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Abstract

Of all visual systems shaped over billions of years, stomatopod crustaceans or mantis
shrimps possess arguably one of the most extraordinary eyes, with unmatched potential
for broad colour detection . Yet how their unusual diversity of visual opsins * maps
onto functional spectral sensitivities >® has remained unresolved. Here, we uncover the
molecular rhodopsin-based physiological mechanisms of spectral tuning and show that
seventeen opsins, mostly from the colour-sensing midband of the Neogonodactylus
oerstedii eye, exhibit distinct spectral absorption ranges and couple to Gg- or Gi-
proteins. Two mid-wavelength opsins (NOMs) preferentially absorb blue light, while
twelve long-wavelength opsins (NOLs) absorb in the green range. In addition, three
NOLs are red-sensitive beyond 600 nm, representing the most far-red-sensitive opsins
functionally characterized in animals. Several opsins exhibit photoreversibility with
inverse blue-red spectral shifts, revealing an unrecognised layer of photochemical
flexibility in stomatopod photoreception. Combined with ommatidial carotenoid filters,
our mechanistic model shows how individually tuned rhodopsins shape row-specific
spectral sensitivity across the eye, promoting far-red sensitivity in tier 3P in relation to
other spectral wavelengths. These specialised rhodopsin-filter combinations collectively
enable robust colour vision along a broad light spectrum and across dim and bright
conditions, offering new insights into the evolution of one of Nature’s most sophisticated

visual systems.
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Mantis shrimps are stomatopod crustaceans that possess one of the most unusual and
sophisticated visual systems among all known animals. The Caribbean species
Neogonodactylus oerstedii (Fig. 1a) inhabits shallow-depth marine waters bathed with a
broad spectrum of light, and its prominent highly mobile eyes bear at least 12
photoreceptor classes each tuned to specific wavelength ranges between 300 nm to
700 nm, a remarkably high number unmatched thus far in animals, and whose role in
colour vision has long intrigued the scientific world °. Photoreceptor diversity arises
through three distinct regions, the dorsal and ventral hemispheres devoted to spatial
and motion vision, and six central rows of ommatidia (the midband or MB) that run along
the equator of the eye (Fig. 1b), with rows 1-4 mediating color discrimination ’, whereas
rows 5-6 are responsible for polarization vision 2. In rows 1-4, three stacked tiers of cells
act as successive filtering layers, absorbing a portion of the light spectrum available to
cells below. In rows 2 and 3, carotenoid-packed vesicles interspersed between the
distal and proximal photoreceptive layers  considerably tune the light available to their
underlying photoreceptors.

In a seminal publication, Cronin and Marshall * measured bleaching spectra from
N. oerstedii retinal ommatidial cross-sections for all of the anatomically distinct
photoreceptors absorbing within the visible spectrum. These spectra revealed
absorbance maxima between 401 and 551 nm, presumed to correspond to one
dominant rhodopsin (opsin with retinal chromophore) in each tier, under the assumption
that all cells within a given tier expressed only a single one. The absorption spectra of
the intra-rhabdomal coloured filter pigments were also measured to estimate the

resulting sensitivities of midband receptors . These filters showed strong spectral
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overlap with their underlying photoreceptor sensitivity, an overlap that was expected to
dramatically reduce photon capture by up to more than three orders of magnitude
(>1000-fold) in the proximal tier 3P, thereby proposed to confer red-light selectivity in
3P, but with very low overall sensitivity, an adaptation potentially useful for the animal
under bright light conditions °. Wavelength dependent intracellular electrophysiological
recordings (E-phys) of the UV-sensitive R8 cells in N. oerstedii 2, later complemented
by measurements spanning 400 and 700 nm for a number of related shallow-and deep-

water stomatopods °*°

, support that together the UV-sensitive R8 cells and the
separated R1-7 tiers of ommatidial rows 1-4 in N. oerstedii, enable multi-chromatic
sampling across the UV-visible spectrum, and spectral processing via colour-opponency
and wavelength binning-mechanisms >**,

Early physiological evidence further suggested that the mantis shrimp eye can
sense far red light and led to the proposal that red-sensitive cells in row 3 result from

strong intra-rhabdomal filtering of a presumably limited opsin set ****°

, Similarly to most
invertebrate organisms **. However, although less sensitive photoreceptors would be
expected compared to other midband rows, E-phys sensitivity was remarkably similar
between the red-sensitive photoreceptors in row 3 and other photoreceptor types **2,
leaving unresolved the molecular mechanisms underlying far red sensitivity.

Most animal visual pigments absorb maximally in the visible range (Amax 400-580
nm), and many taxa also have receptors sensitive to ultraviolet wavelengths (<400 nm)
15 but efficient red light-absorbing rhodopsins are remarkably rare in animals. So-called

red-sensitive opsins generally maximally absorb around 560-580 nm when using an 11-

cis Al-retinal chromophore and only the far end of the opsin absorbance spectrum
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reaches into the red part of the light spectrum *°7?!. Extreme red sensitivity (>600 nm) is

typically achieved either by coupling a long-wavelength sensitive (LWS) opsin to a
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Figure 1. G-protein signaling properties of Neogonodactylus oerstedii rhodopsins in HEK cells

a. Photograph of a N. oerstedii mantis shrimp (scale bar = 5 mm). b. Close view of the external division
of the compound eye composed of 6 midband rows (MB), and dorsal (dH) and ventral hemispheres (vVH)
(scale bar = 1mm) (from Porter et al. (2020) with permission). ¢ Sagittal cross section diagram of the
internal organisation of the retina, including intra-rhabdomal filters (i.r. filters), i.e. sitting within the
rhabdom itself. Midband photoreceptive units 1-6 are colorized to match maximal photoreceptor
absorbance as measured by microspectrophotometry and subdivided by tiers in rows 1-4 % _d. Scheme
of bioluminescent second messenger assays with GLig signalling via PLC and GLIs/GLli stimulating or
inhibiting adenylyl cyclase (See methods for more details). e. Localization patterns (scale bar = 200 ym)
and evolutionary relationships from Porter et al. 2020. f. Summary of maximal relative aequorin Gqg-
responses and g. glosensorGi/o responses (see Suppl. Fig. S2), presented as mean + SEM, compared to
cells transfected only with luminescent reporters. Significant responses are marked with (*). h. GgX- and

GsX-protein coupling profiles of NOMs and NOLs.

retinylidene chromophore with an extra double bond (11-cis A2-retinal) ?*-?°, by addition
of a bacteriochlorophyll light harvesting chromophore %', or in combination with filters,
such as oil droplets in birds, and carotenoid pigments in insects and crustaceans *#%°.
A key missing piece of the puzzle is how these properties build upon the unique
opsin diversity recently uncovered in the eye of N.oerstedii, with 33 RNA-transcripts
grouped into 17 distinct expression patterns and frequent co-expression across
phylogenetic spectral clades % We sought to uncover how multiple specialized
rhodopsins and the distribution of carotenoid pigments interact to tune colour
discrimination abilities in the Mantis shrimp eye. Specifically, we set up to test whether
undiscovered rhodopsins are more efficient in detecting very long-wavelengths of light

to extend sensitivity into the far red.
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Three long-wavelength rhodopsins drive absorbance to the far red

To test this hypothesis while eliminating the influence of co-expressed visual pigments
and filter components, we set out to fully characterize the remarkable opsin diversity in
vitro outside the tremendous complexity of the native eye. First, we reanalyzed the
genetic diversity and phylogenetic relationships (Fig. S1) of long- (NOLs), and middle-
(NOMs) wavelength sensitive opsin clades depending on the amino acid signature of
the predicted protein retinal binding pocket. We selected and heterologously expressed
the 17 opsins mostly found across the eye hemispheres and midband rows 1-4 used for
colour discrimination, comprising 15 full-length NOLs, and 2 NOMs of row 4 (Extended
Data Fig. 1, Fig. S2) “%. After reconstitution with the Al 11-cis-retinal chromophore
used in crustaceans and most other invertebrates 733, the NOM5 and NOM6 opsins
absorbed maximally at 455 nm and 459 nm in line with microspectrophotometric (MSP)
data ** and their phylogenetic placement in middle wavelength sensitive clades (Fig. S1,
Extended Data Figs. 1,2). 12 NOL rhodopsins spanning phylogenetic clades A,C,D,E
and F *, exhibited absorbance spectra with maxima near 540 nm (Extended Data Fig.
2). Interestingly, NOL13 and NOL14 (clade F) as well as NOL20 (clade C) formed long-
wavelength sensitive rhodopsins reliably absorbing maximally near and above 600 nm
(Extended Data Fig. 2). These spectra appeared considerably red-shifted compared to
predictions from averaged ommatidial bleaching spectra resulting from MSP recordings

on N. oerstedii eyes *

, illustrating unique novel rhodopsin spectral sensitivities,
potentially less expressed or whose contributions might have been previously

overshadowed in the eye.
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Long-wavelength opsins couple mostly to Gg and middle-wavelengths to Gi and

Gq.

We next wondered if the N. oerstedii functional opsins were actively involved in the
phototransduction cascade. We tested G-protein coupling and selective signaling
preferences in each opsin using bioluminescent second messenger assays in HEK293T
cells. To first test individual rhodopsins coupling to each of the three main families of
human G-proteins, we tested the relative activation of Gg, Gi/o and Gs * (Fig. 1d,e,
Extended Data Fig. 2). Five NOL rhodopsins (2, 8, 9, 15 and 20) did not elicit
measurable responses to any G-protein type compared with cells transfected only with
aequorin or glosensor, despite robust protein expression levels at the plasma
membrane (Fig. S2), suggesting that they do not couple to human G-proteins. Ten NOL
rhodopsins (1, 6, 7, 12, 13, 14, 16, 17, 19, 20), LWSR3, as well as NOM5 and NOM6
coupled significantly to Ggq (p<0.04, Fig. 1e, Extended Data Fig. 3, Table S1), although
signal intensity between rhodopsins may not be directly comparable, notably owing to
different expression levels, membrane targeting, and G-protein coupling efficiencies.
We could not detect activation of Gi or Gs for any NOL rhodopsin except for NOL19,
however NOM5 and NOM6 reacted readily with Gi (p< 0.001, Fig. 1e, Extended Data
Fig. 3, Table S1).

We further investigated the G-protein selectivity profiles by co-expressing N.

6 with individual

oerstedii opsins in HEK293 cells that lack endogenous G-proteins 2
human GsX chimeric proteins where the rhodopsin-interacting helix had been
exchanged for helices of other G-subtypes *’. Again, NOM5 and NOM6 both exhibited

higher G-protein coupling to Gsi than to Gst, whereas NOM5 had lower responses to
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GsX chimeras of the Gq family compared to NOM6 (Fig. 1f, Extended Data Fig. 3). As
most of the signaling NOLs did not couple efficiently to GsX proteins but demonstrated

significant Gg-responses, human GgX hybrids 3¢

were used following the same
principle of the GsX assay (Fig. 1f). The Gq signal was quantifiable with enough
variability to allow a reliable discrimination between GgX responses from six NOLs
(NOL12, 13, 14, 16, 17 and 19) (Fig. 1f). All six characterised NOLs exhibited higher
selectivity to GgX proteins of the Gq family, i.e. Gqg or Gql4, but not Gql5 (Fig. 1f,
Extended Data Fig. 3). In addition, all six NOLs showed weaker coupling to the Gi/o
family of GgX proteins, with NOL14 in particular exhibiting comparatively high coupling
to Ggo (21.9% of the sum of the GgX-protein selectivity responses, Extended Data Fig.
3). None coupled significantly to GgX components of the G12/13 or Gs families. In
particular, NOL13 activated preferentially in presence of Gq (43%) and Ggi (9.6%), and
significantly less with Ggz and Gqo (Fig. 1f, Extended Data Fig. 3). We also tested the
only so far reported native N.oerstedii Gg-protein (GgNO) putatively involved in

% and found that all six NOL Gg-rhodopsins also activate Mantis

phototransduction
Shrimp GgNO (Fig. 1f) but not with better signaling than for human Gq, except for
NOL16 and NOL19 (both 37% to GgNO and 17% to Gq, Extended Data Fig. 3d-e).
Overall, not including that some unresponsive NOLs may couple to other potential
native GgNO-proteins, these results identify at least 13 functional opsins actively

coupling to G-proteins thereby parsimoniously contributing to phototransduction in the

mantis shrimp eye.
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Rhodopsin action spectra and photoreversibility

Due to the strong Gq responses, we measured the wavelength dependence of
Gq activation for NOL12, NOL16, NOL17 and NOL19, four green-sensitive opsins
expressed across rows 2, 5 and 6. We constructed individual action spectra that
closely resembled the in vivo rhodopsin absorption profiles *“°#* (Extended Data Fig.
2), overall aligning both approaches to confirm these four rhodopsins’ green-sensitivity.

Owing to its shallow water habitat and visual ecology, N. oerstedii is subject to
fluctuating light and colour distribution, which encouraged us to study the signalling
specificity. To examine this question experimentally, we leveraged our Gq assay with
the eight most promising, Gg-active rhodopsins (6 NOLs, 2 NOMs), and implemented
double pulse experiments to examine their photoreversibility properties, by delivering a
first pulse of light for Gq activation, and a second pulse for deactivation, and quantifying
rhodopsin conversion back to their original D-state (Fig. 2a) ***.

Wavelength-dependent activation and deactivation spectra recorded for aequorin
luminescent responses of NOM5, NOM6, NOL13, and NOL14 are presented in Fig.
2b,c. We first activated NOM5 and NOM6 with a 1s-light pulse of fixed wavelength at
near-saturating light intensity (450 nm) and tested their Gq responses after a second
red-shifted 1s-light pulse of varying wavelengths. We found a maximal reduction of
28.1% of the initial response at 583 nm for NOM5 and 21.58% at 580 nm for NOM6
(Fig. 2c). Plotting the inverse of this reduction against wavelength reveals the active

Meta (L-) state spectra of the NOM photopigments which are photoreverted to the dark
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(D-) state with the second light pulse (Fig. 2c). The dark activation spectra presented a
dual spectral composition that was best fitted with a two-component Gaussian Model,
NOL13
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a. Activation and deactivation of the Gq pathway (left) and the GIRK1/2 channel (right) by a Gg- and Gi/o-
coupled GPCR opsin, respectively. b. Wavelength-dependent aequorin  luminescent
activation/deactivation responses of NOL13. See SI for other Gg-activated rhodopsins. (left) Activation is
induced by a 1s light pulse (colored rectangle 1) of fixed wavelengths at every 10 nm from 400 to 690 nm
at 1x10™ photons cm? s™ (n=3 experiments). (right) Deactivation is assayed by two consecutive 1s light
pulses, one with the fixed wavelength leading to maximal activation (orange rectangle 1, 600 nm, 1x10"®
photons cm™ s™) followed by a second light pulse of varying wavelength with 15nm bandwidth (colored
rectangle 2, 1x10'® photons cm™s™, n=3). c. Activation and deactivation spectra of NOM5, NOM6, NOL13
and NOL14, derived from peak aequorin responses and fitted with a non-linear least squares optimization
of the Govardovskii visual template . Dark spectra are fitted with a two component Gaussian Mixture
Model (GMM) (Table S1 and Fig. S3) Data is presented as mean values £ ISEM. X-axis is a linear
energy scale (um™) corresponding to a log wavelength scale (nm). d. GIRK photocurrents induced by the
activation of NOM5 and NOM6 (1s blue light pulse, blue line) and deactivated by a subsequent 20s light
pulse (yellow bar). Example of a stable NOM6-mediated GIRK current (right) evoked by a 5s 470 nm
activation pulse of 1x10™ photons cm™ s™ and a 20s deactivation 595 nm pulse of 4x10™ photons cm? s
l), respectively. e. Predicted structural models of the inactive NOM6 and NOL14 with 11-cis Retinal Schiff
Base (RSB) and active (all-trans RSB bound) states of NOM6 and NOL14. Key hydrogen-bonding
interactions are shown as yellow dashed lines and water molecules are represented as spheres.

suggesting a potentially pH-dependent heterogeneity of the protein (Fig. 2c, Table S2,
Fig. S3).

Similarly, NOL13 and NOL14 activation responses were acquired with a 1s-pulse
fixed at 600 nm, and thereafter their Gg-response reduction was quantified after blue-
shifting the second light pulse, leading to maximal deactivation (75.1%) at 497 nm for
NOL13, and reduced NOL14 response up to 55.7% at 486 nm. Visual fitting
characteristics of the dark state also indicated the contribution of two spectral isoforms
(Fig. 2c, Fig. S3). In contrast, for NOL12, 16, 17 and 19, no second light pulse could
change the response to the first, suggesting that these rhodopsins are not
photoreversible or have closely overlapping spectra in the dark and photo-activated
states.

Finally, bistability and kinetic properties of NOM5 and NOM6 were further

investigated electrically using the well established G protein-gated inwardly-rectifying

potassium channel GIRK1/2 which canonically activates upon binding of the GRy

11
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subunit of Gi/o-proteins * (Fig. 2a). Importantly, the Gi-responsive NOM5 and NOM6
could repetitively activate and deactivate GIRK1/2, with blue and orange light
respectively, and with a limited loss in current amplitude, confirming that these opsins
are thermally photoreversible and bistable (Fig. 2d). Of note, even after using a 20
second pulse for deactivation at maximal light intensity (20s, 4x10™ photons cm2 s™%),
GIRK photocurrents could never completely recover to the pre-illumination baseline,
likely due to the still overlapping dark and photoproduct spectra at the absorbance tails
and the high light intensity required to revert the opsins to the dark state. Nevertheless,
the photoproduct spectra of all four rhodopsins, which are considered as signalling
states, were well separated from the dark state spectra (Fig. 2c). GIRK currents
indicated kinetics of light-induced activation-deactivation responses and the thermal
stability of the signaling state for NOM5 and NOM6 (Fig. 2d).

Thus, NOM5, NOM6, NOL13 and NOL14 are not only stable after photoexcitation
without bleaching, they are also capable of returning to their inactive dark state

photochemically due to the weak overlap of the D- and L-spectra.

Inverse spectral tuning of NOM6 and NOL14 arises from distinct retinal binding

pocket properties

To gain a better understanding of the pronounced spectral differences between the dark
states (D) and photoproducts (L), as well as the inverted photochemical shifts observed
between NOM6 and NOL14, we generated structural models of the retinal binding
pockets while maintaining the retinylidene chromophore protonated (Fig. 2e, Extended
Fig. 4). The structural transitions from 11-cis retinal in the D-state to all-trans retinal in

the L-state were modeled by combining AlphaFold3 predictions with multiple sequence
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alignment (MSA) manipulation #*%°

, molecular docking, all-atom molecular dynamics
(MD), hybrid quantum mechanics / molecular mechanics (QM/MM) simulations, and

vertical excitation energy calculations.

The predicted 7TM helix structure models exhibit high overall confidence, with predicted
local distance difference test (pLDDT) values mostly above 80, and high structural
stability during equilibrium MD simulations (Extended data Fig. 4, Figs S4-5). The
counterions E206 and E192 are positioned unusually distant from the retinal in both
proteins, only NOM6 features a unique acidic residue (D234) near the B-ionone, which

is replaced by a cysteine (C220) in NOL14.

Comparison of the predicted absorption spectra for different protonation states of D234
in NOM6 revealed that a protonated D-state and a deprotonated L-state showed the
closest agreement with the experimental data (Fig. S6) in consistency with the original

double-point charge model proposed for rhodopsins *"*®

, In which a negative charge
near the B-ionone electrostatically stabilises the positive charge that formed in this
region upon retinal photoexcitation causing a strong red shift. Next, we sought to
rationalise the inverse spectral shifts observed between NOM6 and NOL14 by
comparing their QM-optimized structural models. Notably, in NOM6 the residues
flanking the disulfide bond are polar (S211 and S213) and S211 forms a hydrogen bond
with Y138, while S213 interacts with Y304 and indirectly the counterion E206. The
S211-Y138 interaction redirects the N-H of the retinal to N114 increasing polarity at the
retinal nitrogen (Fig. S7). In contrast, in NOL14, the disulfide neighbors are nonpolar

(A197 and G199). And the 11-cis retinal N-H occasionally binds with Y124, while Y291

interacts with the counterion E192 only. The resulting reduced retinal distortion results
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in greater TT-conjugation and a red shift, compared to the distorted C12-C15 bonds in
NOMBG6 (Fig. S8). The all-trans retinylidene N-H group in NOL14 forms a water-mediated
hydrogen bond with T321, and occasionally to Y291. This configuration electrostatically
stabilizes the ground state, increasing the excitation energy and causing a blue shift
while the deprotonated D234 near the ring in NOM6 exerts the opposite effect, inducing
a red shift. In conclusion, we propose that the inverse spectral shifts observed between
NOM6 and NOL14 arise from substantial differences in the polarity and hydrogen-
bonding networks within their retinal binding pockets. Such variations modulate the
extent of 1r-conjugation and geometric distortion of the retinal, thereby fine-tuning its

absorption characteristics.

Modeling the tuning of rhodopsin sensitivity with and without filtering pigments

partitions photoreceptor spectral specialization

Next, we investigated how the multiple rhodopsins of the eye hemispheres, and
midband ommatidial tiers tune photosensitivity without or under the influence of inter-
rhabdomal filtering pigments, respectively. In the lateral dorsal and ventral hemispheres
(DH and VH) devoid of inter-rhabdomal filtering, NOL14 with Amax = 592 nm is expressed
in conjunction with NOL8 with Aynax = 540 nm. Together they confer an unfiltered broad
sensitivity (Extended Data Fig. 5) which is at least half maximal between 470 to 660 nm.
This offers the dorsal and ventral sides of the mantis shrimp eye an exceptional ability
to perceive from blue to very long-wavelength incoming terrestrial red light, the latter

possibly persisting at very shallow depths, especially at dusk and dawn “°*2,
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Figure 3. Multiple specialized spectral and photoreversible rhodopsins contribute to sharp, finely-
tuned photoreceptor properties in the mantis shrimp retina

a. Spectral fits of dark NOL and NOMs absorption with 11-cis retinal or 9-cis retinal (*) full lines. For
NOL13 the action spectrum is plotted in a dashed line (see Extended Fig. 2, Fig. 2). X-axis is a linear
energy scale (um™) corresponding to a log wavelength scale (nm) b. Absorbance maxima of mid- and
long-wavelength rhodopsins characterised in this study, arranged by localization in different regions
including eye hemispheres, eye midband rows 1 to 6, or the central nervous system (CNS). DH, dorsal
hemisphere; VH, ventral hemisphere; p, peripheral; D, distal tier; P, proximal tier. Numbers indicate best-
fit estimates of Apaxas measured with 11-cis retinal (or 9-cis retinal (*)) from dark absorbance (full circles),
plus activation (empty circles), and deactivation spectra (stars) when measurable. Maximal activation for
NOL13, NOL14, NOM5 and NOM®G is reported as the peak of the Gaussian mixture (main individual peak
in empty circle and secondary individual peak in light grey and dashed circles) in bold, circled by an
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ellipse (see Table S2), Bidirectional arrows indicate that NOM5, NOM6, NOL13 and NOL14 can be
reversibly switched bidirectionally between dark and active states. c. Sagittal cross section diagram of the
eye. The location and representative absorption range of the multiple rhodopsins expressed in each
region are mapped as coloured diagonal cross patterns according to the number of rhodopsins expressed
in this study and their absorption. Intra-rhabdomal filters in rows 2 and 3 of the midband row (MB) are
depicted by vertical rectangles. Co, cornea; CC, crystalline cone; BM, basal membrane.

We next calculated the resulting spectral sensitivity of MB tier 2D, where NOL16,
NOL17 and NOL9 (Amax: 521, 537, and 541 nm, respectively) are expressed in
conjunction with F1 filters (R2F1) (Fig. 3, Fig. 4a). NOL9 is present in all midband rows
1-4 %, and presumably less likely to contribute to major differences in tier photoreceptor
sensitivity. By taking into account the reported absorption spectra of R2F1 *, our results
evidence that the maximal sensitivities of NOL16 and 17 are reduced by the R2F1 filter
to roughly 45% and shifted bathochromically by 16 - 18 nm (Fig. 4b,c, Extended Data
Fig. 5). In addition, R2F1 narrows half bandwidth (HBW) from 100 nm to 60 - 80 nm,
significantly increasing spectral discrimination in row 2 without great sensitivity loss
(Extended Data Fig. 5d).

In MB tier 3D, comprising NOL9, NOL20 and NOL13, the F1 filter (R3F1)
absorbs further to the red end of the visible spectrum compared to R2F1 (Fig. 4b,
Extended Data Fig. 5). Therefore, in the dark, the spectral sensitivity of NOL13 and
NOL20, both red shifted in absorption compared to NOL16, are still screened out by
R2F1. Likewise, the resulting NOL13 and NOL20 opsin sensitivities in 3D are shifted
bathochromatically by 16 nm, respectively achieving 632 nm for NOL13 and 637 nm for
NOL20, on the expense of a final moderate reduction of sensitivity to 45 - 49% (Fig.

4c,e, Extended Data Fig. 5d). Since the absorption maxima of NOL16 and NOL13 are at

a wavelength where transmission of the F1 filters changes the most (Extended Data
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Fig. 5b), it causes compression of the HBW and shifts the sensitivity peaks of the
rhodopsins with only moderate sensitivity loss (Extended Data Fig. 5c¢,d).
Microspectrometric data analysis in N. oerstedii predicted 560 nm as peak
sensitivity for 3D °, whereas electrical spectral sensitivity measurements for row 3D of
two related stomatopods, Gonodactylus smithii and Haptosquilla trispinosa, placed Amax
at 610 nm *°. Our calculations show that modulation of photoreceptor red light sensitivity
in 3D falls above the previously proposed amplitude range for peak sensitivity with 632
nm for NOL13 and 637 nm for NOL20 in 3D (Fig. 4), demonstrating the dual role of
R3F1 filtering and the multiple rhodopsin sensitivities. Reversely, we find that
rhodopsins with absorption maxima near the F1 maxima are completely shielded with
their sensitivity reduced over the whole spectrum accordingly. This is the case of the
NOL13 photoproduct (NOL13-L, Anax= 497 nm) for which sensitivity is reduced at its
maximum to 7.6%, proportional to the low R3F1 filter transmission at these wavelengths
(Fig. 4b,c).
In MB tiers P2 and P3, sensitivity calculations account for the reduction in light spectrum
available after absorption in the distal tiers, and the high optical densities of the proximal
filters (A = 7.7 for R2F2, A = 3.6 for R3F2 1) that further dramatically reduce the light
captured by the stacked proximal tier rhodopsins. In doing so, we show that in P2, R2F2
filtering of NOL1 (Amax = 540 nm) and NOL20 (Amax = 607 nm) reduces their maximal
sensitivities to 2.8% and 20%, respectively, and shifts the narrowed maxima to 609 nm
and 641 nm (Extended Data Fig. 5d). In P3, R3F2 filtering of NOL15 shields out the
rhodopsin sensitivity even further to < 0.1 % due to strongly overlapping absorbance

maxima between the rhodopsin and the filter, whereas filtering of NOL20 shifts the tier
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sensitivity maxima to 687 nm with a reduction to ca 2.5% (Extended Data Fig. 5). This
interplay acts as the mechanism to achieve in vivo far-red sensitivity in row 3 in the N.

oerstedii eye.

Trade-off photoreceptor adaptations between spectral reach and sensitivity

allow vision at the far-red edge

Our findings show that the Mantis Shrimp N. oerstedii uses a subset of long-
wavelength opsins (NOL13, 14 and 20) that absorb light maximally near or above 600
nm (Fig. 3a, Extended data Fig. 5), achieving real far-red absorbing properties by
sequence modification while still coupling to the universal Al 11-cis-retinal
chromophore. In the midband rows 2 and 3 specialized to colour vision, light of the red
edge of the rhodopsin absorption spectrum can be effectively used by the employment
of selective filters that absorb shorter wavelengths of light through red carotenoid
pigments (Fig. 3, Extended data Fig. 5) ***®°!. This mechanism confers N. oerstedii
with exceptional long-wavelength (far red) vision, but reduces absolute sensitivity.
Hence, the magnitude of the resulting shift in effective spectral sensitivity depends on
the degree of overlap between the filter's absorbance spectrum, the rhodopsin
absorbance, and on the filter's optical density. High optical density and asymmetric
filter-rhodopsin absorbance overlap produce large shifts (e.g. NOL1, NOL13, NOL20),
whereas well-aligned opsin-filter absorption will cause a loss in photon catch and
attenuate light sensitivity of the corresponding tier with little or no shift (NOL15) (Fig. 4,
Extended data Fig. 5). In the proximal (P) tiers of colour-vision rows 2 and 3 (P2 and
P3), the intra-rhabdomal filters are particularly optically dense, leading to substantial

spectral shift reaching up to 80 nm but sacrificing sensitivity down to < 0,1%.
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Fig. 4. Long-wavelength rhodopsins of midband rows 2 and 3 are fine tuned by intra-rhabdomal
filters, extending sensitivity to the far red

a. Scheme of midband rows 2 and 3 showing the intra-rhabdomal carotenoid filters (F1 and F2) and the
microvillar organisation. DT, distal tier; PT, proximal tier. Tiers in rows 2 and 3 are coloured according to
the spectral sensitivity obtained with quantitative modeling of rhodopsin-filtering. b. Filter absorbance and
transmittance ', and wavelength absorbance of NOL16 (upper panel) and NOL13 (lower panel) of row 2
and 3 are plotted against wavelength. MSP peak absorbance of the distal tiers are indicated by the
vertical line in turquoise (2D) and green (3D) *. L, light (ON); D, dark (OFF); AS, action spectra. See also
Extended data Fig. 5. c. Calculated spectral sensitivity for NOL16 (upper panel) and NOL13 (lower
panel) result from transmittance of the F1 filter multiplied by normalized action spectra of NOL16 and
NOL13, respectively. Faint lines show the normalized sensitivities. For NOL13, activation and
deactivation spectra are plotted in red and blue, respectively, and the action spectra is plotted in grey.
Photoreceptor sensitivities and filtering in the UV are neglected. Half bandwidth is indicated with a bold
horizontal dashed line. Norm., normalized; SS, spectral sensitivity. Sensitivities of individual additional
rhodopsins are presented in Extended data Fig. 5. d-e. Normalized spectral sensitivities of tiers D2, P2,
D3 and P3. d. Original rhodopsin spectra prior to i.r. filtering. e. Spectral sensitivity post-filtering. Maximal
peak sensitivities are marked by dotted vertical lines. Post-filtering sensitivity below 0.1%, was not plotted
(e.g. NOL15). AS, Action spectra; Abs, absorbance spectrum. Optical densities are reported in Extended
Data Fig. 5.
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Consequently, far red vision is likely restricted to bright daylight, when using P2 and P3
photoreceptors, after the distal D2 and D3 rhodopsins are already inactivated in their P-
state. In contrast, at lower light levels, during dusk and dawn, colour vision relies mainly
on D2 and D3 that provide a less extreme, but a more sensitive spectral range.

Overall, in N. oerstedii, the distal tiers of the midband ommatidia with high
sensitivity are designed for low light intensities, whereas the proximal tiers are the main
actors at bright light with narrowed but strongly reduced light sensitivities and a far-red
maximum near 690 nm.

Mantis shrimps can therefore sample far-red wavelengths more specifically than
most other animals and possess the visual capacity to potentially exploit far-red
chromatic and achromatic signal reflectance (total luminance), although its contribution
in an ecological context is untested behaviourally. For communication, N. oerstedii
reliably assess total UV reflectance of competitor's meral spots °>°3, which also
contribute up to 10% far red light between 700 and 800 nm **°°. This suggests that its
eye far red sensing photoreceptors may add a signaling channel in specific ecological
and visual contexts, alone or combined with UV cues or fluorescent enhancement, or at
high sun angles when UV and visible spectral channels are relatively bleached and

filtered out >>°°

Spectrally-separated rhodopsin states in the visible spectrum likely

contribute to dynamic temporal signaling and colour recognition

The photoreversibility properties of at least four mantis shrimp rhodopsins are unique in

the sense that they contrast to the monostable vertebrate cone rhodopsins 2?8, which

57-59

loose the retinal after photoactivation , to the bistable invertebrate parapinopsins *°
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or Platynereis opsins (PdCO) °* where one state absorbs in the visible and the other in
the UV, and to the squid and jumping spider rhodopsins ®* where both D-state and L-
state absorb in the visible but with strongly overlapping spectra *°%%%,

Interestingly, in Mantis Shrimp, photoreversibility with large spectral separation of the D-
and L-states without chromophore deprotonation seems to be achieved by a unique
hydrogen-bonding network that fine-tunes the electronic environment and geometric
distortion of the chromophore, along with large modulation upon photoisomerization,
without alteration of the RSB pKa. The spectrally-separated D and L states may be an
ingenious evolutionary solution to increase rapid spectral sampling between contrasting
colours in natural contexts.

Collectively, the results of our current study show that the finely tuned visual
system of the mantis shrimp N. oerstedii achieves exceptional colour discrimination
notably via a diverse functional repertoire of middle and long-wavelength rhodopsins,
some of which evolved photoreversibility and far-red absorption properties.
Photoreversible middle and long-wavelength rhodopsin states are expected to
contribute to rapid contrast perception and spectral tuning, whereas far red rhodopsins
act in concert with carotenoid filtering to approach maximal sensitivity near 690 nm. Low
density filters of the distal areas shift the spectra and reduce the sensitivity less and
should function in dim light whereas the high density filters of the proximal tiers shift
more by sacrificing sensitivity which is affordable in bright light, illustrating a series of
evolutionary innovations distinct from typical animal rhodopsins, and that may carry
highly beneficial adaptations in bright, spectrally broad and complex underwater

environments.
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EXTENDED DATA
Extended data Figure 1. Optimisation of constructs.

Extended data Figure 2. Dark absorption and action spectra of NOL and NOM opsins.
Extended data Figure 3. G-protein selectivity profiles of NOL and NOM opsins.

Extended data Figure 4. Comparison of computed structural models between NOM6 and NOL14.
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Extended data Figure 5. Effect of intra-rhabdomal filter properties on the rhodopsin spectral sensitivities in
tiers D2, P2, D3 and P3.

24


https://doi.org/10.1101/2025.11.25.690411
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.25.690411; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

o Stimulation
a & b mg::? ] o [ 1= e wavelength (nm)
& 4 o—{o [ o
cMy ,ﬂo",(\:r‘,\q}* B W 460
NOL12 dle O 525
A. '. Sirius (Lignard et al PNAS 2021) NOL8 4 ap o 528
LWS R3 s T I [ ] 595
& . & NOL9H @ M 635
¢ P& oy & & NOL20 - oI
. e AD et ETOEET) touy @
NOL2-{ efelle
& o NOL16 @ T le
oMy \,"C\ ,\@,@"ggfro cmy \B.—j & & NOL17 O—[@)
B.. (A17)opsin >{)m:>| mCitrine > CZ. ' (A17)opsin ’ mScarlet ’ Ng::]g 7 O‘[E}
© NOL154 .
& o i 5 .
o c’a ‘\6\0"\9& cumy \/"ﬁg o % I\[I\|OoL|\;I‘|g ] ® E@ o]
> — _— . ” ' NOMé _LHJ_A_._A_._._L._.A_._._._‘_LL“J_.:EI!_.J;
1 10 100 1000
Relative luminescence (log,,)
Cc NOL6 NOL7 NOL12 NOLS8 LWS R3
8 1.5 o oLeT2nsiusre ) 1.5 & ot 7-12080055p o) 1.5  NoL12-T2ASirusFP (A} 1010 NoLe T2-SirusFP * 1.57 o ra-Tonsiisrp @)
= ® Lucyrho-(A17)NoLB-TS-IRES-mCitrine (B2) @ Lucyrho-(817]NoL7-TS-IRES-mCitrine (B2) # Lugyrho-{417)NaL 12-TS-IRES-mCitrine (B2) © Lucytho-NoLB-TS-mSeariel-ER (C1) @ Lucyrho-R3-TS-IRES-mCitrine (B1)
R B e G N Fectro R et S e
@D ® Lucyrho-(417INoL6-TS-mScariet-ER (€2) v yrhe-R3-T5m X
@
£10 10 10 10
£ : 5
2
8 = .
Nos 4
he 0.5 0.5 0.5
g — 2 l} 4 .
= — - 1L

0.0%—= ———
pak 13 14 15 16 17

Light intensity Log10 (Phatonsicm?is)

NOL9

0.0 '
vk 13 14 15 16 17

NOL20

0.08—
Dak 13 14 15 16 17

NOL1

%%

S
14 20 26 bak 13 14 15 16 17

Time (s)

NOL16

NOL2

o Oersmnsnmreay 10 iem o T e e o 5] Sty A Sy
=] ¥ s t:g;;:; E’J;\?‘;ﬁﬂmﬁﬁﬂg’ﬁ”g‘;@“me - # Lugyrho-NelL1-TS-mScarle-ER (C1) -+ Lucytho-{A17)NoL2-TS-mScarlet-ER (C2) @ Lueyrha-NeL 16-TS-mScaret-ER (C1)
= [ Lucyrho-NoL20-TS-mScarlol-ER (C1) ® Lucyrho-A1 7NoL 16-TS-mScarlet-ER (G2)
[ 8 818 Lichm o174a.20 75 mcarit £R (¢2)
1)
o 1.0 1.0 1.0
£ 6 6 N
E
=
¢ 4 4
2 ; 05 A 05 0.5
g 24 2 Vs — ;
toaiy ** soege ot i — j
0 - — - 0.0~ 0.0— 0.0—=
04 8 14 20 26 04 8 1216 20 24 bak 13 14 15 16 17 Dak 13 14 15 16 17 bak 13 14 15 16 17
Time (s) Time (s)
NOL17 NOL19 NOL13 NOL15 NOL14
815« NI ) ® NoL 19-T2A-SirlusFP (4] 157, NoL13-T2A-SirusFP (A) 1010 poL15:720-5i0sPR (1) 1.5 2 Lt o T HES mcicine @1)
c :'[‘d?,;'m?y&,,u)y %Ls mScare Eg‘(él;lre ( N @ Lueyrho-NoL19-TS-IRES-mCitrine (B1) ® Lucytho-NoL13-TS-mScarletER (€1} o Lugyrho-NoL15-TS-mScarlet-ER (C1) © Lo 217Nl a-To-RES-vCirme (62
S | USRS e | ShomeaeeToRe oo | ST o o Lo e e e
"] © Lueyhoda 1475 mOme-cR (cm
(0] @ Lucyrho-A17Nol 14-TS-mScarlet-ER (C2)
£10 1.0 1.0 1.0 _
£ 1 6 1
=2
o S
N [T 4
Hos 0.5 0.5 0.5
E s
% 2 ¥
hotes
z A
0.0+ 0.0¢— . 0— 0.0—
bk 13 14 15 16 17 pak 13 14 15 16 17 cak 14 15 16 17 04 8 14 20 26 Dark 13 14 15 16 17
Time (s)
o NOMS5 NOM6
Q 1.5 ® Lueyrho-NoMS-TS-IRES-Turbog35 (B1) 1.5 ® Lucyrho-Nol6-T5-IRES-Turbe35 (B1)
c ® Lucyrho-NaM5-TS-mCilrine-ER (Cla) # Lucyrho-Nol6-TS-mScariet-£R (G1b)
@ # Lucyrho-NoM5-TS-mScarletER (C1b)
(&)
7}
g
=1.0 1.0 .
£ ¢
=
e
8
= 0.5 0.5
w©
£
=
e} 1
=
0.0— [0
pak 12 13 14 15 ak 12 13 14 15

Light intensity Lag10 (Photonsiem?/s)

Light intensity Log10 (Photonsicmifs)

25


https://doi.org/10.1101/2025.11.25.690411
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.25.690411; this version posted November 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY-NC 4.0 International license.

Extended data Figure 1. Optimisation of constructs.

a. Design of DNA constructs used for optimisation of the luminescent responses (SG linker 2aa, 1D4
affinity tag TETSQVAPA 9aa, FLAG affinity tag DYKDDDDK 8aa, LucyRho self cleavable leucine-rich
signal peptide, T2A Self cleaving peptide from Thosea asigna virus 2A GSGEGRGSLLTCGDVEENPGP
2laa, TS Golgi export trafficking signal sequence KSRITSEGEYIPLDQIDINV 20aa, ER endoplasmic
reticulum export sequence FCYENEV 7aa, IRES internal ribosome entry site, A17 deletion of t17aa of an
opsin N-terminus, Nt=16 only 16aa remaining upstream of TM1 of the opsin). Construct A. has been
previously described 1 p. Comparison of relative aequorin luminescent levels of the most effective
(highest signal) constructs for each opsin following a 1s activation (wavelength indicated in the legend).
c. Light-titration aequorin responses of various DNA constructs used in this study. Unresponsive opsins
(NOL8, NOL9, NOL15, NOL20) signals are shown as relative luminescence over time, at the highest light
intensity (1x10* photons.cm?.s™).
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Extended data Figure 2. Dark absorption and action spectra of NOL and NOM opsins.

a. Phylogenetic relations of NOLs and NOMs from clade A, C, D, E, F and | (adapted from Porter et al.
2020).

b. Dark absorbance spectra measured in an UV-vis Nano-spectrometer after reconstitution with 11-cis
retinal, with corresponding action spectra below when possible, established from maximal aequorin
responses, as indicated by the dashed frames, color coded according to phylogenetic branch. Light
intensity of the 1 s pulse used for the action spectra : NOL12 : 8x10™ photons cm™ s™ (n=4); NOL16
(n=3) and NOL17 (n=3) : 4x10™ photons cm?® s™ ; NOL19 : 8x10"® photons cm? s™ (n=4).

Absorbance and action spectra of all NOLs were fitted with a non-linear least squares optimization of the
Govardovskii visual template to estimate the best-fit A, Data is presented as mean values and with
+[_SEM for NOLs. NOL6 and NOL14 spectra were previously reported . Dark absorption for NOM5 was
measured with 9-cis retinal (*) and plotted as the differential absorbance between the dark absorption and
the absorption after a 60s pulse of light (455 nm), fitted with a simple gaussian. For NOM6 a continuous
spectra without any fitting but corrected for Mie scattering is shown. Bimodal action spectra for NOL13,
NOL14, NOM5 and NOM®6 are presented in Fig. 2.
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Extended data Figure 3. G-protein selectivity profiles of NOL and NOM opsins.

a. Responses to the Gg-protein family were measured by using the aequorin assay (see Table S1 for
detailed values) b-c. Coupling efficiency to the (b) Gi- and (c) Gs-protein families in the glosensor assay.
Relative luminescence values are shown as the raw luminescence divided by the averaged pre-
illumination baseline. For Gi, cAMP luminescent levels were elevated using 2uM forskolin, 15 min before
illumination. d. Light-dependent G-protein signaling was further investigated for NOMs using the GsX
assay and for NOLs using the GgX assay when possible (indicated by dashed frames, colourized based
on their phylogenetic clade (see Extended Data Fig. 2). Light-dependent maximal post-stimuli responses
are normalized between the no GgX/GsX control and the maximal relative response e. Selectivity profiles
were established from maximal responses to GsX or GgX chimeras and expressed as percentages of the
sum of GsX or GgX protein activity.

NOL12, NOL16, NOL17, NOL19 were stimulated with 525 nm light, NOL6, NOL7, NOL8, NOL9, NOL1,
NOL2, NOL15, LWS R3 with 550 nm, NOL14, NOL20 with 595 nm, and NOL13 with 635 nm. All
responses were measured after a dark pre-illumination baseline followed by a 1s light pulse, indicated by
colored arrows and rectangles. All data is presented as mean = SEM. Different levels of significance at
the peak are indicated by * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001,
compared to cells transfected only with luminescent reporters (grey traces).
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D234 N114
NOM6 NOL14
11-cis RSB 11-cis RSB
all-trans RSB all-trans RSB

Extended data Figure 4. Comparison of computed structural models between NOM6 and NOL14.
Inactive (11-cis retinal Schiff base bound) and active (all-trans retinal Schiff base bound) states are
shown as gray and red cartoons, respectively. In the active states, conserved motifs undergo similar
rearrangement that distinguish them from the inactive states ®_ The PIF motif contains a tryptophan
substitution at position 6.44 adjacent to the CWxP tryptophan. Activation rearranges these residues
(W297/W301 in NOM6 and W284/W288 in NOL14), reshaping the hydrophobic core, disrupting the DRY
ionic lock (R160-E283 and R146-D270), and reorienting the NPxxY tyrosine (Y342 and Y328) toward the

intracellular cavity.
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Extended data Figure 5. Effect of intra-rhabdomal filter properties on the rhodopsin spectral
sensitivities in tiers D2, P2, D3 and P3.

a. Schematic representation of midband rows 2 and 3 including the rhodopsins and the filters relevant for
the analysis presented in each row. b. Normalized rhodopsin spectra and filter spectra of different optical
density ranging from 1.5 to 3 for distal (D) filters, and ranging from 1.5 to 7 for combined filters in the
proximal (P) tier. Digitized filter absorbances reported in the literature * are labelled by black circle

symbols.
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c. Calculated sensitivities of the indicated rhodopsins unfiltered (grey) and after filtering by screening
pigments with maximal absorbance ranging from 1.5 to 3 for distal F1 filters, and ranging from 1.5 to 7 for
proximal F2 filters. Numbers above vertical dashed/dotted lines represent, from left to right, the
wavelength maxima before screening, after screening by filters of reported optical densities (OD), and
after maximal screening when applicable (NOL15 is almost entirely shielded by intra-rhabdomal pigments
and the low resulting sensitivity could not be fitted).

d. Normalized calculated sensitivity spectra plotted with original spectral sensitivity (grey). In all graphs,
absorbances and sensitivities resulting from originally measured filters * are labeled by black open circle

symbols.
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