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a b s t r a c t

Though the transparent apposition eyes of larval stomatopod crustaceans lack most of the unique retinal
specializations known from their adult counterparts, increasing evidence suggests that these tiny pelagic
organisms possess their own version of retinal complexity. In this paper, we examined the structural
organization of larval eyes in six species of stomatopod crustaceans across three stomatopod super-
families using transmission electron microscopy. The primary focus was to examine retinular cell
arrangement of the larval eyes and characterize the presence of an eighth retinular cell (R8), which is
typically responsible for UV vision in crustaceans. For all species investigated, we identified R8 photo-
receptor cells positioned distal to the main rhabdom of R1-7 cells. This is the first evidence that R8
photoreceptor cells exist in larval stomatopod retinas, and among the first identified in any larval
crustacean. Considering recent studies that identified UV sensitivity in larval stomatopods, we propose
that this sensitivity is driven by this putative R8 photoreceptor cell. Additionally, we identified a
potentially unique crystalline cone structure in each of the species examined, the function of which is
still not understood.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Stomatopod crustaceans are well known for their unique and
specialized visual systems, which are sensitive to an unparalleled
range of wavelengths (including ultraviolet, UV) and e-vector ori-
entations of polarized light (both linear and circular). A large
portion of this visual complexity is driven by unique optical
structures and photoreceptor arrangements in the adult eye
(Marshall et al., 1991a, 1991b; Schiff et al., 2007; Bok et al., 2015,
2018, Thoen et al., 2017). Considering only specializations for UV
vision, adult stomatopods possess one of the most complex and
elaborate sets of sensitivities known for wavelengths shorter than
400 nm (Marshall and Oberwinkler, 1999; Cronin et al., 2014; Bok
et al., 2015, 2018; Porter et al., 2020). Adult stomatopod UV sensi-
tivity arises from the R8 cell type, a specialized retinular cell posi-
tioned in the distal part of the light-sensitive rhabdom. The
majority of a typical crustacean rhabdom is formed by the
(M.S. McDonald).
tional Academies of Sciences,
shington, DC, 20001
microvilli projected from seven retinular cells (R1-7). In crusta-
ceans, adult R1-7 cells provide sensitivity to blue or green wave-
lengths of light (~450 nme550 nmwavelengths; Fig. 1A) (Marshall
et al., 2015), although this range is expanded in mantis shrimp
(~400e700 nm) (Thoen et al., 2014, 2017; Porter et al., 2020).
Among most crustacean species, including stomatopods, the
microvilli projected from the distally positioned R8 cell provides a
separate, UV (300 nme400 nm) or short-wavelength
(380 nme440 nm) channel of spectral sensitivity in each
rhabdom (Marshall et al., 1991a; Cronin et al., 1993; Thoen et al.,
2017). Though most adult stomatopod retinas possess R8 cells
across the entire eye, some species have regional variation in UV
wavelength sensitivity of up to six physiologically distinct classes of
cell (Bok et al., 2014, 2018; Thoen et al., 2017). This polychromatic
UV sensitivity is achieved through the combination of different
visual pigments expressed in the R8 cells themselves and fluores-
cent filters found in the optical pathway (Marshall and
Oberwinkler, 1999; Bok et al., 2014, 2015).

Crustacean R8 cells lie distal to the main rhabdom, directly
beneath the crystalline cone and corneal lens (Fig. 1A). In cross
section, the cell body of the R8 cell has a four lobed shape with
microvilli directed inward to form the central rhabdomal region
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Fig. 1. Schematic drawings of the photoreceptor arrangement in typical crustacean eyes in both longitudinal (A), and cross section (B&C) orientations. (A) Schematic of a typical
longitudinal photoreceptor, composed of the lens (L), Crystalline cone structure (CC), crystalline cone cell nuclei (N), and the two-tiered rhabdom, with the distal R8 cell and
proximal main rhabdom R1-7. (B) Representative schematic drawing of a cross-section of the R8 photoreceptor shaded in light gray, labeled a-d. (C) Schematic of a typical cross
section of the main rhabdom with R1-7 labeled (nomenclature from Marshall et al., 1991b).
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(Fig. 1B). Within the rhabdom, each R8 cell lobe projects microvilli
oriented in one direction such that the microvilli of one lobe meets
microvilli from the opposite lobe around the midline (Marshall
et al., 1991a). At the level of the R8 cell, thin upward projecting
processes from the R1-7 cells can be detected, but do not contribute
microvilli to the rhabdom (Marshall et al., 1991b; Feller et al., 2019).
In a single ommatidium, the contribution of the R8 cell to the entire
rhabdom is relatively small with the majority of the photoreceptive
unit being formed from the R1-7 cells (schematic Fig. 1C). R8 cells
typically only make up 5e10% of the total rhabdom length in most
crustaceans, including the dorsal and ventral hemispheres of adult
stomatopod eyes (Marshall et al., 1991a), although the R8 contri-
bution can be up to 25% of the total rhabdom length in ommatidia
specialized for detecting polarized light in the stomatopod mid-
band (Marshall et al., 1991a; Templin et al., 2017).

Compared to the specializations described in adult eyes, larval
crustacean visual systems are often simpler (Nilsson, 1983;
Douglass and Forward, 1989; Cronin and Jinks, 2001; Cronin et al.,
2017). Larval decapods, euphausiids, and stomatopods have similar
2

transparent apposition optics and eye structures (Nilsson, 1983).
Transparent apposition eyes are composed of elongated crystalline
cones that allow for a more tightly packed, less conspicuous, pig-
mented retina relative to the adult eye. Previous anatomical char-
acterizations of this condensed retina describe the presence of a
main rhabdom (R1-7 cells) and a general absence of the R8 cell type
(Cronin and Jinks, 2001; Cronin et al., 2017). While R8 cells are
documented in the last larval stage of one species of decapod
(Douglass and Forward, 1989), prior studies did not find them to be
present in earlier stage decapod larvae or to be widespread among
crustacean larvae of any type. This was in line with the assumption
that specializations for color, UV and polarization vision are not
required for mediating behavior in the open ocean pelagic habitats
where these larvae are found (Cronin et al., 2017).

While differences in the visual system between adult and larval
crustaceans are not uncommon, larval stomatopods stand apart
from other crustaceans in their complete replacement of the retina
at metamorphosis (Jutte et al., 1998; Feller et al., 2015). Rather than
modifying or expanding the larval optical and retinal structures at
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metamorphosis, stomatopods develop a completely separate adult
retina and optic neuropils that grows adjacent to the existing larval
structures (Lin and Cronin, 2018). The larval stomatopod retina is
thus completely distinct, both morphologically and physiologically
from that of the adult (Cronin et al., 1995; Jutte et al., 1998; Feller
and Cronin, 2016). Bolstering this idea of complete separation be-
tween adult and larval stomatopod eyes, recent work has identified
several optical features unique to larval eyes. The first is a glittery
structure or “eyeshine” overlying the pigmented surface of the
retina (Feller and Cronin, 2014). The spectral reflectance of larval
eyeshine likely assists in camouflaging the conspicuously pig-
mented retina in open water by matching the background light
spectrum (Feller and Cronin, 2014). In addition to eyeshine, one
larval stomatopod family was recently identified to have a unique,
intrarhabdomal long-wavelength reflecting filter (Feller et al.,
2019), which splits photoreceptors in a portion of the eye into
multiple tiers, as is often seen in the structure of adult stomatopod
rhabdoms (Marshall et al., 1991a, 2007). These findings suggest that
larval stomatopods not only have greater structural complexity
than previously understood but also are likely to vary both
anatomically and physiologically among species.

The arrangement of photoreceptor cells in larval stomatopod
retinas remains poorly characterized for most species. Prior studies
using microspectrophotometry identified a single sensitivity peak
between 450 and 500 nm in multiple species of stomatopod larva
(Feller and Cronin, 2016). These studies concluded that larval sto-
matopods possess a single photoreceptor class provided by the
main rhabdoms, composed of the R1-7 cells (Jutte et al., 1998;
Cronin and Jinks, 2001; Feller and Cronin, 2016). If larvae possessed
a single visual pigment and visual peak sensitivity, this would be
expected. However, recent molecular and physiological evidence
demonstrated that UV vision is also present in at least one species
of larval stomatopod (McDonald et al., 2022). Considering the
emerging evidence that larval stomatopods are UV sensitive, we
hypothesized that larval stomatopods possess R8 photoreceptor
cells in their retinas.

To investigate the presence of R8 cells in stomatopod larval
retinas, the retinular cell arrangement was examined in a diverse
set of species representing the three most species-rich stomatopod
superfamilies: Gonodactyloidea, Lysiosquilloidea, and Squilloidea.
Though over 400 species of stomatopod are currently described,
almost 80% of the order fall within these three superfamilies (Porter
et al., 2010; Van Der Wal et al., 2017). These superfamilies also
display remarkable variation in adult eye complexity. Species in the
superfamilies Gonodactyloidea and Lysiosquilloidea possess the
most complex adult retina type, containing up to 16 anatomically
distinct photoreceptor classes in all currently investigated species
(Marshall et al., 2007). Adult species in the superfamily Squilloidea,
however, have reduced retinal complexity and lack the majority of
visual specializations seen in other groups. This evolutionary loss of
retinal complexity is attributed to the restricted light habitats the
squilloids typically inhabit (Cronin et al., 1993;Marshall et al., 2007;
Porter et al., 2009). Variations in adult visual system function are
typically associated with differences in light environments and/or
ecological needs. In contrast to the habitat diversity seen in the
adult stage, all species of larval stomatopods reside in the pelagic
open ocean environment and are presumed to have similar
ecological needs, largely consisting of avoiding predation, finding
food, and eventually identifying appropriate habitat for settling
(Cronin et al., 2017). Considering the common demands placed on
larval visual systems, it is not unreasonable that previous in-
vestigations expected, and sometimes found, strong similarities
among species. However, with recent work identifying structural
specializations in the eyes of one family of mantis shrimp larvae
(Feller et al., 2019) it is possible that structural diversity of the larval
3

stomatopod eye more broadly has been underestimated.
The main focus of this study was to determine if R8 cell

anatomical structures allowing for UV vision are present in larval
stomatopods across a diverse range of species representing the
three main superfamilies. Additionally, we characterized the gen-
eral organization of visual structures to determine if further
structural specializations exist among stomatopod larvae.

2. Methods

2.1. Specimen collection

Larvae from six species representing the three main stomatopod
superfamilies were collected for morphological characterizations.
Sampling efforts were completed opportunistically at multiple lo-
cations using a variety of methods to increase species comparisons.
Larval mantis shrimp used in this study were collected and fixed in
Florida, Hawaiʻi, and Australia between July 2017eJuly 2021
(Table 1). Species were collected using a combination of offshore
plankton tows, nighttime shore collections utilizing natural posi-
tive phototactic behaviors (Barber and Boyce, 2006; Simpson et al.,
2011), and culturing from eggs. None of the species used have had
their full larval stages described. However, it is known that larval
stomatopods generally undergo an early pro-pelagic stage deno-
tated by a yolk sac, negative phototaxis, and positive thigmotaxis,
during which they remain in the adult burrow (Morgan and Goy,
1987; Feller, 2013). Following the pro-pelagic stage (or stages),
they enter a series of positively phototactic pelagic stages, in which
they are actively feeding. The nature of our collecting methods for
wild-caught individuals captured either via light trapping (Pull-
osquilla thomassini and Alima pacifica) or Tucker trawling (Pseu-
dosquilla ciliata) resulted in the collection of larvae in the pelagic
stage of development. The three species of larvae that were lab
raised, Gonodactylaceus falcatus, Gonodactylellus n. sp., and Pull-
osquilla n. sp., were also in the early pelagic stages of development
at the time of fixation. This was determined by a loss of yolk sac,
positive phototaxis, and active feeding in the lab.

2.2. Species identification

Similar to other studies of stomatopod larvae (Barber et al.,
2002; Feller et al., 2013, 2019; Palecanda et al., 2020), COI barcod-
ing was used to identify wild-caught species. Barcode sequencing
was completed at the University of Hawaiʻi at M�anoa. For each in-
dividual sample, DNA was extracted using a DNAeasy kit (Qiagen,
Hilden, DE, USA) following manufacturer protocols. The cyto-
chrome oxidase I (COI) mitochondrial gene was then amplified
through polymerase chain reaction (PCR) using degenerate primers
designed for stomatopod COI genes (Palecanda et al., 2020). For
each reaction, PCR was conducted using Phire Hot Start Taq
(ThermoFisher Scientific, Waltham, MA, USA), following manufac-
turer protocols with 20 ml total reaction volume and 0.5 ml of 1X
forward and reverse primers and 4e8 ng of DNA. For each PCR, the
cycling parameters used consisted of a single 2-min incubation at
94 �C; 40 cycles of 20 s 94 �C denaturing, 10 s 46 �C annealing, and
1 min 65 �C elongation; and a final elongation at 65 �C for 7 min.

PCR amplicons were cleaned using EXO-SAP-IT (ThermoFisher
Scientific, Waltham, MA, USA) and sequenced in both directions at
the Advanced Studies in Genomics, Proteomics, and Bioinformatics
facility at the University of Hawaiʻi at M�anoa (Honolulu, HI, USA).
Sequenced chromatograms for each amplicon were assembled
(Geneious 10.2.6) and identified using NCBI's Basic Local Alignment
Tool (BLAST) (Altschul et al., 1990). Species identification was
further verified by alignment of all samples to a curated list of
stomatopod reference sequences within the Porter Lab (Steck et al.,



Table 1
Collection details for the species used in this study, including the number of individuals investigated for each species (n), collection location, and collection method.

Superfamily Species n Collection Location Collection Method

Gonodactyloidea Gonodactylaceus falcatus 3 Oʻahu, Hawaiʻi Cultured from eggs
Gonodactylellus n. sp. 2 Oʻahu, Hawaiʻi Cultured from eggs
Pseudosquilla ciliata 1 Florida Straits, Florida Tucker Trawl

Lysiosquilloidea Pullosquilla n. sp. 3 Oʻahu, Hawaiʻi Cultured from eggs
Pullosquilla thomassini 2 Lizard Island, Australia Underwater lights and dipnets

Squilloidea Alima pacifica 2 Lizard Island, Australia Underwater lights and dipnets
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2022). Two species identified and used in this study, Gon-
odactylellus n. sp. and Pullosquilla n. sp., are recently discovered
Hawaiian species of stomatopod crustaceans that are in the process
of being described (Steck et al., 2022).

2.3. Eye tissue preparation

For all species tested, eyes were dissected from live animals
under a dissecting microscope by cutting the tissue at the base of
the eyestalk and immediately placing it in a fixative composed of 4%
gluteraldehyde, 0.1 M sodium cacodylate, and 0.35 M sucrose so-
lution (Weatherby, 1981). For wild caught animals, the remaining
body was placed in 100% ethanol for identification using DNA
barcoding (Palecanda et al., 2020). After eyes were placed in fixa-
tive, they were left at room temperature for 1e2 h before being
stored at 4 �C until post-fixation.

To ensure preservation of eye structures, an extended post-
fixation protocol was used over the course of three days. Samples
were first washed in a 0.1 M cacodylate, 0.44 M sucrose solution
2 � 20 min before being placed in a 1% Osmium tetroxide, 0.1 M
cacodylate buffer for 1 h. The samples were then dehydrated in a
graded ethanol series at three changes of 5 min, 5 min, and then a
final 10-min change. Ethanol was then substituted with propylene
oxide three times with changes every 10 min and left in a one part
propylene oxide: one part LX112 epoxy resin (Ladd) overnight. The
following day, samples were infiltrated with 100% LX112 epoxy
resin over a three-day periodwith 1e2 daily resin changes. Samples
were embedded in LX112 epoxy resin blocks and polymerized in an
oven (60 �C for 72 h).

2.4. Transmission electron microscopy

Sectioning was completed on an ultramicrotome (Reichert
Ultracut E) with a diamond knife. Both semithin sections and serial
ultrathin sections were used. Semithin sections (0.5 mm) were used
to determine locations in the eye for TEM imaging. Semithin sec-
tions weremounted on glass slides, stainedwith Richardson's stain,
and examined on a light microscope. As larval stomatopods have
nearly spherical transparent apposition eyes, when sectioning from
any angle crystalline cone cross sections would typically be
observed first, leading to the top of the rhabdom.

Ultrathin (~80 nm) sections of the larval stomatopod eyes were
then cut and collected intermittently on pre-prepared formvar
coated slot 1x2 grids for visualization in the TEM. At the point
where the crystalline cone tip gives way to the rhabdom, rhabdom
cross-sections were examined to look for the presence of an R8 cell.
Sectioning continued through the eye to visualize the main
rhabdom (cells R1-7) in cross section. Sectioning then continued
until the eye gave way to longitudinal sections from ommatidia
elsewhere in the eye. All ultrathin sections were visualized and
imaged on a TEM (120 kV Hitachi HT7700, AMT XR-41 2048 x 2048
pixel bottom-mount CCD camera or AMT BioSprint16 CCD camera).
The cross sectional diameter and area of a minimum of 10 indi-
vidual rhabdoms for each species and type of section were
measured with Image J (Schindelin et al., 2012; Brodrick et al.,
4

2020). All TEM imaging was completed at the Pacific Bioscience
Research Center Biological Electron Microscopy Facility.

3. Results

In this study, the optical and photoreceptor structures of three
species from Gonodactyloidea, two species from Lysiosquilloidea,
and one species from Squilloidea were investigated (Table 1). All
species had the same basic stalked eye structure, composed of a
near spherical transparent apposition eye typical of other larval
crustaceans (Nilsson, 1983). Each individual ommatidium was
composed of a lens, crystalline cone light guide, reflective struc-
tures creating the characteristic ʻeyeshine’, and a condensed retina
containing retinular and pigment cells, with each structure
described in detail below.

3.1. Optical structures

Elongated crystalline cones beneath the corneal lens were pre-
sent in each of the examined species. The elongated crystalline cone
terminated at the image forming rhabdom acting as a light guide for
transparent apposition optics. Arthropod crystalline cones are
generally composed of four cells (Nilsson 1989), a highly conserved
feature in the evolution of arthropod compound eyes resulting in the
classification ‘Tetraconata’ (Richter, 2002; Nilsson and Kelber, 2007).
In cross section, larval stomatopod crystalline cones are circular
(Fig. 2 C, D) and possess the typical four-cell arrangement expected of
this eye type (Fig. 2D). Additionally, an extra cell-like structure was
identified along most of the length of the crystalline cone, from
beneath the lens to the boundary of the retina (see schematic in
Fig. 2A). The structure appeared rectangular in longitudinal sections
(Fig. 2B) and was found central to the four main crystalline cone
sections along the optical axis when observed in cross-section
(Fig. 2C). At the proximal base of the crystalline cone, at the junc-
tion with the retina, the typical four cell arrangement of the crys-
talline cone reemerged, suggesting the central structure is
positioned more distal within the dioptric apparatus (Fig. 2D).

The structures responsible for “eyeshine” were observed in all
species tested. The eyeshine structures observed in TEM sections
(Fig. 3) were composed of layers of subphotonic sized vesicles
(~100-200 nm diameter) found at the junction of the crystalline
cones and the pigmented retina. These vesicles overlay the retina,
but do not cross the light path, as can be seen in gaps in the vesicle
structures allowing the crystalline cones to reach the rhabdoms
unimpeded (Fig. 3B). Eyeshine is not likely to provide a visual
function, as it is not found in the optical pathway of light to the
photoreceptors. Instead, the eyeshine reflects light back out of the
eye and is hypothesized to assist in camouflage in the open ocean
(Feller and Cronin, 2014).

3.2. Retinular cells

All species studied had clear evidence of an R8 photoreceptor
cell, in both cross and longitudinal sections. The retinal design
observed in each superfamily is described in more detail below.



Fig. 2. Representative images of larval stomatopod crystalline cone structures in Alima pacifica. (A) Schematic of a larval stomatopod ommatidium, depicting the lens (L), crystalline
cone (CC), crystalline cone cell nuclei (N), eyeshine structure (E), and rhabdom (Rh); the newly discovered structure is represented by the dark grey rectangle in the crystalline cone.
(B) Representative electron micrograph of a longitudinal section of the crystalline cone structure in a larval stomatopod, with the unknown structure outlined in red for clarity. (C)
Electron micrograph of the crystalline cone structure in cross section, located in the center of the four crystalline cone cells and outlined in red for clarity. (D) Electron micrograph of
the proximal portion of the crystalline cone, showing a more typical arrangement of the four cone cells.
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3.2.1. Gonodactyloidea and Squilloidea
Since similar retinal structures were observed in all investigated

species from Gonodactyloidea and Squilloidea, these two super-
families will be considered together. Each larval retina was two-
tiered and composed of eight retinular cells, with an R8 photore-
ceptor distal to a main rhabdom composed of seven retinular cells,
R1-7 (see schematic in Fig. 1A). This follows the retinular cell
arrangement of typical adult crustaceans, including ommatidia in
the dorsal and ventral hemispheres of adult stomatopod eyes
(Marshall et al., 1991b; Alkaladi and Zeil, 2014; Brodrick et al.,
2020). In all species examined, the R8 cell met the proximal tip of
the crystalline cone (Fig. 4BeG). In longitudinal sections, retinular
cell bodies are difficult to differentiate and thus the R8 cell was
identified as the distal region of unidirectional microvilli bordered
on one edge by the crystalline cone cells (Fig. 4BeG). The longitu-
dinal R1-7 cells were characterized by uniform banding of the
microvilli (Fig. 4HeM). We were unable to take longitudinal mea-
surements of full rhabdom length vs. R8 cell length in all species
studied. However, in the two species that measurements were
completed, G. falcatus and Gonodactylellus n. sp., the R8 cell was
estimated to compose approximately 5% of the total rhabdom
length, with full rhabdoms measuring at 78.4 mm ± 2.5 um and the
R8 cell 3.76 ± 0.2 mm.

The R8 photoreceptor was most easily distinguished in cross-
section, in which the individual processes of all retinular cells can
be seen (schematic in Fig. 1B). Cross sectional evidence of R8 cells
was abundant for each species investigated (Fig. 5 A-C, G-I). The
retinular cells of the main rhabdom are composed of seven cells,
R1-7. In cross section, these seven cells can be clearly identified in
all species (Fig. 5 D-F, J-L). In most species, the diameter of the
rhabdom was slightly wider in the R8 cells than in the main
rhabdom (Table 2).

3.2.2. Lysiosquilloidea
In the two species from Lysiosquilloidea studied, Pullosquilla
5

thomassini and Pullosquilla n. sp, the retinular cell arrangement in the
dorsal portion of the eye was the same as the other two superfam-
ilies, with a two-tiered rhabdom composed of an R8 cell (Fig. 4E, F;
Fig. 5G, H) and amain rhabdom tier composed of R1-7 (Fig. 4K and L,
Fig. 5J and K). These two species belong to the Nannosquillidae,
which is a family whose larvae are known to contain a specialized
intrarhabdomal structural reflector (ISR) in ventrally positioned
ommatidia that is associated with tiering of the main rhabdom
(Feller et al., 2019). In this study we verified the ISR previously
documented in Pullosquilla thomassini (Feller et al., 2019), and
additionally documented presence of this structure in a new nano-
squillid species, Pullosquilla n. sp. (Fig. 6), a recently discovered
species in Hawai'i in the process of being described (Steck et al.,
2022). In photoreceptors that contain the ISR, the main rhabdom
R1-7 is split into a proximal tier composed of four cells and distal tier
of three cells with the ISR resting in the middle (Feller et al., 2019).
The ISR of Pullosquilla n. sp. had similar dimensions to ISRs described
in other Nanosquillid species, with an average length of
12.29 mm± 0.45 mmandwidth of 4.79 mm± 0.29 mm. The presence of
the ISR, subsequently, creates a three-tiered rhabdom in the ventral
portion of the retina, composed of the R8 cell microvilli, a distalmain
rhabdom tier formed by microvillar projections from R1, 4 & 5 cells,
and a proximal tier formed by R2, 3, 6, & 7 cells (schematic Fig. 6A,
described in Feller et al., 2019).

4. Discussion

Visual system morphological and physiological specializations
provide adult stomatopod crustaceans with a unique diversity of
color, UV, and polarization visual sensitivity (Marshall et al., 1991a,
1991b; Schiff et al., 2007). Prior studies of stomatopod larval eyes,
by comparison, noted the lack of adult specializations in the larvae,
suggesting evolution of crustacean larval eyes has generally led to
similar eye structures best suited for life in the pelagic habitat
(Cronin et al., 1995; Jutte et al., 1998; Feller and Cronin, 2016). In



Fig. 3. Structural eyeshine in a larval Pseudosquilla ciliata. (A) Close-up image of the
ordered vesicle structures producing reflective ʻeyeshine’ (E). (B) Longitudinal section
of an ommatidiumwhere the base of the crystalline cone (CC) meets the rhabdom (Rh)
demonstrating that the eyeshine structure (E) does not disrupt the path of light to the
rhabdom.
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this study, our close examination of larval stomatopod eyes reveals
that both diversity and specialization of optical and retinal struc-
tures is greater than previously characterized.
4.1. Crystalline cone structures

Transparent apposition eyes are typical in euphausiid, decapod,
and stomatopod larvae. A hallmark feature of transparent apposi-
tion eye structures is the extended length of the crystalline cones.
In a typical apposition eye, the crystalline cone structures extend a
short distance, relative to the total size of the eye, from the corneal
lens to the retina (Nilsson, 1989). Additionally, screening pigments
migrate between crystalline cones to adjust the sensitivity of an
ommatidium to different lighting conditions or times of day
(Sch€onenberger et al., 1980; Halberg& Elofsson, 1989). In trans-
parent apposition eyes, there is no pigmentation between the
crystalline cones to maximize transparency of the eye; instead,
refractive index gradients act to optically isolate each ommatidium
(Nilsson, 1983; Nilsson et al., 1986; Nilsson, 1996).

In this study, we identified a unique anatomical arrangement in
the crystalline cones of larval stomatopods. Central to the typical
four cell crystalline cone lies a fifth membrane-bound structure
(Fig. 2B), the optical significance of which is currently unknown.
6

This structure appears to be ubiquitous among stomatopod larvae
as it was identified in each of the species examined in this study.
We hypothesize that this structure may be used to establish the
refractive gradient necessary for the transparent apposition optical
system, allowing on-axis light to reach the rhabdomwhile reducing
off axis light (Nilsson, 1983; Nilsson et al., 1986). The location of the
structure along the optical axis and its termination at the boundary
of the eyeshine and pigment layer lend support to this hypothesis.
Alternatively, this structure may act as a lens cylinder. In butterflies
a portion of the crystalline cone acts as a lens to magnify and focus
the image onto the rhabdom (Nilsson et al., 1988); the extended
crystalline cone structure in larval stomatopods may serve a similar
function. Optical measurements of stomatopod larval crystalline
cones are required to test these two hypotheses and determine the
optical performance of the larval stomatopod crystalline cone
structure, or if it confers an optical advantage at all. Additional work
is also needed to identify the origin of the material as either a fifth
cone cell or a secretion from the lens or cone cells themselves.

4.2. Putative R8 photoreceptor

Larval R8 photoreceptors were identified in each of the species
studied, which represent the three main superfamilies: Lysios-
quilloidea, Gonodactyloidea, and Squilloidea. Lysiosquilloids and
gonodactyloids have the most complex stomatopod adult eyes,
with the majority of structural complexity for polarization, color,
and UV sensitivity found in a specialized region of the eye known as
the midband (Cronin and Marshall, 1989; Marshall et al., 1991a,
2007; Kleinlogel et al., 2003). Squilloid eyes lack the majority of
these specializations, exemplified by a reduced midband and
electrophysiological studies of adult squilloid species that report a
single spectral class of photoreceptor (Cronin et al., 1993). In
squilloids, the R8 cells are anatomically present, but generally
located proximal to the main rhabdom, rather than distal, and are
not believed to be functional (Cronin et al., 1993). However, because
the larval retina is distinct from the adult retina, such differences in
adult retinal morphology are not expected in larvae.

We found R8 photoreceptor cells in the distal portion of the
retina in each larval species examined. While physiological and
behavioral evidence suggests the presence of UV vision in a few
larval decapod species (Forward and Cronin, 1979; Forward, 1987;
Ziegler et al., 2010), few studies have directly investigated larval
crustacean eyes for the presence of R8 photoreceptor cells. Prior
anatomical characterizations of larval crustacean retinular struc-
tures suggest that R8 cells are either absent (Jutte et al., 1998), or
absent from early stage larval eyes, emerging only in the penulti-
mate or ultimate stages (Douglass and Forward, 1989). Our study
demonstrates that R8 photoreceptor cell morphology is strongly
represented in a range of stomatopod taxa, supporting the hy-
pothesis that R8 cells mediate UV visual sensitivity in pelagic stages
of stomatopod larvae. This study presents evidence that R8 pho-
toreceptors are present in the larval eyes of a taxonomically diverse
set of stomatopods, despite differences among the adult eye mor-
phologies of these groups. At this time, physiological UV sensitivity
is known for both gonodactyloid and lysiosquilloid larvae
(McDonald, 2022; McDonald et al., 2022). Though physiological
sensitivity has yet to be tested in squilloid larvae, the presence of
distal R8 cells suggests that these retinas are also sensitive to UV
light. Future electrophysiological studies are required to test this
hypothesis, since it is possible that these cells may be present but
nonfunctional, as is seen in the adults (Cronin et al., 1993).

4.3. Intrarhabdomal structural reflector

While the larval R8 cell and crystalline cone arrangements were



Fig. 4. Overview of the longitudinal arrangement of the rhabdomeric cells in larval stomatopods from the six species tested. (A) Schematic drawing of a longitudinal section of a larval stomatopod ommatidium, with the lens (L),
crystalline cone (CC), crystalline cone cell nuclei (N), eyeshine structure (E), R8 photoreceptor (R8), and main rhabdom (R1-7) labeled. (B-G) Electron micrographs of the longitudinal R8 photoreceptor in each of the characterized
species, showing where the proximal end of the crystalline cone (CC) meets the retinular R8 photoreceptor, characterized by microvilli extending in a single direction. (H-M) Longitudinal micrographs for each of the characterized
species through the R1-7 rhabdom, characterized by evenly sized alternating bands of orthogonally arranged microvilli.
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Fig. 5. Overview of retinular cell arrangements in cross-section in each of the species investigated. (A-C, G-I) Cross-sections through the retinular R8 cells, with the four lobes of the
R8 labeled and outlined for clarity. The cell projections of R1-7 cells are also labeled. (D-F, J-L) Cross sections through the medial rhabdom retinular R1-7 cells are displayed, labeled,
and outlined for clarity.
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common among species, we observed other ommatidial speciali-
zations that differ by lineage. Similar to previous work (Feller et al.,
2019), we identified an intrarhabdomal structural reflector with a
tiered main rhabdom in two species from the family Nannosquil-
lidae, Pullosquilla thomassini and Pullosquilla n. sp. (Fig. 6). The ISR is
thought to be unique to larval stomatopods in the family
8

Nannosquillidae (Feller et al., 2019). Prior to this study, six species
were known to possess ISRs in their larval retinas, including one of
the species investigated here, Pullosquilla thomassini. Our study
adds a seventh species to the list, Pullosquilla n. sp., bolstering
current evidence that the ISR specializations are a unique feature of
nanosquillid larval retinas. Previous characterizations of the ISR



Table 2
Measurements of the diameter of cross-sectional samples of microvilli in each of the species tested, given as the average ± s.e.m. Measurements were taken for cross
sections both at the level of the R8 photoreceptor cell and in the main rhabdom, with a minimum of 10 cross-sections measured for each rhabdom level and species.

Superfamily Species R8 Diameter (mm) R1-7 Diameter (mm)

Gonodactyloidea Gonodactylaceus falcatus 3.513 ± 0.101 2.643 ± 0.074
Gonodactylellus n. sp. 2.379 ± 0.060 2.002 ± 0.106
Pseudosquilla ciliata 1.624 ± 0.032 2.317 ± 0.103

Lysiosquilloidea Pullosquilla n. sp. 3.654 ± 0.096 3.575 ± 0.392
Pullosquilla thomassini 4.100 ± 0.067 3.277 ± 0.173

Squilloidea Alima pacifica 2.437 ± 0.089 3.054 ± 0.152

Fig. 6. Representative images of the intrarhabdomal structural reflector (ISR) identified in two of the species studied, Pullosquilla n. sp. and Pullosquilla thomassini. (A) Schematic of
the Nannosquillidae rhabdom structure, composed of the lens (L), crystalline cone structure (CC), crystalline cone cell nuclei (N), eyeshine structure (E), and the three-tiered
rhabdom composed of the distal R8 cell and the two-tiered main rhabdom divided by the intrarhabdomal structural reflector (ISR) into the distal (dr) and proximal (pr) re-
gions. (B) and (C) Electron micrographs displaying cross sections of the observed ISR, while (D) and (E) display longitudinal sections.
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demonstrate that it reflects yellowish, long-wavelengths of light
(reflectance lmax 548.9e585.5 nm). The size and regular arrange-
ment of the nano-spheres contained within the ISR of Pullosquilla n.
sp. (Table 3) suggest a similar reflectance would be produced from
axial illumination down the ommatidium, though such data were
not collected in our study. Considering physiological sensitivity
measurements from Pullosquilla n. sp. peaked at 602 nm
(McDonald, 2022), we predict that nannosquillids have a dominant
spectral sensitivity in the long wavelength portion of the spectrum,
and that peak sensitivity varies based on the performance of the
reflecting filter. Additional studies are needed to test the physio-
logical impact of this structure on larval visual performance.
9

4.4. Summary and future directions

The sensory ecology of invertebrate marine larvae is an under-
studied, often overlooked area of research. This paper and other
recent work (Feller et al., 2019; McDonald et al., 2022) clearly
demonstrate that close examination of such tiny, transparent
creatures is ripe with discovery. Our careful examination of the
basic structure and anatomy of larval eyes revealed a surprising
amount of diversity, suggesting that there is likely more to learn
from such organisms. In this study we identified R8 photoreceptors
in six taxonomically diverse species of stomatopod larvae sug-
gesting that R8 photoreceptor cells, and therefore UV vision, is
widespread among these pelagic zooplankton. Additionally, we



Table 3
Measurements of the intrarhabdomal structural reflector in the two nanosquillid species studied, Pullosquilla n. sp. and Pullosquilla thomassini. A minimum of five structures
were measured for length and width measurements, and a minimum of 100 vesicle diameters were taken to obtain these measurements.

Species ISR Length (mm) ISR Diameter (mm) ISR Vesicle Diameter (nm)

Pullosquilla n. sp. 12.29 ± 0.45 4.79 ± 0.29 153.79 ± 0.9
Pullosquilla thomassini 14.78 ± 0.7 4.09 ± 0.14 153.97 ± 0.87
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found a novel crystalline cone structure in larval stomatopod
crustaceans (Fig. 2) and confirmed the presence of an intra-
rhabdomal structural reflector in a seventh species of nanosquillid
larvae, strengthening the conclusion that the ISR is a unique feature
of this family (Fig. 6) (Feller et al., 2019). Future studies are needed
to understand how both UV vision and such specialized optical
structures are used by pelagic larvae in their natural environment.
This work adds an exciting new chapter to the continually evolving
story of unique features in stomatopod visual systems, offering new
questions about the role of crustacean larval visual systems as a
whole.
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