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Synopsis Stomatopods (mantis shrimps) possess one of the most complex eyes in the world with photoreceptors
detecting up to 12 different colors. It is not yet understood why stomatopods have almost four times the number of
spectral photoreceptors compared with most other animals. It has, however, been suggested that these seemingly re-
dundant photoreceptors could encode color through a new mechanism. Here we compare the spectral sensitivities across
five species of stomatopods within the superfamily Gonodactyloidea using intracellular electrophysiological recordings.
The results show that the spectral sensitivities across species of stomatopods are remarkably similar apart from some
variation in the long-wavelength receptors. We relate these results to spectral sensitivity estimates previously obtained
using microspectrophotometry and discuss the variation in the spectral sensitivity maxima (4ny.y) of the long-wavelength
receptors in regard to the previous findings that stomatopods are able to tune their spectral sensitivities according to
their respective light environment. We further discuss the similarities of the spectral sensitivities across species of
stomatopods in regard to how color information might be processed by their visual systems.

Introduction ommatidia; rows 1-4 contain 12 narrow-banded

Stomatopods, commonly known as mantis shrimp
have one of the most complex visual systems known
in the animal kingdom, with 12 spectral receptors
and the ability to perceive linearly and circularly
polarized light (Marshall 1988; Cronin and
Marshall 1989a; Kleinlogel and Marshall 2006;
Marshall et al. 2007; Chiou et al. 2008). Due to dif-
ferential attenuation of light with increasing depth it
is only the shallow water species within the four
superfamilies Pseudosquilloidea, Hemisquilloidea,
Gonodactyloidea, and Lysiosquilloidea (Marshall
et al. 2007; Porter et al. 2010) that appear to take
advantage of the spectral range available to them,
while species living in deeper water have lost these
specializations (Ahyong and Harling 2000; Cronin
and Porter 2008; Porter et al. 2010). The eye of
the stomatopod is divided by a band of specialized
ommatidia, termed the midband, which separates the
rest of the eye into a dorsal and a ventral hemisphere
(Fig. 1A, B). The midband consists of six rows of

spectral receptors while rows 5 and 6 accommodate
achromatic receptors that are sensitive to circular
polarized light, a visual modality that no other ani-
mal is shown to have (Chiou et al. 2008; Gagnon
et al. 2015). The ommatidia in the stomatopod eye
are composed of eight retinula cells (R1-R8) with
R1-7 making up the main rhabdom underneath a
small, four-lobed ultraviolet (UV)-sensitive R8 cell
(Fig. 1A). In rows 1-4 of the midband the R1-7 cells
are divided into two different tiers: R1, 4 and 5
making up one tier and R2, 3, 6, and 7 making up
the other (Marshall et al. 1991a, 1991b). These two
tiers have different spectral sensitivities, giving each
ommatidium in rows 1-4 a total of three spectral
sensitivities: one UV-sensitive R8 cell, and two spec-
tral sensitivities in the “human visible” part of the
spectrum (~400-700 nm).

While a diversity of opsin genes are expressed in
various stomatopod photoreceptor cells (see Porter
et al. 2009, 2010, 2013; Cronin et al. 2010), the
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Fig. 1 Overview of the stomatopod eye, midband organization, species used, and their spectral sensitivity curves. (A) Left: Illustration
showing the eye of Haptosquilla trispinosa with the equatorial midband (MB), dorsal (DH), and ventral hemisphere (VH). Inset shows a
cell in midband row 1D filled with fluorescent dye (arrow). Right: A sagittal section through the six rows of midband (MB) ommatidia
in a stomatopod eye. Rows 1—4 have divided the R1-7 cells (R1-7) into two different tiers, each with a different spectral sensitivity
(indicated by color). Rows 5 and 6 are sensitive to circularly polarized light. UV-sensitive R8 cells surmount each row. Achromatic and
linearly polarization sensitive photoreceptors are found in the dorsal (DH) and ventral hemisphere (VH) which are indicated on each
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Spectral sensitivities in stomatopods

overall A, of these visual pigments are surprisingly
conservative among different stomatopods, ranging
from 330 to 550 nm (Bok et al. 2014; Cronin et al.
2014). The total range of A, of stomatopod photo-
receptors spans from ~315 to 720nm. The extra
extension at either end of the spectrum being the
result of selective filtering using both photostable
filters and overlying rhabdomeres (Cronin and
Marshall 1989a, 1989b; Marshall and Oberwinkler
1999; Bok et al 2014). Rows 2 and 3 have intra-
rhabdomal filters located between tiers that are
long-pass filters in the 400-700 nm range (Marshall
1988; Cronin et al. 1994a). Depending on the species
up to a total of four filters can be found in these two
midband rows. These filters successively narrow the
spectrum of light passing through the rhabdom, thus
increasing the /.., of the long-wavelength sensitive
cell at each step. Rows 1 and 4 do not have these
intra-rhabdomal filters, therefore the proximal (P)
tiers rely on the distal (D) tiers which absorb rela-
tively short wavelengths and act as a long-pass filter.
In addition to filtering in the rhabdom itself, stoma-
topods also utilize UV long- and short-pass optical
filters which are located in the crystalline cones (Bok
et al. 2014; Cronin et al. 2014) to tune the UV-
sensitivities further and diversify them into as
many as six distinct UV-receptor types in some spe-
cies (Marshall and Oberwinkler 1999).

The functional role of the stomatopods numerous
spectral sensitivities has puzzled scientists ever since
they were discovered in the late 1980s (Marshall
1988; Cronin and Marshall 1989b). Most other ani-
mals have between two and three spectral sensitivi-
ties enabling them to discriminate colors well within
the majority of the “visual” spectrum (Kelber and
Osorio 2010). Some animals have one or two addi-
tional spectral sensitivities increasing their discrimi-
nation abilities into the UV or far-red range of the
spectrum (Collin et al. 2009; Marshall and Arikawa
2014). Theoretical modeling shows the ideal number
of spectral sensitivities for sampling the whole spec-
trum (from UV to far-red) to be between 4 and 7
and that more spectral sensitivities would not be
beneficial due to diminishing returns in terms of
spectral discrimination (Barlow 1982; Maloney
1986). Osorio et al. (1997) suggested that the stoma-
topods multiple spectral sensitivities could give them

better color constancy (i.e., the ability to perceive
colors under varying illumination) under water.
Stomatopods are known for using different colored
signals on their body parts for communication, es-
pecially during territorial fights (Dingle and Caldwell
1969; Adams and Caldwell 1990) and sexual inter-
actions (Chiou et al. 2011). Good color constancy
may therefore allow them to achieve fast and reliable
color identification. Recent behavioral experiments,
however, found that stomatopods have surprisingly
poor spectral discrimination (i.e., the ability to dis-
criminate between monochromatic light of closely
positioned wavelengths) suggesting that they may
potentially use an entirely different system to per-
ceive color (Thoen et al. 2014). This putative system
is suggested to be based on an interval-decoding sys-
tem where the perceived color corresponds to the
peak sensitivity of the most responsive photoreceptor
(Zaidi et al. 2014) or function as a spectral pattern
recognition system (Marshall and Arikawa 2014;
Thoen et al. 2014).

The spectral sensitivities of stomatopod photore-
ceptors have previously been extensively investigated
using microspectrophotometry (MSP) (Cronin and
Marshall 1989a, 1989b; Cronin et al. 1993, 1994a,
1994b, 1994c, 1994d, 1996; Chiao et al. 2000;
Marshall et al. 2007). Based on the absorption spec-
tra of the visual pigments and intra-rhabdomal filters
in a tissue section, one can model the photoreceptors
spectral sensitivity. It does, however, not take any
other modifications in the optic pathway into ac-
count. Intracellular electrophysiological recordings
of individual photoreceptor cells provide a more ac-
curate method as it measures the spectral response of
the individual photoreceptor cell within an intact
ommatidium, including all the modifications in the
optic pathway. With the tiering and color filters
within the retina and diverse opsin gene expression
patterns, one might expect a high degree of variabil-
ity of the spectral sensitivities across species. The
objective of this study was therefore to investigate
the spectral sensitivities across several species of sto-
matopods using intracellular electrophysiology to de-
termine whether the diverse arsenal of visual
modifications does generate variability among spe-
cies. A summary of electrophysiological data of sto-
matopod spectral sensitivities, including both

Fig. 1 Continued

side of the midband. (B)—(F) The images of the species used in this study with the corresponding spectral sensitivities on the right side.
Recordings performed with the scan method are shown in solid line while recordings performed with the flash method are shown in
dashed lines. Data from Neogonodactylus oerstedii were previously published in Marshall and Oberwinkler (1999) and Marshall et al.
(2007). Recordings from H. trispinosa were published in Thoen et al. (2014). Image credit: B and E, Roy Caldwell; C, Eivind A. B.
Undheim; D, Michael Bok; F, Tsyr-Huei Chiou.
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previously published and unpublished data is pre-
sented. The findings are discussed both in relation
to previous models of spectral sensitivities obtained
using MSP, retinal anatomy, ontogenetic changes,
and reference to the ecology of the different species.

Materials and methods

Animals
The species used were Haptosquilla trispinosa,
Haptosquilla  glyptocercus,  Gonodactylus  smithii,

Gonodactylus chiragra, and Neogonodactylus oerstedii
(Fig. 1A-F). The first four are all Australian species
collected from Lizard island research station on the
northern Great Barrier Reef (GBRMPA Permit No.
G12/35005.1, Fisheries Act no. 140763), while N.
oerstedii was collected on the reef flats in Florida
Keys, USA. Animals were all collected from waters
of 0-5m depth, shipped back to the laboratory and
kept in saltwater aquaria in a 12:12 h-light/dark cycle
with UV-enhanced full-spectrum lighting.

Intracellular electrophysiology

Spectral sensitivities were recorded using a setup de-
scribed in Marshall and Oberwinkler (1999) or
Kleinlogel and Marshall (2006) and based on the
design of Menzel et al. (1986): At least half an
hour before each experiment the animal was placed
in total darkness to dark-adapt, and all the following
steps were performed in dim red light. The animal
was anesthetized by cooling before decapitation, and
the eyestalk was removed from the body. The eye-
stalk was attached to a plastic rod using cyano-
acrylate glue and placed in a Petri dish containing
stomatopod saline (Watanabe et al. 1967). A small
hole (approximately five facets wide) was cut
through the cornea in the dorsal hemisphere using
a sharp razorblade, taking care not to disturb the
underlying photoreceptor cells. The eye was then
seated in a spherical glass vial filled with saline,
with a hole in the top allowing electrode placement
(see Fig. 1 in Kleinlogel and Marshall [2006]).

A 150 W xenon-arc lamp (Oriel, Stratford, CT,
USA) was used in combination with a computer
controlled monochromator (Oriel) with a 1.24 nm
slit-width, producing a light stimulus with a spectral
composition of ~4nm half band-width. A circular,
computer controlled, neutral density wedge
(Edmund Optics, Barrington, NJ, USA) was used
for varying the light intensity (over 4 log units) of
the light beam, before being passed through an elec-
tronic shutter (Uniblitz, Rochester, NY, USA) and
into a flexible UV-transmitting liquid light guide.
The end of the light guide was mounted on a cardan
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arm perimeter device, allowing adjustments of the
angular position of the stimulus while maintaining
a fixed distance to the centrally positioned eye. The
optical system was calibrated using a USB 4000 spec-
trometer (Ocean Optics, Dunedin, FL, USA), and the
light had an unattenuated maximal intensity of
~10"® photons s~ 'cm ™2 at the location of the eye.

Microelectrodes (Borosilicate, OD 1.2mm x ID
0.69mm) filled with 1M KCl and with a resistance
between 50 and 100 MQ were inserted into the eye
using a one-axis hydraulic = micromanipulator
(Narishige, Japan). The microelectrode was connected
to the headstage of an intracellular amplifier (Axoprobe
1A, Axon Instruments Ltd, Inverurie, Scotland) with
an Ag/AgCl pellet immersed in saline as a ground elec-
trode. A drop in resting potential to between —20 and
—50mV and response to a brief flash of white light
(produced by bypassing the grating of the monochro-
mator by a surface-mirror) signified the penetration of
photoreceptor cells. Spectral sensitivity curves were
recorded using either the spectral scan or the flash
procedure as described by Laughlin (1975), Menzel
et al. (1986), DeVoe et al. (1997), or McCulloch
et al. (2016). The spectral scan method uses a neutral
density wedge to adjust the light flux while changing
the spectral output of the monochromator in an at-
tempt to clamp the membrane potential of the cell to a
preselected threshold (a criterion response). By taking
the reciprocal of the number of quanta at each wave-
length required to maintain the criterion response one
acquires the spectral sensitivity function of the cell. The
flash method uses short (50 ms) flashes of monochro-
matic light of equal intensities over 40 wavelength steps
(300-750nm) and measures the depolarization poten-
tial change of the photoreceptor at 2-10s intervals.
Prior to this spectral run a comparison of voltage
(V) output to intensity (I), plotted as V/log I allows
the absolute spectral sensitivity of the cell to be calcu-
lated independent of intensity variation (Laughlin 1975;
Menzel et al. 1986; DeVoe et al. 1997; McCulloch et al.
2016).

The spectral scan method was the preferred method
for obtaining a spectral sensitivity curve due to reasons
listed in DeVoe et al. (1997) such as lengthy data col-
lection and variability in responses of dark-adapted pho-
toreceptors, however, in certain cases we could only
obtain recordings using the flash method. A comparison
of results from cells recorded with both methods
showed little to no differences, specifically none in .

Cell identification

Cell identities according to midband row and distal/
proximal position were determined either by
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Spectral sensitivities in stomatopods

injections into the cell using a fluorescent dye, by
comparisons to similar spectral sensitivities deter-
mined by recordings using MSP and by anatomical
order of penetration (the eye was always mounted
with midband row 1 uppermost). Injections were
performed using the fluorescent dye Alexa Fluor
568 Hydrazide (Molecular Probes, Invitrogen) at
200 uM solutions in 1M KCL. The tip of the micro-
electrode was filled with dye and then backfilled with
1M KCl. The dye was injected into the cell using a
hyperpolarizing current between 0.1 and 0.2nA in a
1Hz 50% duty regime for between 20 and 30 min.
After injection, the cell condition was checked by
flashing a brief white light making sure the cell
was still responsive and that the resting potential
was similar to the resting potential before the injec-
tion. The eye was then fixed in 4% paraformalde-
hyde for 1h and sectioned on a cryomicrotome
(Leica CM 1100) in 8-10pum thick sections. For
the injected cells the distal/proximal position was
determined by the number of sections cut from the
distal to the proximal position of the retina. A Zeiss
Axioskop Microscope with fluorescent filters was
used to visualize the filled cells.

Results
Spectral sensitivities

Recordings of photoreceptor spectral sensitivities
were obtained from all five species. Only recordings
obtained from the photoreceptor cells within mid-
band rows 1-4 and the UV-sensitive R8 cells were
included in this study while the broad-banded R1-7
in rows 5 and 6 and both hemispheres were omitted.
A total of 13 retinular cells with characteristic spec-
tral sensitivities were identified in N. oerstedii, 11 in
H. trispinosa, 11 in G. smithii, 10 in H. glyptocercus,
and 7 in G. chiragra (Figs. 1 and 2; Table 1). The
number of photoreceptor cells, number of record-
ings, and A, values from each spectral sensitivity
class from all five species are summarized in Table 1.
A comparison of the normalized spectral response
curves from each cell is shown in Fig. 2. Some of
the recordings shown here have been published pre-
viously: the recordings of the spectral sensitivities of
the UV-sensitive R8 cells in N. oerstedii were pub-
lished in Marshall and Oberwinkler (1999) and the
remaining spectral sensitivities were published in
Marshall et al. (2007). The spectral sensitivities of
H. trispinosa were published in Thoen et al. (2014).
The G. smithii, G. chiragra, and H. glyptocercus
recordings presented in this paper have not been
published before. Kleinlogel and Marshall (2006)
published recordings of the spectral sensitivities of

row 2D and rows 5 and 6 in G. chiragra, showing
both row 2D and row 5 and 6 cells to have a /. at
about 565 nm.

Secondary peaks

In a few recordings, secondary peaks in the UV re-
gion appear (Fig. 2F, H, and J). These peaks have
mostly been observed in the spectral sensitivity
curves with Ay, in the shorter wavelength region
between 370 and 550 nm. Similar peaks were ob-
served in recordings from all the investigated species,
although the A, of the primary spectral sensitivity
varied.

Comparison to previous MSP spectral sensitivity
estimates from 300 to 400 nm

We compared the UV spectral sensitivity estimates
from R8 cells in N. oerstedii obtained using MSP
(data obtained from Bok et al. [2014] for the details
of visual templates and spectral sensitivity modeling
refer to the original articles therein) and our electro-
physiological data (Fig. 3). In general, there is good
correspondence in A.,, values between electrophysi-
ology and MSP for the R8 cells of rows 1, 4, 5, and 6
and the hemispheres. The spectral sensitivity of the
row 2 R8 cell obtained using electrophysiology in
Marshall and Oberwinkler (1999) was likely misiden-
tified and is shown in Fig. 3A as row 3 R8 (also see
the “Discussion” section). For the R8 cells of row 1
the spectral sensitivity curve obtained from MSP
(Cronin and Marshall 1989a) appears wider and
shifted compared with the spectral sensitivity curve
from the electrophysiological data. However, Bok
et al. (2014) estimated spectral sensitivity curves of
row 1 R8 cells using an alternative visual template
(for details see Bok et al. 2014), which results in a
much better match between the electrophysiological
and MSP data for this cell (Fig. 3A).

Comparison to previous MSP spectral sensitivity
estimates from 400 to 700 nm

A comparison between our electrophysiological
recordings and previously obtained MSP spectral
sensitivities from H. trispinosa is shown in Fig. 3B,
C. The spectral sensitivities from the short part of
the spectrum (row 1D and row 4D) are narrower
and shifted toward longer wavelengths in the elec-
trophysiological recordings (An.x of 420 and 445 nm,
respectively) compared with those obtained using
MSP and subsequent absorptance estimates (Apax
of 410 and 425nm, respectively) (Fig. 3A). The
long-wavelength spectral sensitivities of rows 2 and
3 show some variability between the intracellular
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Fig. 2 Comparison of spectral sensitivity curves for each photoreceptor type across species. (A)—(D) The UV-sensitive R8 cells, (E)
Row 1 distal, (F) Row 4 distal, (G) Row 1 proximal, (H) Row 4 proximal, (I) Row 2 distal, (J) Row 2 proximal, (K) Row 3 distal, (L)
Row 3 proximal. Recordings are shown as mean = SEM. Recordings performed with the flash method are indicated with the letter F.
Data from Neogonodactylus oerstedii were previously published in Marshall and Oberwinkler (1999) and Marshall et al. (2007).

Recordings from Haptosquilla trispinosa were published in Thoen et al.

(2014).

recordings and the MSP data, with a slight difference  methods, apart from a long tail of the row 3D MSP
in the Ap,. of row 2P toward shorter wavelengths estimate. Figure 3B shows the difference in spectral
(~10nm) in the electrophysiological data. There was  sensitivities from shallow-living H. trispinosa, while
also a short-wavelength shift in row 3P A, of about  Fig. 3C shows the spectral sensitivities in row 3 using
30nm compared with the MSP estimates. Row 3D  the same electrophysiological results as in Fig. 3B
on the other hand appears very similar using both  combined with spectral sensitivity estimates from a
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Table 2 Species ecology and physiology

H.H. Thoen et al.

Species Location Habitat depth range Filters  Ecology/habitat
Neogonodactylus oerstedii ~ Florida Keys  Generally shallow (0-5 m), very rarely down to 29 m 4 Reef flats and coralline algae
Haptosquilla trispinosa Lizard island O to at least 30 m 4 Burrows in coral rubble
Gonodactylus smithii Lizard island 0O to at least 18 m 4 Reef flats and in coral rubble
Gonodactylus chiragra Lizard island  0-1 m 4 Reef flats

Haptosquilla glyptocercus ~ Lizard island ~ 0-2 m 4 Burrows in coral rubble

Notes: Overview of species, collections sites, depth range, total number of rhabdomal filters in midband rows 1—4, and the habitat they occupy.
Depth estimates: N. oerstedii: Manning 1969, H. trispinosa: Cronin et al. 2001, G. smithii: Cheroske and Cronin 2005, G. chiragra: Marshall et al.

2007, H. glyptocercus: Marshall et al. 2007.

deep-living population of H. trispinosa obtained us-
ing MSP (Cronin and Caldwell 2002). Here the MSP
spectral sensitivity estimates of the deep-living H.
trispinosa row 3D has actually shifted toward longer
wavelengths (~15nm) while the deep-living spectral
sensitivity estimate of row 3P has shifted a total of
55nm toward shorter wavelengths, more than 25nm
further than the electrophysiologically measured
spectral sensitivity of row 3P. This results from
changes in intrarhabdomal filtering with depth as
described in Cronin et al. (2002).

Discussion
Similarities in 4., across species of stomatopods

The spectral sensitivities recorded from the five sto-
matopod species in this study in general show very
similar A, values, particularly the ones in the part of
the spectrum covering 300-550nm. Variability in
Amax here normally ranged between 5 and 20nm.
There was more variability in the longer wavelength
part of the spectrum, with /A, values in row 3D and
3P in H. trispinosa (610 and 665 nm, respectively) and
G. smithii (610 and 670nm, respectively) shifted
toward shorter wavelengths compared with N. oerste-
dii, G. chiragra, and H. glyptocercus. One of the strik-
ing aspects of this study (and previous studies of
spectral sensitivities in stomatopods using MSP) is
that it demonstrates how similar the A, values are
across species of stomatopods.

In a few recordings with A, between 350 and
550nm a secondary peak in the UV was observed
suggesting that there could be an interaction between
the UV-sensitive R8 cells and the R1-7 cells in rows
1-4. Kleinlogel and Marshall (2005) showed that the
UV-sensitive R8 cell axons demonstrated varying
degrees of arborizations in the lamina (the first optic
neuropil) with rows 1—4 having extensive arboriza-
tions compared with the smooth axons of rows 5
and 6. These secondary peaks may result from a con-
nection between the dendrites of the R8 cell and the
terminals of the R1-7 cells, however this needs further

anatomical examination. The secondary peaks are un-
likely to be f-bands of the visual pigment as there is
short-wave filtering in all cases from overlying photo-
receptors that would preclude this. Other explanations
for the secondary UV-peak in these recordings could
be due to cross-recordings between the R8 cell and
the R1-7 cells or it could be a case of opsin coex-
pression within one photoreceptor.

Correspondence to previously obtained spectral
sensitivity estimates from MSP

Short wavelength spectral sensitivities: The results
from this study correspond well with the photore-
ceptor spectral sensitivity estimates obtained from
previous studies using MSP, with variations evident
mainly in the short and long wavelength part of the
spectrum. The spectral sensitivity curves of photo-
receptors recorded from rows 1D and 4D are mark-
edly narrower than the curves obtained using MSP
and anatomical estimates. The reason for this is
likely due to the fact that the MSP estimates do
not take into account the filtering performed by
the crystalline cones and the UV-sensitive R8 cells
positioned above the R1-7 cells. Bok et al. (2014)
modeled the spectral sensitivity of the row 4D pho-
toreceptor in N. oerstedii using MSP absorption
spectra together with new data about the filtering
performed by the crystalline cones and showed that
the modeled spectral sensitivities fit well with the
recordings obtained using electrophysiology (data
not presented here, for details see Bok et al
[2014]). The shifted A,., and narrower shape of
the row 1D and 4D spectral sensitivity curves in
this study compared with the results from MSP is
likely due to this filtering effect. The differences in
the modeled and the measured row 2 R8 are likely
due to a misidentification of the row 2 R8 cell in the
electrophysiological ~ results in  Marshall and
Oberwinkler (1999). Bok et al. (2014) suggest that
the misidentified row 2 R8 is actually a row 3 RS,
while the A, of the row 2 R8 obtained using MSP
was at 359 nm.

Downl oaded from https://acadeni c. oup. conlich/article-abstract/doi/10.1093/icb/icx111/4096521/Intracel | ul ar- Recordi ngs- of - Spectral - Sensitivities
by University of Queensland user
on 05 Septenber 2017


Deleted Text: &thinsp;
Deleted Text: s
Deleted Text:  
Deleted Text: &thinsp;
Deleted Text: s
Deleted Text: &thinsp;
Deleted Text: 5 
Deleted Text:  to 
Deleted Text: &ndash;
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text: &thinsp;nm
Deleted Text: &thinsp;nm
Deleted Text: s
Deleted Text: to 
Deleted Text:  
Deleted Text: microspectrophotometry (
Deleted Text: )
Deleted Text: &ndash;
Deleted Text: to 
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text: l
Deleted Text: &thinsp;
Deleted Text: l
Deleted Text: )
Deleted Text: &thinsp;
Deleted Text: &thinsp;
Deleted Text: to 
Deleted Text: l
Deleted Text: is 

Spectral sensitivities in stomatopods 9

A 1207 Ephys row 3 (prev. 2) 310nm

MSP row 3 315nm
Ephys row 4 315nm
MSP row 4 315nm
Ephys hem 330nm
MSP hem 340nm
Ephys row 5/6 340nm
MSP row 5/6 348nm
MSP row 2 359nm
Ephys row 1 380nm
MSP row 1 396nm

+ MSP row 1 remod. 375nm

Normalized sensitivities

Ephys row 1D 420nm
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- Ephys row 3D 610nm
= MSP row 3D 605nm
Ephys row 3P 665nm
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(9]
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Ephys row 3D 610nm
- MSP row 3D shallow 605nm
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~ Ephys row 3P 665nm
== MSP row 3P shallow 695nm
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0+ Do = S

400 500

Wavelength

Fig. 3 Comparison of electrophysiologically recorded spectral sensitivity curves and spectral sensitivity estimates obtained using MSP. (A)
Spectral sensitivity curves for the UV-sensitive R8 cells from Neogonodactylus oerstedii determined using electrophysiology (solid lines [Ephys])
and MSP (dashed lines [MSP]). The electrophysiological recordings are presented as mean = SEM. The MSP spectral sensitivity estimates are
from Bok et al. (2014). The dotted line illustrates a row 1 R8 spectral sensitivity curve estimated using an alternate visual pigment fit. For
details see text and Bok et al. (2014). The legend showing Ephys row 3 (prev. 2) indicates the misidentified row 2 R8 in Marshall and
Oberwinkler (1999) which is actually row 3 R8. For details see text and Bok et al. (2014). (B) Spectral sensitivity curves for midband rows
1-4 for Haptosquilla trispinosa determined using electrophysiology (solid lines [Ephys]) and MSP (dashed lines [MSP]). MSP data from a
shallow-living population obtained from Cronin and Caldwell (2002). (C) Comparison of spectral sensitivity curves of the long-wavelength
receptors of H. trispinosa from shallow- and deep-living populations determined using MSP (data from Cronin and Caldwell [2002]). Dashed
lines indicate shallow-living populations while dotted lines indicate deep-living populations. Electrophysiologically recorded spectral sensitivity
curves from shallow-living animals are also shown in solid lines (mean = SEM).
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Long wavelength spectral sensitivities: Previous
studies (Cronin et al. 2001, 2002; Cronin and
Caldwell 2002; Cheroske et al. 2003, 2006;
Cheroske and Cronin 2005) have shown that stoma-
topods are able to tune or adjust their spectral sen-
sitivities according to the light-environment they
occupy. This tuning is performed by intra-
rhabdomal filters, where the optical density and
spectral shape of the filter is adjusted according to
the dominating light environment (Cronin and
Caldwell 2002). The visual pigments themselves do
not show any differential expression according to
habitat depth (Cronin et al. 2002), and as it is
only midband rows 2 and 3 that contain filters,
rows 1 and 4 remain the same under different light
conditions. Differences among the filters within the
midband are also evident, with filters in row 2 using
a different pigment in each major stomatopod line-
age while row 3 filters use flexible interconversion
and mixing of pigments, making these filters tunable
within an individual (Cheroske et al. 2006; Porter
et al. 2010). As red light attenuates faster than blue
light with increasing depth this system is adaptive on
a short time-scale, and it enables stomatopods to
tune the spectral range of their color vision system
according to their environmental depth.

The largest variability in A, found in this study
occurs in midband rows 2 and 3. The recordings
from H. trispinosa reveal that the row 3P A, have
shifted toward shorter wavelengths, though not as
much as the calculated MSP spectral sensitivities
from H. trispinosa at 18 m depth (Cronin and
Caldwell 2002) (Fig. 3B). The species included in
this study were all collected in shallow water (0—
5m), but despite keeping the animals in a light en-
vironment as close as possible to natural and record-
ing from them as quickly as possible after bringing
them to the laboratory, some changes to their spec-
tral sensitivities may have occurred between the time
of collection and recording. Both Cronin et al
(2001) and Cheroske et al. (2006) found that indi-
viduals of H. trispinosa, Neogonodactylus wennerae,
and Neogonodactylus bredini kept in restricted light
environment (lacking wavelengths longer than
550nm) for about 3 months changed their filters to
resemble filters of deep-water living animals, indicat-
ing that their color vision encompasses a significant
level of phenotypic plasticity. Such a change has also
been observed on even shorter timescales (within a
few weeks) (T. W. Cronin, personal communica-
tion). Gonodactylus smithii are likewise able to tune
their color vision, as well as being able to change
their body coloration according to depth (Cheroske
and Cronin 2005). Neogonodactylus oerstedii on the

H.H. Thoen et al.

other hand did not change its filters significantly
(Cheroske et al. 2006), suggesting a more limited
ecological variation in habitat depth for this species.
This is in agreement with our results, which showed
no shift toward shorter wavelengths in row 3 recep-
tors in N. oerstedii. Haptosquilla trispinosa and G.
smithii are known to more commonly inhabit depths
from 0 to between 18 and 30 m, and could exhibit a
larger amount of tuning ability in their color vision,
while the normally shallower living N. oerstedii, G.
chiragra, and H. glyptocercus may have no need for
this tuning ability.

It is interesting that in general, while the range of
spectral sensitivities in the stomatopod species here
may have become narrowed, particularly at long
wavelengths, no photoreceptors are lost. Fish, birds,
and other animals living in spectrally narrowed envi-
ronments are known to shed cone types (Lythgoe
1979; Losey et al. 2003). Stomatopods from the
deeper living superfamily Squilloidea have lost the
entire complexity of the six-row midband, reducing
to two midband rows or to “normal crustacean”
rhabdoms, such as the ones found in the hemispheres
(Ahyong and Harling 2000). Beyond a certain point
in spectral narrowing, it is clearly no longer energet-
ically valuable to maintain such complex color vision
(Sterling and Laughlin 2015). Shallow-living species of
stomatopods such as the ones investigated in this
study are all fast-moving animals that appear to use
color (and polarized signals) for a variety of commu-
nication signals and live in complex and spectrally
rich environments such as the coral reef (Steger and
Caldwell 1983; Adams and Caldwell 1990; Mazel et al.
2003; Cheroske and Cronin 2005; Chiou et al. 2005,
2011; Cheroske et al. 2009; Cronin et al. 2009).
Haptosquilla trispinosa and H. glyptocercus live in cav-
ities in hard substrate such as rock or coral rubble,
acting as sit-and-wait predators at the burrow en-
trance (Caldwell and Dingle 1977; Reaka and
Manning 1981; Ahyong 2001). Neogonodactylus oerste-
dii, G. smithii, and G. chiragra on the other hand live
a more exposed lifestyle where they roam around
hunting for prey on exposed reef flats, seeking shelter
in coralline algae and coral rubble (Caldwell and
Dingle 1975; Reaka and Manning 1981; Ahyong
2001). Despite these lifestyle differences, all the species
clearly have need for a quick and reliable color vision
system both when interacting with conspecifics and
during encounters with possible predators and prey.

Proposed color processing systems

Stomatopod clearly construct their color world dif-
ferently to other animals. Previous suggestions on
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color vision using 12 spectral sensitivities include the
hypothesis of within-row opponency (Marshall 1988;
Cronin and Marshall 1989b), where the tiered retin-
ula cells (R1, R4, R5 vs. R2, R3, R6, and R7) in a
single ommatidium could provide a narrow dichro-
matic opponent pair without substantial re-wiring
(see Marshall et al. [2007] for further explanation).
This idea of within midband-row opponent channels
(providing a total four potential dichromacies) has
since been replaced or added to by the hypothesis of
a more unconventional color sense discussed below,
however, the two systems are not necessarily mutu-
ally exclusive. Thoen et al. (2014) carried out behav-
ioral experiments on the color vision system of
stomatopods and found that, despite the large num-
ber of photoreceptors, stomatopods have poor spec-
tral resolution. This has led to the proposition that
stomatopods may process color differently to other
animals, possibly using a system based on a “winner
takes it all” principle coupled with interval decoding,
as proposed in Zaidi et al. (2014) or using a spectral
pattern recognition system as proposed in Marshall
and Arikawa (2014) and Thoen et al. (2014). Either
system would necessitate photoreceptor spectral sen-
sitivities that are evenly distributed through the spec-
trum to enable sufficient sampling of the available
colors. This examination of color could also be
viewed as working more like the cochlea in the ver-
tebrate ear, an encoding mechanism that looks for a
frequency pattern across a sound/color frequency
continuum (Marshall et al. 2007). The narrow shape
of each spectral sensitivity would determine the spec-
tral resolution of such a system, which would pro-
vide an explanation for the poor behavioral
wavelength discrimination reported by Thoen et al.
(2014) and the apparently excessive number of spec-
tral sensitivities found in stomatopods. Further spec-
ulation requires a better understanding of how color
information is used by stomatopods in a variety of
behavioral contexts.

Conclusion

This study supports the conclusions from previous
studies of stomatopod spectral sensitivities; they have
a high number of spectral sensitivities and they ap-
pear to strive to keep their spectral sampling range as
numerous and wide as possible within the available
light environment. Their color vision also appears, at
least in some species, to be tunable. Further electro-
physiological work is needed to disentangle the spec-
tral tuning abilities across species, depths, and time
scales. Investigations into the neural architecture be-
neath the complex retina and electrophysiological
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recordings of neurons involved in the various stages
of color processing are also required to provide a
more comprehensive understanding of how stomato-
pods see colors.
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