
been described in insects (Pollock and Benzer, 1988; Spaethe and
Briscoe, 2005; Velarde et al., 2005; Henze et al., 2012) and
crustaceans (Oakley and Huber, 2004). The current study suggests
that this opsin expression pattern is consistent among the visual
systems of three of the four major groups of arthropods: insects,
crustaceans and chelicerates. By contrast, in Limulus and some
insects, e.g. honeybees (Velarde et al., 2005), bumblebees (Spaethe
and Briscoe, 2005) and fruit flies (Pollock and Benzer, 1988), the
same UV opsin is expressed in ocelli and compound eyes, whereas
crickets express an ocellar-specific UV opsin (Henze et al., 2012).

The three visible light-sensitive opsins in Limulus MEs are
co-expressed
Our combined immunocytochemical and in situ data (Figs 6 and 7)
show that all three ME-specific, visible light-sensitive opsins
identified in this study are co-expressed. These findings, taken
together with previous results, show that all visible light-sensitive
photoreceptors in Limulus eyes express more than one opsin. LE
retinular cells and giant VE photoreceptors each express three:
LpOps1, LpOps2 and LpOps5 (Katti et al., 2010); small VE
photoreceptors express two: LpUVOps1 and LpOp5 (Battelle et al.,
2014); and visible light-sensitive ME photoreceptors express three:
LpOps6, LpOps7 and LpOps8 (the present study). Opsin co-
expression seems the rule in Limulus photoreceptors rather than the

exception. The sequences of some co-expressed Limulus opsins are
very similar to one another (e.g. LpOps1 and LpOps2; LpOps6 and
LpsOps7) and may be products of recent gene duplications, but
others are from different clades (e.g. LpOps1-2 and LpOps5;
LpOps5 and LpUVOps1). The evolutionary processes that have
produced this complex pattern of opsin co-expession in Limulus, an
animal in which there is no evidence for color vision, are not clear.

The only classical photoreceptor type in Limulus eyes in which
opsin co-expression has not yet been detected is the UV
photoreceptor in MEs. Our finding that none of the visible light-
sensitive opsins in ME is co-expressed with LpUVOps1 (Figs 6 and
7) is consistent with electrophysiological studies that detected no
ME photoreceptors with dual sensitivity to UV and visible light
(Chapman and Lall, 1967; Nolte and Brown, 1969; Lall, 1970).

The functional consequences of opsin co-expression are largely
unknown except in photoreceptors where the co-expressed opsins
have distinctly different spectral sensitivities. In these instances
opsin co-expression is thought to broaden the spectral sensitivity of
the photoreceptor. A number of examples come from insect
photoreceptors (Kitamoto et al., 1998; Arikawa et al., 2003; Sison-
Mangus et al., 2006; Mazzoni et al., 2008; Hu et al., 2014). The
small VE photoreceptors in Limulus provide another example. Small
VE photoreceptors exhibit two peaks of spectral sensitivity, one at
350 nm and the other at 520 nm, and their relative sensitivity to UV
and visible light probably changes with a diurnal rhythm (Battelle
et al., 2014).

For photoreceptors in which spectrally similar opsins are co-
expressed (Sakamoto et al., 1996; Rajkumar et al., 2010; Ogawa et
al., 2012), other functional consequences must be hypothesized. In
Limulus, LpOps1-2 and -5, which have similar spectral sensitivities

Fig. 6. LpOps6 is expressed in some, but not all, ME rhabdoms and is co-expressed with LpOps7. All images are of longitudinal sections of ME, ‘L’
indicates the position of the lens and dashed lines outline the photoreceptor layer. (A) Maximum projections (20–24 μm stacks) of images from sections
incubated with anti-Gqα (1:1000 dilution, red) to show all rhabdoms and anti-LpOps6 (1:25 dilution, green) or anti-LpOps6 (1:25 dilution) that had been pre-
incubated with antigen (Ops6-Abs). Gqα-ir rhabdoms are located close to the base of the lens. LpOps6-ir is detected in some but not all rhabdoms and in some
photoreceptor cell bodies (arrows). Pre-incubating anti-LpOps6 with antigen (Ops6-Abs) eliminated all LpOps6-ir from rhabdoms and photoreceptor cell bodies.
Scale bars, 100 μm. (B) A single optical section incubated with anti-LpOps6 (1:25 dilution, green) and anti-LpUVOps1 (1:50 dilution, red). LpOps6-ir is detected
in fewer rhabdoms than LpUVOps1, and LpOps6-ir and LpUVOps1-ir do not co-localize. Scale bar, 50 μm. (C) Maximum projections (27–28 μm stacks) of
images from sections incubated with anti-LpOps6 (1:10 dilution, green) and antisense and sense probes targeting the 3′-UTR of LpOps7 (red). The central
image is a higher power view of the photoreceptor cluster within the boxed area seen on the left. A number of LpOps6-ir cells are seen in sections incubated
with antisense and sense probes. Staining with the LpOps7 antisense probe was observed near the nucleus of LpOps6-ir cells (arrow heads in antisense
images). No staining was seen around the nuclei of LpOps6-ir cells with the LpOps7 sense probe (arrow heads, sense image). Results indicate that LpOps7 is
co-expressed with LpOps6. Staining beneath and between photoreceptor clusters was observed with LpOps7 antisense and sense probes; therefore it is
considered non-specific. Scale bars, 100 μm.
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(Battelle et al., 2014), are co-expressed in LE retinular cells and
giant ventral photoreceptors (Katti et al., 2010). However,
interestingly, the relative levels of LpOps1-2 and LpOps5 proteins
in rhabdoms change dramatically from day to night under the
influence of light and signals from an internal circadian clock (Katti
et al., 2010; Battelle et al., 2013; Battelle, 2013). Changes in the
relative levels of these co-expressed opsins in rhabdoms will not
alter the spectral tuning of the cell, but might influence the dynamics
of the photoresponse.

The individual spectral sensitivities of LpOps6, -7 and -8 are not
yet known, but the spectral sensitivity of visible light-sensitive
photoreceptors in MEs has been compared with those of LE
retinular cells and giant VE photoreceptors (Nolte and Brown,
1969). The peak sensitivity of all three photoreceptor types is similar
(about 520 nm); however, the visible light-sensitive photoreceptors
in MEs are more sensitive at longer wavelengths than LE retinular
cells or giant VE photoreceptors. This indicates that the combined
spectral sensitivity of LpOps6, -7 and -8 peaks at about 520 nm,
which is similar to LpOps1-2 and -5, but that their combined
sensitivity extends further into the red. We do not yet know the
relative expression levels of LpOps6, -7 and -8 in ME rhabdoms or
whether their relative levels change with a diurnal rhythm.

What are the functions of UV- and visible light-sensitive
photoreceptors in Limulus MEs?
Limulus clearly detect UV light with their MEs. Adult Limulus are
positively phototaxic to UV light detected with their MEs (Lall and
Chapman, 1973), and when MEs are stimulated with UV light, UV-
sensitive photoreceptors depolarize and arhabdomeric cells, to which
UV-sensitive photoreceptors are electrically coupled, produce trains
of action potentials (spikes) that propagate to the brain (Nolte and
Brown, 1972). Because UV light attenuates sharply with water
depth, it has been speculated that the animal uses its MEs as depth
detectors to help guide them to shallow water and beaches for
reproduction (Lall and Chapman, 1973).

The effects of visible light on ME output are less well understood.
Limulus exhibit no detectable behavioral response when MEs are
stimulated with visible light (Lall and Chapman, 1973) and visible
light photoreceptors are not electrically coupled to arhabdomeric
cells. However, when long wavelength light is applied during a
prolonged UV stimulus, arhabdomeric cells hyperpolarize and spike
activity is suppressed (Nolte and Brown, 1972). Therefore, the
visible component of natural light may modulate ME output that is
primarily driven by UV light.

Peropsins among arthropods
Limulus has two peropsin genes, but only LpPerOps1 is expressed in
the eyes. In a phylogenetic analysis, it clusters with high confidence
with three other chelicerate peropsins (Fig. 8). Limulus is considered
an early branching sister group to arachnids (Edgecombe and Legg,
2014); thus peropsin expression may have been a characteristic of
euchelicerates. Peropsins have so far not been detected in the
transcriptomes or genomes of other members of the Panarthropod
group (Onychophora, Tardigrada, Pancrustaceans) (Eriksson et al.,
2013; Hering and Mayer, 2014); therefore if peropsins were among
the opsins in the Panarthropoda repertoire, this opsin clade has been
lost in three major arthropod lineages.

Does LpPerOps1 play a role in vision?
Little is known about the functions of persopsins in vision, and they
may differ depending on the species. The distributions of peropsins
in eyes may provide clues, but this information is limited (Sun et al.,

Fig. 7. In ME retinas, LpOps8 is not co-expressed with LpUVOps1 but
is co-expressed with LpOps6 and LpOps7. All images are of longitudinal
sections of ME, ‘L’ indicates the position of the lens and dashed lines
outline the photoreceptor layer. (A) Sections were incubated with antisense
and sense probes targeting LpUVOps1 (green) and LpOps8 (red). Probes
were visualized as maximum projections (10–14 μm stacks). Each
antisense probe labelled photoreceptor cell bodies but the labels did not
overlap, indicating that LpOps8 is not co-expressed with LpUVOps1.
Neither sense probe labelled photoreceptor cell bodies; however, both
labelled tissue between and below photoreceptor clusters. This staining is
considered non-specific. (B) Sections were processed for in situ
hybridization using antisense and sense probes targeting LpOps8 (red),
then immunostained for LpOps6-ir (green, 1:10 dilution). Images are
maximum projections (20–30 μm stacks). The LpOps8 antisense probe 
was routinely detected in photoreceptor cell bodies that also
immunostained for LpOps6, indicating that LpOps8 is co-expressed with
LpOps6. No photoreceptor cell body staining was observed with the
LpOps8 sense probe; however, non-specific staining was detected below
and between photoreceptor clusters. Scale bars, 100 μm. (C) Sections
incubated with antisense probes targeting LpOps7 and LpOps8.
Photoreceptor cell clusters from two different retinas are outlined with
dashed lines. Antisense probes targeting LpOps7 and -8 routinely labelled
the same cells in the photoreceptor layer. Arrows, double labelled cells in
the photoreceptor layer: a single cell in the upper panels and two cells in
the lower panels. No single labelled cells were detected. Scale bars,
100 μm.
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1997; Bailey and Cassone, 2004; Nagata et al., 2010; Eriksson et al.,
2013). In the present study we demonstrate a close association
between cells expressing LpPerOps1 and the cell bodies and
rhabdoms of photoreceptors in each of the three, very different types
of Limulus eyes (Figs 10 and 11). This leads us to propose that
LpPerOps1 plays a role in vision, and it may be a retinal
photoisomerase. This hypothesis is based on the similarity between
LpPerOps1 and spider peropsin, a bistable photopigment that in the
dark binds all-trans retinal which is converted to 11-cis retinal by
light (Nagata et al., 2010). Furthermore, LpPerOps1 and other
chelicerate peropsins are related to RGR proteins (Fig. 8), which are
photoisomerases (Chen et al., 2001).

The proposed retinal-photoisomerase activity of LpPerOps1 may
not be important for the photoresponse itself because r-opsins and
peropsins are both bistable photopigments from which the
chromophore is not readily released. However, a retinal-
photoisomerase may be important for recycling chromophores
released from rhodopsin proteins that are internalized and degraded
during light-dependent rhabdom shedding (Wang et al., 2010; Wang
et al., 2012). In Limulus, rhabdom shedding and renewal is dramatic.
In LE retinular cells, for example, roughly 50% of rhabdomeric
LpOps1-2 is shed during the day in response to light and signals
from an internal circadian clock, and much appears to be degraded
through a lysosomal pathway (Chamberlain and Barlow, 1979;
Sacunas et al., 2002; Katti et al., 2010). However, by 4 h after

sunset, the same amount of LpOps1-2 that was removed during the
day is restored to rhabdoms (Battelle, 2013; Battelle et al., 2013). A
similar daytime loss of r-opsins has been documented for VE
photoreceptors (Katti et al., 2010). If LpPerOps1 is a
photoisomerase, its location in membranes of cells immediately
surrounding Limulus photoreceptors positions it appropriately to
play a role in chromophore recycling, although other
photoisomerases in Limulus eyes could also serve this function
(Smith et al., 1992).

Other evidence suggests that peropsins are not required for
chromophore recycling in all chelicerates. Spider photoreceptors,
especially those in the eyes of nocturnal spiders, undergo dramatic
light-dependent rhabdom shedding and night-time rhabdom renewal,
similar to that described in Limulus (Blest, 1978; Uehara et al.,
1993; Grusch et al., 1997). In the spider Cupiennius salei, dramatic
rhabdom shedding is observed in its principal and secondary eyes
(Grusch et al., 1997), yet peropsin transcripts were only detected in
the secondary eyes (Eriksson et al., 2013). In the jumping spider
Hasarius adansoi, peropsin is expressed in the principal eye but it
is located in cells quite distant from photoreceptor cell bodies and
rhabdoms, making it unlikely that it plays a significant role in
chromophore recycling (Nagata et al., 2010).

LpPerOps1 could also function in signalling. In LEs, distal
pigment cells surrounding the aperture at the base of the lens
undergo dramatic day–night structural changes, producing an

LpPerOps1 MASSTELGSVDLNMSLGETPEFQADKDTYLVDSTFPTSTHKAVGIYLVIVGILGTFGNGIIITMFIRFRTLLTPTNLLLITLAVSDLGIILFGFP 95
HaPerOps MDDNMSEIALADDMSTLSTQEPSENVYPY----VFPLSTHTIVGTYLIIIGILGTLGNGLVLT-FLRFRVLVTPTTLLLVNLAVSDLGLILFGFP 90
CsPerOps MDDNLSASGLN-DMPMVSTEEPGDNVYPY----YFPPSTHVIVGSYLVLIGVLGTIGNGLVLVTFLRFRVLVTPTSLLLINLAISDLGLILFGFP 90

LpPerOps1 FSASSSFANRWLFNEGGCQWYAFMGFLFGSAHIGVLALLGLDRYLITCRIDFRRKLTYKRYCQMICAVWVYAIFWSVMPLIGWGRYGPEPSITTC 190
HaPerOps FSASSSLSAKWIFGEGGCQWYAFMGFLFGSAHIGTLALLALDRYLIACRISLRGKLTFKRYTQMITVVWTYAFFWALMPLLGWGRYGLEPSVTTC 185
CsPerOps FSSSSSFSGRWLFGDGGCQWYAFMGFLFGSAHIGTLTILALDRYLIACRISLRGKLTYRRYTQMLSAVWAYAMFWSLMPLIGWGRYGLEPSVTTC 185

LpPerOps1 TIDWRHNDGSYKSFIIVYFVLGFLVPFLLIAICYFNIARQLSVKPVAPSLRSAICDQWANERNVTMMCLVIVITFVVSWSPYAIVCLWTVFKPPS 285
HaPerOps TIDWQHNDSSYKSFLIVYFVLGFMVPFAIIAVSYIAIARRVGKKSEKSKERPVVRDLWTNERSVTLMAFILIVTFFVAWSPYAVLCLWTIFAEPN 280
CsPerOps TIDWQHNDSSYKSFIIVYFVLGFLVPFAIIAVCYCAIARRARR---KVKERAVVRDQWTNERNVTLMSFILIVAFVVAWSPYAVLCLWTIFAPPS 277

LpPerOps1 TVPSVLTLIPPLFAKASTVFNPIIYYLTNPRLRMGIIATITCSGELPGEMIPVSSNPEATPETHESI 352
HaPerOps TVPPFLTLIPPLFAKSSTVVNPLIYFLSNPKLRTAILSTLSCCNEAPIQNIELPDSPERAAN-NDAI 346
CsPerOps TAPPFLTLIPPLFAKSSTVLNPLIYFLTNPKLRAAILSTMACCKEAPLQNIELPDSPERAAN-ADAI 343

I II

III IV

V VI

VII

A

B

Fig. 8. Limulus peropsin 1 (LpPerOps1) is
similar to spider peropsins but the position
of the chelicerate peropsin clade relative to
vertebrate peropsins and RGRs cannot be
resolved. (A) Clustal W alignment of
LpPerOps1 with peropsins from spiders (Ha,
Hasaruis adansoni; Cs Cupiennius salei).
Transmembrane domains estimated from
hydrophobicity plots are indicated. The region
boxed in red is the polypeptide used to generate
anti-LpPerOps1. (B) Maximum likelihood
phylogenetic analysis of LpPerOps1 with 27
members of the RGR/peropsin clade (Hering
and Mayer, 2014) plus two out groups – Bos
Taurus c-opsin (Palczewski et al., 2000) and
Todarodes r-opsin (Murakami and Kouyama,
2008). Bootstrap values from 1000
pseudoreplications are shown at nodes.
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aperture that is long and narrow during the day and short and wide
during the night (Chamberlain and Barlow, 1987). These changes
are driven by signals from an internal circadian clock and amplified
by light. The effect of the clock can be mimicked by octopamine,
the neurotransmitter released from the clock-driven efferent neurons
that innervate the pigment cells, and activation of a cAMP cascade
(Battelle et al., 1982; Battelle and Evans, 1984; Battelle, 2002; Dalal
and Battelle, 2010). The receptor responsible for the effect of light
is unknown. In addition, pigment granules within distal and
intraommatidial pigment cells change their distribution in response
to light (Fahrenbach, 1975; Fahrenbach, 1968). LpPerOps1 could be
the light receptor that drives pigment cell structural changes and
pigment migration within pigment cells. Clearly much more work
is required to establish a role for peropsins in vision.

In summary, this study significantly extends our understanding of
the diversity of opsins expressed in Limulus eyes, preparations that
have long been used for studies of basic mechanisms of vision, and
contributes to our broader understanding of opsin expression in
arthropods. The number of different visible light-sensitive opsins
expressed in Limulus eyes is a surprise because, in the visible range,
the sensitivity of each eye type peaks at about 520 nm, and unlike
many other chelicerates, in Limulus, there is no evidence for color
vision. These findings raise questions about evolutionary mechanisms
that may have led to the diversification of Limulus opsins. The

discovery of a peropsin in the eyes of Limulus, an early branching
sister group to arachnids, adds to evidence that this clade of opsins has
been retained in chelicerate linages while lost in other arthropods, and
raises new questions regarding the functions of these opsins in vision.

MATERIALS AND METHODS
Reagents
Unless otherwise specified, reagents were purchased from Fisher Scientific
(Pittsburgh, PA, USA) or Sigma-Aldrich (St Louis, MO, USA).

Opsin cloning
The full-length open reading frames (ORFs) of LpOps6 and -8 were
identified in a ME transcriptome. A BLAST search of an assembly of the

Fig. 9. Transcripts encoding LpPerOps1, but not LpPerOps2, are
detected in VE, LE and ME cDNA, and LpPerOps1 is present in
membrane preparations from each eye type. (A) cDNA prepared from VE,
LE and ME was probed for LpPerOps1 using primers to amplify the full-
length transcript (LpPerOps1F6/R5, supplementary material Table S1) and
an appropriately sized product (1.1 kbp) was amplified from each. The
identity of the product was confirmed by sequencing. No product was
amplified from the same cDNA preparations when probed for LpPerOps2
using primers (LpPerOps2 F4/R4, supplementary material Table S1) based
on the genomic sequence. Additional PCR reactions with different primer
pairs based on the genomic sequence also produced no product.
(B) Western blots of membrane preparations from the equivalent of 2.5 VE,
0.2 LE and 2.5 ME were immunostained with anti-LpPerOps1 (1:250 dilution).
A single major immunostained band with an apparent molecular mass of
about 40 kDa was observed in preparations from each eye type.

Fig. 10. LpPerOps is expressed in cells closely associated with
photoreceptors in each eye type. Sections of VE near the EO, cross-
sections of LE and longitudinal sections of ME were immunostained with anti-
Gqα (red, 1:1000 dilution) to visualize rhabdoms and anti-LpPerOps1 (green,
1:100 dilution) or anti-LpPerOps1 that had been incubated with antigen
(PerOps1-Abs). Each image is a maximum projection (10–15 μm stacks).
LpPerOps1-ir was detected in each eye type. In VE, it is in cells surrounding
photoreceptor cell bodies, and in LE it is at the periphery of ommatidia where
pigment cells are located. In ME, LpPerOps1-ir is in glia that surround the
photoreceptor layer (arrows) and between clusters of photoreceptors (white
asterisk). LpPerOps1-ir glia are also located in the rhabdomeral layer of the
ME close to the lens (see high power image). Pre-incubating anti-LpPerOps1
with antigen (LpPerOp1-Abs) eliminated LpPerOps1-ir. L, lens; dashed line,
base of lens. Scale bar for VE, LE and low power ME, 100 μm. Scale bar for
higher power ME, 25 μm.
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Limulus genome (ftp://ftp.ncbi.nlm.nih.gov/genbank/genomes/Eukaryotes/
invertebrates/) with these sequences revealed an additional sequence 61%
identical to LpOps6 at the amino acid level. We call this sequence LpOps7.
The ORFs of all three were amplified from ME cDNA prepared from RNA
isolated with RNeasy (Qiagen, Valencia, CA, USA) and reverse transcribed
with SuperScript III-First Strand Synthesis System for RT-PCR (Life
Technologies, Grand Island, NY, USA). Primers were specific for the 5′-end
beginning with the predicted initiation methionine and the 3′-end, ending
with the stop codon (supplementary material Table S1). The sequences of
cloned LpOps6 and -8 clones matched exactly those identified in the
transcriptome; the sequence of cloned LpOps7 matched the genomic
sequence. 

A 647-nucleotide fragment with high homology to the 3′-end of peropsin
from jumping spider (Hasarius adansoni, accession number AB525082)
was identified in a 454 transcriptome analysis of cDNAs from VE and
central nervous system (CNS). The full-length ORF extending into the 3′-
and 5′-UTRs was obtained using a RACE (Rapid Amplification of cDNA
Ends) strategy with the VE library as template (5′ RACE primers: PerOps1-
R1 and CAP followed by PerOps1-R3 and CAP; 5′ RACE primers: PerOps-
F1 and TRSALu4 followed by PerOps-F2 and Lu4NS) (supplementary
material Table S1). The full-length ORF with portions of the 5′- and 3′-UTRs
was amplified from VE and adult CNS cDNA with primers PerOpsF6 and
PerOpsR5. Three separate clones were sequenced in forward and reverse
directions to obtain a consensus sequence. A BLAST search of the Limulus

genome with this sequence revealed the LpPerOps1 sequence plus an
additional, similar sequence we call LpPerOps2. Primers based on the
predicted coding region of LpPerOps2 were used in PCR assays for this
transcript in ME, LE and VE cDNA. PCR reactions were performed using
LATaq polymerase (Takara, Madison, WI, USA) and an Eppendorf
Mastercycler (Hauppague, NY, USA).

Phylogenetic analyses
The predicted amino acid sequences of LpOps6, -7 and -8 were aligned
with previously characterized Limulus opsins and other arthropod opsins

Fig. 11. LpPerOps1 is expressed in glia surrounding giant VE
photoreceptors and both types of small VE photoreceptors. (A) In situ
hybridization showing the location of LpPerOps1 transcripts in a whole
mount of VE nerve. Probes were visualized with an anti-digoxigenin-
alkaline phosphatase antibody, followed by the NBT/BCIP reaction. The
region shown is near the VE end organ. The antisense probe labelled glia
surrounding clusters of photoreceptor cell bodies (arrows). Labelling was
much less intense elsewhere in the axon (Ax). VE nerves incubated with
sense probe were not stained. Scale bar, 500 μm. (B) Maximum projection
(38 μm stack) from a giant photoreceptor cell body immunostained as
described in the legend to Fig. 10 with anti-Gqα (red) to show rhabdoms
and anti-LpPerOps1 (green). This cell body was located along the edge of
the axon (Ax) and its approximate periphery is outlined. Glia surrounding
the cell body show bright LpPerOps1-ir, whereas LpPerOps1-ir elsewhere
in the axon is much less intense. Scale bar, 50 μm. (C) Maximum
projections of cell bodies of two small VE photoreceptor cell bodies, one
with an external rhabdom (eRh, 17 μm stack) and another with an internal
rhabdom (iRh, 27 μm stack), immunostained as described in B. The
approximate periphery of each cell body is outlined. Both cells are tightly
surrounded by LpPerOps1-ir glia. The cell with the external rhabdom (eRh)
was located along the edge of an axon (Ax) that shows little LpPerOps1-ir;
the cell with the internal rhabdom (iRh) was located within a cluster of
somata near the end organ. Scale bars, 25 μm.

Fig. 12. In LE, LpPerOps1 is expressed in distal, intraommatidial and
proximal pigment cells. (A) Maximum projection (11 μm stack) through a
cross-section of a LE ommatidium immunostained with anti-LpPerOps1
(green) and anti-Gqα (red) as described in the legend to Fig. 10. Left:
fluorescent image. Right: fluorescent image superimposed on a brightfield
image to show the location of pigment cells. LpPerOps1-ir is detected in
pigment cells surrounding ommatidia and in intraommatidial pigment cell
processes within partitions between photoreceptors. Photoreceptors are also
heavily pigmented but show no LpPerOps1-ir. Scale bar, 25 μm.
(B) Maximum projections of longitudinal sections of LE fixed during the day in
the light (18 μm stack) or during the night in the dark (22 μm stack). Upper
panels: fluorescent images. Lower panels: fluorescent images superimposed
on a brightfield image of the section to show the locations of pigment cells
and the aperture at the base of the lens. LpPerOps-ir is detected in each of
the three types of pigment cells identified by Fahrenbach (Fahrenbach, 1968;
Fahrenbach, 1969). Dpc, distal pigment cells; E, eccentric cell body; Ipc,
intraommatidial pigment cells; L, position of the lens; P, photoreceptor cell
body; Ppc, proximal pigment cells; arrow, aperture at the base of the lens.
White asterisks indicate LpPerOps1 negative cells that line the distal lens
and cornea between ommatidia.
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downloaded from GenBank (http://ncbi.nlm.nih.gov/Genbank/). Sequences
were analysed and the graphical representation of the phylogenic tree
produced as described previously (Battelle et al., 2014). Accession
numbers for sequences included in this tree are in supplementary material
Table S2.

The phylogenetic analysis of LpPerOps1 was conducted using the Osiris
phylogenetics package (Oaklely et al., 2014) within Galaxy (Giardine et al.,
2005). The predicted amino acid sequences of LpPerOps1, 27 members of
the RGR/peropsin clade (Hering and Mayer, 2014) plus two out groups –
Bos Taurus c-opsin (Palczewski et al., 2000) and Todarodes r-opsin
(Murakami and Kouyama, 2008) both with solved crystal structures – were
aligned with MUSCLE (Edgar, 2004). To search for the Maximum
Likelihood phylogeny, RAxML version 7.4 (Stamatakis, 2006) was used,
assuming a GTR+G model, and 100 bootstrap pseudoreplications were
conducted to gauge node stability.

Tissue distribution of the opsin transcripts
PCR
Aliquots of cDNA prepared from eight MEs, one LE and eight VEs were
probed for LpOps6, -7 and -8 with primers designed to amplify the full-
length ORF of each. No-reverse transcriptase controls were also prepared.
These cDNAs were also probed with primers specific for LpPerOps1 and 
-2 using primers that are predicted to amplify across exon/intron boundaries.

In situ hybridization
Antisense and sense digoxigenin or fluoroscein-labelled RNA probes were
generated from the full-length coding regions of LpOps7, -8 and LpPerOps1
and also the 3′-UTR of LpOps7 with T3 or T7 RNA polymerases and
labelling protocols from Roche Applied Science (Penzberg, Germany).
Sense and antisense probes targeting the 3′-UTR of LpOps7, 695 nucleotides
long (amplified with primers LpOps7-F6 and LpOps7-R7), were produced
because LpOps7 is 70% identical to LpOps6 in the coding region. This
probe was used on ME tissue where LpOps6 is also expressed to avoid
possible hybridization to LpOps6 transcripts.

VEs were dissected in Limulus saline (Warren and Pierce, 1982), fixed for
2 h on ice in 4% paraformaldehyde in phosphate-buffered saline (PBS:
11.9 mmol l−1, pH 7.2, 0.5 mol l−1 NaCl) and processed for in situ
hybridization as whole mounts (Jezzini et al., 2005). The probe was
visualized with Fab fragments of an anti-digoxigenin-alkaline phosphatase
antibody, followed by the NBT/BCIP reaction (Roche Applied Science).
LEs and MEs were dissected, fixed, sectioned and processed for in situ
hybridization as described previously (Battelle et al., 2014). In some
experiments, antibody directed against LpOps6 was applied after the in situ
protocol was complete. Sections were incubated in primary antibody
overnight at 4°C and in secondary antibody for either 2 h at room
temperature or overnight at 4°C.

Antibody production
LpOps6 and LpPerOps1
cDNA encoding the C-terminal sequences of LpOps6 (Q349–G396), LpOps7
(R349–A395), LpOps8 (R337–T380) (Fig. 2) and LpPerOps1 (M318–I352 ) (Fig. 8)
were subcloned into pET28a (Novagen, EMD Chemicals, Gibbston, NJ,
USA) at the HindIII and NdeI sites. Each was expressed and purified by
affinity chromatography (PrepEase Histidine Tagged Protein Purification
Kit, Affymetrix, Santa Clara, CA, USA). The LpOps6 and LpPerOps1
sequences were used to produce batteries of monoclonal antibodies as
described previously (Katti et al., 2010; Battelle et al., 2014). The C-terminal
polypeptides of LpOps7, -8 and LpUVOps1 (Battelle et al., 2014) were used
to test the specificity of the antibody generated against LpOps6. Monoclonal
antibody 5001-2-8 (isotype IgG1), called here anti-LpOps6, and LpPerOps1-
3-50 (isotype IgG2B), called here anti-LpPerOps1, were used in all
experiments.

SDS-PAGE
Proteins were separated on NuPAGE 4-12% Bis-Tris Mini Gels (Novex,
Life Technologies, Grand Island, NY, USA) using the manufacturer’s
protocol. 

Preparing membranes, quantifying antigens, western blotting and
immunostaining western blots
These protocols have been described previously (Battelle et al., 2001; Katti
et al., 2010). Before immunostaining, protein bands on the western blots
were located by staining the blots with 0.001% Fast Green (Sigma-Aldrich)
in 30% methanol and 7% acetic acid, then detained with 30% methanol and
7% acetic acid. Limulus eye membranes were prepared from daytime, light-
adapted eyes.

Tissue fixation for immunostaining, immunostaining and pre-absorbing
antibodies
These protocols have been detailed elsewhere (Katti et al., 2010). In addition
to anti-LpOps6 and anti-LpPerOps1 described above, tissues were
immunostained with a rabbit polyclonal antibody directed against Gq/11 α (C-
19, Santa Cruz Biotechnology, Santa Cruz, CA, USA) (Munger et al. 1996)
and a monoclonal antibody directed against LpUVOps1 (57-62, isotype
IgG2A, Kappa) (Battelle et al., 2014). AlexaFluor-labelled secondary
antibodies were purchased from Life Technologies.

Confocal microscopy
Fluorescent images of in situ and immunocytochemical assays were
collected using a Leica confocal microscope (Leica SP5, Leica
Microsystems, Mannheim, Germany). Double-labelled sections were
analysed with sequential scans. Images to be compared directly were
collected during a single confocal session using identical settings.

Image preparation
Images were intensified in CorelDrawX3 or Adobe Photoshop CS2 (Adobe
Systems Inc., San Jose, CA, USA). Images to be compared were adjusted
as a unit. Figures were assembled in CorelDrawX3.
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