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switch responsive to some environmental signal(s) other than 
light that generally differ(s) between lakes and sea, and that 
this reaction norm is conserved from a common ancestor of 
all three species.

Keywords Vision · Rhodopsin · Phenotypic plasticity · 
Evolutionary adaptation · Compound eye · Polarization 
sensitivity

Abbreviations
A1  Retinal
A2  3,4-Didehydroretinal
ERG  Electroretinography
GFRKD  Standard visual pigment template of Govardovs-

kii et al. (2000)
HPLC  High performance liquid chromatography
MSP  Microspectrophotometry
MWS  Middle wavelength sensitive
L  Lake
Lp  M. relicta population of Lake Pääjärvi
LWS  Long wavelength sensitive
S  Sea
Sp  M. relicta population of Pojoviken Bay of the 

Baltic Sea
SNR  Signal-to-noise ratio
QC  Quantum catch
WMTL  Wavelength of maximal transmission of light
λmax  Wavelength of maximal absorbance/sensitivity

Introduction

The genus Mysis (opossum shrimps) comprises a great 
number of species widely distributed over the arctic and 
temperate zones of the northern hemisphere. Among these 

Abstract Absorbance spectra of single rhabdoms were 
studied by microspectrophotometry (MSP) and spectral 
sensitivities of whole eyes by electroretinography (ERG) 
in three glacial-relict species of opossum shrimps (Mysis). 
Among eight populations from Fennoscandian fresh-water 
lakes (L) and seven populations from the brackish-water 
Baltic Sea (S), L spectra were systematically red-shifted by 
20–30 nm compared with S spectra, save for one L and one S 
population. The difference holds across species and bears no 
consistent adaptive relation to the current light environments. 
In the most extensively studied L–S pair, two populations of 
M. relicta (Lp and Sp) separated for less than 10,000 years, 
no differences translating into amino acid substitutions have 
been found in the opsin genes, and the chromophore of the 
visual pigments as analyzed by HPLC is pure A1. However, 
MSP experiments with spectrally selective bleaching show 
the presence of two rhodopsins (λmax ≈ 525–530 nm, MWS, 
and 565–570 nm, LWS) expressed in different proportions. 
ERG recordings of responses to “red” and “blue” light lin-
early polarized at orthogonal angles indicate segregation of 
the pigments into different cells differing in polarization sen-
sitivity. We propose that the pattern of development of LWS 
and MWS photoreceptors is governed by an ontogenetic 
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to M. relicta. It is worth emphasizing again, however, 
how emphatically the dichotomy of the λmax distribution 
between the L and S groups overrides the inter-species vari-
ation of single-rhabdom absorbance spectra within the L 
and S groups.

Hypothesis: a developmental reaction norm conserved 
from a common ancestor

The summed evidence is consistent with the hypothesis 
that the expression of LWS and MWS opsins is subject to 
phenotypic plasticity controlled by some environmental 
factor(s) other than light that generally differ(s) between 
the brackish- and fresh-water habitats. This could be any-
thing from salinity per se to, e.g., concentrations of specific 
ions (Ca2+, Cl−), humic acids, or pH. Light may play some 
role, but is clearly not the decisive factor. Resolving these 
questions requires further study.

The functionality of pigments with different λmax for 
dim-light vision in a particular spectral environment can 
be measured either by quantum catch (QC) or by the con-
ceptual signal-to-noise ratio (SNRdark) of the pigment 
(Jokela-Määttä et al. 2007; Saarinen et al. 2012; see “Mate-
rials and methods”). QC is decisive at (somewhat) higher 
light levels, where the random arrival of photons (“quan-
tal fluctuations”) is a more powerful noise source than the 

spontaneous thermal activations of pigment molecules. At 
the very lowest light levels (near the absolute visual sen-
sitivity limit), the decisive factor is SNRdark, calculated as 
QC/�(thermal activations), where both QC and thermal 
activations are numbers of pigment activations per integra-
tion time (see “Materials and methods”). When plotted for 
a given photic environment as functions of pigment λmax, 
SNRdark will peak at lower λmax values than QC, because 
the thermal activation rates of visual pigments increase 
with increasing λmax (Barlow 1957; Ala-Laurila et al. 2004; 
Luo et al. 2011).

Figure 7 shows QC (bold full-drawn curves in all pan-
els) and SNRdark (bold dashed curves in bottom panels) as 
functions of pigment λmax calculated for two depths in the 
habitats of our two main model populations Lp and Sp. The 
actual light spectra are shown as thin dotted curves. The 
first observation is that both L- and S-type λmax (here, 561 
and 535 nm, marked by vertical gray lines) fall far below 
that which would maximize QC in both light environments 
(here ca. 680 and 600 nm, respectively). This changes lit-
tle with depth. In the deeper layers, however, SNRdark may 
become more relevant than QC as such, especially at twi-
light or night. The SNRdark curves in the bottom panels 
show that the optimal λmax is significantly shifted towards 
shorter wavelengths. Measured by SNRdark deep in the 
Pojoviken environment, the spectral sensitivity of Sp is 

Fig. 7  Theoretical performance 
of rhodopsins as function of 
their λmax at two depths in the 
habitats of the main model pop-
ulation pair Lp (Lake Pääjärvi, 
#10 in Fig. 1; Table 1) and Sp 
(Pojoviken Bay, #11). The thin 
dotted lines show the recorded 
illumination spectra (photons 
m−2 s−1 nm−1); for these the 
abscissa is light wavelength λ 
(nm). The full-drawn curves 
show relative quantum catch 
(photon absorptions s−1) as 
function of the pigment’s λmax. 
The dashed lines in the bottom 
panels show the conceptual sig-
nal-to-noise ratio (SNRdark) of 
pigments as functions of λmax. 
All curves have been normal-
ized to unity. The gray vertical 
bars mark the mean λmax values 
actually recorded in the respec-
tive populations (Table 1)
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nearly optimal (only slightly on the “green” side of the 
optimum), but neither is the λmax of Lp far from the Pojo-
viken optimum (only slightly on the “red” side). From the 
viewpoint of conceptual signal-to-noise ratio (absolute vis-
ual sensitivity), both S-type and L-type spectra would work 
quite well in the Baltic Sea, whereas the performance of 
S-type pigments would be considerably less good in Lake 
Pääjärvi.

Thus a possible evolutionary scenario might be as fol-
lows. The mysids that colonized coastal and continental 
waters during the Pleistocene experienced repeated and 
partly correlated changes in chemical conditions and water 
color when lakes and brackish inland seas were alternately 
sequestered and rejoined, even to the ocean, as the land 
sank and rose. The mysids, a primarily marine clade, have 
never had the A1 ↔ A2 system for spectral tuning. Instead, 
they recruited a pre-existing dichromatic system, common 
in crustaceans (Wald 1968), for a similar purpose. The sim-
ple rule that “marine or brackish-water” conditions enhance 
expression of the shorter wavelength pigment and “fresh-
water” conditions expression of the longer wavelength pig-
ment may then have been, on average, a useful predictive 
adaptation to photic conditions, in spite of random but less 
frequent deviations in specific cases. Going by default for 
long-wavelength sensitivity in fresh water will give a great 
advantage if the lake is brown, but no great disadvantage if 
the lake happens to have Baltic-like transmission. On the 
other hand, in the Baltic Sea truly “brownified” environ-
ments are never encountered and shorter wavelength sen-
sitivity works better (Fig. 7). This predictive pattern would 
have been genetically fixed as a reaction norm (Woltereck 
1909, 1928), against which there would seem to be no sig-
nificant selection pressure. It mimicks the A1 ↔ A2 sys-
tem without incurring the excessive noisiness of A2 pig-
ments (Donner et al. 1990; Ala-Laurila et al. 2007), which 
in terms of SNRdark will easily offset or even reverse gains 
accruing from higher QC (cf. Saarinen et al. 2012). Most 
mysids live at least certain phases of their lives in very 
dim light, and need high absolute visual sensitivity (high 
SNRdark).

We should like to add two comments. First, the ERG 
experiments with polarized light (Fig. 6) indicated that 
LWS and MWS pigments are largely or wholly segregated 
into different cells with different properties. This suggests 
that the developmental switch controls not only the rela-
tive expression levels of the two pigments, but alternative 
pathways in photoreceptor development, involving both 
the pigments and the morphology and architecture of reti-
nula cells. Second, the notion of an ancestral reaction norm 
generally conserved across species and populations does 
not exclude the possibility that some populations may have 
been fixed in either the L or the S state due to loss of func-
tion, e.g., in connection with population bottlenecks.

Dichromatic vision and polarization sensitivity

Differences in light polarization constitute a potentially 
useful source of visual information even in deep aquatic 
environments (Cronin and Shashar 2001; Cronin 2006). 
Polarization sensitivity may be used for orientation, both 
vertical and horizontal, for detecting food (breaking trans-
parency camouflage) as well as for signaling (Shashar et al. 
2004). The degrees and patterns of polarization are fairly 
constant over the wavelength range 400–580 nm down 
to considerable depths in the water (≥15 m: Cronin and 
Shashar 2001). Mysids are known to use their vision at 
least for feeding and for assessment of depth in the water 
column, e.g., in connection with diel vertical migrations 
(Boscarino et al. 2009). Both tasks may benefit from polari-
zation sensitivity.

The polarization-selectivity of M. relicta appeared to 
be mediated primarily by the minority-pigment cells in the 
respective population, i.e., MWS cells in Lp and LWS cells 
in Sp (Fig. 6). It is prima facie paradoxical that the potential 
for discrimination of wavelength and polarization should 
be coupled in the same cells. Obviously, the animal can-
not then know whether a perceived contrast is due to a dif-
ference in color or polarization. Functionally, this suggests 
that disambiguation of wavelength and polarization con-
trasts has not been important, but that both serve the same 
tasks, be it prey detection or depth judgment (cf. Cronin 
2006). Mechanistically, it supports the notion that pigment 
expression and cell morphology are under the control of the 
same developmental switch.

Why have previous studies concluded that species of the 
Mysis relicta group possess only one opsin?

The experiments with spectrally selective bleaching pro-
vide direct evidence for the presence of two visual pig-
ments in the rhabdoms. Thus it is puzzling why DNA 
studies have failed to pick up more than one opsin gene in 
these populations. We wish to suggest the possibility that 
the genetic data may have been misinterpreted. Audzijo-
nyte et al. (2012) did find two deeply diverged opsin line-
ages (“haplotypes” or “alleles”) I and II, in their set of 35 
populations representing all four glacial-relict species (cf. 
Table 1). They give several reasons for thinking that these 
are alleles of the same locus rather than, e.g., results of 
gene duplication, but none of them seems to be ultimately 
compelling. We tentatively suggest that the two “haplo-
types” may in fact represent two opsin genes present and 
expressed in all the populations included here, although for 
unknown reasons differentially and seemingly randomly 
amplified in the DNA studies. In the study of Audzijonyte 
et al. (2012) most populations seemed to possess just one 
of these, but the genetic I/II dichotomy does not correlate 
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with the phenotypic S/L dichotomy (see Table 1). In only 
two of the populations included here (M. salemaai from 
“sea” localities #3 and #4 in Fig. 1b) both haplotypes 
were found, but interestingly, these populations have pure 
S-type absorbance spectra and low inter-individual vari-
ability (population mean ± SEM λmax = 521.2 ± 0.4 and 
525.4 ± 0.3 nm), with no suggestion of either intermediate 
λmax values or increased polymorphism.

We further note that the deep divergence of haplotypes 
I and II, estimated to have occurred before the speciation 
events, would be consistent with our hypothesis of two pig-
ments present in all species but differentially expressed 
according to a conserved reaction norm. The idea of two 
opsin genes could also resolve some of the paradoxes 
encountered in the comparison of mtDNA phylogeny with 
opsin gene phylogeny under the single-opsin-gene assump-
tion (Audzijonyte et al. 2012).

Mysis diluviana

The fourth of the glacial-relict Mysis sibling species, the 
North American M. diluviana, ought to be reinvestigated 
in light of the present results. Jokela-Määttä et al. (2005) 
reported a wide variation range (495–529 nm) of single-
rhabdom λmax measured in four individuals from two lakes 
in Idaho, USA (Hayden Lake and Pend Oreille). Cronin 
(2006) has published two within-individual average spec-
tra, also from Idaho M. diluviana, one well-fitted by a 
505 nm A1 template, the other by a 517 nm A2 template. 
The common interpretation at the time was that this spe-
cies uses A1 ↔ A2 chromophore exchange. Yet, as Cronin 
(2006) notes, the A2 pair of an A1 pigment peaking at 
505 nm should have λmax = 535 nm, so the broad 517 nm 
spectrum would have arisen from a mixture. In fact, it is 
quite similar to the spectra we have here obtained from 
the marine M. mixta (λmax = 517–525 nm; Table 1). Gal 
et al. (1999) reported an A1 pigment in M. diluviana from 
Cayuga Lake (NY, USA) with λmax at 520 nm, and together 
with the 505 nm pigment, this might obviously produce a 
517 nm A1/A1 mixture.

As argued above, it seems unlikely that M. diluviana 
should have an A1 ↔ A2 system that is absent in M. rel-
icta. Rather, the variation of spectral sensitivity in M. dilu-
viana might indicate differences in how the expression of 
the two opsins is regulated. It is interesting that both Cronin 
(2006) and Gal et al. (1999) were able to record seem-
ingly pure A1 spectra from whole rhabdoms, suggesting 
that M. diluviana expresses either of its two opsins alone 
at least in some rhabdoms. Obviously, it can also express 
mixtures, as shown by Cronin’s 517 nm spectrum and by 
the wide spectral variation reported by Jokela-Määttä et al. 
(2005). Detailed study of M. diluviana as a sibling species 
of M. relicta, M. salemaai and M. segerstralei would be of 

special interest quite irrespective of the large-scale oppor-
tunities offered by the wider genus Mysis.
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