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Summary 

The visual systems of animals appear to be specialised to the photic environment 

they inhabit and the behavioural tasks they perform.  Presumably, these specialisations 

have been evolutionarily selected for to improve traits such as acuity, sensitivity, motion 

detection, object recognition and spectral sensitivity, allowing the animal to perceive 

the world around them.  These adaptations include, but are not limited to, 

morphological, biochemical and physiological modifications within the eye. 

 

The study reported in this thesis utilises a multidisciplinary approach to characterise 

the eyes of the southern hemisphere lampreys and relate specialisations in ocular and 

retinal structure and function, to behaviour and to the photic environments inhabited 

during the adult phase.  This study focuses on the visual pigments of retinal 

photoreceptors in three species, Mordacia praecox, Mordacia mordax and 

Geotria australis.  M. praecox and M. mordax exhibit differences in their feeding 

strategies and habitat following metamorphosis.  These species are also unusual as they 

maintain the larval burrowing habit into adult life and are nocturnal.  In contrast, 

G. australis is the only species known to date that occupies the brightly lit surface waters 

of the ocean during its parasitic phase.   

 

Studying aspects of the visual system of lampreys provides a unique opportunity to 

assess the evolution of vertebrate vision.  Lampreys are only one of two extant members 

(along with hagfishes) of a group which diverged from the lineage leading to jawed 

vertebrates, around the time when image forming eyes emerged in vertebrates. 

 

The visual spectral sensitivity of M. praecox (after reaching maturity) and M. mordax 

(in the downstream migrant phase) was investigated using electroretinography (ERG) 

(Chapter 2).  The application of strong monochromatic adaptation light produced clear 

shifts in spectral sensitivity for M. praecox but not M. mordax, indicating the presence 

of two spectrally distinct classes of photoreceptor in M. praecox and one in M. mordax.  

The spectral sensitivity of both species was affected by the presence of a yellow-green 

tapetum, which reflects long-wavelengths thereby enhancing long-wavelength 
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sensitivity.  The generation of an eye transcriptome by Next-Generation Sequencing 

revealed that both species express two visual opsins, lws (high tag count) and rh1 (very 

low tag count).  Comparing the data obtained from ERGs and Next-Generation 

Sequencing suggests that the dominant spectral class in both species contains the lws 

pigment (based on vitamin A2 in M. praecox and a vitamin A1 in M. mordax), which is 

considerably short-wavelength shifted in comparison to the ancestral lws pigment.  The 

minor spectral class in M. praecox was harder to define, as its contribution was low and 

strongly masked by the effects of the tapetum.  Two explanations are therefore 

presented, the first is that two pigments are expressed, lws and rh1 (based on vitamin 

A2), and the second a paired pigment system is present with the minor spectral class 

expressing lws based on vitamin A1, although the rh1 pigment may not be expressed at 

a sufficiently biologically significant level to contribute to the spectral sensitivity 

measured by ERGs.  The results suggest that M. praecox has the potential for 

dichromatic colour vision, whereas M. mordax is likely to be monochromatic (as spectral 

sensitivity was unaffected by strong adaptation light) at the developmental stage 

assessed. 

 

The two closely related lampreys, M. praecox and M. mordax live in a dim light 

environment.  To adapt to this photic environment inevitable trade-offs occur between 

resolution and sensitivity, which were assessed using electroretinography (Chapter 3).  

The visual system of both species are adapted for life in a low light environment.  

Selective pressures favour low temporal resolution and high contrast sensitivity, to 

enhance the capture of photons and increase sensitivity.  Temperature significantly 

affected temporal resolution and contrast sensitivity.  The flicker fusion frequency (FFF) 

for M. praecox was 31.1 Hz and for M. mordax was 36.9 Hz (at 24°C).  Assessment of FFF 

demonstrates that there was no clear change in the slope of FFF across light intensity, 

which would be expected if there was a shift from rod to cone activity.  Therefore, all 

photoreceptors within the retina have the same rod-like physiology, characterised by 

slow response kinetics and saturation at bright light intensities. 

 

The southern hemisphere lamprey, G. australis, is unique amongst all lampreys 

assessed thus far, possessing five morphological photoreceptor types and five visual 



 
 

III 
 

pigments within the retina.  A multidisciplinary approach was used to identify the visual 

opsin gene(s) expressed in each morphological photoreceptor type (Chapter 4).  Each 

photoreceptor type was characterised at the ultrastructural level.  A comparison of the 

data obtained from RNA in situ hybridisation and transmission electron microscopy 

revealed that the expression of each opsin gene is likely confined to a single 

photoreceptor type, which suggests that five spectrally distinct photoreceptor types are 

present.  Therefore, G. australis has the potential for complex colour vision and may be 

tetrachromatic.  The topographic distribution of each spectral photoreceptor type was 

assessed to relate specialisations within the photoreceptor layer to the animal’s visual 

ecology.  Photoreceptors expressing lws and rh2 opsin genes had the highest density in 

the central to dorsal regions of the retina.  Photoreceptors expressing sws1 and sws2 

opsin genes were most abundant in the central to ventral region of the retina, whereas 

the photoreceptor cells expressing the rh1 opsin gene were evenly distributed 

throughout the retina.  

 

These findings demonstrate that the visual system of southern hemisphere lampreys 

have adapted to suit the differences in ecology between Mordacia and Geotria.  In the 

low light environment that M. praecox and M. mordax inhabit, strong selective 

pressures favour a more sensitive visual system that is tuned to the restricted spectrum 

of light available in their photic environment.  In contrast, selective pressures exist for 

G. australis to maintain broad spectral sensitivity to its bright light environment, through 

the possession of more spectrally distinct photoreceptors. 
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1.1 Evolutionary importance of lampreys 

Lampreys and hagfishes are the last surviving members of a group of jawless 

vertebrates known as the Agnatha, which originates from the Greek word ‘gnathous’ 

meaning jaw.  The agnathan lineage is thought to have diverged from the lineage leading 

to jawed vertebrates (gnathostomes) (Figure 1.1) approximately 500 million years ago 

(MYA) (Blair Hedges, 2001).  This was a critical time point for vertebrate vision, as 

image-forming eyes and more complex visual systems are thought to have emerged in 

vertebrates approximately 540 MYA (Collin et al., 2003b; Lamb et al., 2007).  Therefore, 

lampreys are important models for understanding the evolution of vision in the context 

of the light environment experienced by ancestral vertebrates. 

 

Figure 1.1.  The origin of vertebrates over a timescale of approximately 700 to 400 million years ago 

(MYA).  The timeline presented is based on evidence from the fossil record and molecular data (Erwin et 

al., 2011).  The red curve indicates direct ancestors, beginning with early metazoans.  The ancestors of 

lampreys diverged approximately 500 MYA during the Cambrian Period.  Two rounds of whole-genome 

duplication (2R) occurred prior to the divergence lampreys.  Photomicrographs illustrate eye evolution 

across taxa.  Adapted from (Lamb, 2013). 
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1.2 Geographical distribution of lampreys 

Extant lampreys have an anti-tropical distribution (Figure 1.2).  The main factor 

limiting their range is temperature, as they require mean water temperatures below 

30°C (Hubbs & Potter, 1971; Macey & Potter, 1978).  Lampreys have been classified into 

three subfamilies; the Petromyzontidae, which are located in the northern hemisphere, 

and the Geotriidae and Mordaciidae, which reside in the southern hemisphere.  There 

are 41 known species of lampreys, 37 northern hemisphere species and four southern 

hemisphere species (Hubbs & Potter, 1971; Potter & Gill, 2003; Holčík & Šorić, 2004; 

Naseka et al., 2009; Renaud & Economidis, 2010; Potter et al., 2015).  Of the southern 

species, only one belongs to the Geotriidae, Geotria australis, while the Mordaciidae 

contains three species Mordacia mordax, M. praecox and M. lapicida.   

 

Figure 1.2.  The distribution of extant lampreys as viewed from the north (a – c) and south (d) pole.  

The northern hemisphere lampreys are comprised of eight genera: (a) Lethenteron, Petromyzon, 

(b) Caspiomyzon, Entosphenus, Eudontomyzon, Ichthyomyzon, (c) Lampetra and Tetrapleurodon, while 

the southern hemisphere lampreys are comprised of two genera: (d) Geotria and Mordacia.  From (Potter 

et al., 2015), © Springer, with permission. 
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1.3 Lamprey lifecycle 

Lampreys have a protracted larval (ammocoete) stage, which can last between three 

and seven years, depending on the species (Hardisty & Potter, 1971a; Potter, 1980).   

Ammocoetes spend much of their time burrowed in fine sediment, filter feeding on 

freshwater detritus and algae, emerging only at night (Potter et al., 1980) (Figure 1.3).  

After a number of years (dependent on the species), the ammocoete undergoes a radical 

metamorphosis, developing anatomical and physiological modifications that are 

essential for adulthood, such as a tooth bearing suctorial disc, a tongue-like piston, 

enlarged dorsal fins and image-forming eyes (Hardisty & Potter, 1971b).  For the 

majority of species, metamorphosis takes one to three years to complete (Potter, 1980). 

 

Following metamorphosis a variety of life history strategies are employed by different 

species of lampreys.  One strategy is for lampreys to become parasitic and feed on 

teleost fishes (18 species).  These parasitic species either migrate to the marine 

environment (nine species) or remain in freshwater (nine species).  The young adults of 

anadromous (migrate from the marine environment to rivers to spawn) parasitic species 

migrate downstream towards the sea at night (downstream migrant), as they are 

photophobic.  Once they reach the sea they parasitise host fish (Figure 1.3) with the use 

of their tooth-bearing oral disc and tongue-like piston, feeding for periods between six 

and 28 months depending on the species (Hardisty & Potter, 1971b; Beamish, 1980).  

During the marine phase the photic conditions that the lamprey experiences is 

dependent on species, for example G. australis occupies brightly lit surface waters 

(Potter et al., 1979), in contrast, Petromyzon marinus resides in the low light 

environment of deeper waters up to 1000 m (Halliday, 1991).  On completion of the 

parasitic stage, the adult ceases feeding and returns to freshwater to spawn (upstream 

migrant) (Figure 1.3).  During the upstream migration, lampreys are again photophobic 

(Potter et al., 1983; Binder & McDonald, 2007); it is only when suitable refuge is not 

available that lampreys are seen to migrate during the day (Binder & McDonald, 2007).  

Freshwater parasitic species follow the same pattern as anadromous species, although 

their upstream migration is less extensive and the duration of parasitism is shorter 

(Hardisty & Potter, 1971b).  The other strategy is to be non-parasitic and restricted to 

freshwater (23 species), these species reach maturity within a year after metamorphosis 
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and the adults do not feed (Hardisty & Potter, 1971c).  Once the spawning season 

finishes, the adult lampreys die, as all species are semelparous (Johnson et al., 2015).   

 

Figure 1.3.  Lifecycle of the anadromous parasitic lamprey G. australis.  Lamprey development is not a 

continuous process, with the larval phase (ammocoete) lasting for a number of years.  During this time, 

ammocoetes burrow into the substrate of rivers and filter-feed on algae and detritus.  The ammocoete 

metamorphoses into an adult in preparation for the downstream migration.  Once at sea, G. australis 

parasitises fish, feeding on the fishes flesh.  On completion of the trophic phase, lampreys cease feeding 

and return to freshwater to spawn following an upstream migration.  Lampreys die soon after spawning.  

From (Salas et al., 2015).  

 

1.4 Aquatic light environment 

The spectrum of light visible to animal eyes ranges between 300 – 750 nm (Partridge, 

1990).  In the aquatic environment, the transmission of light is affected by absorption 

and scattering from water molecules, phytoplankton, suspended particles and dissolved 

organic matter  (Partridge, 1990; Cronin et al., 2014).  These factors limit the spectral 

range, light intensity, degree of polarisation and contrast of the environment (Warrant 

et al., 2003).   
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In clear surface waters, the intensity of light is bright and the spectral range is broad.  

In clear oceanic waters, maximum transmission of light occurs in the blue region of the 

spectrum (Figure 1.4a), with wavelengths of approximately 480 nm becoming 

increasingly dominant with depth (Warrant & Johnsen, 2013; Cronin et al., 2014).  The 

light intensity also reduces with increasing depth falling approximately 1.5 orders of 

magnitude for every 100 m (Warrant et al., 2003).  Therefore, no downwelling daylight 

remains at depths below 1000 m (Warrant, 2004).  In dim light environments, such as 

those experienced in deep water or during a moonless night, the light levels available 

for vision are severely diminished.  In coastal waters and freshwater, the presence of 

phytoplankton and dissolved organic matter strongly absorbs short-wavelength light, 

with the green/yellow region of the spectrum (Figure 1.4b) (530 – 570 nm), becoming 

most prevalent at depth (Levine & MacNichol, 1982; Bowmaker, 1995).   

 

Figure 1.4.  The transmission of light in different bodies of water.  The wavelengths of light becomes 

increasingly monochromatic with depth, towards the blue region of the spectrum.  (a) Typical absorption 

of light in clear oceanic water and (b) freshwater laden with algae and dissolved organic material.  In this 

freshwater regime, the ambient light is shifted towards the green/yellow region of the spectrum.  Adapted 

from (Levine & MacNichol, 1982), © Scientific American, with permission. 
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1.5 Structure of the eye 

The structure of the adult lamprey eye is broadly similar to that of most 

gnathostomes, i.e. a camera-type eye with a single lens, an iris and extra-ocular muscles 

(Kleerekoper, 1972).  Moreover, the organisation of the lamprey retina is analogous to 

that of other vertebrates possessing five neuronal cell types: photoreceptors, horizontal, 

bipolar, amacrine and ganglion cells (Rubinson & Cain, 1989; Lamb et al., 2008), with 

neurons organised into nuclear and plexiform layers (Figure 1.5).  However, some 

differences do exist which may reflect different stages in evolution of the retina.  For 

example, the optic nerve is unmyelinated in lampreys (Öhman, 1977), the retina is 

avascular (Duke-Elder, 1958) and the ganglion cells occur in two retinal layers, with the 

majority displaced to the inner nuclear layer and only a minority situated in the middle 

of the inner plexiform layer (Figure 1.5) (Fritzsch & Collin, 1990; Fletcher et al., 2014). 

 

Figure 1.5.  The retinal organisation of gnathostomes and lampreys are fundamentally similar, with 

some notable differences in the position of the optic fibre layer (OFL) and the presence of two ganglion 

cell layers (GCL) in lampreys.  The position of the retinal pigment epithelium (RPE), photoreceptors (P), 

outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL) and inner plexiform layer 

(IPL) are all illustrated.  From (Fletcher et al., 2014), ©Journal of Comparative Neurology, with permission. 

 

1.6 Visual photoreception  

Visual processing in lampreys is thought to be fundamentally similar to other 

vertebrates.  In gnathostomes, photoreception is accomplished by the photoreceptors, 

which absorb light and transduce it to an electrical signal (discussed below).  This signal 



 
 

8 
 

is transmitted from photoreceptors to bipolar cells to ganglion cells and then 

transmitted via the optic nerve (ganglion cell axons) to the brain for further processing 

(Fein & Szuts, 1982).  Vertebrate photoreceptors are classified morphologically and/or 

functionally as either rods or cones.  Rods are used for scotopic vision in dim light 

environments and have high absolute sensitivity but slow response kinetics (Hestrin & 

Korenbrot, 1990; Ebrey & Koutalos, 2001; Thoreson, 2007), and are morphologically 

characterised by the presence of long cylindrical outer segments containing incisures 

(longitudinal gaps in the outer segment discs and the cell membrane).  Cones are used 

for photopic vision in brightly lit environments, and have lower absolute sensitivity but 

faster response kinetics than rods (Hestrin & Korenbrot, 1990; Ebrey & Koutalos, 2001; 

Thoreson, 2007), and are morphologically identified by small tapered outer segments 

containing discs that are continuous with the plasma membrane (Cohen, 1969; Collin, 

2009).   

 

Vision commences when a visual pigment absorbs a photon of light.  Visual pigments 

are formed by a protein (opsin) and a light sensitive chromophore (Dartnall & Lythgoe, 

1965).  Once the photon is absorbed, the chromophore undergoes a conformational 

change that initiates a biochemical transduction amplification cascade that ultimately 

causes a change in the rate of neurotransmitter release from the photoreceptor.  Visual 

pigments occur in the photoreceptor outer segment and are embedded within the 

photoreceptor disc membranes.  The opsin proteins are formed by a polypeptide chain 

of approximately 350 amino acids, which are arranged in the disc membranes as seven 

transmembrane alpha helices (Bowmaker, 1995).  The retinal opsins of vertebrates have 

been classified into five evolutionarily distinct groups.  The opsins found in cones are 

generally classified into four types: a long-wavelength-sensitive (LWS) opsin lws, two 

short-wavelength-sensitive (SWS) opsins sws1 and sws2, and a medium-wavelength-

sensitive (MWS) opsin rh2.  The remaining opsin is found in rods and is classified as a 

MWS opsin rh1 (Yokoyama, 1997; Bowmaker & Hunt, 2006).  The typical range of peak 

spectral sensitivities for each opsin class (when conjugated with the A1 chromophore) 

are shown in Table 1.1. 
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Table 1.1.  The five classes of visual pigments within vertebrates and the peak absorption (λmax) values 

of each pigment.  The cone visual pigments are long-wavelength-sensitive (lws), medium-wavelength-

sensitive (rh2) and short-wavelength-sensitive (sws1 and sws2), whereas, the single rod opsin is 

medium-wavelength-sensitive (rh1).  The λmax values were obtained from (Yokoyama, 1997; Bowmaker & 

Hunt, 2006). 

 

Alterations to the sequence of amino acids in the opsin and the type of chromophore 

used, produce visual pigments with different spectral sensitivities (Nathans et al., 1986; 

Partridge, 1990).  In vertebrates, the chromophore is either retinal, the aldehyde of 

vitamin A1, or 3,4-didehydroretinal, the aldehyde of vitamin A2.  Visual pigments using 

these different chromophores are traditionally referred to as rhodopsins and 

porphyropsins, respectively (Bridges, 1972; Levine & MacNichol, 1979).  The visual 

pigments of freshwater vertebrates are principally porphyropsins, while those of marine 

and terrestrial vertebrates are usually rhodopsins, although there are many exceptions 

(Wald, 1939; Bowmaker, 1995).  Moreover, many diadromous species (spend part of 

their life in freshwater and part in saltwater) switch their visual pigments when they 

migrate between freshwater and the ocean (Bridges, 1972). 

  

1.7 Eye development in lampreys 

The formation of the lamprey eye is of special interest as its development is not 

continuous as in other vertebrates (Dickson & Collard, 1979).  Ammocoetes possess 

‘eyespots’, identifiable as dorso-lateral bulges on the head (Figure 1.6a) (Dickson & 

Collard, 1979).  These eyes are rudimentary and, because of their subcutaneous 

location, are incapable of forming a sharp image (Kleerekoper, 1972).  The majority of 

the retina is undifferentiated, although there is a central zone surrounding the optic 

nerve head that is clearly differentiated into a pigmented epithelium, photoreceptors, 

bipolar and ganglion cells (Figure 1.6b) (Dickson & Collard, 1979).  This central zone 

appears early in P. marinus embryogenesis when the larvae are 6 – 7.5 mm in length and 

continues to develop until the larvae reach 60 mm in length (Piavis, 1971; de Miguel & 

Anadón, 1986).  The long period of arrested eye growth may be associated with the 

  sws1 sws2 rh1 rh2 lws 

λmax (nm) 355 - 440 410 - 490 490 - 510 480 - 535 490 - 570  

Spectral sensitivity UV - Violet Violet - Blue Green Green Green - Red 
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ecology of these animals, where they burrow for long periods of time and only surface 

at night; hence, there is little need for acute vision (Meyer-Rochow et al., 1996).  The 

photoreceptors located in the differentiated area are thought to be cones due to their 

early appearance and simultaneous development, which is a characteristic of cone 

photoreceptors, compared with rod development which is typically delayed and 

prolonged (de Miguel & Anadón, 1986).  The undifferentiated peripheral retina only 

differentiates during metamorphosis.  At this stage the eyes do not respond to photic 

stimulation (Young, 1935; Kennedy & Rubinson, 1977).  However, all the components 

required for light perception such as the presence of visual pigments in the central zone 

(García-Fernández & Foster, 1994) and the existence of a retinopetal pathway (de 

Miguel et al., 1990) are present and have the potential to operate (Dickson & Collard, 

1979).  The function of this differentiated region in the larval eye is under debate; 

however, it may function in a similar fashion to the pineal in that it can detect light and 

control circadian rhythms (Dickson & Collard, 1979; Meléndez‐Ferro et al., 2002). 

 

    Figure 1.6.  The development of the visual system in ammocoetes is arrested (a), demonstrated by 

the presence of an eyespot (white arrow).  (b) In ammocoetes, the eye is rudimentary and subcutaneous, 

with only a small region of retina surrounding the optic nerve head differentiated.  On completion of 

metamorphosis, the eye enlarges and emerges at the surface of the dermis as seen in the downstream 

migrant, G. australis (c), with all retinal layers fully differentiated and functional (d).  Images (a and c) 

provided by Shaun Collin ©, whereas (b and d) are adapted from (Lamb, 2011), © Scientific American, 

with permission.  
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It is not until metamorphosis many years later that the eye starts to differentiate and 

develop fully, at which point it enlarges and emerges at the surface of the dermis 

(Figure 1.6c) (Dickson & Collard, 1979; Rubinson, 1990).  During metamorphosis, the 

retina develops in a radial fashion from the optic nerve towards the peripheral retina 

(Dickson & Collard, 1979; Rubinson & Cain, 1989).  Rubinson and Cain (1989) described 

the neural differentiation in the larval sea lamprey retina, showing that ganglion cells 

differentiate first, followed by amacrine, horizontal, photoreceptor and bipolar cells.  

Prior to the completion of metamorphosis, the optical and neural pathways are 

developed (Rubinson, 1990), with metamorphosed lampreys possessing a fully 

functional visual system (Figure 1.6d).  This process of metamorphosis prepares the 

animal for the subsequent habitat changes that occur during its protracted lifecycle 

(Evans & Fernald, 1990) that spans many years and exposes the adult lamprey to often 

radical changes in light environments.  Towards the end of the spawning run, their eyes 

degenerate and the dermal cornea clouds over, modifying the lampreys behaviour from 

purely photophobic to engaging in spawning activity at all hours of the day or night 

(Applegate, 1950). 

 

1.8 Lifecycle of the southern hemisphere lampreys 

The southern hemisphere lampreys are unusual compared to other lamprey species 

discussed thus far, as they are exposed to differences in their photic environment and 

there are changes in their behaviour on completion of metamorphosis.  G. australis is 

the only species known to date that occupies brightly lit surface waters during its marine 

phase (Potter et al., 1979); they are therefore exposed to a broad spectral range.  This 

differs from the marine phase of other lamprey species such as P. marinus which occupy 

deeper parts of the water column up to 1000 m (Halliday, 1991) and where the spectrum 

of light is restricted to the blue region.   

 

The two closely related species M. praecox and M. mordax are regarded as ‘paired 

species’ due to their morphological similarities (Potter, 1968; Potter et al., 1968).  The 

non-parasitic species M. praecox is thought to have evolved from the ancestral parasitic 

species M. mordax (Zanandrea, 1961; Potter, 1968).  These Mordacia species possess an 
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unusual trait, as they maintain the larval burrowing habit into adult life and are 

nocturnal (Potter et al., 1968), which is unlike any other species studied thus far.  Due 

to the nocturnal lifestyle of Mordacia sp., it is likely that their visual systems will be 

constrained by the low light conditions.  

 

As the photic environment occupied by different species of lampreys differs 

significantly in intensity and spectral composition, the selective pressures on the visual 

system of each species may also differ.  These pressures may have produced adaptations 

that improve various aspects of visual performance, including spatial and temporal 

resolution, contrast sensitivity, spectral sensitivity and motion detection. 

 

1.9 Characterisation of photoreceptors within lampreys 

The visual system of G. australis is unique amongst lampreys, possessing five 

photoreceptor types, compared to the two types in northern hemisphere species and a 

single type of photoreceptor in M. mordax (Figure 1.7) (Walls, 1935a; Collin & Potter, 

2000; Collin & Trezise, 2004).  The discrimination of photoreceptors into rods and cones 

is still under debate in some species of early vertebrates, including lampreys, due to the 

similarity in morphological features (Walls, 1942; Öhman, 1971; Collin et al., 1999; Collin 

& Potter, 2000).   

 

Current research classifies the five photoreceptors of G. australis as cone-like (Collin 

& Trezise, 2004), the long and short photoreceptor types of the holarctic lampreys 

P. marinus and Lampetra fluviatilis as cone-like and rod-like, respectively (Walls, 1935b; 

Holmberg et al., 1977; Dreyfert et al., 1979; Govardovskii & Lychakov, 1984; Ishikawa et 

al., 1987; Negishi et al., 1987; Ishikawa et al., 1989; Tonosaki et al., 1989; Hara et al., 

1990; Hárosi & Kleinschmidt, 1993; Morshedian & Fain, 2015) and finally the single large 

photoreceptor type of M. mordax as rod-like (Collin & Potter, 2000; Collin et al., 2004).  

Care should be taken when assessing rods in lampreys, as in some species, the rod-like 

photoreceptor possesses ultrastructural features that resemble cones (e.g. numerous 

infoldings of the plasma membrane throughout length of the outer segment) (Öhman, 

1971; Dickson & Graves, 1979; Collin & Potter, 2000).  In order to conclusively define 
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each photoreceptor, a multi-disciplinary approach should be applied using molecular, 

morphological, physiological, spectral and functional characteristics.   

 

Figure 1.7.  Schematic representation of the photoreceptor complement of lampreys assessed thus 

far.  (a) The five photoreceptor types found in downstream migrants of G. australis.  (b) The long and short 

photoreceptor types of the northern hemisphere (holarctic) lampreys.  (c) The single photoreceptor type 

of M. mordax.  Cone (C), rod (R), outer segment (OS), mitochondria (M), yellow pigment (YP), nucleus (N) 

and ellipsosome (ES).  Adapted from (Collin et al., 2009). 

 

1.10 Physiology of the photoreceptor cells 

The few studies that have been conducted on the physiology of the retina in lampreys 

have concentrated on the northern hemisphere species L. fluviatilis and P. marinus, with 

data lacking on the southern hemisphere lampreys.  Electrophysiological examination of 

the northern hemisphere lampreys demonstrates that the retina is duplex (i.e. possesses 

both rod-like and cone-like photoreceptors) due to: 1) The presence of a c-wave 

(characteristic of rod photoreceptors) and d-wave (typical off-response in cone 

dominated retinae) in response to white light flashes (Holmberg et al., 1977). 2) The 

flicker fusion frequency (FFF) exhibits a change in slope with increasing light intensity, 

suggesting the retinal response transitions from being rod-dominated to 

cone-dominated (Dreyfert et al., 1979). 3) In scotopic conditions, one spectral class of 
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photoreceptor is active, whereas in photic conditions two spectral classes contribute to 

the response, signifying that rods operate at both scotopic and photopic intensities, and 

cones function only at bright light intensities (Govardovskii & Lychakov, 1984). 4)  The 

short photoreceptors are significantly more sensitive to light and have slower response 

kinetics compared to the long photoreceptors, which is characteristic of rod and cones, 

respectively (Morshedian & Fain, 2015).  The short photoreceptor was also able to 

reliably detect single photons of light, providing additional support that the short 

photoreceptors are physiologically rods (Morshedian & Fain, 2015).  Electroretinography 

(ERG) also demonstrated that the speed at which temporally variable information can 

be processed (temporal resolution) in L. fluviatilis is 24 Hz (Dreyfert et al., 1979). 

 

1.11 Visual opsins expressed in the lamprey eye 

Genetic studies have revealed that G. australis expresses five opsins: lws, sws1, sws2, 

rha and rhb (Collin et al., 2003b; Davies et al., 2007).  These agnathan opsins have 

previously been shown to be orthologues to those found in gnathostomes (Pisani et al., 

2006), therefore, rha and rhb opsins will be referred to as rh1 and rh2 throughout.  In 

the northern hemisphere species, two functional visual opsins are expressed, lws and 

rh1 (Hisatomi et al., 1991; Zhang & Yokoyama, 1997; Muradov et al., 2008; Davies et al., 

2009), pseudogenes (non-functional genes) for sws1 and sws2 opsins occur in the 

genome of P. marinus (Davies et al., 2009; Smith et al., 2013).  At present the opsin 

expression of Mordacia sp. is unknown.   

 

During the transition from marine to freshwater, the expression of visual pigments 

can change by regulating the retinal opsin genes to correlate to the surrounding light 

environment (Carlisle & Denton, 1959; Beatty, 1975).  This transition affects G. australis, 

which in turn, adapts by switching from broad sensitivity (from short (sws1) to long (lws) 

wavelengths over a wide spectral range or UV to red) in downstream migrants, to 

restricted sensitivity towards middle-wavelengths with rh1 and rh2 predominately 

expressed in upstream migrants (Davies et al., 2007).     
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1.12 Spectral sensitivity of lampreys 

The spectral sensitivity of a number of parasitic species at different stages of the 

lifecycle has been examined using microspectrophotometry (MSP).  A study conducted 

by Collin et al. (2003a) on three of the photoreceptor types in G. australis revealed that 

the LWS pigment had a wavelength of maximum absorbance (λmax) at 610/616 nm and 

that the two MWS pigments had a λmax of 515/515 nm and 506/500 nm for 

downstream/upstream migrants respectively, and all photopigment absorbance spectra 

were typical of porphyropsins (i.e. A2 chromophore-based) (Figure 1.8a).  More recently, 

Davies et al. (2007) characterised the spectral sensitivities for sws1, sws2, rh1 and rh2 

pigment in G. australis after regenerating each opsin in vitro.  The sws1 and sws2 

pigments had a λmax of 358 nm and 439 nm respectively, based on vitamin A1, although 

predicted values for the native porphyropsin pigments (as determined by applying the 

Whitmore and Bowmaker (1989) formula), would be only marginally shifted to 371 nm 

(sws1) and 452 nm (sws2) (Figure 1.8a).  These SWS pigments have yet to be identified 

in vivo.  The effective spectral sensitivity of G. australis is affected by the presence of a 

yellow/orange pigment within the myoid region of at least three photoreceptor types 

(Figure 1.7) during the downstream phase and two types in the upstream phase (Collin 

et al., 2003a).  These coloured pigments (which absorb strongly at wavelengths below 

550 nm) may filter out short-wavelength light and act as a spectral tuning mechanism in 

different photoreceptors to improve colour discrimination (Collin et al., 2003a; Collin & 

Trezise, 2006).   

 

Microspectrophotometry on the northern hemisphere species have revealed λmax 

values of 525 nm and 600 nm (A2) for the short and long photoreceptors of upstream 

P. marinus, respectively (Figure 1.8b) (Hárosi & Kleinschmidt, 1993), and 517 nm and 

555 nm (A1) for the short and long photoreceptors of upstream L. fluviatilis (Figure 1.8c), 

respectively (Govardovskii & Lychakov, 1984).  It appears that the short photoreceptor 

of holarctic species possesses a MWS visual pigment (Hisatomi et al., 1991), expressing 

the rh1 opsin, while the long photoreceptor contains a LWS visual pigment (Govardovskii 

& Lychakov, 1984; Hárosi & Kleinschmidt, 1993), expressing the lws opsin.  The single 

photoreceptor of downstream M. mordax has a λmax of 514 nm demonstrating that it 

contains a MWS visual pigment (Figure 1.8d) (Collin et al., 2004). 
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Figure 1.8.  The spectral sensitivities of the visual pigments within four species of lamprey.  

(a) Downstream migrant of the pouched lamprey, G. australis possesses five visual pigments 

(porphyropsins, based on vitamin A2).  (b)  The upstream migrant of the sea lamprey, P. marinus possesses 

two visual pigments (A2).  (c)  The upstream migrant of the river lamprey, L. fluviatilis possess two visual 

pigments (rhodopsins, based on vitamin A1).  (d)  The downstream migrant of the short-headed lamprey, 

M. mordax possess one visual pigment (A1).  The data was primarily obtained with the use of 

microspectrophotometry (MSP), along with recombined pigments regenerated in vitro with 11-cis-retinal.  

The λmax values were obtained from (Govardovskii and Lychakov, 1984; Hárosi and Kleinschmidt, 1993; 

Collin et al., 2003; Collin et al., 2004; Davies et al., 2007). 

 

1.13 Potential for colour vision 

The minimum requirement for colour vision is to possess at least two spectrally 

distinct classes of photoreceptors (e.g. express a different class of opsin, a different 

chromophore type, a difference in chromophore ratio or have spectral tuning 

mechanisms, such as oil droplets), along with a neural network to compare the signals 

obtained from each spectral type of photoreceptor (Levine & MacNichol, 1982; 

Bowmaker, 2008).  As G. australis possesses five visual pigments, five morphological 
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photoreceptor types and four layers of horizontal cells, this suggests that G. australis 

has the functional basis for complex colour vision and is potentially pentachromatic 

(Collin et al., 1999; Collin & Trezise, 2004; Davies et al., 2007; Davies et al., 2009; Nivison-

Smith et al., 2013).  The complexity of the retina is reduced in the northern hemisphere 

lampreys possessing two visual pigments, two morphological photoreceptor types and 

two layers of horizontal cells, which suggests that these species could be dichromatic 

(Tretjakoff, 1916; Walls, 1935a; Öhman, 1976; Tonosaki et al., 1989; Fritzsch & Collin, 

1990; Hisatomi et al., 1991; Zhang & Yokoyama, 1997; Muradov et al., 2008; Davies et 

al., 2009).  In contrast, M. mordax possesses a single photoreceptor type, one visual 

pigment and two layers of horizontal cells, which suggests that this species will be 

unable to distinguish between colours and is likely to be a monochromat (Collin & 

Potter, 2000; Collin et al., 2004).   

 

1.14 Adaptations of southern hemisphere lampreys to their photic environment  

1.14.1 G. australis 

The complement of five photoreceptor types, five visual pigments and a wide spectral 

range (UV to red) suggests that G. australis is adapted for life in a bright light 

environment, such as that experienced during the marine phase of the lifecycle.  At 

different stages of its lifecycle, the visual system adapts to suit the ambient light, with 

the short, densely-packed photoreceptors of downstream migrants tuned to sample a 

photopic environment, whereas the large photoreceptors of upstream migrants are 

specialised to sample a scotopic environment (Collin et al., 2003a; Davies et al., 2007). 

 

1.14.2 M. mordax 

The visual system of M. mordax appears to be adapted to a low light environment 

with apparent adaptations to increase photon capture and, therefore, increase absolute 

sensitivity.  These specialisations include: 1) Large photoreceptors (inner segments up 

to 7 μm in diameter) to increase the acceptance angle for incoming light.  2) A longer 

outer segment than any other species of lamprey assessed to date, increases the 

probability of photon capture.  3) The presence of a large clear ellipsosome within the 
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inner segment, thought to aid in focusing light into the outer segment.  4) The presence 

of a retinal tapetum within the retinal pigment epithelium, which reflects light back onto 

the photoreceptors providing a second chance to capture photons (Collin & Potter, 

2000; Collin et al., 2004).  The spectral sensitivity of M. mordax is restricted, possessing 

only one visual pigment.  At the life stage assessed (downstream migrant), the λmax 

(514 nm) appears to be tuned in preparation for the ambient light environment of 

deeper water, occupied by this species during its marine phase.   

 

1.14.3 M. praecox  

Very little information is available on the visual system of M. praecox.  The only study 

conducted on this species focused on the lens, which was demonstrated to be multifocal 

(Gustafsson et al., 2008).  A multifocal lens would allow different wavelengths of light to 

be focused on the same plane in the retina (Kröger et al., 1999; Karpestam et al., 2007).  

As the lens of M. praecox contains three well-defined zones, Gustafsson et al. (2008) 

suggested that this species may possess some form of colour vision.  This highlights the 

need to examine the visual system of M. praecox, a close relative of M. mordax, which 

is thought to be a monochromat.  These two species exhibit differences in their feeding 

strategy and post-metamorphic habitat and, therefore, may possess different 

specialisations within the retina to tune the visual system to their particular ecological 

niche.  

 

1.15 Thesis aims 

In this thesis, I have characterised the eyes of the southern hemisphere lampreys 

M. praecox, M. mordax and G. australis and related specialisations in ocular and retinal 

structure and function to their behaviours and the photic environments they inhabit 

post-metamorphosis.  In order to determine the visual capabilities of these lampreys a 

multidisciplinary approach was utilised, assessing the functional, molecular and 

morphological features of the photoreceptors within the retina. 

 

In the work described in Chapter 2, I assessed the visual spectral sensitivity of 

M. praecox (after reaching maturity) and M. mordax (in the downstream migrant phase) 
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with the use of ERGs.  The concurrent generation of an eye transcriptome by 

Next-Generation Sequencing revealed the visual opsins expressed within the retina.  The 

data obtained from these two techniques allowed me to determine the potential 

number of spectral classes of photoreceptor present and their opsin expression.  This 

study provides insight into how each species is tuned to its photic environment and the 

behavioural tasks they perform at the particular developmental stage assessed, as well 

as their potential for colour vision. 

 

In Chapter 3, I determined the extent of physiological adaptation within the 

photoreceptors of M. praecox and M. mordax to their dim light environment.  ERGs were 

utilised to investigate how selective pressures adapt the photoreceptors sensitivity to 

low light conditions, by modifying temporal resolution and contrast sensitivity.  The 

effect of temperature on temporal resolution and contrast sensitivity was also examined 

in these ectothermic species, to determine how temperature changes in the ambient 

environment would alter the functionality of the visual system.  This study also provided 

physiological evidence to aid in characterising the photoreceptor(s) within Mordacia sp.   

 

In Chapter 4, I used a multidisciplinary approach to identify the visual opsin gene(s) 

expressed in each morphological photoreceptor type within the retina of G. australis (in 

the upstream migrant phase).  A detailed ultrastructural examination of each of the five 

photoreceptors is provided in this study with the use of transmission electron 

microscopy.  The technique of RNA in situ hybridisation (using RNA probes specific for 

each visual opsin gene) was utilised to determine the opsin expression of each 

photoreceptor type, with further support provided from immunohistochemistry using 

antibodies generated for cone and rod opsins.  RNA in situ hybridisation provided the 

means to assess the topographic distribution of each opsin gene in retinal sections.  

Comparing the data obtained from the techniques used in this study provided further 

insight into the potential for complex colour vision in G. australis. 

 

The major findings of the study reported in this thesis are put into context in the 

general discussion (Chapter 5).  The direction for future research is also discussed. 
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2.1 Abstract 

The visual spectral sensitivities of two closely related nocturnal lampreys, Mordacia 

praecox and Mordacia mordax were investigated using electroretinography.  Responses 

to monochromatic light (400 – 650 nm) were recorded from isolated eyecup 

preparations, revealing a peak sensitivity around 560 nm for M. praecox and 540 nm for 

M. mordax.   Applying strong monochromatic adaptation lights produced clear shifts in 

spectral sensitivity for M. praecox, indicating the presence of two spectrally distinct 

classes of photoreceptor.  This suggests that M. praecox has the potential for 

dichromatic colour vision.  The dominant class, with a peak sensitivity of 549 nm was a 

porphyropsin, while the minor class was harder to define as its contribution was low and 

was strongly masked by the effects of the retinal tapetum.  Two explanations are 

therefore presented, the minor class may possess a peak spectral sensitivity at 515 nm 

(porphyropsin pigment), or at 524 nm (rhodopsin pigment).  No such spectral shift 

occurred in downstream migrants of M. mordax, suggesting that this species is 

monochromatic at this developmental stage.  The single spectral class of photoreceptor 

in M. mordax had a rhodopsin peak spectral sensitivity at 513 nm.  Both species display 

a yellow-green fundal eyeshine with peak reflectance at 550 nm, elicited from a retinal 

tapetum.  This affects the spectral sensitivity by reflecting long-wavelength light 

(>550 nm), enhancing long-wavelength sensitivity.  Next-Generation Sequencing 

revealed that both species express two visual opsin genes, lws (high tag count) and rh1 

(very low tag count).  The dominant spectral photoreceptor class in both species is the 

lws pigment, which has a considerable short-wavelength shift in peak sensitivity 

compared to a typical vertebrate lws pigment, probably due to amino acid substitutions 

at sites S180A and A308S.  As tag counts are thought to reflect the expression level of a 

gene, rh1 may have too low an expression to contribute towards the spectral sensitivity 

measured by electroretinography.  This suggests the minor spectral class of M. praecox 

may express lws, but based on vitamin A1, indicating a paired pigment system within the 

retina.  The spectral sensitivities demonstrated in this study suggest that the visual 

system of each species is tuned to their photic environment post-metamorphosis.  
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2.2 Introduction 

Many aspects of vision in lampreys have been studied for over a century because of 

their evolutionary importance.  Lampreys, along with hagfishes, are the only extant 

members of a group of jawless vertebrates that diverged from the lineage leading to 

gnathostomes, approximately 500 million years ago (MYA), which is around the time 

when image-forming eyes and visual systems are thought to have emerged in 

vertebrates (Potter et al., 1995; Lamb et al., 2007).   

 

Of the 41 known species of lamprey, 37 (approximately 90%) belong to the family 

Petromyzontidae which occurs only in the northern hemisphere (Gill et al., 2003; Potter 

& Gill, 2003; Potter et al., 2015).  The retinas of only eight species of Petromyzontidae 

have been studied thus far (Petromyzon marinus, Lampetra fluviatilis, Lampetra planeri, 

Lethenteron camtschaticum, Ichthyomyzon castaneus, Ichthyomyzon fossor, 

Ichthyomyzon unicuspis and Entosphenus tridentatus); it is thought that they possess 

two morphological types of photoreceptors, one ‘long’ and one ‘short’ (Tretjakoff, 1916; 

Walls, 1935; Walls, 1942; Öhman, 1971, 1976; Holmberg et al., 1977; Dickson & Graves, 

1979; Dreyfert et al., 1979; Govardovskii & Lychakov, 1984; Ishikawa et al., 1987; Negishi 

et al., 1987; Ishikawa et al., 1989; Hara et al., 1990; Hárosi & Kleinschmidt, 1993; Yoshida 

& Tonosaki, 1994), each of which contains one of two spectrally distinct visual pigments 

(Wald, 1957; Govardovskii & Lychakov, 1984; Hárosi & Kleinschmidt, 1993).  Therefore, 

these northern hemisphere species have the potential for dichromatic colour vision 

(Govardovskii & Lychakov, 1984). 

 

The remaining four lamprey species belong to two families and occur in the southern 

hemisphere only.  The family Geotriidae is represented by a single species, Geotria 

australis, which possesses five photoreceptor types (Collin et al., 1999; Collin et al., 

2004) and five types of opsin gene (four cone opsin classes and one rod opsin class) 

(Collin et al., 2003b; Davies et al., 2007).  Therefore, G. australis has the potential for 

complex colour vision and may be tetrachromatic (Collin & Trezise, 2004).   The family 

Mordaciidae is comprised of three species, one of which, Mordacia mordax, was 

suggested to possess only one morphological photoreceptor type (Collin & Potter, 2000) 

with a single visual pigment (Collin et al., 2004) and is therefore, a monochromat, unable 



 
 

32 
 

to distinguish between different colours (Collin et al., 2004).  The diversity observed 

within the retina of the three families is thought to correlate with the specialised 

lifestyles and photic environments that the southern hemisphere lampreys occupy 

post-metamorphosis. 

 

Measuring the spectral sensitivity of an animal can provide information about the 

type of environment the animal inhabits, as visual pigments are likely to have evolved 

based on the visual tasks that an animal performs (Levine & MacNichol, 1979; Partridge, 

1995).  Visual pigments are composed of a protein (opsin) and a light-sensitive 

chromophore (Dartnall & Lythgoe, 1965).  Within vertebrates five evolutionarily distinct 

groups of visual opsins have been defined.  Those found in cones are:  long-wavelength-

sensitive (lws), short-wavelength-sensitive (sws1 and sws2) and medium-wavelength-

sensitive (rh2).  The remaining group occurs in rods (rh1) and is medium-wavelength-

sensitive (Yokoyama, 1997; Bowmaker & Hunt, 2006).   

 

The spectral sensitivities of visual pigments differ due to alterations in the amino acid 

sequence of the opsin and the type of chromophore used (Whitmore & Bowmaker, 

1989; Yokoyama, 1997), and can be predicted from sequence data by analysing the 

amino acid composition at specific tuning sites (Yokoyama, 2000).  The chromophore in 

fish, amphibians and reptiles is either the aldehyde of vitamin A1 or A2, known as 

rhodopsin and porphyropsin pigments, respectively (Bridges, 1972; Levine & MacNichol, 

1979; Bowmaker, 1995).  For the same opsin, changing the chromophore from A1 to A2 

has the effect of widening the spectral absorbance curve and shifting the peak sensitivity 

to longer wavelengths (Dartnall & Lythgoe, 1965; Bridges, 1972; Partridge, 1995).  The 

chromophore type used in a particular photoreceptor can change developmentally, 

seasonally and in response to different photic environments (Bridges, 1972).     

 

Lampreys have a protracted larval stage known as an ammocoete.  The ammocoetes 

are nocturnal and remain burrowed in the substrate of freshwater rivers during the day, 

for between three to seven years depending on the species (Hardisty & Potter, 1971a; 

Potter, 1980).  At this stage, the eyes are rudimentary, as there is no need for fully 

functional eyes.  The lampreys then undergo a radical metamorphosis developing the 
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features necessary for adult life, for example an oral disc lined with teeth, a tongue-like 

piston and an enlargement of the dorsal fins (Hardisty & Potter, 1971b).  The eye 

develops a lens and the retina differentiates (Duke-Elder, 1958) presumably in 

preparation for visual tasks such as locating host fishes (Farmer & Beamish, 1973; 

Farmer, 1980) and avoiding predation, all of which require the ability to form a focussed 

image.  The anadromous species migrates downstream towards the open ocean to 

parasitise fish.  On completion of the parasitic phase, they migrate upstream to spawn 

in freshwater.  Landlocked parasitic species remain in freshwater lakes and large rivers, 

where they parasitise fish, whereas non-parasitic species spawn soon after the 

completion of metamorphosis (Hardisty & Potter, 1971b).   

 

M. mordax is considered unusual amongst lampreys assessed thus far, as they 

maintain the burrowing habit of the ammocoete into their adult life and are nocturnal 

(Potter et al., 1968).  A number of adaptations have occurred within the retina to 

increase the capture of light in this dim light environment that this species inhabits, such 

as; 1) The possession of a retinal tapetum (reflecting spheres within the retinal pigment 

epithelium), which increases sensitivity by reflecting light not absorbed by the 

photoreceptors on its first pass, back onto the photoreceptor outer segments (Somiya, 

1980; Collin & Potter, 2000; Schwab et al., 2002; Ollivier et al., 2004).  2) The single 

photoreceptor is large with an outer segment twice as long as any other lamprey species 

studied so far (Collin & Potter, 2000; Collin et al., 2004), therefore, there is more visual 

pigment available for light absorption.  3) Within the inner segment of this large 

photoreceptor is an ellipsosome 25% wider than that of the outer segment, a structural 

inclusion that is thought to focus (refract) incoming light onto the outer segment (Collin 

& Potter, 2000). 

 

Currently the spectral sensitivity of six parasitic species of lamprey has been 

examined (Table 2.1).  Microspectrophotometry (MSP) and spectrophotometric 

evidence suggests a medium-wavelength-sensitive (MWS) pigment in the short 

photoreceptor and a long-wavelength-sensitive (LWS) pigment in the long 

photoreceptor of northern hemisphere lampreys (Wald, 1942; Crescitelli, 1956; Wald, 

1957; Rubinson, 1977; Govardovskii & Lychakov, 1984; Hárosi & Kleinschmidt, 1993; 
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Hisatomi et al., 1997; Davies et al., 2009b).  All five vertebrate classes of visual pigment 

were demonstrated in G. australis, one LWS, two MWS and two short-wavelength-

sensitive (SWS) (Collin et al., 2003a; Davies et al., 2007).  The peak sensitivity (λmax) of 

the single photoreceptor of M. mordax suggests the pigment is MWS (Collin et al., 2004; 

Collin & Trezise, 2006).  Comparison of the MWS and LWS pigments indicates that there 

are variations in the λmax between species (Table 2.1), likely due to the chromophore 

type and amino acids present at key tuning sites within the pigment.  The differences in 

spectral sensitivity between the lamprey species are likely to correlate to the ecological 

conditions they encounter post-metamorphosis. 

 

To date all of the work conducted on spectral sensitivity has focused on parasitic 

lampreys, with information lacking on the non-parasitic species.  As the southern 

hemisphere lampreys have unique differences in their lifestyle, studying these species 

provides an opportunity to assess the plasticity or adaptability of these animals to 

changes in environmental conditions.  Two southern hemisphere representatives in 

which plasticity can be assessed are the closely related species, the precocious lamprey, 

Mordacia praecox and the short-headed, Mordacia mordax.  These two species are 

regarded as ‘paired species’ (Potter, 1968; Potter et al., 1968), with the non-parasitic 

M. praecox thought to have diverged from the parasitic M. mordax, which represents 

the ancestral condition (Zanandrea, 1961).  Both species can be found in the same areas 

of the Moruya and Tuross Rivers in New South Wales (Potter, 1968).  The main 

difference between the species is their post-metamorphic feeding strategy and habitat.   

 

Table 2.1.  Spectral sensitivity (λmax) of northern (above the grey line) and southern (below the grey 

line) hemisphere lampreys studied using microspectrophotometry (MSP) and spectrophotometry on 

either extracted pigment or reconstituted pigment (#).  Classification of pigment: lws, sws1, sws2, rh2 and 

rh1. The majority of species tested are parasitic (P) and have a migratory (M) component to their lifecycle, 

while one study examined a landlocked population of P. marinus, which is confined to freshwater (F).  The 

stage of development refers to transformation (T), downstream (DS) or upstream (US).  The visual 

pigment is either rhodopsin (vitamin A1) or porphyropsin (vitamin A2).  (†) Reconstituted rhodopsin 

pigments, which is not the native visual pigment in these species.  Therefore the Whitmore and Bowmaker 

(1989) formula was used to (‡) predict the λmax values of the porphyropsin pigments.  Short and long refer 

to the type of photoreceptor that contains the visual pigment.  (*) Lethenteron camtschaticum was 

formerly known as Lampetra japonica.  Adapted from Collin and Trezise (2006). 
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Table 2.1. 

Species Lifestyle Spectral sensitivity of pigment(s)       Method  Reference 

Petromyzon 
marinus 

P M  T: 510 nm             
(stage VI) 

   Spectrophotometry Rubinson et al., 1977 

  M  DS: 500 nm (A1)                               
US: 518 nm (A2) 

   Spectrophotometry                            Wald, 1957 

  M Long                     
US: 600 nm (A2) 

Short                          
US: 525 nm (A2) 

   MSP Hárosi & Kleinschmidt, 
1993 

  M US: 692 nm (A2)     Spectrophotometry                         Wald, 1942 

  F  DS: 497 nm (A1)    Spectrophotometry                             Crescitelli, 1956 

  M lws rh1    Spectrophotometry # Davies et al., 2009b 
536 nm (A1) † 
583 nm (A2) ‡ 

501 nm (A1) † 
531 nm (A2) ‡ 

 

Lampetra 
fluviatilis 

P M Long                  
US: 555 nm (A1) 

Short                      
US: 517 nm (A1) 

   MSP Govardovskii & 
Lychakov, 1984 

Lethenteron 
camtschaticum * 

P M  Short                       
US: 503 nm (A1)              

   Spectrophotometry                                Hisatomi et al., 1997 

    rh1                   
500 nm (A1) † 
530 nm (A2) ‡ 

   Spectrophotometry # Hisatomi et al., 1997 

 
 

Entosphenous 
tridentatus 

P M   US: 502 nm (A1)       Spectrophotometry                         Crescitelli, 1956 

Geotria australis P M Cone Cone Rod     MSP Collin et al., 2003a 

DS: 610 nm (A2)                
US: 616 nm (A2)  

DS: 515 nm (A2)             
US: 515 nm (A2)  

DS: 506 nm (A2)                
US: 500 nm (A2) 

   lws                    
560 nm (A1) †                 
622 nm (A2) ‡ 

rh1                   
497 nm (A1) †                
526 nm (A2) ‡   

rh2                      
492 nm (A1) †            
519 nm (A2) ‡       

sws1                         
359 nm (A1) †                   
372 nm (A2) ‡ 

sws2                      
439 nm (A1) †                
452 nm (A2) ‡ 

Spectrophotometry #                        Davies et al., 2007 

 

Mordacia mordax P M   DS: 514 nm (A1)       MSP Collin et al., 2004 
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M. mordax migrates to the sea to feed parasitically, while M. praecox remains in the 

river, ceases feeding and has a compressed lifecycle, spawning shortly after the 

completion of metamorphosis (Potter, 1968; Potter et al., 1968).  This suggests that 

M. mordax should possess modifications within the retina to accommodate a different 

photic environment in the marine phase, which would not be expected to be present in 

M. praecox. 

 

At present there is very little information about the visual capabilities of M. praecox.  

The only study performed on M. praecox found that they possess a multifocal lens 

(Gustafsson et al., 2008).  The possession of a multifocal lens helps to compensate for 

longitudinal chromatic aberration (LBA) (Kröger et al., 1999), as the lens contains several 

distinct zones (which have different focal lengths) to focus different wavelengths of light 

onto the same plane in the retina (Kröger et al., 1999; Karpestam et al., 2007).  This 

produces a well-focused image composed of different wavelengths on a background of 

defocused light (Kröger et al., 1999).  As M. praecox contains three well-defined zones 

within the lens, Gustafsson et al. (2008) suggested that this species may possess some 

form of colour vision.  Further study of the spectral sensitivity of these paired species is 

needed to confirm or refute the presence of colour vision. 

 

The aim of the current study is to assess the spectral sensitivity of both M. praecox 

(after reaching maturity) and M. mordax (downstream migrant) using 

electroretinography (ERG) flicker photometry and transcriptome analysis, to determine 

which visual pigments are present, the number that occur at a particular stage of 

development and their potential for colour vision.  The spectral sensitivity estimates 

obtained from ERG flicker photometry are compared against the λmax predicted from 

opsin sequences, calculated by assessing the amino acid residues at critical sites known 

to affect spectral tuning (Yokoyama, 2000).  ERG flicker photometry was also used to 

attempt to characterise the photoreceptor type physiologically as rod or cone.  Two 

different approaches were used; first by varying the frequency (flickering speed) of the 

light stimulus to determine if there was any temporal changes in the response of the 

retina and secondly, increasing the intensity of light (from low light levels to high light 

levels) to assess if there is any difference in response to stimulus intensity.  
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2.3 Materials and methods 

2.3.1 Source of Animals 

The precocious lamprey, Mordacia praecox and short-headed lamprey, Mordacia 

mordax, were caught by electro-shock fishing in the Wonboyn and Wallagaraugh Rivers 

in New South Wales, Australia (NSW collection permit: P10/0043-1.0) and transported 

to The University of Western Australia for experimentation (Department of Fisheries 

translocation permit: 871/11).  Six mature M. praecox (length: 123.3 ± 3.3 mm) and 

three downstream migrant M. mordax (length: 117.5 ± 2.5 mm) were used for 

electroretinogram experiments.  The animals were maintained in a controlled 

temperature room located within the School of Animal Biology, under a 12 h light/dark 

cycle and between 10 - 14°C to postpone the induction of the spawning phase in the 

mature animals.  The aquaria mimicked their natural habitat as closely as possible.  

Animal care and experimental procedures were approved by The University of Western 

Australia Animal Ethics Committee (approval number RA/3/100/917 and 

RA/3/100/1220). 

 

2.3.2 Eyecup preparation 

Animals were euthanised with 500 mg/L tricaine methanesulphonate (MS-222) with 

equal concentrations of sodium hydrogen carbonate.  The eyes were excised and the 

cornea, lens and vitreous removed under room lights using a dissecting microscope 

(Nikon SMZ745T).  Eyecups (M. praecox: 1.79 ± 0.02 mm; M. mordax: 2.21 ± 0.03 mm) 

were placed on moist filter paper within a petri dish containing Ringer solution (in mM: 

115 NaCl, 2.1 KCl, 2.6 CaCl₂, 2 MgCl₂, 6 NaHCO₃ and 3 glucose) (Buchanan & Cohen, 1982) 

which had been bubbled with carbogen (95% O₂ and 5% CO₂) for at least fifteen minutes 

(pH 7.4).  Some eyes were stored at 4°C in carbogenated Ringer solution for up to 24 h 

prior to experimentation. 

 

2.3.3 Experimental setup 

Electroretinograms (ERGs) were recorded from isolated eyecups at room 

temperature (22 – 23°C) using platinum electrodes inside a light proof faraday cage.  The 
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tip of the recording electrode (diameter = 0.125 mm) was shaped into a loop and 

positioned on the retina using a micromanipulator, while the reference electrode 

(diameter = 0.25 mm) with a ring at the terminal end was placed under the moist filter 

paper in the Ringer solution.  The electrodes were connected to a differential a.c. 

amplifier (DAM-50, World Precision Instruments), where the responses were amplified 

either 10,000 times (M. praecox) or 1,000 times (M. mordax) and bandpass filtered 

between 0.1 and 1 kHz.  The signal was visualised on a digital storage oscilloscope 

(Tektronix 2211) and digitized with a 5 kHz sampling frequency using a multifunction 

data acquisition (DAQ) board (USB-6353 X series, National Instruments).  Custom written 

software in MATLAB (R2012a) was used for data acquisition and analysis of the signals 

(originally developed by Associate Professor Jan Hemmi). 

 

2.3.4 Optical apparatus 

ERG flicker photometry was used to measure the eyes’ spectral sensitivity for up to 

24 h.  Using an optical bench and a chopper wheel, a light stimulus was constructed by 

combining lights from two sources into a single UV transparent optical fibre (Ocean 

Optics 1 mm diameter UV-Vis).  The final stimulus flickered at a rate of between 4 Hz 

and 18 Hz with a 50:50 contribution of dark and light.  The light flashes alternated 

between a white reference and a monochromatic test light (Jacobs et al., 1996).  A 

monochromator (Till Photonics, Polychrome V) was used to produce the test light 

(maximum intensity 7.28 x 10-4 W/cm2 or 1.73x 10¹⁵ photons/s/cm² at 470 nm), while 

the reference light was produced by a 35 W xenon light source (HPX 2000, Ocean Optics, 

spectral range: 185 – 2000 nm, spectral output ratio between 620 nm (red) and 450 nm 

(blue) is 1.32, 2.76 x 10-5 W/cm2) projected through a set of neutral density filters ranging 

from 1 to 1.6 optical density (OD) (UV metallic, Thorlabs) to control the intensity of the 

reference light.  The intensity of monochromatic test light was adjusted with an 

automated neutral density filter wedge (0 – 4 OD, Thorlabs) driven by a microstepper 

motor.  Both the chopper wheel and the stepper motor were controlled by the recording 

software.  The end of the optical fibre was positioned 5 cm away from the eyecup so 

that the output cast a circular patch of light covering the entire preparation.   
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2.3.5 Sensitivity measurement 

Eyecups were dark adapted for a minimum of 20 min before the first recording.  

Relative sensitivity was calculated as the inverse of the amount of photons required at 

a particular wavelength (every 10 nm), to equate the eye’s response to monochromatic 

light to that of the white light.  The spectral range tested initially was between 350 nm 

and 690 nm, which was reduced once it was clear that the eye did not respond to UV 

light.  The eyecup was sequentially stimulated at 20 nm intervals, from long to short-

wavelengths (690 – 450 nm for M. praecox, 650 – 410 nm for M. mordax) and then back 

from short to long-wavelengths (460 – 680 nm for M. praecox, 400 – 640 nm for 

M. mordax).  This approach provided a means to check if adaptation occurred.  

Recordings in which adaptation occurred were omitted from the analysis.   

 

2.3.6 Adaptation lights 

Adaptation lights were used in order to determine the number of spectrally distinct 

photoreceptor types within the eye.  The adaptation lights were chosen to selectively 

adapt a spectral class of photoreceptor in order to enhance the contribution of the less 

dominant spectral class (if present).  The adaptation lights used for M. praecox were 

470 nm or 650 nm, and for M. mordax were 460 nm or 610 nm (15 nm bandwidth).  If 

more than one spectral class of photoreceptor exists within the retina, the adaptation 

lights should produce a shift in the measured spectral sensitivity.  No such shift is 

expected if only one spectral class occurs.   

 

The adaptation light was produced by a second monochromator (Till Photonics, 

Polychrome V) attached to a UV transparent optical fibre (Till Photonics 1.1 mm 

diameter) with a collimating lens on the terminal end.  The adaptation light covered the 

whole of the eyecup and was presented as a steady stimulus at a distance between 2 cm 

and 6.5 cm from the preparation.  The adaptation light was presented at a direction as 

close as possible to the test light.  The strength of the adaptation light (maximum 

intensity 5.20 x 10-4 W/cm2 or 1.23 x 10¹⁵ photons/s/cm² at 470 nm, measured for a 

2 mm aperture which is comparable to the eye diameter) was controlled by either 

moving it closer or further away from the eyecup or by changing the size of the 
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monochromator’s exit slit, until a signal from the light stimulus was detectable from the 

noise.   

 

The effect that the chosen adaptation lights would have on two hypothetical spectral 

classes of photoreceptor (a LWS porphyropsin pigment and a MWS rhodopsin pigment) 

was modelled.  In the case of M. praecox the sensitivity ratio to a 650 nm and 470 nm 

adaptation light would be 11.5 and 1.2, respectively.  Such a differential sensitivity 

towards the 650 nm adaptation light should produce a clear shift in sensitivity, if two 

spectral classes of photoreceptor are present similar to those modelled.  The 470 nm 

adaptation light should have less of an effect on sensitivity.  The effect that the chosen 

adaptation lights would have on M. mordax if two spectral classes of photoreceptor 

occurred is illustrated in Figure 2.1. 

 

Figure 2.1.  Sensitivity ratio between two hypothetical spectral sensitivities (black), 514 nm (A1) and 

549 nm (A2).  For M. mordax, the sensitivity ratio to a 460 nm (blue) and 610 nm (red) adaptation light 

(AL) would be 1.3 and 7.7, respectively.  The 610 nm adaptation light should significantly affect the 

spectral sensitivity if more than one spectral class of photoreceptor is present and the peak sensitivities 

are close to those modelled, while the 460 nm adaptation light would have less of an effect on sensitivity.   

 

On completion of the adaptation experiments, recovery experiments were 

performed where the eyecup was again dark adapted for a minimum of 20 minutes, 

then stimulated with the test/reference light without an adaptation light, demonstrating 

that the eye could fully recover from the adaptation lights.  This indicates that the 

recorded changes in spectral sensitivity were due to photoreceptor adaptation rather 

than fatigue or permanent changes to the eye.  Reversing shifts in spectral sensitivity by 
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switching from short-wavelength adaptation lights to long-wavelength adaptation lights 

also indicates that the adaptation process is reversible. 

 

2.3.7 Visual pigment fitting 

To obtain an estimate of the spectral absorptance of each spectral class of 

photoreceptor and the number of spectral classes that contributed to the ERG, a least 

squares estimate was used to find the best fitting Govardovskii-Fyhrquist-Reuter-

Kuzmin-Donner (GFRKD) template (Govardovskii et al., 2000), or combination of two 

templates.  The absorptance was calculated using the photoreceptor outer segment 

length (M. praecox = 9.4 μm, M. mordax = 21.7 μm) and the photoreceptor absorption 

coefficient (k) of 0.030 μm-¹ (naperian absorbance) calculated from goldfish (Liebman, 

1972). The ERG data was fitted to the GFRKD template by varying the λmax of the 

template at 1 nm intervals over the range of wavelengths tested and selecting the best 

least squares fit.  The dominant spectral class was fitted (based on MSP data obtained 

from the dominant spectral class of photoreceptor in M. praecox and M. mordax, 

personal communication Associate Professor Nathan Hart) using an A2 chromophore 

(porphyropsin) in M. praecox, with the second spectral class fitted to either an A1 

(rhodopsin) or an A2 chromophore.  M. mordax was fitted to an A1 chromophore (Collin 

et al., 2004).  When estimating if more than one spectral class of photoreceptor 

contributed to the response, the spectral classes were restricted to measurements 

where both contributed over 5% to the final fit.   

 

Responses to shorter wavelengths clearly did not fit the GFRKD template when 

normalised, presumably due to the effect of the yellow-green tapetum (which enhances 

long-wavelength sensitivity by the reflection of long-wavelengths).  Therefore, the 

fitting of GFRKD templates was restricted to data points above a certain wavelength.  

The cut off was assessed by plotting the residuals of the fitted data against one another 

between 520 and 570 nm, using data obtained from experiments conducted with no 

adaptation lights and in the presence of a short-wavelength adaptation light (M. praecox 

470 nm, M. mordax 460 nm).  Systematic deviations of the residuals from zero indicate 

that the template does not fit the data well and therefore, should not be included in the 

template fit to estimate the λmax.  For this reason, 550 nm was defined as the cut off in 
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both species (Figure 2.2a and 2.2b), only including wavelengths of 550 nm and above 

when estimating the pigment fits.  In M. praecox, the spread of residuals around zero is 

marginally better at 560 nm compared to 550 nm (Figure 2.2a); however, the estimate 

of the λmax for the dominant pigment varied by only 1 nm when modelled using a 550 nm 

cut off against a 560 nm cut off.  When estimating the λmax, it is better to include more 

data points to make the fit more reliable.  As the difference between the 550 and 560 nm 

was negligible, the 550 nm cut off was chosen.   

 

Figure 2.2.  Defining a cut off for wavelengths to be included when fitting sensitivity data to a 

porphyropsin template in M. praecox (a) and a rhodopsin template in M. mordax (b).  Residuals are from 

template fits to ERG sensitivity measurements in the presence of a short-wavelength adaptation light 

(M. praecox: 470 nm, M. mordax: 460 nm).  Residuals are always shown for the shortest wavelength that 

was included during fitting, i.e. residuals shown at 530 nm are the residuals from 530 nm when the 

wavelength between 530 and 650 nm were used during the fitting process.  Negative residuals signify that 

response sensitivity is lower than a typical porphyropsin or rhodopsin template which will provide an 

unreliable estimate of λmax and should not be included in the fit.   

 

The outcome of the template fit gives an estimate of the final λmax and the 

percentage contribution of each spectral class of photoreceptor to the spectral 

sensitivity.  The spectral sensitivity of the dominant class of photoreceptor in each 

species was estimated using responses obtained under no adaptation light and short-

wavelength adaptation light.  These λmax values were then fixed and used in conjunction 

with responses obtained under long-wavelength adaptation light, to determine if a 

second spectral class was present and to estimate the λmax.   
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2.3.8 Spectral measurements of the tapetum, ocular media and retina  

The reflectance and transmission properties of different components of the eye were 

measured, to determine if they could be the cause of the deviation in sensitivity from 

the pigment template at short-wavelengths in M. praecox and M. mordax.  To measure 

the spectral reflectance of the isolated tapetum (retina removed from the eyecup), 

relaxing cuts were made to flatten the preparation, which was mounted onto a glass 

slide (coated with black enamel) in Ringer solution.  Spectral reflectance measures 

(between 200 and 1000 nm) were obtained using a spectrometer (QE Pro, Ocean Optics) 

connected to a reflection probe (Ocean Optics) via a 400 μm fibre (Ocean Optics) and an 

attenuator (Ocean Optics).  Illumination was provided by a Xenon light source (HPX – 

2000, Ocean Optics), with the area of illumination approximately 2 mm in diameter to 

cover the area of the flat mount (average diameter of whole eye: M. praecox 

1.79 ± 0.02 mm; M. mordax 2.21 ± 0.03 mm).  OceanView (Ocean Optics) software was 

used to acquire the data using an integration time of 10 msec and averaging over 

20 scans.  Reflectance measurements were compared against a diffuse reflectance 

standard (Spectralon, Labsphere).  Each measurement was repeated five times (after 

sequential dark and Spectralon measurements) in order to obtain an average and check 

reliability.  Measurements were analysed in a custom made Matlab (R2012a) script.  The 

reflectance was normalised to the maximum and minimum values to estimate the 

strongest possible effect of the tapetum, which is likely to be an over estimation.   

 

For transmission measurements, the isolated retina (removed from the eyecup), lens 

and dermal cornea were mounted separately onto a clear slide in Ringer solution, 

utilising the same set up as in the spectral reflectance experiments with some alterations 

as follows.  An integrating sphere (FOIS-1, Ocean Optics) was used to collect all rays of 

light which passed through the sample presented.  It was not necessary to use an 

attenuator during transmission experiments as the absolute light level was reduced 

after passing through the integrating sphere.  Each measurement (200 msec integration 

time) was repeated five times (after sequential dark and light measurements through 

the Ringer solution) in order to obtain an average.  A custom made Matlab (R2012a) 

script was used to analyse transmission measurements.  The reflectance and 

transmission (α) of different components of the eye were calculated by comparing the 
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reflectance or transmission measurements (β) against the diffuse reflectance standard 

(S), taking into account noise using the dark measurement (D):  

α =
β − D

S − D
 

 

2.3.9 Physiological characterisation of the photoreceptors 

A range of temporal stimulation frequencies were tested to see if there was an effect 

on the sensitivity of the photoreceptors at different signal frequencies, indicating 

whether the photoreceptor was more rod-like or cone-like.  Low signal frequencies 

would stimulate both rod-like and cone-like photoreceptors, while a high signal 

frequency would selectively stimulate more cone-like photoreceptors (Horsten et al., 

1962; Ordy & Samorajski, 1968), as cones can recover much faster than rods (Hestrin & 

Korenbrot, 1990; Thoreson, 2007).  Increasing the flickering frequency would separate 

the rod-like responses from the cone-like responses as rods are unable to discriminate 

higher frequencies (Perlman, 1995).  The signal frequencies tested ranged from 4 – 12 Hz 

in M. praecox and 6 – 18 Hz in M. mordax (this range was selected because in L. fluviatilis 

the relationship between critical fusion frequency and light intensity shows two distinct 

slopes, with the transition from rod-like to cone-like responses occurring at 9.8 Hz at 

10°C) (Dreyfert et al., 1979).  If a shift occurs in the spectral sensitivity curve obtained 

from different signal frequencies, this would indicate that there are two different cell 

types contributing to the recorded spectral sensitivity, a slower and a faster cell type, 

which would suggest that a rod-like and cone-like cell are present.  However, if there is 

no difference in the response, this would indicate that only one physiological cell type is 

present (or that all have the same temporal response characteristics). 

 

Another way to distinguish rods and cones is to assess the light conditions at which 

the cells are functional.  For this method neutral density filters (NDF, UV metallic ranging 

between 0.2 and 3.6, Thor Labs) were placed between the eyecup and the 

monochromatic/white light source, to reduce the intensity of light directed onto the 

retina.  The strongest NDF to produce a recordable signal was determined first, then the 

light intensity was increased (lower NDF) to assess if a shift in the spectral sensitivity 

would occur when the NDF is changed.  At the dimmest light intensities the responses 
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should be rod dominated, if a duplex retina is present (rods and cones) increasing the 

intensity should produce a shift in the spectral sensitivity, as cones contribute to the 

signal (Kalloniatis & Luu, 1995).  If no shift occurs this would suggest that only one 

physiological cell type exists within the retina. 

 

2.3.10 Assembling the retinal transcriptome 

To identify which opsin genes are expressed in the retina, the transcriptome of 

M. praecox and M. mordax was generated using RNA-Seq.  Eyes were excised (n = 4 from 

two animals in each species) from euthanised animals as previously described.  The 

enucleated eyes were initially stored in RNAlater solution (Ambion) at 4°C, then 

transferred to a –20°C freezer to maintain the integrity of RNA.  The eyes were sent to 

the Australian National University (ANU) in Canberra (ACT, Australia) to assemble the 

RNA-Seq library.  This process involved isolating mRNA from each eye, pooling the mRNA 

obtained from both eyes of an animal.  The mRNA was then converted to cDNA, with 

the resulting transcripts fragmented into smaller segments approximately 200 base 

pairs (bp) long.  A barcode sequence was added to the fragments so that each sample 

can be differentiated during data analysis; which allows multiple samples to be 

sequenced simultaneously during a single run.  Separate runs were, however, used for 

individuals of the same species.  Sequencing was carried out using a Next-Generation 

sequencer (Illumina, San Diego, CA, USA), which generates millions of reads from cDNA 

fragments.  Mordacia retinal transcriptomes were assembled de novo (as no reference 

genome exists for Mordacia) using contigs from individual reads.  The primary 

processing of reads into assembled transcriptomes was managed in the Transcriptome 

RNA-Seq Interactive Python Graphical Data Unifier (TriPyGDU) (Jack et al., 2014).  The 

counts of the reads obtained are mapped to each gene, which also provides an estimate 

of the gene expression level.    

 

2.3.11 Transcriptome analysis 

The TriPyGDU database was used to search for visual opsin genes and the enzyme 

responsible for converting vitamin A1 into vitamin A2 (cytochrome P450, family 27, 

subfamily C, polypeptide 1 or cyp27c1 accession number AA154633) (Enright et al., 
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2015).  Constructs were compared against known genomes for human, lamprey, medaka 

and zebrafish.  The returned sequences provide an indication of the expression level of 

each gene which is based on the number of contigs obtained (these have been averaged 

across the reading frame and are known as the sequence tag).  The transcriptome 

sequences were compared in the Basic Local Alignment Search Tool (BLAST) to identify 

library sequences, which resemble the query sequence. 

 

2.3.12 Phylogenetic analysis 

To determine the phylogenetic relationships of visual opsins and cytochrome P450, 

family 27 genes expressed in Mordacia and other vertebrates, protein sequences for 

M. praecox and M. mordax were extracted from the TriPyGDU Explorer and aligned 

using Clustal W in BioEdit (version 7.2.0) with vertebrate sequences from a variety of 

classes (obtained from NCBI).  The aligned sequences were subjected to phylogenetic 

analysis using the programme MEGA (version 6) (Kumar et al., 2004).  The pairwise 

distance between sequences was computed using the Poisson model, with short 

sequences eliminated.  The resulting sequences were then used to construct a maximum 

likelihood tree, bootstrapped with 1000 replicates, which was generated using the 

Jones-Taylor-Thornton (JTT) model (Jones et al., 1992).  Maximum-likelihood trees were 

rooted using the sea squirt, Ciona intestinalis opsin (NP001027727) in the visual opsin 

tree and the fruit fly, Drosophila melanogaster cytochrome P450 gene (AAC47424) in 

the cytochrome P450, family 27 tree. 

 

2.3.13 Statistics 

A statistical measure was devised to quantify the shift in sensitivity between 

adaptation conditions within a species and between species.  At each wavelength tested 

(interpolated values were substituted for missing data points, M. praecox: three 

measurements out of 357; M. mordax: four measurements out of 234), an average was 

obtained from all three conditions (no adaptation light, short-wavelength adaptation 

light and long-wavelength adaptation light) for each animal of a species (M. praecox 

n = 6, M. mordax n = 3).  The difference between the spectral sensitivity of each 

condition against the average was then calculated, and the sum of values below the 
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average peak subtracted from the sum of values above the average peak.  This provides 

a measure that is high for spectral sensitivities that are short-wavelength shifted relative 

to the average recording, and low for spectral sensitivities that are long-wavelength 

shifted relative to the average recording.     

 

A linear mixed model regression analysis was performed in RStudio (version 

0.98.1056) using the values obtained above (one value per animal per condition), to test 

if condition affects the spectral sensitivity in each species.  The model was also used to 

compare species and conditions, or interactions between those factors.  The Centre for 

Applied Statistics at The University of Western Australia was consulted for advice on the 

statistical analysis.   

 

2.4 Results 

2.4.1 Spectral sensitivity 

Open eyecup preparations from M. praecox and M. mordax provided long and stable 

recording of responses for up to 24 h.  The spectral sensitivity measurements obtained 

from six M. praecox and three M. mordax exhibit a single peak within the 

‘green’/middle-to-long wavelength region of the visible spectrum (Yokoyama, 1997; 

Bowmaker & Hunt, 2006).  Sensitivity peaked around 560 nm for M. praecox and around 

540 nm for M. mordax (Figure 2.3). 

Figure 2.3.  Spectral sensitivity estimates obtained from M. praecox and M. mordax.  Peak sensitivity 

occurred at 560 nm for M. praecox, while M. mordax was short-wavelength shifted by approximately 

20 nm to 540 nm.  Both species exhibit a sharp decrease in relative sensitivity at shorter wavelengths. 
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Under identical stimulus conditions, the responses were consistent over time.  An 

example of this consistency is shown in Figure 2.4a, where several sensitivity 

measurements were obtained for a female M. praecox in the absence of adaptation 

lights.  The recordings were taken at different time points over a 13.5 h period, as well 

as before and after experiments with strong 650 nm and 470 nm adaptation lights.  This 

shows that the eye is able to recover from being stimulated with strong adaptation lights 

and its spectral sensitivity is stable over 13.5 h.  The adaptation lights themselves also 

serve as a test for recovery.  An example of this is shown for M. praecox in Figure 2.4b, 

where a noticeable difference occurs between adaptation lights on opposing sides of 

the spectrum (650 nm and 470 nm), which demonstrates the adaptation process is 

reversible when more than one spectral class of photoreceptor is present. 

 

Figure 2.4.  Repeatability of spectral sensitivity estimates (black) in M. praecox confirming eyecups are 

stable and viable over the recording period based on responses from monochromatic and white light 

flicker.  (a)  Consistency between individual recordings within an animal taken at different time intervals 

after stimulating with strong adaptation lights (over 13.5 h).  There is no evidence of adaptation effect or 

change in sensitivity during individual recordings.  Sensitivity estimates at short-wavelengths are clearly 

lower than the best-fitting porphyropsin template (red).  (b)  Spectral sensitivity estimates obtained 

before (solid black circle) and after (open black circles) recordings with strong adaptation lights 

(red: 650 nm, blue: 470 nm).   AL = adaptation light. 

 

There is no evidence of an adaptation effect or a change in sensitivity during 

individual recordings (Figure 2.4a).  The sensitivity curves show no difference between 

the first downwards sweep from long to short-wavelengths (690 – 450 nm for 

M. praecox, 650 – 410 nm for M. mordax) and the following upwards sweep from short 
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to long-wavelengths (460 – 680 nm for M. praecox, 400 – 640 nm for M. mordax).  Any 

change in sensitivity should be obvious in the longer wavelength region, which is 

measured first and last during a recording.   

 

The spectral sensitivities recorded for both species exhibit a narrower spectral range 

(Figure 2.3) than would be expected for a single porphyropsin (M. praecox) or rhodopsin 

(M. mordax) absorption curve.  Below 550 nm, sensitivity measurements deviate 

strongly from the pigment template when normalised (Figure 2.4a).  This suggests that 

long-wavelength sensitivity is relatively enhanced compared to short-wavelength 

sensitivity (likely due to the yellow-green retinal tapetum, which selectively reflects 

long-wavelengths).    

 

Applying monochromatic adaptation lights produced a significant shift in the spectral 

sensitivity for M. praecox (Figure 2.4b and 2.5), for both long (650 nm) and short 

(470 nm) wavelength adaptation lights tested (condition, P < 0.001, Likelihood 

ratio = 30.05, DF = 2), indicating that more than one spectral class of photoreceptor 

occurs within this species.  The long-wavelength adaptation light shifted the sensitivity 

 

Figure 2.5.  Change in spectral sensitivity due to application of strong adaptation lights.  There is a 

shift in sensitivity for both adaptation lights in M. praecox: long-wavelength adaptation light (red: 

650 nm) shifted sensitivity by approximately 10 nm to 550 nm and affected the short and long-

wavelength limb, while the short-wavelength adaptation light (blue: 470 nm) only affected the short-

wavelength limb (<550 nm) but not the peak sensitivity.  No significant shift in sensitivity occurred for 

either adaptation light in M. mordax (red: 610 nm, blue: 460 nm).  AL = adaptation light.  Vertical lines 

demonstrate standard error at each wavelength for the condition tested. 
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peak by approximately 10 nm towards shorter wavelengths (Figure 2.4b and 2.5), as well 

as the shape of the sensitivity curve.  In contrast, the short-wavelength adaptation light 

only shifted the short-wavelength limb of the sensitivity curve (below 550 nm), with no 

change in the location of peak sensitivity (Figure 2.4b and 2.5).   

 

There was no shift in spectral sensitivity for M. mordax (Figure 2.5) regardless of the 

adaptation light used.  A slight, but non-significant increase in sensitivity at shorter 

wavelengths occurred after applying a 610 nm adaptation light (condition, P = 0.10, 

Likelihood ratio = 4.52, DF = 2).  Therefore, the effect that adaptation lights have on 

spectral sensitivity is dependent on species (final model: species*condition, P = < 0.001, 

Likelihood ratio = 18.42, DF = 2). 

 

2.4.2 Visual pigment estimates 

To obtain an estimate of the peak sensitivity and the number of pigments located 

within the eye, spectral sensitivity measurements were fitted to GFRKD templates with 

chromophores based on vitamin A1 or vitamin A2.  As explained in the methods section, 

template fitting was restricted to wavelengths above 550 nm because of the effect of 

the retinal tapetum.  It is not possible to determine from the ERG data whether a 

rhodopsin or porphyropsin template fit the data more closely (there was no difference 

in the goodness of fit).  Recent microspectrophotometry data has revealed that the 

dominant visual pigment located within the outer segment in M. praecox (once reached 

maturity) is in the form of porphyropsin (personal communication, Associate Professor 

Nathan Hart), while the visual pigment within M. mordax (downstream migrants) was 

rhodopsin (Collin et al., 2004).  Therefore, M. praecox was fitted to a porphyropsin 

template, while M. mordax was fitted to a rhodopsin template. 

 

In order to estimate the dominant spectral class of photoreceptor, the sensitivity 

measurements fitted to the template were restricted to recordings that would supress 

a second pigment (no adaptation light and short-wavelength adaptation light), in order 

to get a reliable estimate.  The dominant spectral class of photoreceptor in M. praecox 

possessed a porphyropsin λmax at 549 ± 0.49 nm (mean ± ste, n = 6).  Data obtained using 

long-wavelength adaptation light (650 nm) provided a tentative estimate for the second 
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spectral class of photoreceptor.  This spectral class of photoreceptor was difficult to 

determine due to the low relative sensitivity at short-wavelengths and due to its small 

contribution to the overall spectral sensitivity.  As there is no a priori information about 

whether or not the second spectral class of photoreceptor is a rhodopsin or a 

porphyropsin pigment, an estimate for the second spectral class of photoreceptor is 

provided for both pigments.  A porphyropsin pigment produced a λmax of 515 ± 2.6 nm 

(mean ± ste, n = 6), which contributed on average to 38% of the response, with a range  

 

Figure 2.6.  Spectral sensitivity estimate for the second spectral class of photoreceptor in 

M. praecox (highlighted red).  The responses of the two spectral classes of photoreceptor are combined 

(red) and compared to the average sensitivity obtained using long-wavelength adaptation light 

(650 nm, black).  Green bars represent the λmax estimate for the second spectral class of photoreceptor 

in each animal.  The average λmax estimates are presented above the template curve, with the dominant 

spectral class of photoreceptor being 549 nm (A2).  The average percentage contribution of each 

spectral class is shown along with chromophore type (based on vitamin A1 or vitamin A2) (blue).  The 

second spectral class of photoreceptor is more difficult to estimate so two possibilities are presented. 

(a) The second spectral class is a porphyropsin pigment (A2) and (b) The second spectral class is a 

rhodopsin pigment (A1). 
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between 497 and 531 nm (Figure 2.6a).  A rhodopsin pigment produced a λmax of 

524 ± 5.7 nm (mean ± ste, n = 5), which contributed to 36% of the response, ranging 

between 499 and 537 nm (Figure 2.6b).   

 

Responses obtained without an adaptation light successfully fitted two spectral 

classes of photoreceptor to the template in only four out of fifteen recordings, from six 

animals.  The dominant spectral class of photoreceptor with a λmax of 549 nm 

contributed 87% towards the response when combined with a 515 nm (A2) second 

spectral class of photoreceptor, or 88% towards the response when combined with a 

524 nm (A1) as the second spectral class of photoreceptor (in those four recordings).  

Unlike the peak sensitivity of the dominant spectral class of photoreceptor, the location 

of the second pigment is highly dependent on the wavelength defined as the cut off 

(560 nm cut off, λmax decreases by 2.9 nm based on A1 or 3.5 nm based on A2).  Using 

fewer data points makes it more difficult to estimate the sensitivity peak; in the case of 

M. praecox eleven wavelengths (550 – 650 nm) were fitted to the template. 

 

There was no evidence for a second spectral class of photoreceptor in M. mordax.  

The peak sensitivity was estimated to have a rhodopsin λmax at 513 ± 0.06 nm 

(mean ± ste, n = 3).  Attempts to fit a second spectral class failed, providing a λmax 

estimate which could not explain the data and had a very high standard error.  In none 

of the recordings (22 recordings taken from three animals) was there any evidence for 

the presence of a second spectral class with longer or shorter peak sensitivities in the 

downstream migrant.  This finding was also confirmed by plotting the residuals from the 

average sensitivity estimate against a hypothetical data set (Figure 2.7).  This data set 

combined the sensitivity of two spectral classes of photoreceptors at different 

percentage contributions, based on a 514 nm (A1) pigment (MSP data) (Collin et al., 

2004) and a 549 nm (A2) pigment as found in M. praecox.  If both of these spectral 

classes occur in the retina of M. mordax, the LWS spectral class could contribute a very 

small percentage to the overall spectral sensitivity.  A 5% contribution of a 549 nm 

pigment with 95% 514 nm pigment would produce a summed sensitivity peak at 515 nm, 

which is close to the 513 nm result obtained, but is just outside the error.  More 

importantly, the residuals produced by fitting one pigment don’t agree at all with the 
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predicted residuals from the modelled scenarios (Figure 2.7).  It is therefore, highly 

unlikely that more than one spectral class of photoreceptor contributes significantly to 

the ERG responses obtained. 

 

Figure 2.7.  The average residuals found after fitting a single spectral class of photoreceptor to the 

spectral sensitivity estimate for monochromatic and white light flicker (red) in M. mordax.  This is not 

consistent with the residuals expected for a hypothetical data set, consisting of the combined sensitivity 

of two spectral classes of photoreceptor (first spectral class: MSP data on M. mordax of 514 nm (A1) 

pigment, second spectral class: modelled on long-wavelength 549 nm (A2) in M. praecox) at different 

percentage contributions (different shades of grey) when fitted with a single spectral class of 

photoreceptor.   

 

2.4.3 Ocular effects on spectral sensitivity 

Components within the eye were examined to determine which feature was 

responsible for the strong deviation in relative sensitivity from a pigment template at 

short-wavelengths.  Reflectance measurements from the isolated tapetum were 

consistent between both eyes tested (from one animal), with some slight variation in 

reflectance between the left and the right eye at long-wavelengths (>550 nm) for both 

M. praecox (Figure 2.8a) and M. mordax (Figure 2.8c).  The reflectance characteristics of 

the retinal tapetum appear very similar between species.  Both species have peak 

reflectance at 550 nm (549 nm for M. praecox and 555 nm for M. mordax) and exhibit 

a sharp decrease in reflectance at medium wavelengths between 500 to 550 nm. 
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The transmission characteristics of the isolated retina were consistent between both 

eyes tested (from one animal).  All wavelengths of light were transmitted (Figure 2.8b 

and 2.8d), with a gradual increase in light absorption (reduction in light transmittance) 

occurring towards shorter wavelengths.  The transmission of the lens and dermal cornea 

(not part of the ERG flicker photometry experiments) was also measured to see if 

Mordacia sp. possess any filtering mechanisms in other components of the eye that may 

affect spectral sensitivity.  The results for the lens and dermal cornea were consistent 

with that of the retina, indicating that no filtering mechanism(s) were present 

(Figure 2.8b and 2.8d).   

 

Figure 2.8.  Spectral measurements from tapeta, ocular media (lens and dermal cornea) and retina in 

both M. praecox (a and b) and M. mordax (c and d).  Recordings are from a single animal.  Both eyes are 

shown for comparison.  Tapetal measurements (a and b) have been scaled and offset to produce full 

contrast.  Transmission measurements were obtained from the dermal cornea, lens and the isolated 

retina (b and d), showing negligible amounts of absorption at shorter wavelengths.  L = left, R = right. 
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2.4.4 Low relative sensitivity at short-wavelengths   

To assess the extent of the deviation in relative sensitivity at short-wavelengths 

(Figure 2.9a and 2.9b), the λmax of the dominant spectral class of photoreceptor in each 

species was plotted using the GFRKD template.  This was compared against the mean 

response obtained from each species when using a short-wavelength adaptation light 

(470 nm in M. praecox and 460 nm in M. mordax), as this condition should reduce the 

contributions of photoreceptors with a shorter wavelength sensitivity.  The ratio 

between the measured sensitivity and the template was calculated and indicates the 

extent of the deviation at short-wavelengths.  This ratio demonstrates that a large 

 

Figure 2.9.  Average spectral sensitivity obtained under short-wavelength adaptation light (black), 

exhibits a clear deviation in relative sensitivity at short-wavelengths compared to a single porphyropsin 

or rhodopsin template (red).  The blue dashed line shows the ratio between the data and the fitted 

template.  The reflectance from the tapetum and the transmission through the retina were combined 

and fitted to the average ratio between the data and the fitted template, at 450 – 500 nm in M. praecox 

and 400 – 500 nm in M. mordax (blue solid line).  The close fit indicates that the tapetum has the 

requisite spectral characteristics to relatively increase long-wavelength sensitivity compared to short-

wavelength sensitivity.  (a) M. praecox, (b) M. mordax 
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difference occurs between the porphyropsin template (λmax 549 nm) and the sensitivity 

measurements at wavelengths below 550 nm in M. praecox (dashed blue line, 

Figure 2.9a).  The most pronounced effect was shown in M. mordax, Figure 2.9b.  The 

513 nm spectral class of photoreceptor was heavily impacted, with peak sensitivity 

reduced by approximately a third compared to the typical rhodopsin template, which 

effectively narrows the spectral sensitivity of M. mordax. 

 

To demonstrate the effect that the reflectance from the tapetum and the 

transmission through the retina may have on spectral sensitivity, the 

reflectance/transmission  measurements were combined and fitted to the average ratio 

between the data and the fitted template (at 450 – 500 nm in M. praecox and 

400 – 500 nm in M. mordax).  The tapetal reflectance and retinal transmission 

(Figure 2.9a and 2.9b, solid blue line) followed the same trend as the ratio between the 

template and sensitivity measurement (dashed blue line), which suggest that the these 

components of the retina (principally the tapetum) possess the mechanisms necessary 

to selectively enhance long-wavelength sensitivity.  However, the tapetum cannot fully 

explain the effect on spectral sensitivity particularly at shorter wavelengths, which 

suggests that an additional factor affects sensitivity.  

 

2.4.5 Physiological characterisation of photoreceptors 

As two different spectral sensitivities were identified in M. praecox, it is possible that 

the two spectral classes of photoreceptor are located within two physiological 

photoreceptor types (i.e. rod and cone).  The two different ERG experiments conducted 

in this study (1: changing stimulation frequency, 2: varying strength of NDF) 

demonstrate that sensitivity was unaffected by an increase in flicker frequency (results 

not shown), and that the spectral sensitivity did not shift when the light intensity was 

increased (Figure 2.10).  These results demonstrate that both spectral classes of 

photoreceptor have the same temporal response and intensity response properties, 

which suggest that one physiological type of photoreceptor is present.  The lowest light 

intensity to produce a retinal response was 0.3% (under a 2.5 NDF).  The slow temporal 
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responses and the high light sensitivity suggests that the photoreceptor(s) within both 

M. praecox and M. mordax are rod-like (see Chapter 3). 

 

Figure 2.10.  Attempt to identify whether the photoreceptor type is the same or different for the two 

spectral classes in M. praecox by applying neutral density filters (NDF) between the eye and light source.  

No shift in spectral sensitivity occurred when comparing the sensitivity estimate (red) with the sensitivity 

when light intensity was reduced to 0.3% with a strong 2.5 NDF (black).  This suggests that photoreceptors 

within the eye of M. praecox have the same absolute sensitivity and must belong to the same classification 

type.  NDF = neutral density filter 

 

2.4.6 Visual opsins within the transcriptome 

Two visual opsin genes were identified within the transcriptomes of both M. praecox 

and M. mordax, the cone lws opsin gene and the rod rh1 opsin gene.  Full length coding 

sequences were obtained for lws in M. praecox (Supplementary figure 2.1a) and 

M. mordax (Supplementary figure 2.1b).  Both consist of 1098 bp with a similarity of 

99.9% between the two species’ sequences.  In contrast, only partial sequences were 

obtained for rh1, comprising of 231 bp in M. praecox (Supplementary figure 2.2a) and 

504 bp in M. mordax (Supplementary figure 2.2b).  In both species, lws tag counts were 

significantly higher (18,442 in M. praecox and 67,873 in M. mordax) than that of the rh1 

(seven in M. praecox and 60 in M. mordax).  As tag counts are thought to relate to 

expression levels (Robinson & Oshlack, 2010), this suggests the expression of the rh1 

opsin in both species would be very low in comparison to the lws opsin.  Therefore, the 

dominant spectral class of photoreceptor in both M. praecox and M. mordax would 

express the lws opsin.  
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Figure 2.11. 
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Figure 2.11.  Phylogeny of the five visual opsin classes in vertebrates (lws, sws1, sws2, rh1 and rh2), 

showing the position of the precocious lamprey, M. praecox, and the short-headed lamprey, M. mordax, 

within the clades.  The maximum-likelihood tree was generated using the Jones-Taylor-Thornton model.  

The degree of support for internal branching is shown as a percentage at the base of each node, 

bootstrapped with 1000 replicates.  The scale bar indicates the number of amino acids substitutions per 

site.  The tree was rooted using the sea squirt, Ciona intestinalis opsin (NP001027727).  The amino acid 

sequences used to generate the tree are as follows: house mouse, Mus musculus lws (O35599), sws1 

(NP031564), rh1 (NP663358); human, Homo sapiens lws (P04000), sws1 (NP001699), rh1 (NP000530); 

bottlenose dolphin, Tursiops truncatus lws (AAC12941), rh1 (NP001267588); chicken, Gallus gallus lws 

(P22329), sws1 (NP990769), sws2 (NP990848), rh2 (AAA48786), rh1 (NP001025777); green anole, Anolis 

carolinensis lws (P41592), sws1 (XP003229210), sws2 (AAD42779), rh2 (P51471), rh1 (P41591); elephant 

shark, Callorhinchus milii lws1 (ABU84863), lws2 (ABU84864), rh2 (ABU84866), rh1 (ABU84865); zebrafish, 

Danio rerio lws1 (NP571250), lws2 (Q8AYN0), sws1 (NP571394), sws2 (NP571267), rh21 (NP571328), rh22 

(Q8AYM8), rh23 (Q8AYM7), rh24 (Q9W6A6), rh11 (ADK38856), rh12 (NP001103501); medaka, Oryzias 

latipes lwsa (BAE78645), lwsb (BAE78646), sws1 (P87368), sws2a (BAE78650), sws2b (BAE78651), rh2a 

(BAE78647), rh2b (BAE78648), rh2c (BAE78649), rh1 (BAD99136); coelacanth, Latimeria chalumnae rh2 

(AAD30520), rh1 (AAD30519); Australian lungfish, Neoceratodus forsteri lws (ABS89280), sws1 

(ABS89281), sws2 (ABS89282), rh2 (ABS89279), rh1 (ABS89278); sea lamprey, Petromyzon marinus lws 

(ACB69762), rh1 (AAB62981); arctic lamprey, Lethenteron camtschaticum lws (BAD17958), rh1 

(AAA49342); pouched lamprey, Geotria australis lws (AAR14680), sws1 (AAR14684), sws2 (AAR14681), 

rhb (AAR14683), rha (AAR14682).   

 

The amino acid sequence of visual opsin genes in M. praecox and M. mordax were 

subjected to phylogenetic analysis.  This confirmed that lws and rh1 opsins are 

orthologous to the visual opsins found in other vertebrates (Figure 2.11).   The opsin 

genes of M. praecox and M. mordax clade to the lws and rh1 opsins found in the retina 

of other lamprey species (the sea lamprey P. marinus, the arctic lamprey 

L. camtschaticum and the pouched lamprey G. australis).  

 

2.4.7 Predicting spectral sensitivity from visual pigment spectral tuning sites  

The spectral sensitivity of some vertebrate visual pigments can be predicted by 

assessing the amino acids at key sites known to affect spectral tuning.  To determine the 

λmax for the lws and rh1 opsins in M. praecox and M. mordax, the opsin sequences were 

aligned and compared to the human lws opsin (accession number P04000, Figure 2.12) 

and the bovine rh1 opsin (accession number AAA30674, Figure 2.13).  
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Figure 2.12. 
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Figure 2.12.  Alignment of amino acid sequences for the lws opsin expressed in humans (H. sapiens, 

HomSa), northern (P. marinus, PetMa and L. camtschaticum, LetCa), and southern (G. australis, GeoAu; 

M. praecox, MorPr and M. mordax, MorMo) hemisphere lampreys (See Table 2.2 for accession numbers).  

Full stops (.) indicate the amino acids are identical to the human lws sequence.  Gaps (-) are inserted for 

optimal alignment.  Asterisks (*) denote residues are identical between lampreys species.  The five key 

tuning sites known to affect spectral sensitivity of lws opsins are identified (box) with the corresponding 

residue number above (nomenclature based on human lws sequence).  The number of the amino acid 

position is shown on the left. 

 

Five key tuning sites are known for vertebrate lws pigments at positions 180, 197, 

277, 285 and 308 (Yokoyama & Radlwimmer, 1999), based on the human lws opsin 

sequence (corresponding to sites 164, 181, 261, 269 and 292 in the bovine rod opsin 

sequence).  At these key sites, the amino acids of the ancestral state have been 

identified as Ser180, His197, Thy277, Thr285 and Ala308 (SHYTA), which produces a λmax 

of 560 nm (Dartnall et al., 1983; Yokoyama & Radlwimmer, 1999, 2001).  In 

comparison, the amino acid residues in both M. praecox and M. mordax were AHYTS 

(Figure 2.12), demonstrating that two amino acid substitutions occurred at sites 180 and 

Table 2.2.  Amino acid residues at five key sites (180, 197, 277, 285 and 308 based on human lws 

sequence) known to affect spectral tuning of lws pigments in vertebrates and their respective 

rhodopsin (vitamin A1) λmax values.  For comparison, the λmax of porphyropsin pigments (vitamin A2) 

were converted to rhodopsin using the Whitmore and Bowmaker (1989) formulae (underlined).  The 

accession numbers are provided. 

  Amino acid at tuning sites λmax (nm) 
A1 

Accession 
number    180 197 277 285 308 

Human (H. sapiens) S H Y T A 560¹ P04000 

Mouse (M. musculus) A Y Y T S 508² O35599 

Rat (R. norvegicus) A Y Y T S 509³ AAC64920 

Rabbit (O. cuniculus) A Y Y T S 509³ AAC64919 

Bottlenose dolphin (T. truncatus) A H Y T S 524⁴ AAC12941 

Pilot whale (G. melas) A H Y T S 531⁵ AAP13015 

Harbour porpoise (P. phocoena) A H Y T S 522⁵ AAP13019 

Elephant shark - lws1 (C. milii) S H F A S 499⁶ ABU84863 

Sea lamprey (P. marinus) P H Y T A 536⁷ ACB69762 

Arctic lamprey (L. camtschaticum) P H Y T A  BAD17958 

Pouched lamprey (G. australis) S H Y T A 557⁸ AAR14680 

Precocious lamprey (M. praecox) A H Y T S        513  

Short-headed lamprey (M. mordax) A H Y T S        513  

¹ (Oprian et al., 1991), ² (Sun et al., 1997), ³ (Radlwimmer et al., 1998), ⁴ (Fasick et al., 1998), ⁵ (Newman 

and Robinson, 2005), ⁶ (Davies et al., 2009a), ⁷ (Davies et al., 2009b) and ⁸ (Collin et al., 2003). 
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308 (Table 2.2).  It has been shown previously that substitutions S180A (denoting the 

substitution of Ser at site 180 to Ala) and A308S (denoting the substitution of Ala at site 

308 to Ser) short-wavelength shifts the λmax by 7 and 16 nm, respectively (Yokoyama & 

Radlwimmer, 1999).  These substitutions would produce a combined shift of 23 nm, 

which would give a predicted A1 λmax of 537 nm for both species. 

 

Seven key tuning sites at positions 83, 122, 207, 211, 265, 292 and 295 (based on the 

bovine rh1 sequence) are thought to effect the spectral sensitivity of vertebrate rh1 

pigments (Yokoyama, 2000).  It has been suggested that at these key tuning sites the 

ancestral state possesses the following amino acids Asp83, Glu122, Met207, His211, 

Trp265, Ala292 and Ala295 (DEMHWAA) (Davies et al., 2007), producing a λmax of 

500 nm (A1) (Yokoyama, 2000).  As only partial sequences exist for rh1 in both 

M. praecox (231 bp) and M. mordax (504 bp) (Figure 2.13), it was not possible to predict 

the spectral sensitivity directly from their tuning sites.  The spectral tuning sites that are 

present within the sequence demonstrate that the amino acids in M. praecox (sites 

M207 and H211) and M. mordax (sites M207, H211, W265, A292 and A295) are 

unchanged from that of the ancestral state (Table 2.3).   

 

 

Table 2.3.  Amino acid residues at seven key sites (83, 122, 207, 211, 265, 292 and 295 based on 

bovine rh1 sequence) known to affect spectral tuning of rh1 pigments in vertebrates and their respective 

rhodopsin (vitamin A1) λmax values.  For comparison, the λmax of porphyropsin pigments (vitamin A2) were 

converted to rhodopsin using the Whitmore and Bowmaker (1989) formulae (underlined).  Residues at 

certain tuning sites are missing (-) in both M. praecox and M. mordax as only partial sequences are 

available for rh1; therefore the λmax cannot be predicted.  The accession numbers are provided. 

 
Amino acid at tuning sites λmax 

(nm) 
A1 

Accession 
number  83 122 207 211 265 292 295 

Bovine (B. taurus) D E M H W A A 500¹ AAA30674 

Sea lamprey (P. marinus) N E M H W A A 500² AAB62981 

Arctic lamprey (L. camtschaticum) N E M H W A A 496³ AAA49342 

Pouched lamprey (G. australis) N E M H W A A 497⁴ AAR14682 

Precocious lamprey (M. praecox) - - M H - - -   

Short-headed lamprey (M. mordax) - - M H W A A   

¹ (Oprian et al., 1987), ² (Wald, 1957), ³ (Hárosi and Kleinschmidt, 1993) and ⁴ (Davies et al., 2007). 



 
 

63 
 

 

 

Figure 2.13  
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Figure 2.13.  Alignment of amino acid sequences for the rh1 opsin expressed in the common cow 

(B. taurus, BosTa), northern (P. marinus, PetMa and L. camtschaticum, LetCa), and southern (G. australis, 

GeoAu; M. praecox, MorPr and M. mordax, MorMo) hemisphere lampreys (See Table 3 for accession 

numbers).  Full stops (.) indicate the amino acids are identical to the bovine sequence.  Gaps (-) are 

inserted for optimal alignment.  Asterisks (*) denote residues are identical between lampreys species.  

The seven key tuning sites known to affect spectral sensitivity of rh1 are identified (box) with the 

corresponding residue number above (based on conventional number system of the bovine rh1 

sequence).  The number of the amino acid position is shown on the left. 

 

2.4.8 The gene responsible for converting rhodopsin into porphyropsin 

The cytochrome P450 (cyp) superfamily is known to encode enzymes which catalyse 

many important life processes, such as the metabolism of drugs, the synthesis of 

cholesterol, steroids and other lipids (Nebert & Russell, 2002; Nelson et al., 2004).  This 

superfamily contains the enzyme responsible for converting vitamin A1 to vitamin A2, 

cyp27c1 (Enright et al., 2015).  Analysing the transcriptome for the cyp27c1 gene (in 

D. rerio accession number AA154633) revealed that an orthologue of this gene is 

expressed in M. praecox, but not in M. mordax.  This is not surprising as the pigment 

within the dominant spectral class in M. praecox is porphyropsin (based on MSP data, 

personal communication Associate Professor Nathan Hart), while the pigment within 

the single spectral class of M. mordax is rhodopsin at the developmental stages assessed 

(Collin et al., 2004).  The full length coding sequence for cyp27c1 in M. praecox consisted 

of 1758 bp (Supplementary figure 2.3), with a tag count of 4333.   

 

Phylogenetic analysis of amino acid sequences revealed that the M. praecox cyp27c1 

gene is an orthologue of the cyp27c1 gene of other vertebrates (Figure 2.14), with this 

gene clading with the cyp27c1 gene of G. australis.  These two lamprey species form a 

sister group that is basal to the cyp27c1 gene of other vertebrates.  From analysing the 

transcriptome, other cytochrome P450, family 27 genes were identified for both 

M. praecox and M. mordax (Figure 2.14).  However, these represent a different gene, 

which clades to cytochrome P450, family 27, subfamily A, polypeptide 1 (cyp27a1).  

There is no evidence that cyp27a1 plays a role in the production of vitamin A2. 
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Figure 2.14 
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Figure 2.14.  Phylogeny of the cytochrome P450, family 27 genes (cyp27a1, cyp27b1, cyp27c1) which 

includes the enzyme responsible for converting rhodopsin into porphyropsin, cyp27c1 (Enright et al., 

2015).  The tree shows the positions of the precocious lamprey, M. praecox, and the short-headed 

lamprey, M. mordax, within the clades.  The maximum-likelihood tree was generated using the Jones-

Taylor-Thornton model.  The degree of support for internal branching is shown as a percentage at the 

base of each node, bootstrapped with 1000 replicates.  The scale bar indicates the number of amino acids 

substitutions per site.  The tree was rooted using the fruit fly, Drosophila melanogaster cytochrome P450 

gene (AAC47424).  The amino acid sequences used to generate the tree are as follows: bovine, Bos Taurus 

cyp27a1 (NP001076882), cyp27b1 (DAA29656), cyp27c1 (XP002685263); bottlenose dolphin, Tursiops 

truncatus cyp27a1 (XP004331131), cyp27b1 (XP004317886), cyp27c1 (XP004318430); human, Homo 

sapiens cyp27a1 (EAW70655), cyp27b1 (NP000776), cyp27c1 (AAH39307); house mouse, Mus musculus 

cyp27a1 (XP006495670), cyp27b1 (AAH80697); western clawed frog, Xenopus tropicalis cyp27a1 

(NP001087098), cyp27b1 (NP001006907), cyp27c1 (NP001011341); green anole, Anolis carolinensis 

cyp27a1 (XP003215128), cyp27c1 (XP008116992); pigeon, Columba livia cyp27a1 (EMC84213), cyp27c1 

(EMC81081); chicken, Gallus gallus cyp27a1 (XP422056), cyp27c1 (XP422077); coelacanth, Latimeria 

chalumnae cyp27a1 (005991816 and 006008960), cyp27c1 (006000376); zebrafish, Danio rerio cyp27a1 

(XP009303131 and NP001116749), cyp27c1 (AA154633); indian medaka, Oryzias melastigma cyp27a1 

(AGN04315), cyp27b1 (AGN04314), cyp27c1 (AGN4313); elephant shark, Callorhinchus milii cyp27a1 

(XP007907451), cyp27c1 (XP007907466).  Protein sequences for the pouched lamprey, Geotria australis 

and hagfish, Eptatretus cirratus were obtained from RNA-Seq data.   

 

2.5 Discussion 

2.5.1 Spectral sensitivity and visual pigments 

ERG flicker photometry showed that the overall spectral sensitivity of M. praecox 

(once reached maturity) peaked at 560 nm and M. mordax (downstream migrants) 

peaked at 540 nm.  The spectral response obtained in both species exhibits a narrower 

range than would be expected for a single rhodopsin or porphyropsin pigment 

(Figure 2.3), with relative sensitivity at short-wavelengths (below 550 nm) clearly lower 

that the best-fitting pigment template (Figure 2.9a and 2.9b).  Applying strong 

adaptation lights caused a significant shift in sensitivity in M. praecox for both long-

wavelength (shift in λmax, as well as a change in the shape of the sensitivity curve) and 

short-wavelength (shift in sensitivity on short-wavelength limb) stimuli, indicating that 

two spectral classes of photoreceptor contribute to the response.  In contrast, strong 
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adaptation lights did not shift the spectral sensitivity of M. mordax indicating that a 

single visual pigment contributed to the spectral response.   

 

The opsins expressed within the retina of M. praecox and M. mordax were assessed 

using RNA-Seq.  The transcriptomes revealed that both M. praecox and M. mordax 

express two visual opsins, lws and rh1, which are orthologous to two of the five classes 

of visual opsin genes in vertebrates (Figure 2.11).  Combining the transcriptome 

information with the ERG flicker photometry indicates that the dominant spectral class 

of photoreceptor in both species expresses the lws pigment, due to a significantly higher 

tag count compared to the rh1 pigment.  Photoreceptors expressing lws have a λmax of 

549 nm (A2) in M. praecox, which corresponds to a λmax of 513 nm when the 

chromophore is converted to vitamin A1 using the Whitmore and Bowmaker (1989) 

formula, and 513 nm (A1) in M. mordax.  This is comparable to the λmax of 514 nm (A1) 

previously obtained for downstream migrants of M. mordax with MSP (Collin et al., 

2004).  Therefore, the λmax of photoreceptors expressing lws is considerably short-

wavelength shifted from the ancestral state of 560 nm (Yokoyama & Radlwimmer, 

1999, 2001). 

 

The minor spectral class of photoreceptor in M. praecox was harder to define, as its 

contribution to the ERG was low and strongly masked by the effects of the tapetum 

(Figure 2.9a and 2.9b).  Two explanations are therefore presented.  The first is that a 

second opsin is expressed rh1 (based on vitamin A), and the second is that a paired 

pigment system (spectrally distinct photoreceptors that express the same opsin but 

have different chromophores) is present with the minor spectral class of photoreceptor 

expressing an lws pigment based on vitamin A1.  

 

The first scenario suggests that the second spectral class of photoreceptor may 

express the rh1 opsin and possess a porphyropsin λmax of 515 nm.  As the transcriptome 

provided only a partial sequence for rh1, it was not possible to predict the spectral 

sensitivity for M. praecox.  However, as residues at the seven key tuning sites for rh1 

pigments seem to be conserved across lamprey species assessed thus far (P. marinus, 

L. camtschaticum and G. australis), it is possible that M. praecox may possess the same 
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residues.  A single amino acid substitution occurs in the rh1 tuning sites of lampreys; Asn 

replaces Asp at position 83 (Hisatomi et al., 1991; Zhang & Yokoyama, 1997; Davies et 

al., 2007), which may short-wavelength shift the λmax by 6 nm (Nathans, 1990) from 500 

nm to 494 nm (A1, corresponding to an A2 with a λmax of 522 nm using the Whitmore and 

Bowmaker (1989) formula).  The difference between the predicted sensitivity (522 nm) 

and the measured sensitivity in M. praecox (515 nm) is 7 nm.   

 

At this stage it is not known if rh1 is a functional gene, as the full length sequence is 

not available.  As tag counts are thought to represent the expression level of a gene 

(Robinson & Oshlack, 2010), this would suggest that rh1 may not be sufficiently 

biologically significant to contribute towards the spectral sensitivity measured by ERG, 

as rh1 tag counts were very low (0.04% of the total tag count for visual opsins in 

M. praecox and 0.09% in M. mordax).  In order to quantify the expression level of each 

opsin, quantitative reverse-transcription polymerase chain reaction (qRT-PCR) should be 

performed; this would validate the transcriptome results and confirm if the level of rh1 

expression could affect the spectral sensitivity.   

 

The second hypothesis suggests that the two spectral classes of photoreceptor in 

M. praecox express the same opsin (lws) but they are bound to different chromophores.  

The dominant spectral class is a porphyropsin (549 nm), while the minor spectral class 

would be a rhodopsin with a spectral sensitivity of 524 nm.  There is a 11 nm variation 

between the measured spectral sensitivity for the second spectral class of 524 nm and 

513 nm (A1) (predicted from the dominant spectral class, 549 nm (A2), which has been 

converted into A1 using the Whitmore and Bowmaker (1989) formula).   

 

For M. praecox to possess a paired pigment system, a single chromophore may be 

restricted to a single cell type giving two spectrally distinct photoreceptors, which is the 

case for two deep-sea fish species Malacosteus niger and Pachystomias microdon 

(Bowmaker et al., 1988).  The other possibility is that a mixture of rhodopsin and 

porphyropsin occurs in one cell type, with different photoreceptors possessing a bias 

towards one of the chromophores in order to produce two spectrally distinct 

photoreceptors, which occurs in the deep-sea species Aristostomias grimaldii 
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(Bowmaker et al., 1988).  The expression of cyp27c1 in M. praecox and the absence of 

this gene in M. mordax may provide support for the paired pigment system theory.  As 

cyp27c1 has been shown to convert rhodopsin into porphyropsin (Enright et al., 2015), 

this suggests that two chromophore types are present in M. praecox, but only one in 

downstream migrants of M. mordax.   

 

As discussed above, the λmax values obtained from the second spectral class of 

photoreceptor in M. praecox vary from those predicted, demonstrating that ERGs do 

not provide enough resolution to conclusively define whether the second spectral type 

is due to a second opsin expressed (rh1) or a second chromophore type (lws based on 

vitamin A1).  The presence of a second spectral class in M. mordax cannot be completely 

excluded at present.  As M. mordax is short-wavelength shifted in comparison to 

M. praecox (due to the chromophore), the effect of the tapetum is much stronger and 

may mask the presence of a second spectral class of photoreceptor in the current study.  

MSP measurements provide evidence for only one visual pigment in M. mordax (Collin 

et al., 2004), and electron microscopy suggests that one morphological cell type occurs 

in downstream migrants (Collin & Potter, 2000).  However, this does not mean that a 

second pigment/photoreceptor is not present, it may have been missed by these 

techniques if it accounts for a small population of cells within the retina.  Further work 

is required to determine if the second spectral class of photoreceptor in M. praecox is 

due to the expression of a second opsin or to a paired pigment system, as well as to 

determine if a second spectral class of photoreceptor exists in M. mordax.  This could be 

achieved with the use of opsin-specific antibodies and/or by generating riboprobes from 

the opsins expressed for use in RNA in situ hybridisation. 

 

2.5.2 Spectral tuning of the lws visual pigment 

The lws pigment in both M. praecox and M. mordax is short-wavelength shifted (λmax 

of 513 nm, A1) in comparison to the ancestral lws pigment (λmax of 560 nm, A1) 

(Yokoyama & Radlwimmer, 1999, 2001).  Part of this short-wavelength shift is explained 

by the amino acid substitutions at key tuning sites, S180A (-7 nm) and A308S (-16 nm) 

(Yokoyama & Radlwimmer, 1999), which would give a predicted λmax of 537 nm if the 

two substitutions are combined.  However, the spectral sensitivity obtained from ERG 
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was further short-wavelength shifted by 24 nm, which suggests that some other 

interaction apart from the two amino acid substitutions are responsible for the short-

wavelength shift in the lws pigment in M. praecox and M. mordax.  This disparity 

between the predicted and observed spectral sensitivity also occurs in the mouse Mus 

musculus (Sun et al., 1997), rat Rattus norvegicus, rabbit Oryctolagus cuniculus 

(Radlwimmer & Yokoyama, 1998), three species of cetacean (bottlenose dolphin 

Tursiops truncatus (Fasick et al., 1998; Fasick & Robinson, 1998), pilot whale 

Globicephala melas, the harbor porpoise Phocoena phocoena  (Newman & Robinson, 

2005)), and in the elephant shark Callorhinchus milii (Davies et al., 2009a).   

 

The spectral tuning of vertebrate lws pigments is governed, in part, through the 

binding of chloride ions due to its anion sensitivity (Kleinschmidt & Harosi, 1992).  

Residues at sites 197 (Wang et al., 1993; Sun et al., 1997) and 308 (Fasick et al., 1998; 

Fasick & Robinson, 1998; Davies et al., 2009a) are known to affect chloride binding.  As 

these sites are in close proximity to the Schiff base, which links the chromophore to the 

opsin protein, substitutions at these positions cause the largest spectral shifts (Davies et 

al., 2009a).  The blue shift in spectral sensitivity of the lws pigment in the mouse (Sun et 

al., 1997), rat and rabbit (AYYTS) (Radlwimmer & Yokoyama, 1998) was primarily due to 

the substitution of H197Y which eliminates the chloride binding site, short-wavelength 

shifting the λmax by 28 nm (Sun et al., 1997).  In cetaceans (AHYTS) and the elephant 

shark (SHFAS), the histidine residue is maintained at site 197 (Fasick et al., 1998; Fasick 

& Robinson, 1998; Newman & Robinson, 2005; Davies et al., 2009a), indicating that the 

chloride binding site should be active.  However, site-directed mutagenesis has 

confirmed that the main mechanism responsible for the short-wavelength shift is the 

substitution of A308S (Fasick et al., 1998; Fasick & Robinson, 1998; Newman & Robinson, 

2005; Davies et al., 2009a), which inactivates the chloride binding site through the 

interaction of S308 with H197 (Davies et al., 2009a).  This produces a 28 nm shift in 

T. truncatus (Fasick & Robinson, 1998) and a 35 nm shift in C. milii (Davies et al., 2009a).  

Since in M. praecox and M. mordax, Ser replaces Ala at position 308, it is likely that the 

chloride binding site will be inactive; however, this could not be confirmed in the present 

study. 
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As M. praecox and M. mordax have identical residues at key tuning sites to 

T. truncatus (AHYTS, Table 2.2), it may be expected that their spectral sensitivities would 

be similar.  However, M. praecox and M. mordax are short-wavelength shifted by 11 nm 

compared to the 524 nm pigment of T. truncatus (Fasick & Robinson, 1998).  Therefore, 

the blue shift caused by the A308S substitution in M. praecox and M. mordax may be 

more severe than that noted in T. truncatus.  The extent of the blue shift caused by 

A308S in M. praecox and M. mordax is similar to that observed in C. milii of 35 nm 

(Davies et al., 2009a).  This would give a predicted λmax of 518 nm (based on -7 nm for 

S180A and -35 nm for A308S), which is close to the 513 nm measured by ERG flicker 

photometry in M. praecox and M. mordax.  Another explanation is that this larger than 

expected blue shift may be due to interactions with other residues, such as those in close 

proximity to the chloride binding site (Davies et al., 2012), or to other amino acid 

substitutions which may affect spectral tuning.  To determine what residues and 

interactions are responsible for this considerable short-wavelength shift (approximately 

47 nm) in spectral sensitivity, it will be necessary to perform site-directed mutagenesis 

and in vitro pigment regeneration experiments on M. praecox and M. mordax in the 

presence and absence of chloride ions.  

 

2.5.3 The effect of different chromophores 

In M. praecox and M. mordax, the dominant spectral class of photoreceptor 

expressed the same opsin, however, their spectral sensitivities differed due to the 

chromophore composition of the visual pigment.  The characteristic chromophore type 

for marine and terrestrial vertebrates is vitamin A1, rhodopsin, while freshwater 

vertebrates possess vitamin A2, porphyropsin (Wald, 1939).  It has been suggested that 

diadromous fish (species which spend a portion of their lifecycle in freshwater and a 

portion in salt water) switch their chromophore type on commencement of downstream 

(towards the sea) and upstream (re-enter freshwater) migrations (Bridges, 1972).  

During the downstream migration, lampreys might anticipate the environment they will 

inhabit during the marine phase by changing their pigment from porphyropsin to 

rhodopsin, while still in freshwater, with the opposite for upstream migration: changing 

from rhodopsin to porphyropsin (Wald, 1957).  Rhodopsin peaks towards the blue/green 

end of the spectrum (Bridges, 1972), which reflects the marine environment as shorter 
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wavelengths (blue) are transmitted more readily than longer wavelengths (red); with 

increasing depth blue light becomes more dominant (McFarland, 1986).  Porphyropsins 

have a broader spectral sensitivity and peak at longer wavelengths (Bridges, 1972; 

Beatty, 1984) when based on the same opsin, which reflects the photic conditions of 

freshwater systems that are laden with dissolved organic material absorbing shorter 

wavelength light (Levine & MacNichol, 1982).  This change in chromophore type is 

thought to allow the visual system to be tuned to the photic conditions of the 

environment.   

 

  Both species therefore might conform to the hypothesis that biochemical changes 

occur within the eye to anticipate the environment the animal will inhabit.  M. praecox 

has a preponderance of porphyropsin as it is a solely freshwater species, while the 

downstream migrant M. mordax has rhodopsin in preparation for the marine 

environment.  As M. praecox is restricted to freshwater, this species would not be 

expected to possess a rhodopsin pigment (within the minor spectral class).  Therefore, 

if the minor spectral class is a rhodopsin pigment this may be a relic from the ancestral 

condition, where the non-parasitic M. praecox is thought to have diverged from the 

parasitic M. mordax (Zanandrea, 1961).   

 

Previous studies on other lamprey species, P. marinus (Crescitelli, 1956), L. fluviatilis 

(Govardovskii & Lychakov, 1984), L. japonica (Hisatomi et al., 1997), E. tridentatus 

(Crescitelli, 1956) and G. australis (Collin et al., 2003a), suggest that there is a mismatch 

between the chromophore type present and the habitat.  This suggests that the 

environment may not be the only factor which determines which chromophore type 

occurs.  Metamorphic events (first metamorphosis in preparation for downstream 

migration and second metamorphosis to become sexually mature during upstream 

migration) may be influencing the A1 - A2 chromophore composition in lampreys.  The 

initiation of metamorphosis is highly synchronous, requiring an increase in water 

temperature (Potter, 1970) and a decline in serum thyroid hormones (TH) levels after a 

peak prior to metamorphosis (Youson, 1997; Youson & Manzon, 2012).  Therefore, 

factors such as hormonal control may have an influence on the chromophore 

composition (Bridges, 1972). 
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2.5.4 Spectral sensitivity correlates to the photic conditions 

As previously discussed, the lws pigment in both M. praecox and M. mordax was 

substantially short-wavelength shifted.  This is a feature generally seen in species that 

inhabit deeper waters, as blue light becomes increasingly dominant with depth 

(Bowmaker, 1995; Fasick et al., 1998; Davies et al., 2009a).  The species known to short-

wavelength shift their lws pigment include T. truncatus, which can dive to a maximum 

depth of 492 nm (Klatsky et al., 2007) and has peak sensitivity at 524 nm (A1) (Fasick et 

al., 1998), and C. milii, which has a depth range of 200 – 500 m (Last & Stevens, 2009) 

possesses the shortest wavelength shifted lws pigment known to date at 488 nm (A1) 

(Davies et al., 2009a).  Prior to the current study, P. marinus was the only species of 

lamprey to have a short-wavelength shifted lws pigment of 536 nm (A1) (Davies et al., 

2009b), which is thought to be an adaptation to inhabiting deeper waters during its 

marine phase >1000 m (Halliday, 1991).  Currently little is known about the behaviour 

of M. mordax during its marine phase, which can last up to 18 months.  During this stage, 

they are thought to parasitise barracouta (Leionura atun) (Potter et al., 1968), which can 

inhabit depths up to 550 m (Griffiths, 2002).  Therefore, we speculate that M. mordax 

short-wavelength shifts the lws pigment in order to match the spectral composition of 

downwelling light, which is an adaptation to inhabiting deeper waters where their prey 

is found.  This will increase photon capture and sensitivity in this dim light environment. 

 

An alternative explanation for the blue shift in peak sensitivity of the lws pigment 

could be to reduce thermal activation of the visual pigment, which is a considered to be 

a source of noise (Donner et al., 1990; Bowmaker, 1995; Warrant & Johnsen, 2013).  This 

improvement in the signal to noise ratio has been suggested to occur in species which 

inhabit yellower waters (due to the presence of sediment, phytoplankton and/or 

dissolved organic material) (Warrant & Johnsen, 2013), such as the freshwater stage in 

the lifecycle of M. praecox and M. mordax.  The resulting λmax of the visual pigments in 

these species is thus a compromise between maximising the signal in an environment 

rich in long-wavelengths and minimising the noise, by choosing an absorbance 

maximum at wavelengths that would reduce the thermal activation of visual pigments 

(towards shorter wavelengths).  
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2.5.5 Low relative sensitivity at short-wavelengths and the retinal tapetum 

The spectral responses obtained from M. praecox and M. mordax are not typical of a 

single pigment, as relative sensitivity deviates strongly from the pigment template at 

wavelengths below 550 nm (Figure 2.9a and 2.9b).  This suggests relatively more yellow 

light reaches the photoreceptors.  For this reason a cut off was defined, using data of 

550 nm and above to calculate the λmax (Figure 2.2a and 2.2b).  The overall peak 

sensitivity in M. praecox is not affected by this deviation in sensitivity as the dominant 

549 nm pigment is close to the cut off (Figure 2.9a).  This low relative sensitivity at short-

wavelengths is likely to have more of an impact on the second spectral class in 

M. praecox with a peak sensitivity at 515 nm (A2) or 524 nm (A1), effectively reducing 

the sensitivity of this pigment.  In comparison, a much larger impact is seen in 

M. mordax; the pigment’s peak sensitivity is reduced by one third (Figure 2.9b).  The 

single pigment has a λmax at 513 nm, but the overall peak sensitivity is long-wavelength 

shifted to 540 nm (Figure 2.3 and 2.5) due to enhanced sensitivity at longer wavelengths.  

This deviation in sensitivity from the pigment template below 550 nm could be achieved 

by either filtering out short-wavelength light or reflecting long-wavelength light. 

 

Both species studied possess a yellow-green fundal eye shine, which has been shown 

in M. mordax to originate from the tapetal spheres occupying 80 – 90% of the retinal 

pigment epithelium, which act as diffuse reflectors (Collin & Potter, 2000).  The yellow-

green tapetum reflects long-wavelength light and thus increases long-wavelength 

sensitivity (a consequence of this is short-wavelength sensitivity is relatively reduced) in 

both species.  This concept was confirmed by measuring the spectral composition of 

light reflected from the isolated tapetum.  Wavelengths above 500 nm were 

preferentially reflected by the tapetal spheres, which enhances sensitivity at longer 

wavelengths (Figure 2.8a and 2.8b).  Peak reflectance occurred at 550 nm in both 

species, which confirms the tapetum is ‘green-yellow’.  At longer wavelengths 

(>550 nm), some variation occurred between the isolated tapetum from the same 

animal.  This may be due to the reflection characteristics of the tapetum being altered 

due to the removal of the pretapetal media (Douglas et al., 1998).  The reflectance from 

the retinal tapetum followed the same trend as the difference in sensitivity between the 

data and the fitted template in both species (Figure 2.9a and 2.9b), which suggests that 
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the tapetum is able to selectively enhance long-wavelength sensitivity.  However, the 

effect on spectral sensitivity was stronger than could be explained from the tapetum 

alone.   

 

The tapetum can only affect light that has not been absorbed on the first pass through 

the photoreceptor.  Therefore, the overall effect on spectral sensitivity should be no 

more than 50%.  However, the effect of the tapetum was more severe than expected, 

affecting the sensitivity by approximately 75% in M. praecox and 60% in M. mordax 

(Figure 2.9a and 2.9b).  This could be due to the direction of the light stimulus, which 

was not quite perpendicular to the eyecup preparation.  Some incoming light may have 

entered obliquely (as the lens was removed), passing through the yellow-green tapetal 

spheres before reaching the photoreceptors outer segments.  If this was the case, the 

tapetal spheres would act in the same way as a yellow oil droplet or diffuse pigment, 

absorbing short-wavelength light and transmitting long-wavelength light.  No other 

morphological feature of the open eyecup possesses the ability to enhance long-

wavelength sensitivity as the retina lacks pigmentation (such as coloured oil droplets or 

pigment within the myoid), which is confirmed by transmission measurements of the 

isolated retina (Figure 2.8b and 2.8d).  The ellipsosomes within the inner segment of 

photoreceptors are clear and have very low absorptance (<0.05) (Collin et al., 2004).  

Therefore, the increase in long-wavelength sensitivity must be attributed to the tapetal 

spheres preferentially reflecting more long-wavelength light.    

 

The colour of the tapetum is often related to the environment inhabited.  Fish living 

in turbid, freshwater environments commonly possess yellow, orange or red tapeta 

(Douglas et al., 1998).  A yellow tapetum preferentially reflects long-wavelength light, 

which is beneficial to both M. praecox and M. mordax, as the environment they inhabit 

during the freshwater part of their lifecycle contains more long-wavelength light due to 

the presence of dissolved organic material (which absorbs shorter wavelengths).  The 

yellow tapetum would increase light absorption and enhance contrast.  Both species 

have dorsolaterally positioned eyes to sample the water column above for potential 

predators (and suitable hosts in the case of M. mordax) (Collin et al., 2004), which would 

appear as darker objects distinguishable against a brighter background.   



 
 

76 
 

Other animals inhabiting dim light environments have been shown to possess a 

yellow tapetum.  The hardhead catfish Arius felis possesses a yellow/brown occlusible 

tapetum across most of the fundus (Arnott et al., 1974).  These catfishes occupy turbid 

waters and are nocturnal.  The reflectance of the tapetal spheres is diffuse, and is high 

at long-wavelengths with a maximum at 500 nm.  The tapetum increases light 

absorption from 40% to 60% and is thought to aid in the perception of movement across 

the visual field at low ambient light levels and to enhance contrast (Arnott et al., 1974).  

Garfish possess a yellow retinal tapetum composed of tapetal spheres (Wang & Nicol, 

1974; Collin & Collin, 1993) similar to those in the present study.  This tapetum is thought 

to improve contrast due to the low degree of scattering that occurs at longer 

wavelengths (Wang & Nicol, 1974).  The tapetum cellulosum of the bottlenose dolphin, 

T. truncatus covers the entire fundus and is green-yellow in colour (Dawson et al., 1987).  

This tapetum preferentially reflects longer wavelengths with broad peaks occurring at 

540 nm and 625 nm (Dawson et al., 1987).  Therefore this tapetum is designed to reflect 

wavelengths closer to the λmax of their lws pigment at 524 nm, rather than their rod 

pigment at 488 nm.  It has been suggested that the tapetum of the bottlenose dolphin 

may support colour vision in dim light environments, by selectively increasing the 

sensitivity of the lws cones (Fasick et al., 1998).  This may also apply to mature 

M. praecox (which possesses two spectral classes), as the tapetal reflectance is centred 

around the lws pigment (A2), suggesting that colour vision may be supported in this 

nocturnal species through the enhancement of lws sensitivity.   

 

2.5.6 Photoreceptor types  

The results from the current study suggest that both M. praecox and M. mordax 

possess one physiological photoreceptor type, as spectral sensitivity did not shift when 

the eyecup was stimulated with different flicker frequency signals (see Chapter 3), or 

after interrupting the light path with strong neutral density filters.  This photoreceptor 

type may be rod-like due to the slow temporal responses and the high light sensitivity.  

Previous morphological work conducted on M. mordax also found only one 

photoreceptor type, which was characterised as rod-like due to the cylindrical outer 

segment and the possession of incisures.  However, the photoreceptor also contained 
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infoldings throughout the outer segment as well as a pedicle shaped synaptic terminal, 

which are both cone characteristics (Collin & Potter, 2000).  

 

In both species, the dominant photoreceptor type expressed the lws opsin.  This opsin 

class is typical of cone photoreceptors; however, cone opsin classes have been shown 

to occur in rod photoreceptors, for example in the nocturnal gecko, Gekko gecko 

(Crescitelli, 1963; Kojima et al., 1992).   This suggests that in these Mordacia species, 

morphological and physiological features of the photoreceptor resemble rods, while the 

biochemical features resemble cones.  Therefore, the photoreceptors may represent an 

intermediate between rods and cones.  This supports the transmutation theory that rod 

photoreceptors evolved from cone photoreceptors (Walls, 1934, 1942).   

 

2.5.7 Potential for colour vision 

The minimum requirement for colour vision is to have two spectrally distinct 

photoreceptors that compare their signals (Levine & MacNichol, 1982; Bowmaker, 

2008).  As demonstrated in this study, mature M. praecox contain two spectrally distinct 

classes of photoreceptor, suggesting that this species has the potential for dichromatic 

colour vision.  This is in agreement with a previous study, which suggested that 

M. praecox may possess some form of colour vision due to the presence of a multifocal 

lens (Gustafsson et al., 2008).  The current data suggest that downstream migrants of 

M. mordax possess only one spectral type and therefore, are monochromatic and lack 

the ability to differentiate between different wavelengths. 

 

Traditionally colour vision in vertebrates is thought to be restricted to bright light 

(photopic) conditions with animals possessing multiple cones types.  Animals that 

inhabit dim light (scotopic) environments are often colour blind, due to the possession 

of a rod and single cone photoreceptor or lack of cones altogether.  The finding that 

M. praecox has the potential for colour vision is interesting, as this animal is thought to 

be nocturnal (Potter et al., 1968).  The theory that species inhabiting dim light 

environments may also be capable of colour vision is supported by previous studies in 

three deep-sea fish species, Aristostomias grimaldii, Malacosteus niger and 

Pachystomias microdon.  These deep-sea fish possess two spectrally distinct rod 
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photoreceptors and a paired pigment system (Bowmaker et al., 1988).  It has been 

suggested that these species could be dichromatic with the ability to distinguish 

between different wavelengths, which would allow them to detect blue and red 

bioluminescence (Bowmaker et al., 1988). 

 

Recent behavioural studies have shown that nocturnal colour vision is possible at low 

light intensities in a variety of animals including the nocturnal hawkmoth, Deilephila 

elpenor at dim starlight (0.0001 cd/m2) (Kelber et al., 2002), the nocturnal gecko, 

Tarentola chazaliae at dim moonlight (0.0002 cd/m2) (Roth & Kelber, 2004), the 

nocturnal bee, Xylocopa tranquebarica (Somanathan et al., 2008) and the nocturnal 

treefrog, Hyla arborea (Gomez et al., 2010).  Potentially other nocturnal animals possess 

colour vision due to features present within the eye (Kelber & Roth, 2006), but 

behavioural studies confirming this are lacking.  It would be very difficult to assess if 

M. praecox is dichromatic based on behavioural studies, due to their burrowing habit 

and their being filter feeders.   

 

2.6 Conclusions 

The evidence provided in this study suggests that lampreys tune their spectral 

sensitivity to the photic environment, utilising rhodopsin in oceanic water and 

porphyropsin in freshwater.  Mature M. praecox possesses two spectral classes of 

photoreceptor, indicating that this nocturnal species may be dichromatic with the 

potential for colour vision.  The dominant photoreceptor type expresses the lws opsin 

gene (A2), whereas the minor spectral class was harder to define and may potentially 

express lws based on vitamin A1, as the rh1 opsin may not be expressed at a high enough 

level to contribute to ERGs.  In comparison, downstream migrants of M. mordax possess 

only one spectrally distinct photoreceptor expressing lws (A1), which suggests they are 

monochromatic.  The lws visual pigment in both species is considerably short-

wavelength shifted (47 nm).  In M. mordax this is likely to be an adaptation to the 

deeper waters they occupy, where downwelling light is restricted to the ‘blue’ region of 

the spectrum.  However, M. praecox resides in shallow water, therefore, the short-

wavelength shift of the lws pigment may have been retained when they evolved from 
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M. mordax.  Both species have a yellow-green tapetum that preferentially reflects longer 

wavelengths, which is beneficial for an animal that inhabits an environment that 

transmits longer wavelengths.  Further work needs to be conducted on the spectral 

sensitivities of different developmental stages of these paired species, as the visual 

pigments are likely to change during development due to different visual demands, 

especially in the case of M. mordax. 
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2.8  Supplementary figures 

Supplementary figure 2.1.  RNA-Seq reads for the lws visual opsin gene in M. praecox (a) and 

M. mordax (b).  The plot shows the coverage and provides a rough estimate of the expression level 

based on tag counts.  The coding region is represented in beige, demonstrating that the full length 

sequence for the lws opsin was obtained in both species.  The blue and grey regions are reads obtained 

from two separate runs on the Next-Generation Sequencer.  Each run contains cDNA pooled from both 

eyes taken from the same animal. 
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Supplementary figure 2.2.  RNA-Seq reads for the rh1 visual opsin gene in M. praecox (a) and 

M. mordax (b).  The plot shows the coverage and provides a rough estimate on the expression level based 

on tag counts.  The coding region is represented in beige, demonstrating in both species only partial 

sequences were available for the rh1 opsin.  The tag counts for this opsin are quite low.  The blue and grey 

regions are reads obtained from two separate runs on the Next-Generation Sequencer.  Each run contains 

cDNA pooled from both eyes taken from the same animal. 

 

Supplementary figure 2.3.  RNA-Seq reads for the cytochrome P450, family 27, subfamily C, 

polypeptide 1 (cyp27c1) gene thought to be responsible for converting the chromophore type from 

rhodopsin to porphyropsin (personal communication with Professor David Hunt and Professor Joseph 

Carbo).  This gene was only present in M. praecox.  The plot shows the coverage and provides a rough 

estimate on the expression level based on tag counts.  The coding region is represented in beige and 

shows that the full length sequence for this gene was obtained.  The blue and grey regions are reads 

obtained from two separate runs on the Next-Generation Sequencer.  Each run contains cDNA pooled 

from both eyes taken from the same animal. 
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3.1 Abstract 

The southern hemisphere lampreys, Mordacia praecox and Mordacia mordax live in 

light-limited environments.  To fulfil their visual requirements, the visual system of these 

lampreys have adapted to these dim light environments through an inevitable trade-off 

between resolution and sensitivity.  To assess the extent of this adaptation, isolated 

retinas were utilised for electroretinography (ERG) to assess the temporal resolution 

(flicker fusion frequency, FFF) and contrast sensitivity of these two closely related 

lampreys at different light intensities and temperatures.  FFF was significantly affected 

by temperature and light intensity.  The critical flicker fusion frequency (cFFF) at 9°C was 

15.1 Hz (M. praecox) and 21.8 Hz (M. mordax), which increased with warmer 

temperatures to 31.1 Hz (M. praecox) and 36.9 Hz (M. mordax) at 24°C.  There was no 

change in the slope of the FFF/intensity curve with increasing light intensities, and the 

contrast sensitivity of both species remained constant across all light intensities.  In 

comparison, temperature significantly increased contrast sensitivity by a factor of ten 

(between 9 and 24°C).  The FFF values obtained from Mordacia sp. are relatively low, 

whereas the ERG responses of both species showed a high contrast sensitivity of 625 in 

M. praecox and 710 in M. mordax (24°C, 2.5 x 10¯⁴ W/cm²).  This suggests that Mordacia 

sp. have increased their contrast sensitivity at the expense of temporal resolution, to 

enhance the capture of photons and increase sensitivity in this light limited 

environment.  The cFFF of M. mordax may be higher than M. praecox due to its parasitic 

lifestyle, where better temporal resolution may aid M. mordax to reliably track and 

parasitise prey.  The FFF analysis indicates that all photoreceptors within the retina have 

the same temporal response characteristics.  The photoreceptor was characterised as 

rod-like in both species, due to its slow response kinetics and the fact that the response 

saturates at bright light intensities.  However, this rod-like photoreceptor possesses the 

unusual property of being functional under scotopic and photopic conditions. 

 

3.2 Introduction 

The ability of an animal to detect objects in its environment and to perform visually 

guided tasks is dependent on the resolution (spatial and temporal) and sensitivity of 

their visual system (Land & Nilsson, 2012).  Spatial resolution determines the level of 
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detail that can be perceived and is in part dependent on the convergence of 

photoreceptors onto ganglion cells (Kalloniatis & Luu, 1995; Warrant, 1999).  Temporal 

resolution is the speed at which temporally varying information can be processed and is 

dependent on the length of time that photons are summed by the photoreceptors, 

known as the integration time (Fleishman et al., 1995; Warrant, 1999; Lisney et al., 

2011).  The sensitivity of the visual system is dependent on the amount of light that the 

photoreceptors receive, spatial and temporal summation and limiting factors such as 

noise (i.e. thermal and neural) (Land & Nilsson, 2012).   

 

Contrast sensitivity is the ability of an observer to discriminate between stimuli based 

on their differences in relative luminance (Wandell, 1995).  In water, the visual contrast 

between adjacent stimuli tends to be lower than in air due to scattering and absorption 

of light by the water and suspended or dissolved substances therein (Hester, 1968).  The 

situation is exacerbated as viewing distance and water turbidity increases (Lythgoe, 

1988).  In dim light environments, the discrimination of contrast is fundamentally limited 

by the amount of photons the photoreceptor can capture (Land & Nilsson, 2012); 

therefore, the visual system of animals living within this light regime tend to become 

adapted to increase sensitivity. 

 

The visual systems of different animals appear to be adapted to the particular light 

environment they inhabit and the visual tasks they must perform under these 

conditions.  These adaptations are achieved through the inevitable trade-off between 

resolution and sensitivity, which can either be adopted optically and/or neurally 

(Warrant, 1999; Land & Nilsson, 2012).  In dim light environments, the visual system 

must enhance sensitivity in order to form an image.  One way to increase sensitivity 

neurally is to extend the photoreceptor integration time (low temporal resolution), 

which increases the capture of photons and improves the signal to noise ratio and 

contrast discrimination by removing noise from high temporal frequencies (van Hateren, 

1993; Warrant, 1999).  However, increasing the integration time comes at the expense 

of resolving fast moving objects clearly (high temporal resolution) and therefore, the 

object will appear blurred (Warrant, 1999; Fritsches et al., 2005; Cohen & Frank, 2006).  

In bright light conditions, the integration time of the photoreceptors can be shorter as 
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the signal to noise ratio improves, which means that the eyes can track faster moving 

objects clearly by having high temporal resolution.  However, higher temporal resolution 

comes at the expense of having reduced light sensitivity (Warrant, 1999; Kalinoski et al., 

2014), demonstrating there is clearly a trade-off between temporal resolution and light 

sensitivity (Fleishman et al., 1995; Warrant, 1999; Matsumoto et al., 2009; McComb et 

al., 2010).   

 

The adaptability of the visual system to dim light environments can be assessed in 

representatives of the southern hemisphere lamprey genus, Mordacia.  The precocious 

lamprey, Mordacia praecox, and the short-headed lamprey, Mordacia mordax, maintain 

their burrowing habit (into the substrate of freshwater rivers) of the larval stage 

(ammocoete) into adult life and are nocturnal (Potter et al., 1968).  Previous research 

has shown that M. mordax possesses optical adaptations to increase sensitivity in this 

light limited environment.  These adaptations include; 1) a reflective tapetum within the 

retinal pigment epithelium (Collin & Potter, 2000), 2) a large single rod-like 

photoreceptor class with a long outer segment (Collin & Potter, 2000; Collin et al., 2004), 

which suggests there is more visual pigment available for light absorption and 3) a large 

ellipsosome within the inner segment of the photoreceptor (25 % wider than the outer 

segment), thought to focus (refract) light onto the outer segment (Collin & Potter, 2000).  

These optical adaptations are also present within the retina of M. praecox, however, the 

outer segments of the single photoreceptor are shorter (M. praecox mature 

animal: 9.4 μm compared to M. mordax downstream migrant: 21.7 μm) (Collin & Potter, 

2000; R. Warrington, unpublished).  Another indication that the retina of M. mordax is 

adapted for enhanced luminance sensitivity is its low spatial resolution (1.7 cycles per 

degree, based on photoreceptor spacing) (Collin et al., 2004).  To date, nothing is known 

about the temporal resolution or contrast sensitivity of either M. praecox or M. mordax. 

 

A relatively easy way to assess the visual function of an animal is using 

electroretinography.  One aspect of visual performance that can be measured is the 

temporal resolution of the retina, which can be used as an indication of the animal’s 

ability to identify and track moving objects (Fleishman et al., 1995; McComb et al., 2010).  

Temporal resolution is determined by exposing the retina to flickering light, increasing 
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the frequency of stimulation until the retina is unable to respond and the stimulus 

appears constant; this is known as the flicker fusion frequency (FFF) (Fritsches et al., 

2005; Lisney et al., 2012).  The critical flicker fusion frequency (cFFF) is the highest FFF 

achieved irrespective of light intensity (Lisney et al., 2012).  Electroretinography can also 

be used to assess contrast sensitivity (CS), by adjusting the contrast levels of a visual 

stimulus until a point is reached when the difference in contrast between two flickering 

brightness levels becomes indistinguishable to the retina, at a fixed mean light intensity.   

 

Previous research suggests that the response dynamics of the retina are correlated 

to an animal’s ecology, lifestyle and light environment (Autrum, 1958).  Animals which 

predate on fast moving prey in clear bright light environments generally have high 

temporal resolution (high FFF), while lower temporal resolution (low FFF) is found in 

predators of slow moving prey in dim light environments (Autrum, 1958; Jenssen & 

Swenson, 1974; Frank, 1999; Johnson et al., 2000; Fritsches et al., 2005; Horodysky et 

al., 2008, 2010; McComb et al., 2010; Healy et al., 2013; Horodysky et al., 2013; McComb 

et al., 2013; Landgren et al., 2014).  The two species of lamprey assessed in the current 

study, M. praecox (non-parasitic species) and M. mordax (parasitic species), exhibit 

differences in their feeding strategies and habitat on completion of metamorphosis from 

the ammocoete phase, which may place different demands on their visual systems.  

M. mordax migrates downstream towards the sea to parasitise fish during its marine 

phase (Potter et al., 1968).  On completion of the marine parasitic phase, M. mordax 

undergoes an upstream migration in freshwater to spawn (Potter, 1970).  In contrast, 

M. praecox ceases feeding (on algae and detritus) on completion of metamorphosis and 

remains in the river system to spawn (Potter, 1968; Potter et al., 1968) and does not 

enter a marine phase.  Therefore, differences may occur within their visual systems to 

adapt to the different lifestyles and environmental conditions during their lifecycle.      

 

Assessing temporal resolution can also provide insights into the physiological 

characteristics of each cell type within the retina.  Cones are known to have faster light 

response kinetics and post stimulus recovery times than rods (Hestrin & Korenbrot, 

1990; Thoreson, 2007).  A duplex retina, one that contains both rods and cones, can be 

identified by assessing temporal resolution over a range of light intensities.  When the 
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resultant data is plotted as FFF against light intensity, a noticeable change in slope occurs 

in the FFF curve, which is the point at which vision switches from being rod-dominated 

to cone-dominated (Wolf & Zerrahn-Wolf, 1936; Dreyfert et al., 1979; Lisney et al., 

2011).  In contrast, in retinas that possess only one physiological photoreceptor type, 

the FFF/intensity curve is continuous with no noticeable change in slope.  Retinas 

dominated by cones tend to have higher FFF values than retinas dominated by rods 

(Horsten et al., 1962; Ordy & Samorajski, 1968; Gruber, 1977; Fleishman et al., 1995; 

Thoreson, 2007; Lisney et al., 2011).  Therefore, temporal resolution can be used to 

indicate the physiological nature of photoreceptor type(s) present in the retina. 

 

To date, very few studies have been conducted on the physiological characterisation 

of photoreceptors in lampreys.  Attention thus far has concentrated on the northern 

hemisphere lampreys, Lampetra fluviatilis and Petromyzon marinus, providing evidence 

that the retina is duplex (Holmberg et al., 1977; Dreyfert et al., 1979; Govardovskii & 

Lychakov, 1984; Morshedian & Fain, 2015).  As M. praecox and M. mordax are thought 

to possess only one morphologically distinct photoreceptor type within the retina (Collin 

& Potter, 2000; Collin et al., 2004; R. Warrington, unpublished), it is expected that the 

FFF/intensity curves in both species will not exhibit a change in slope with increasing 

light intensities. 

 

Previous studies have demonstrated that FFF and CS are temperature dependent, 

with an improvement in temporal resolution and contrast sensitivity at higher 

temperatures (Hanyu & Ali, 1963; Tatler et al., 2000; Fritsches et al., 2005; Cohen & 

Frank, 2006; Landgren et al., 2014).  For example, the FFF of the swordfish, Xiphias 

gladius, was 5 Hz at 10°C and increased to 40 Hz at 20°C (Fritsches et al., 2005).  This 

species possesses a specialised heating mechanism to maintain the temperature of the 

eyes and brain 10°C – 15°C above ambient water temperature, which is potentially an 

adaptation to maximise their temporal resolution and thus their ability to detect and 

track fast swimming prey (Fritsches et al., 2005).  This FFF-temperature dependence may 

have profound effects on the visual function of ectotherms (animals where the 

regulation of body temperature is dependent on environmental temperature) that 

inhabit environments where the temperature fluctuates daily and/or seasonally.  As 
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lampreys are ectotherms (Saad et al., 1959) and the temperature in the native rivers of 

M. praecox and M. mordax varies seasonally, between 4°C and 33.5°C (Potter, 1970), it 

is likely that their resolution and sensitivity will be affected, limiting their visual function 

in colder temperatures and enhancing it in warmer temperatures.   

 

The aim of the current study was to measure the FFF and CS of two closely related 

southern hemisphere lampreys using electroretinography, to determine how these 

traits have adapted for life in a dim light environment.  These measurements also 

provided insight into the physiological classification of the photoreceptor type(s) within 

Mordacia sp.  FFF and CS were measured across a range of temperatures (FFF: 9°C, 14°C, 

19°C and 24°C; CS: 9°C and 24°C) and light intensities (FFF: 2 x 10¯⁵ to 1; CS: 5 x 10¯⁵ to 

5 x 10¯¹), to determine how visual function potentially changes under different 

environmental conditions.  The current study is the first to examine the physiology of 

the visual system in any southern hemisphere lamprey.  Results are discussed in the 

context of different ecologies and feeding strategies of M. praecox (mature animal) and 

M. mordax (downstream migrant).   

 

3.3 Materials and Methods 

3.3.1 Source of Animals 

The precocious lamprey, Mordacia praecox and short-headed lamprey, Mordacia 

mordax were caught by electro-shock fishing in the Wonboyn and Wallagaraugh Rivers 

in New South Wales, Australia (NSW collection permit: P10/0043-1.0) and transported 

to the University of Western Australia for experimentation (Department of Fisheries 

translocation permit: 871/11).  Five mature M. praecox (length: 122.4 ± 3.9 mm) and 

three downstream migrant M. mordax (length: 117.5 ± 2.5 mm) were utilised for 

electroretinogram experiments.  The animals were maintained in a controlled 

temperature room located within the School of Animal Biology, under a 12/12 h 

light/dark cycle and between 10 - 14°C to postpone the induction of the spawning phase 

in the mature animals.  The aquaria contained sediment to allow lampreys to burrow.  

Animal care and experimental procedures were approved by the University of Western 
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Australia Animal Ethics Committee (approval number RA/3/100/917 and 

RA/3/100/1220). 

 

3.3.2 Eyecup preparation 

Animals were euthanised with 500 mg/L tricaine methanesulphonate salt (MS-222, 

Sigma-Aldrich) with an equal concentration of sodium hydrogen carbonate (Ajax 

Finechem).  The eyes were excised and the cornea, lens and vitreous removed under 

room lights using a dissecting microscope (Nikon SMZ745T).  Eyecups (diameter: 

M. praecox 1.81 ± 0.06 mm; M. mordax 2.25 ± 0.02 mm) were placed on moist filter 

paper within a petri dish containing Ringer solution (in mM: 115 NaCl, 2.1 KCl, 2.6 CaCl₂, 

2 MgCl₂, 6 NaHCO₃ and 3 glucose) (Buchanan & Cohen, 1982) which had been bubbled 

with carbogen for at least fifteen minutes (pH 7.4).  Some eyes were stored in the dark 

at 4°C in carbogenated Ringer solution for up to 24 h prior to experimentation. 

 

3.3.3 Experimental setup 

Electroretinograms (ERGs) were recorded from isolated eyecups using platinum 

electrodes inside a light-proof Faraday cage.  The tip of the recording electrode 

(diameter = 0.125 mm) was shaped into a loop and positioned on the retina using a 

micromanipulator, while the reference electrode (diameter = 0.25 mm), with a ring at 

the terminal end, was placed under the moist filter paper in the Ringer solution.  The 

electrodes were connected to a differential a.c. amplifier (DAM-50, World Precision 

Instruments), where the responses were amplified either 10,000 times (M. praecox) or 

1,000 times (M. mordax) and bandpass filtered between 0.1 and 1 kHz.  The signal was 

visualised on a digital storage oscilloscope (Tektronix 2211) and digitized with a 5 kHz 

sampling frequency using a multifunction data acquisition (DAQ) board (USB-6353 X 

series, National Instruments).  Custom written software in MATLAB (R2012a) was used 

for data acquisition and analysis of the signals (originally developed by Associate 

Professor Jan Hemmi). 

 



 
 

99 
 

3.3.4 Optical apparatus 

Light stimulation was achieved using a white light emitting diode (LED) (5 mm, 

C503D-WAN, Cree), positioned 50 mm away from the eyecup so that the output cast a 

circular patch of light covering the entire preparation.  The LED produced an irradiance 

of 4.5 x 10¯⁴ W/cm² (49, 000 Lux) at the level of the retina (average over central 2 mm).  

Intensity was controlled with pulse-width modulation (PWM) at 1 KHz by a custom made 

LED controller under computer control.   

 

3.3.5 Temperature regulation 

In order to examine the effect temperature had on the response characteristics of 

the retina, the eyecup holder (isolating the eye and Ringer solution) was placed inside a 

water bath.  The temperature of the water bath was regulated by drip feeding ice-cooled 

water through an in-line solution heater (SH-27A, Warner Instruments) connected to a 

temperature controller (TC-324B, Warner Instruments).  Four temperatures were 

tested, (9°C, 14°C, 19°C and 24°C), covering most of the temperature range that 

lampreys typically experience in their native rivers between seasons (4 – 33.5°C) (Potter, 

1970).  The temperature was measured by a calibrated thermistor placed in the Ringer 

solution surrounding the eyecup.  Temperature was maintained within 0.5°C ± 1.2°C 

(mean ± st dev) of the target temperature.  

 

3.3.6 Flicker fusion frequency 

To assess the flicker fusion frequency (FFF) of M. praecox (n = 5) and M. mordax 

(n = 3), isolated retinas were presented with a flickering square-wave light stimulus for 

a range of stimulation frequencies between 2 and 55 Hz.  Each frequency was presented 

for 30 sec.  FFF were measured over a 6 log unit intensity range, increasing in 1 log unit 

steps.  All intensities were tested for all four temperatures (described above) in 

M. praecox, but only for 9°C and 24°C in M. mordax.  Prior to each intensity series, the 

eyecup was dark-adapted for a minimum of 20 min.  Due to time constraints, 

temperatures were always measured in an increasing series with the lowest 

temperature (which was closest to the temperature of the housing facility) measured 

first.  The aim of the experiment was to test all temperatures in each preparation.  
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However, it was not always possible, particularly in M. mordax, due to the range of 

experiments planned (FFF, CS and spectral sensitivity, see Chapter 2) on a limited sample 

size.  Therefore, responses were combined from both eyes of an individual.   

 

 The retina’s temporal responses to flickering lights were Fourier transformed to 

calculate the frequency composition of the signal.  FFF was calculated in two ways.  

Firstly, it was defined as the highest frequency that produced a significant response from 

the retina.  Significance was calculated by comparing the signal frequency against noise 

frequencies, following Maddess et al. (2000).  Secondly, FFF was defined as the highest 

frequency at which the response power (log 10 of the response amplitude squared) 

stayed above a certain, predetermined threshold.  This second measure has the 

advantage that it is not affected by the general decrease in noise at higher frequencies.  

As the noise level fluctuated between different light intensities and between 

preparations, a threshold was defined for each species to standardise the FFF across 

individuals.  The threshold power was determined using recordings from the lowest light 

 

Figure 3.1.  Averaged temporal response characteristics from one animal to a flickering square-

wave light stimulus of low light intensity (7.9 x 10¯⁹ W/cm²) across a range of frequencies.  The stimulus 

frequency at which the retina is unable to respond to a flicker light stimulus, the flicker fusion frequency 

(FFF) was defined using both threshold FFF (FFFt) and significance FFF (FFFs).  The threshold was fixed 

at a relative power of 10¯⁶˙⁵ mV² for M. praecox (a) and 10¯⁷ mV² for M. mordax (b), based on where 

the power of the response became indistinguishable from the noise under the lowest light intensity.  

The signal (red line) and noise (grey lines and open circles) are shown, along with responses, which 

were significantly above the noise (black circles) and those that could no longer be differentiated from 

the noise (grey filled circles). 
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intensity stimulus (as the noise was highest under these conditions).  This threshold was 

then applied across all conditions and animals examined.  The threshold was fixed at a 

relative response power of 10¯⁶∙⁵ mV² and 10¯⁷ mV² for M. praecox and M. mordax, 

respectively (Figure 3.1), with FFF defined as the point at which the signal crossed the 

threshold.  The defined thresholds were 4.63 ± 0.80 and 4.42 ± 0.75 log units 

(mean ± st dev) lower than the maximum response power at full intensity for M. praecox 

and M. mordax, respectively.   

 

 The threshold FFF proved to be a reliable method to standardise FFF across 

conditions and animals, as estimated threshold FFF were close to those using response 

significance alone (Figure 3.1).  Overall threshold FFF was slightly lower than significance 

FFF, with the largest difference exhibited at the brightest intensities under 24°C 

(Figure 3.2).  The significance measure suffers from artefacts, with responses more likely 

to be significant at higher light intensities and frequencies as the noise level decreases 

under these conditions (Figure 3.2).  In comparison, threshold FFF compares how the 

power of the response varies under different conditions and is independent of 

environmental noise.  Therefore, FFF values are presented based on threshold. 

 

Figure 3.2.  Average flicker fusion frequency (FFF) values for M. praecox obtained for a range of 

light intensities (6 log units, 1 = 4.5 x 10¯⁴ W/cm²).  The FFF values are based on two different 

temperatures (9°C and 24°C).  Threshold FFF (FFFt, red) and significance FFF (FFFs, black) follow the 

same trend.  However, at brighter light intensities the significance FFF is more likely to be significant 

due to the reduced environmental noise, particularly at higher temperatures.  The threshold FFF 

standardises the responses across different conditions as it compares how the power of the response 

changes under different conditions. 
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The mean response phase (phase between the stimulus and response) was also 

analysed to confirm when the electrical signals recorded became noise, which was a way 

of checking the significance calculations.  The response phase changes predictably with 

frequency as long as the retina is fast enough to respond to follow the stimulus.  

However, when the retina is unable to respond any longer and the electrical signal is just 

noise the phase changes randomly.  Therefore, the response phase was used to check 

that the assignment of the FFF was correct. 

 

Eyecup preparations provided viable responses for the duration of the experiment.  

Each intensity series took up to 1.5 h to complete for a particular temperature, while 

each temperature series took up to 8 h to complete.  In order to check that the responses 

were stable, the highest temperature recordings were repeated up to 6 h after 

completing the temperature series (during this time the spectral sensitivity was 

analysed, see Chapter 2).  These repeated recordings were consistent with the initial 

recordings with only minor variation in response over time.  FFF varied on average 2.1 Hz 

(range: 0.2 – 9.3 Hz), which confirms the eye remained viable. 

 

3.3.7 Contrast sensitivity 

Contrast sensitivity (CS) was assessed in M. praecox (n = 1) and M. mordax (n = 3) by 

stimulating the retina with a flickering square-wave light stimulus at a frequency of 5 Hz 

(as lower stimulation frequencies produced the highest response power).  At a particular 

mean light intensity, ten descending contrast levels (each time halving the contrast 

level) were tested at a fixed average intensity with a maximum contrast of 100% and a 

minimum contrast of 0.2%.  Contrast was controlled using PWM in an equivalent manner 

to stimulus intensity.  Each contrast level was presented for 30 sec.  CS was measured 

at a range of mean intensity levels over a 5 log unit range (5 x 10¯⁵ to 5 x 10¯¹, highest 

mean light intensity 2.5 x 10¯⁴ W/cm²), increasing in 1 log unit steps, at two different 

temperatures 9°C and 24°C.  CS measurements were interleaved in between the 

relevant FFF measurements, to avoid changing the adaptation state of the retina.   
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Response power was estimated from a Fourier transform of the signal as in FFF 

experiments following (Maddess et al., 2000).  The contrast was calculated using the 

Michelson (1927) formula: 

Lmax − Lmin

Lmax+ Lmin
 

 Lmax and Lmin are the maximum and minimum stimulus luminances.  The contrast 

sensitivity at different mean intensities was determined based on threshold measures, 

as justified previously.  However, the threshold power for CS was determined from 

responses at the lowest contrast level tested at the brightest mean intensity (there is no 

electrical artefact produced from the eye under these conditions at a fixed low 

frequency).  The threshold was fixed at a relative response power of 10¯⁶∙⁵ mV² and 

10¯⁶ mV² for M. praecox and M. mordax, respectively (Figure 3.3).  The defined 

thresholds were 4.25 ± 1.09 and 4.37 ± 0.53 log units (mean ± st dev) lower than the 

maximum response in each animal at the brightest mean intensity for M. praecox and 

M. mordax, respectively.  The average CS was calculated for each individual by taking 

the inverse of the threshold contrast.  Results are plotted on a logarithmic scale. 

Figure 3.3.  Averaged contrast sensitivity of one animal to changes in the contrast level at the 

brightest mean luminance tested (2.5 x 10¯⁴ W/cm²), using a flickering square-wave light stimulus of 

5 Hz.  The contrast sensitivity was defined using the threshold measure.  The threshold was fixed at a 

relative response power of 10¯⁶∙⁵ mV² for M. praecox (a) and 10¯⁶ mV² M. mordax (b), based on where 

the power of the response became indistinguishable from the noise at the lowest contrast level 

examined (assessed at the brightest mean intensity).  The signal (red line) and noise (grey lines and 

open circles) are shown, along with responses, which were significantly above the noise (black circles).  

At the lowest contrast levels CS responses did not reach the noise level.  Therefore, CS was extrapolated 

to the predetermined threshold as the relationship of the responses appears as a straight line on 

logarithmic axes (after omitting the highest contrast level). 
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At the brightest mean intensities, the minimum contrast level tested (0.2%) was not 

low enough to reach CS in some cases (M. praecox: 2/6 recordings; M. mordax: 3/18 

recordings).  Therefore, for these recordings the CS was extrapolated from the 

responses to the predetermined threshold (Figure 3.3), as the relationship between the 

contrast levels examined and sensitivity appears to be a straight line on logarithmic axes 

after omitting the 100% contrast level.  The two lowest mean light intensities measured 

(5 x 10¯⁵ and 5 x 10¯⁴) were omitted from the analysis, as the LED controller could not 

achieve the required contrast levels.   

 

3.3.8 Statistics 

Differences in FFF and CS between species, temperatures and light intensities, or 

interactions between those factors, were tested for statistical significance using a linear 

mixed model (RStudio, version 0.98.1056). 

 

3.4 Results 

3.4.1 Flicker fusion frequency 

The response power to the flickering light stimulus decreased as the stimulation 

frequency increased, with the maximum power occurring at low frequencies between 2 

and 9 Hz in M. praecox and 2 and 8 Hz in M. mordax (Figure 3.1).  This pattern of 

decreasing response power was consistent across all light intensities and temperatures 

tested.  An increase in both light intensity and temperature caused an increase in the 

maximum response power, although, in some recordings there was a decrease in the 

power of the maximum response at the brightest light intensity. 

 

Temporal resolution in both M. praecox and M. mordax was significantly affected by 

temperature, with FFF increasing with an increase in temperature (Figure 3.4a and 3.4b).  

The magnitude of this increase was dependent on the light intensity, suggesting there is 

a significant interaction between the two factors (final model: species + 

intensity*temperature range, P < 0.001, Likelihood ratio = 63.1, DF = 15).  The increase 

in FFF was greatest at the brightest light intensities, with FFF increasing approximately 
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15 Hz between 9°C and 24°C in both species at full intensity (Figure 3.4b), compared to 

a smaller increase of approximately 7 Hz in M. praecox and 3.5 Hz in M. mordax between 

9°C and 24°C at a lower light intensity of 10¯⁴. (Figure 3.4a). 

 

Figure 3.4.  Effect of temperature and light intensity on flicker fusion frequency (FFF).  FFF values 

obtained at four different temperatures for M. praecox (n = 5) and M. mordax (n = 3) at two different light 

intensities: (a) low (8.7 x 10¯⁸ W/cm²); (b) high (4.5 x 10¯⁴ W/cm²).  The average FFF values for each species 

(M. praecox, solid line; M. mordax, dashed line) along with the responses from each animal (each symbol 

represents a different animal; M. praecox, blue; M. mordax, red) are shown.  Grey lines are for comparison 

between the two light intensities examined. 

 

In both species, FFF increased as the light intensity increased (Figure 3.5), with the 

rate of increase (per log unit of light intensity) shown in Table 3.1.  Only at the highest 

intensity did the FFF show signs of plateauing in M. praecox and a slight decrease in 

M. mordax (Figure 3.5).  Neither species showed any clear sign of change in slope across 

light intensity, which would be expected if there were a shift from rod to cone activity.  

There was a significant difference between the FFF in the two species obtained under 

the same conditions, (P = 0.019, Likelihood ratio = 5.5, DF = 1).  The FFF of M. mordax 

was consistently higher across all light intensities than the FFF of M. praecox at both 9°C 

and 24°C.  At 9°C the difference is on average 5.1 Hz.  The cFFF (defined as the point at 

Table 3.1.  The rate of increase in FFF (Hz) as the light intensity increased (per log unit), at the 

temperatures assessed in M. praecox and M. mordax. 

 Increase in FFF (Hz)/log unit 

  9°C 14°C 19°C 24°C 

M. praecox 2.5 3.9 4.3 5.1 

M. mordax 3.4     7.1 
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which further increases in irradiance does not increase the FFF) at 9°C for M. praecox 

was 15.1 Hz and M. mordax was 21.8 Hz.  The cFFF at 24°C for M. praecox was 31.1 Hz 

and M. mordax was 36.9 Hz (Figure 3.5). 

 

Figure 3.5.  Relationship between flicker fusion frequency and light intensity in M. praecox (n = 5, 

solid lines) and M. mordax (n = 3, dashed lines) at four different temperatures.  FFF values were 

averaged across animals for each temperature tested: 9°C (black); 14°C (blue); 19°C (green); 24°C (red).  

Full intensity 4.5 x 10¯⁴ W/cm². 

 

3.4.2 Contrast sensitivity 

The response power to a flickering 5 Hz light stimulus decreased as the contrast level 

decreased (Figure 3.3).  The CS of M. praecox and M. mordax increased significantly with 

an increase in temperature (final model: temperature range, P < 0.001, Likelihood 

ratio = 20.4, DF = 1).  Between 9°C and 24°C, CS increased approximately ten fold from 

64 to 625 in M. praecox and 67 to 710 in M. mordax, at the brightest mean intensity 

(Figure 3.6a and 3.6b).  The results demonstrate that both species are unusually 

sensitive to small intensity differences, particularly at higher temperatures. 

 

Increasing the mean light intensity caused a slight increase in CS in most cases (except 

for M. praecox at 9°C).  However, this increase was not significant in either species, 

which suggests that the CS is maintained across the intensities examined.  Overall, the 

CS of the two species was not significantly different from one another. 
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3.5 Discussion 

The current study demonstrates that the temporal resolution and CS of M. praecox 

and M. mordax are highly temperature dependent.  Increasing the stimulus light 

intensity significantly increased FFF in an approximately logarithmic relationship, except 

at the brightest intensities.  However, the CS remained constant across all light 

intensities examined.  The temporal resolution of M. mordax was significantly higher 

than that found in M. praecox, whereas, CS was very similar between the species.  The 

FFF/intensity curve for both species was continuous with a change in slope absent.  

 

As lampreys are ectotherms (Saad et al., 1959), the current study assessed if temporal 

resolution and CS in Mordacia sp. would be affected by seasonal variations in the 

temperature of the rivers they inhabit (4 – 33.5°C) (Potter, 1970).  Increasing the 

temperature significantly increased FFF in M. praecox and M. mordax, which is in 

agreement with studies conducted on goldfish, swordfish and the escolar (Hanyu & Ali, 

1963; Fritsches et al., 2005; Landgren et al., 2014).  Contrast sensitivity improved tenfold 

between the temperatures assessed, suggesting that Mordacia sp. are exceptionally 

sensitive to small changes in contrast at higher temperatures.  These results are 

 

 

Figure 3.6.  Relationship between contrast sensitivity and mean light intensities in M. praecox 

(n = 1, solid lines) and M. mordax (n = 3, dashed lines) at two temperatures: (a) 9°C; (b) 24°C.  The 

average contrast sensitivity at different mean light intensities, as well as responses obtained from each 

animal of M. praecox (blue symbols) and M. mordax (red symbols).  Grey lines are for comparison 

between the two temperatures examined.  Highest mean intensity (2.5 x 10¯⁴ W/cm²). 
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consistent with simple temperature effects on the biochemical processes of 

phototransduction (Tatler et al., 2000), as enzymatic reactions within the cGMP cascade 

(Baylor, 1996) and diffusion of phototransduction intermediates in the photoreceptor 

membrane (Lamb, 1984, 1996) are faster at higher temperatures (Tatler et al., 2000).  

However, this strong temperature dependence has a fundamental impact on the visual 

function of Mordacia sp., ultimately limiting temporal resolution and CS in colder 

temperatures.  Therefore, during the summer months (14.5 – 33.5°C) (Potter, 1970), 

Mordacia sp. should be able to detect faster moving objects with significantly better CS, 

compared to winter months (4 – 14.5°C) (Potter, 1970).   

 

The FFF values of M. mordax were higher than those obtained from M. praecox, 

which could be attributed to the larger eye size of M. mordax (M. mordax: 2.25 mm; 

M. praecox: 1.81 mm).  A discrepancy in eye size appears to be a common feature among 

‘paired species’ (species which are similar morphologically), with the non-parasitic 

member (M. praecox) having relatively smaller eyes compared to the parasitic member 

(M. mordax) (Potter, 1980; Potter et al., 2015).  A smaller eye may limit resolution due 

to a smaller aperture (pupil diameter), a shorter focal length and less space within the 

retina for photoreceptors (Cronin et al., 2014).  Therefore, the higher FFF of M. mordax 

may be a consequence of having a larger eye.   

 

The cFFF values obtained from ERGs tend to be higher than those acquired with 

behavioural techniques (Dodt & Wirth, 1954; Hendricks, 1966; Lisney et al., 2011; Lisney 

et al., 2012).  For example, in the chicken, Gallus gallus domesticus, behavioural 

assessment provided a cFFF of 87 Hz (Lisney et al., 2011), while ERGs produced a cFFF 

of 105 Hz (Lisney et al., 2012), measured across a similar light intensity range (behaviour: 

0.2 – 2812 cd m¯²; ERG: 0.7 – 2740 cd m¯²).  Therefore, the FFF/cFFF values obtained 

from ERGs should be considered as an upper limit of temporal resolution.  The reason 

being that ERGs measure the neural activity in the retina, while behavioural studies 

measure what an animal actually perceives as a flickering stimulus, which is dependent 

on more complex visual processing in the brain (Schneider, 1968; Lisney et al., 2012).  

Future experiments should assess the temporal resolution of lampreys using 

behavioural studies. 
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3.5.1 Resolution and sensitivity reflects an animal’s visual requirements 

Fish that inhabit dim light environments generally have cFFF values below 45 Hz, such 

as the escolar (9 Hz at 23°C, 1640 cd m¯²) (Landgren et al., 2014), the blacknose shark 

(18 Hz at 24 – 25°C) (McComb et al., 2010), the swordfish (40 Hz at 20°C, 1640 cd m¯²) 

(Fritsches et al., 2005), the snook (40 Hz at 24 – 25°C) (McComb et al., 2013) and the 

weakfish (42 Hz at 20 – 22°C, 1585 cd m¯²) (Horodysky et al., 2008).  In comparison, fish 

residing in bright light environments tend to have higher cFFF values of up to 100 Hz, 

such as the sunfish (50 Hz at room temperature) (Wolf & Zerrahn-Wolf, 1936), the 

spotted seatrout (60 Hz at 20 – 22°C, 1585 cd m¯²) (Horodysky et al., 2008), the spadefish 

(60 Hz at 20 –  22°C, 1585 cd m¯²) (Horodysky et al., 2013), the striped bass (74 Hz at 

20 – 22°C, 1585 cd m¯²) (Horodysky et al., 2010) and the tuna (100 Hz at 24 – 26°C, 

10⁶ lux) (Bullock et al., 1991).  Caution should be taken when comparing the FFF/cFFF of 

animals from different studies, as experimental conditions are likely to vary across 

studies (for example, temperature, adaptation state, stimulus and background light 

intensity, sine-wave or square-wave stimulation and how FFF is determined based on 

signal or threshold), which may have large impacts on temporal resolution.  However, 

comparisons between studies tend to reflect an animal’s ecology and lifestyle 

(Horodysky et al., 2008). 

 

The species assessed in the current study spend a significant portion of their life in a 

light-limited environment (except during spawning), due to their burrowing habit and 

nocturnal lifestyle (Potter et al., 1968).  In order to adapt their visual systems to these 

low light levels, both species appear to have sacrificed high temporal resolution (high 

FFF) to increase light sensitivity (Jenssen & Swenson, 1974; Frank, 1999; Warrant, 1999) 

and improve contrast discrimination (van Hateren, 1993; Cronin et al., 2014).  A visual 

system adapted to increase sensitivity is generally associated with low spatial resolution, 

as demonstrated by the low anatomical spatial resolving power of 1.7 cycles per degree 

in the downstream migrant M. mordax (Collin et al., 2004).  The possession of a retinal 

tapetum (Collin & Potter, 2000) also increases sensitivity by effectively doubling the 

length of the outer segment, which suggests that there is more visual pigment available 

for light absorption (Rovamo & Raninen, 1988; Land & Nilsson, 2012).  Together these 

optical (tapetum) and neural (temporal and spatial summation) adaptations suggest that 
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the visual system of Mordacia sp. are specialised to improve photon capture in a dim 

light environment. 

 

The significant difference in FFF noted between the two species could be due to their 

post-metamorphic feeding strategies.  As these lampreys are ‘paired species’ (with the 

non-parasitic species M. praecox thought to have evolved from the ancestral parasitic 

species M. mordax) (Zanandrea, 1961; Potter, 1968), the temporal resolution of 

M. praecox is probably derived from the ancestral M. mordax.  The higher temporal 

resolution of M. mordax may be a requirement of their feeding strategy.  A higher FFF 

would allow M. mordax to track potential hosts such as brown trout (Salmo trutta), black 

bream (Acanthopagrus butcheri), yellow-eyed mullet (Aldrichetta forsteri) and 

barracouta (Thyrsites atun) (Potter et al., 1968) with moderate swimming speeds 

(approximately 3 km/h in S. trutta and A. butcheri) (VRO, 2004; Peake, 2008) and to 

target a site for attachment (Cochran, 1986).  The cFFF of M. mordax (20.44 Hz at 9°C, 

49,000 lux) is similar to that of another parasitic lamprey assessed previously, 

L. fluviatilis (24 Hz at 10°C, 170,000 lux) (Dreyfert et al., 1979).  In comparison, 

M. praecox is non-parasitic and ceases feeding.  Therefore, there is less pressure to 

maintain high FFF in M. praecox and the temporal resolution can be reduced (15.1 Hz at 

9°C, 49,000 lux), potentially in favour of better spatial resolution and/or sensitivity.   

 

The light levels at which Mordacia sp. are likely to be active, such as twilight (<10 lux) 

(Johnsen, 2012), are greatly diminished (approximately four orders of magnitude) 

compared to the highest intensity assessed in the current study.  Therefore, vision may 

be limited to a FFF of approximately 15 Hz at 24°C (at an intensity of 10¯⁴ Figure 3.5, or 

6 lux), which will reduce with colder temperatures (Figure 3.5).   

  

The CS of both species appears to be constant across all light intensities assessed 

(5 x 10¯³ to 5 x 10¯¹ at 5 Hz).  This can be explained by Weber’s Law, where CS remains 

constant at high intensities, as the signal to noise ratio is constant (van Hateren, 1993).  

When the temporal frequency is low, the Weber regime is valid for a wider range of light 

intensities compared to higher temporal frequencies (van Hateren, 1993).  In mice, the 

CS remained constant across a 10⁶ fold range of light intensities, for low frequencies 
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(Umino et al., 2008).  Therefore, the CS of Mordacia sp. may extend to lower intensities 

than could be assessed in the current study.  The mean intensities assessed for CS 

(approximately 250 – 25,000 lux) are likely to be higher than these Mordacia sp. are 

exposed to during major periods of activity (luminance at twilight <10 lux) (Johnsen, 

2012).  In dim light conditions, the CS of Mordacia sp. may be lower than the values 

presented, as it has been shown that peak sensitivity decreases as luminance is reduced 

(De Valois & De Valois, 1990; Bilotta et al., 1998), since photon noise becomes limiting 

(Warrant, 1999).  Therefore, future studies should utilise neutral density filters, to see 

what the CS of Mordacia sp. would be at an ecologically relevant light level such as below 

10 lux (illuminance under twilight) (Johnsen, 2012). 

 

The current study has shown that both species of Mordacia have high CS of 625 and 

710 (at 5 Hz, 25,000 lux and 24°C), which equates to a contrast threshold of 0.16% and 

0.14% for M. praecox and M. mordax, respectively.  In comparison to other animals, the 

contrast threshold of Mordacia sp. appears to be unusually sensitive.  The human 

threshold is approximately 0.5% (at 5 Hz and 20 cd m¯²) (Robson, 1966), in bright light 

fish have 1 – 2% contrast threshold (reviewed by Douglas & Hawryshyn, 1990), the 

squirrel has a contrast threshold of 5% (Jacobs et al., 1980), while pigeons’ contrast 

threshold is 10% (reviewed by Cronin et al., 2014).  All of these animals require larger 

differences in contrast levels to perceive luminance defined stimuli.  It appears 

therefore, that Mordacia sp. have adapted their CS in order to reliably discriminate very 

low contrasts, which would be beneficial to animals which live in a dim light 

environment.  The CS presented for Mordacia sp. may be an overestimation as the entire 

eyecup was illuminated.  Therefore, the receptive field would be larger than in the 

natural state, when the lens and pupil are present.  In this preparation, more neurons 

would be stimulated and a larger summed response may be obtained.  Therefore, future 

experiments should utilise a smaller spot size to measure contrast sensitivity. 

 

3.5.2 Characterising the photoreceptor type 

Cones have faster light response kinetics than rods (Hestrin & Korenbrot, 1990; 

Thoreson, 2007), which allows them to follow faster flicker rates.  However, cones are 

less sensitive to light than rods, with their responses declining rapidly with decreasing 
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light intensity (Crozier & Wolf, 1939, 1941; Meneghini & Hamasaki, 1967; Hestrin & 

Korenbrot, 1990).  Therefore, examining the speed and sensitivity of the retina can 

provide important information about the physiological characterisation of 

photoreceptor types within the retina. 

 

The absence of a change in slope in the FFF/intensity curve across approximately 6 log 

units indicates that all photoreceptors within the retinas of M. praecox and M. mordax 

have the same temporal response characteristics.  The range of light intensities assessed 

(0.02 – 49,000 lux) should be extensive enough to reveal photoreceptors with different 

kinetic profiles.  A previous study on the lamprey L. fluviatilis, demonstrated that the 

point at which vision switched from being rod-dominated (scotopic range) to 

cone-dominated (photopic range) occurred at 9.8 Hz and 170 lux (Dreyfert et al., 1979).  

As the light intensity of 170 lux (the transition point) was within the range tested in the 

current study, this provides further support for the hypothesis that one physiological 

photoreceptor type is present within M. praecox and M. mordax.  This is also consistent 

with data obtained from spectral sensitivity studies on these species (see Chapter 2) and 

a previous morphological study conducted on M. mordax (Collin & Potter, 2000).  Collin 

and Potter (2000) suggested that the photoreceptor is rod-like, due to the cylindrical 

shape of the outer segment and the presence of a typical rod inclusion, incisures.  

However, the photoreceptor also possesses features that are indicative of cones, for 

example the presence of numerous infoldings of the plasma membrane along the length 

of the outer segment (Collin & Potter, 2000).   

 

The speed of processing of a photoreceptor provides further insight into its 

classification.  In both species, FFF increased gradually with increasing light intensity at 

a rate of 5.1 Hz/log unit in M. praecox and 7.1 Hz/log unit in M. mordax (at 24°C, 

0.02 – 5,100 lux).  This rate of increase was slightly higher than that acquired from the 

pure rod retina of the escolar, Lepidocybium flavobrunneum (approximately 2.5 Hz/log 

unit at 23°C, 1640 cd m¯²) (Landgren et al., 2014), as well as the nocturnal geckos, Gekko 

gekko (3.5 Hz/log unit at 27 – 29°C, 1.3 x 10⁶ ft L) (Meneghini & Hamasaki, 1967) and 

Sphaerodactylus inaguae (3.9 Hz/log unit at 26 – 27.5°C) (Crozier & Wolf, 1939).  

However, these findings were unlike the steeper increase noted in the pure cone retina 
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of the iguana, Iguana iguana (20 Hz/log unit at 27 – 29°C, 1.3 x 10⁶ ft L) (Meneghini & 

Hamasaki, 1967) and the lizard, Phrynosoma cornutum (20 Hz/log unit, 27.5°C) (Crozier 

& Wolf, 1941).  Therefore, this suggests that the response kinetics of the photoreceptor 

within Mordacia are slow (Thoreson, 2007).   

 

The cFFF values of M. praecox and M. mordax were 31.1 Hz and 36.9 Hz (at 24°C), 

respectively.  Mordacia’s cFFF values are comparable to the cFFF of two species of skate, 

Raja erinacae and Raja ocellata (30 Hz at 20°C), when the difference in temperature 

(4°C) is taken into account.  These species of skate have a pure rod retina (Green & 

Siegel, 1975).  Therefore, the slow kinetics of the photoreceptor (Thoreson, 2007), as 

well as the cFFF values (Horsten et al., 1962; Ordy & Samorajski, 1968), suggest that the 

single photoreceptor of M. praecox and M. mordax may be rod-like.  The cFFF of 

Mordacia sp. may be on the higher end of rod functionality due to the effect of the 

tapetum.  The tapetum enhances the capture of photons, thereby increasing sensitivity.  

Therefore, less temporal summation may be required to increase the sensitivity of the 

visual system in M. praecox and M. mordax.  This would allow temporal resolution to 

improve and hence faster visual events to be detected. 

 

The cFFF of the European river lamprey, L. fluviatilis was 24 Hz (at 10°C, 170,000 lux), 

due to the cone photoreceptor response (Dreyfert et al., 1979).  This cFFF was 

comparable to that found in the rod-like photoreceptors of M. mordax at 20.4 Hz, but 

unlike that of M. praecox which was lower at 15.1 Hz (at 9°C, 49,000 lux).  The cFFF of 

the rod-like photoreceptors in Mordacia sp. may be explained by examining the 

behaviour of rods in the northern hemisphere lampreys, which have an unusual feature.  

The rods of L. fluviatilis continue to function at bright light levels (masked by the higher 

responses of the cones) and do not show signs of saturation, enabling these rods to 

operate under both scotopic and photopic light levels (between 1 quantum μm¯² s¯¹ and 

20,000 quanta μm¯² s¯¹) (Govardovskii & Lychakov, 1984).  The current study 

demonstrates that Mordacia sp. photoreceptors contributed to vision over a large range 

of light intensities, covering both scotopic and photopic light levels (0.02 – 49,000 lux, 

which relates to luminance levels at late twilight to daylight without direct sunlight) 

(Johnsen, 2012).  However, both species show signs of saturation at the brightest light 
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intensity examined, as the FFF starts to plateau in M. praecox and actually decrease in 

M. mordax, adding further support for rod-like physiology (Purves et al., 2001).  A 

decrease in FFF suggests that the visual pigment is bleached and the post-stimulus 

recovery is slow.  Therefore, the rod-like photoreceptor can no longer respond to further 

increases in light intensity (Aguilar & Stiles, 1954; Hestrin & Korenbrot, 1990; Thoreson, 

2007).   

 

Previous research has suggested that lampreys do not possess ‘true’ rods due to the 

cone-like characteristics of their photoreceptors, with ‘true’ rods evolving once jawed 

vertebrates (gnathostomes) diverged from lampreys (Collin et al., 2003; Lamb et al., 

2007; Collin, 2010; Lamb, 2013).  ‘True’ rod functionality can only be confirmed by 

demonstrating that the photoreceptor can reliably detect single photons of light (Baylor 

et al., 1979; Baylor, 1987).  This was recently demonstrated in the rods of the sea 

lamprey, P. marinus, despite their cone-like features (numerous infoldings of the plasma 

membrane along the outer segment) (Morshedian & Fain, 2015), which are also present 

in M. mordax (Collin & Potter, 2000) and likely in M. praecox (although this has not been 

assessed at the level of the electron microscope).  It is, therefore, tempting to predict 

that the rod-like photoreceptors of Mordacia sp. are also ‘true’ rods.  Future 

experiments should utilise suction electrodes to determine if Mordacia sp. can respond 

to single photons of light, which will prove if ‘true’ rods are present.  

 

3.6 Conclusion 

The visual systems of Mordacia sp. appears to have adapted to increase the capture 

of photons in the light-limited environments they inhabit.  This is achieved by having 

lower temporal resolution, so that more photons can be summed over time, which 

increases luminance sensitivity.  However, this comes at the expense of Mordacia sp. 

not being able to resolve fast visual events i.e. without the image being blurred.  The 

lower temporal resolution potentially enables Mordacia sp. to have high CS, allowing 

very small differences in contrast levels to be discriminated.  This may be useful for both 

predator and prey detection.  This study has demonstrated that lower environmental 

temperatures may significantly limit temporal resolution and CS in Mordacia sp., with 
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the consequence that faster moving objects/images will be more difficult to detect and 

will appear blurred, as well as having restricted contrast discrimination.  The ERG 

responses suggest that all photoreceptors within the retina have the same temporal 

response characteristics in both species.  The characteristics of this photoreceptor 

include slow kinetics and high sensitivity, suggesting a rod-like photoreceptor.  However, 

the rod-like photoreceptor possesses an unusual feature of being able to operate over 

a wide range of intensities including photopic conditions, which has been demonstrated 

previously in another species of lamprey, although this rod-like photoreceptor saturates 

at the brightest light intensity examined.  Future experiments should focus on whether 

this rod-like photoreceptor has the ability to detect single photons of light, to determine 

if Mordacia sp. possess a ‘true’ rod photoreceptor. 
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4.1 Abstract  

Lampreys are important animal models for understanding the evolution and function 

of vertebrate vision, as they are extant members of a group that diverged during a 

critical stage when image-forming eyes and visual systems are thought to have emerged 

in vertebrates.  Amongst lampreys assessed thus far, the retina of the pouched lamprey, 

Geotria australis is unique, possessing five morphological photoreceptor types and five 

visual pigments.  This study used a multidisciplinary approach to identify the opsin(s) 

expressed in each morphological photoreceptor type.  A comparison of data determined 

by RNA in situ hybridisation (utilising opsin-specific riboprobes) and transmission 

electron microscopy revealed that the expression of each opsin is likely confined to a 

single photoreceptor type, which is consistent with the presence of five spectrally 

distinct photoreceptor types.  This suggests that G. australis has the potential for 

complex colour vision and may be tetrachromatic.  Immunohistochemistry with 

opsin-specific antibodies positively labelled photoreceptors expressing the lws, sws1, 

rh1 and rh2 opsin genes.  Each spectral type of photoreceptor was demonstrated to have 

a specific spatial distribution across the retina, which appears to relate to the photic 

environment across different lines of sight.  Photoreceptors expressing the lws and rh2 

opsin genes have the highest density in the central to dorsal regions of the retina.  

Photoreceptors expressing the sws1 and sws2 opsin genes were most abundant in the 

central to ventral region of the retina, whereas the photoreceptors expressing the rh1 

opsin were evenly distributed across the retina.  The spatial resolving power of 

G. australis is comparable to that of other freshwater fish and suggests that G. australis 

are not reliant on acute distance vision at the developmental stage assessed (upstream 

migrant).  These findings provide important insights into the functional anatomy of the 

early vertebrate retina, and in particular the selection pressures that may have led to 

the evolution of colour vision. 

 

4.2 Introduction 

Lampreys form one of two extant groups (including hagfish) of jawless vertebrates 

known as Agnatha.  The oldest known fossil of a lamprey was discovered in deposits in 

South Africa, which date back to the Devonian Period, approximately 360 million years 
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ago (MYA) (Gess et al., 2006).  The agnathan lineage has been estimated to have 

diverged from the lineage leading to jawed vertebrates (gnathostomes) approximately 

500 MYA (Blair Hedges, 2001).  This is around the time that image forming eyes and 

more complex visual systems are thought to have emerged in vertebrates 

(approximately 540 MYA), during the Cambrian ‘explosion’ (Collin et al., 2003b; Lamb et 

al., 2007).  As lampreys have remained relatively unchanged, at least morphologically 

(Gess et al., 2006), studying the visual capabilities of this taxon may provide insights into 

the type of light environment experienced by the vertebrate ancestors and the evolution 

of vision. 

 

There are 41 known extant species of lamprey (Petromyzontiformes); 37 species 

belong to the family Petromyzontidae located in the northern hemisphere (Hubbs & 

Potter, 1971; Potter et al., 2015), while the remaining four species are split into two 

families within the southern hemisphere: Mordaciidae contains three species, while 

Geotria australis is the sole representative of Geotriidae (Potter & Strahan, 1968).  The 

southern hemisphere lampreys possess differences in their lifecycle and ecology not 

seen in other species (G. australis reside in brightly lit surface waters during the marine 

phase, while Mordacia sp. are nocturnal and maintain the larval burrowing habit into 

adult life), which is reflected in specialisations within their visual system (Collin et al., 

1999; Collin & Potter, 2000; Collin et al., 2003a; Collin et al., 2004).  The focus of this 

study will be on G. australis, which is exposed to a variety of light environments during 

its lifecycle, and has eyes that appear to be distinct among agnathans (Collin et al., 1999; 

Collin et al., 2003a; Collin et al., 2003b; Davies et al., 2007b).  

 

Lampreys have a protracted larval (ammocoete) phase; the ammocoete is 

photophobic and spends the majority of its time burrowed in the sediment of freshwater 

rivers, filter-feeding on algae and detritus (Potter, 1980).  After a number of years, four 

and a quarter years in the case of G. australis (Potter & Hilliard, 1986), the ammocoete 

undergoes a radical metamorphosis (lasting six months in G. australis) (Potter et al., 

1980) developing many anatomical and physiological modifications essential for 

adulthood.  In anadromous species (migrating from marine environments upstream in 

rivers to spawn) such as G. australis, the young adult migrates downstream towards the 
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open ocean at night (downstream migrant) (Hardisty, 1979; Potter et al., 1980).  Once 

in the open ocean, G. australis parasitises teleost fishes, feeding primarily on muscle 

tissue (Potter & Hilliard, 1987).  During the marine phase, which can last at least a year 

(Potter et al., 1979), South American representatives of G. australis have been shown to 

occur in vast numbers in the waters surrounding South Georgia during the austral 

summer (Potter et al., 1979; Prince, 1980).  This was discovered by analysing the 

stomach contents of grey-headed albatrosses Diomedea chrysostoma, showing that 

G. australis was a substantial component of their diet, being 10% (in weight) of the food 

consumed (Prince, 1980).  D. chrysostoma mainly forages during the day, diving to a 

maximum depth of 6.5 m (Huin & Prince, 1997).  This demonstrates that G. australis 

resides in brightly lit surface waters and will be exposed to a broad spectrum of light.  

On completion of the marine phase, anadromous lampreys re-enter freshwater rivers in 

order to spawn (upstream migrant).  During their upstream migration (which takes 

approximately 16 months in G. australis) (Potter et al., 1983), lampreys are 

photophobic, with migration occurring under cover of darkness (Hardisty, 1979).   

 

The lamprey retina has been studied in some detail over the last century; however, 

the majority of this research has concentrated on northern hemisphere (holarctic) 

species.  Morphological analysis has revealed that two photoreceptor types occur in the 

retina of holarctic lampreys, a short and a long photoreceptor (Tretjakoff, 1916; Walls, 

1935).  The classification of photoreceptor types in lampreys is not clear, as the 

photoreceptors possess both rod-like and cone-like features (Walls, 1942; Öhman, 1971; 

Collin et al., 1999; Collin & Potter, 2000).  A range of techniques was used to characterise 

the photoreceptor types, including light microscopy, electron microscopy, 

immunohistochemistry, electrophysiology, microspectrophotometry, genetics and 

other molecular procedures, some of which have provided conflicting results.  Some 

authors have suggested the lamprey retina is duplex, possessing one rod-like 

photoreceptor type and another more cone-like photoreceptor type (Walls, 1935; 

Holmberg et al., 1977; Dreyfert et al., 1979; Govardovskii & Lychakov, 1984; Ishikawa et 

al., 1987; Negishi et al., 1987; Ishikawa et al., 1989; Tonosaki et al., 1989; Hara et al., 

1990; Harosi & Kleinschmidt, 1993; Morshedian & Fain, 2015).  In other studies, the 
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photoreceptors have been classified variously as cones (Dickson & Graves, 1979), rods 

(Öhman, 1976), or intermediates between rods and cones (Öhman, 1971). 

 

Very few studies have concentrated on the southern hemisphere lampreys.  It is only 

in the last two decades that detailed ultrastructural investigations have been conducted 

on the retina of G. australis and the short-headed lamprey, Mordacia mordax.  Walls 

(1942) was one of the first to document that three photoreceptors types are present 

within the retina of G. australis.  In a brief light microscopic description he classified all 

three photoreceptor types as cone-like.  He suggested, however, that the largest of the 

three may contain rod opsin, and due to the nocturnal behaviour of G. australis (for a 

portion of their lifecycle), at least one of these could be a functional rod.   

 

A study conducted by Meyer-Rochow and Stewart (1996) contradicted Walls’ view, 

suggesting that G. australis possesses two photoreceptor types, a short rod-like 

photoreceptor and a long cone-like photoreceptor, similar to holarctic lampreys.  The 

first extensive ultrastructural study was carried out by Collin et al. (1999) in downstream 

migrants, which concluded that three photoreceptor types are present, one rod-like 

photoreceptor (r1) and two cone-like photoreceptors (c1 and c2).  The authors 

suggested that the rod-like photoreceptor may be homologous to the short 

photoreceptor in holarctic lampreys, whereas the two cone-like photoreceptors were 

significantly different from the long photoreceptor in holarctic lampreys.  The c1 and c2 

photoreceptor types could be differentiated from one another by their shape, size and 

staining characteristics of the mitochondria (in the ellipsoid) and the endoplasmic 

reticulum (in the myoid) within the inner segment.   

 

It was not until molecular techniques were used, however, that the full potential for 

colour discrimination in G. australis was discovered (Collin et al., 2003b; Davies et al., 

2007b).  The visual pigment (opsin) genes expressed in the retina were sequenced and 

compared to opsin genes from a broad range of vertebrate species.  This revealed that 

five visual opsin genes are expressed in G. australis: a long-wavelength-sensitive (LWS) 

opsin – lws, two short-wavelength-sensitive (SWS) opsins – sws1 and sws2, and two 

middle-wavelength-sensitive (MWS) opsins – rh1 and rh2.  Based upon this observation, 
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further ultrastructural analyses were conducted, which revealed that the retina in 

G. australis actually possesses five cone-like photoreceptor types in downstream 

migrants (Collin & Trezise, 2004).  The two previously uncharacterised photoreceptors 

have not yet been fully described and the five visual pigments have not been 

experimentally matched with their morphological cell type, although predictions have 

been made (Davies et al., 2007b). 

 

The plasticity of the visual system in G. australis has been demonstrated by 

morphological changes in the eye and differential expression of opsins in the retina 

between two differing migratory phases (downstream and upstream migrants).  

Downstream migrants prepare for life in the brightly lit surface waters of the Southern 

Ocean, where they will be subjected to a broad spectrum of light.  The retina appears to 

be adapted to sample this spectral range by predominantly expressing the sws1 and lws 

opsin genes, which have maximum absorbance (λmax) values of 372 and 616 nm (A2), 

respectively, (Collin et al., 2003a; Davies et al., 2007b).  The yellow pigment found in 

three of the photoreceptor types (within the myoid) acts as a short-wavelength-

absorbing filter, which absorbs strongly at wavelengths below 550 nm (Collin et al., 

2003a), and possibly enhances visual contrast (Lythgoe, 1979).   

 

In contrast, the purpose of the adaptations to the visual system in upstream migrants 

is to increase absolute light sensitivity during the nocturnal phase.  One of the 

photoreceptor types loses the yellow myoid pigment and instead possesses a clear 

ellipsosome (within the ellipsoid), which gathers and focuses light on to the visual 

pigment contained within the outer segment and increases the photoreceptor’s spectral 

range (Collin et al., 2003a).  The width and length of the photoreceptors increase, 

allowing more light to be captured due to a wider acceptance angle, and more visual 

pigment packed within the outer segment.  Opsin expression levels change in the 

upstream migrants, favouring the MWS visual pigments (rh2 and rh1) with λmax values 

of 500 and 515 nm (Collin et al., 2003a; Davies et al., 2007b), which suggests that the 

spectral sensitivity of G. australis correlates to the available light spectrum in the 

scotopic (dim light) freshwater river environment (Levine & MacNichol, 1982; 

Bowmaker, 1995). 
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To better understand the functional organisation of the neural basis for colour vision 

in lampreys, the morphological and spectral characteristics of all photoreceptor types 

need to be determined.  A previous study used microspectrophotometry (MSP) to 

characterise the spectral sensitivity of three morphological photoreceptor types.  This 

investigation revealed that the maximum absorbance of visual pigments located in the 

outer segments of the three photoreceptor types (downstream/upstream) were 

610/616 nm in C1 photoreceptors, 515/515 nm in C2 photoreceptors and 506/500 nm 

in R1 photoreceptors (Collin et al., 2003a).  The absorbance spectrum obtained for each 

of these pigments was best-fitted by a porphyropsin (A2 chromophore) template (Collin 

et al., 2003a).   

 

Another technique regenerated each opsin in vitro (with 11-cis-retinal) in order to 

measure the absorbance of the visual pigments of G. australis formed from purified 

proteins, and thus not influenced by other factors that may alter their spectral 

sensitivity.  Four out of the five opsins were successfully expressed in vitro and 

possessed rhodopsin (A1) λmax values of 358 nm for the sws1 pigment, 439 nm for the 

sws2 pigment, 497 nm for the rh1 pigment and 492 nm for the rh2 pigment (Davies et 

al., 2007b).  The lws pigment failed to regenerate, therefore, the spectral peak was 

predicted based on key tuning sites, which resulted in a calculated λmax of 560 nm (A1) 

(Davies et al., 2007b).  As the native pigments of G. australis are porphyropsins (Collin 

et al., 2003a), the corresponding λmax values were predicted to be 371 nm (sws1), 

452 nm (sws2), 519 nm (rh2), 526 nm (rh1) and 622 nm (lws) (Davies et al., 2007b), using 

the Whitmore and Bowmaker (1989) A1 - A2 conversion formulae.  By comparing the 

spectral sensitivities between the two studies, Davies et al. (2007b) suggested that C1 

photoreceptors express the lws opsin, C2 photoreceptors express the rh1 opsin, while 

R1 photoreceptors express the rh2 opsin.  As the remaining two photoreceptor types 

have not been characterised fully their opsin expression is not known.  It has been 

suggested that G. australis is potentially pentachromatic due to the presence of five 

opsin genes and five morphological cone-like photoreceptor types, based on the 

assumption that each photoreceptor expresses a single opsin, is functional in photopic 

light conditions, and contributes to a colour vision system (Collin et al., 2003b; Collin & 

Trezise, 2004; Davies et al., 2007b).   
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The aim of the present study was to identify the opsin class(es) expressed in each 

morphological photoreceptor type in the upstream migrant.  A multidisciplinary 

approach was applied, which included immunohistochemistry using antibodies raised 

against a range of visual opsin proteins.  RNA in situ hybridisation was also applied, with 

the use of opsin-specific RNA probes to reveal the opsin gene expressed in each cell 

type.  A detailed description of the morphological characteristics of each photoreceptor 

type was also obtained through the use of transmission electron microscopy.  

Comparing the results obtained from the two techniques, RNA in situ hybridisation and 

electron microscopy, confirmed the type of opsin class expressed in each of the five 

retinal photoreceptor types in G. australis.  The topographic distribution of each 

photoreceptor type was assessed, to provide information on specialisations within the 

photoreceptor layer that may relate to aspects of spatial and chromatic sampling of the 

retinal images and, therefore, to the animal’s visual ecology and habitat.  The theoretical 

maximum anatomical spatial resolving power (SRP) was also calculated (from 

cryosectioned retinas, assuming either a square or a hexagonal photoreceptor mosaic), 

to provide an estimate of the visual spatial resolution in G. australis.   

 

4.3 Materials and Methods 

4.3.1 Source of Animals 

Upstream migrants of the pouched lamprey, Geotria australis, were collected in 

October 2012 approximately two to three months after the onset of migration, from fish 

traps at Meadowbank Dam on the Derwent River, Tasmania (107 km upstream of river 

mouth) (Davies et al., 2002) (Inland Fisheries Serves permit: 2011-32).  Lampreys were 

then transported to The University of Western Australia for experimentation 

(Department of Fisheries translocation permit: 871/11).  The animals were housed in a 

temperature controlled room located within the School of Animal Biology at The 

University of Western Australia, under a 12 h/12 h light/dark cycle between 10°C and 

14°C.  The aquaria mimicked the natural habitat of the lampreys as much as possible, 

with substrate similar to that found in rivers.  Animal care and experimental procedures 

were approved by The University of Western Australia Animal Ethics Committee 

(approval number RA/3/100/917). 
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4.3.2 Tissue preparation for immunohistochemistry and RNA in situ hybridisation 

Lampreys were euthanised with 500 mg/L tricaine methanesulphonate (MS-222) 

(Fluka Analytical, Sigma-Aldrich) with an equal concentrations of sodium hydrogen 

carbonate (Ajax Finechem).  The eyes were excised and the cornea, lens and vitreous 

were removed under a dissecting microscope (Nikon SMZ745T).  A small incision was 

made on the dorsal surface of the eye for orientation.  Enucleated eyes (6.35 ± 0.25 mm) 

were fixed in 4% paraformaldehyde (PFA) (Sigma-Aldrich) in 0.1 M sodium phosphate-

buffer (PBS; pH 7.2 – 7.4) (Sigma-Aldrich), for one to five days.  After fixation, eyes were 

transferred to 0.1 M PB with 0.1% sodium azide (PBA; pH 7.2 – 7.4) (Sigma-Aldrich) and 

stored at 4°C.   

 

4.3.3 Cryosectioning of the retina 

Fixed eyes were rinsed thoroughly in 0.1 M PBS (Sigma-Aldrich) to remove residual 

azide from the storage solution and then transferred to 25% (w/v) sucrose in PBS 

overnight to cryoprotect the tissue.  The sucrose solution was removed and the eyecup 

filled with O.C.T. compound (Tissue-Tek).  The eyecup was mounted on to a stage and 

embedded in O.C.T. compound (Tissue-Tek) and the preparation was frozen at -20°C in 

a cryostat (Leica CM1900).  Transverse sections (dorsal and ventral regions of the eye 

within a section) of the retina were cut at a thickness of 14 μm and were mounted on to 

SuperFrost Plus slides (ThermoFisher Scientific).  The sections were collected 

sequentially across five slides to ensure that each antibody for immunohistochemistry 

or riboprobe for RNA in situ hybridisation was tested within the same area of the retina.  

This meant that each subsequent section on a given slide was taken from a region 

approximately 56 μm away from the previous section.  All sections were allowed to air 

dry before storing at -80°C until used. 

 

4.3.4 Immunohistochemistry using opsin antibodies 

A range of antibodies was tested to identify different photoreceptor types by the 

photopigments they expressed.  The primary antibodies tested were rabbit polyclonal 

antibodies: CERN874, CERN906, CERN956, CERN922, CERN933 (kindly provided by 

Professor Willem de Grip, Radboud University Nijmegen, Netherlands), zebrafish (zf) red 
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(lws), zf green (rh2), zf rod opsin (rh1), zf blue (sws2), zf UV (sws1) (kindly provided by 

Professor David Hyde, University of Notre Dame, Indiana, USA), JH492 and JH455 (kindly 

provided by Professor Jeremy Nathans, John Hopkins University, Baltimore, USA), as well 

as the goat polyclonal antibody sc-14363 (Santa Cruz Biotechnology, USA).  These 

antibodies were chosen based on their epitope specificity, as they encompass the range 

of opsin classes expressed in G. australis, albeit raised in different species.  Some of the 

antibodies have previously been shown to label photoreceptors within the retina of 

northern hemisphere lampreys (Garcia-Fernandez et al., 1997; Meléndez‐Ferro et al., 

2002; Villar‐Cerviño et al., 2006; Villar-Cheda et al., 2008).  The epitope information for 

each antibody is provided in Table 4.1.  In order to predict which opsin each antibody is 

likely to label and to identify potential cross-reactivity, the peptide information for each 

antibody was visually compared to the amino acid sequence of each opsin in G. australis 

using BioEdit (v 7.2.0) (Hall, 1999). 

 

The immunohistochemistry procedure was as follows: slides were removed from the 

-80°C freezer and allowed to air dry.  A PAP pen (Electron Microscopy Sciences) was used 

to apply a hydrophobic barrier to the edge of the slide.  The slides were washed in 

0.1 M PB (pH 7.2 – 7.4) for 5 min to remove residual O.C.T. compound.  Following this, 

200 μl of a solution containing the primary antibody was applied to sections and 

incubated overnight at 4°C.  This solution contained primary antibody (dilution given in 

Table 4.1), 5% (v/v) normal donkey serum (NDS), which acted as a blocking agent and 

0.3% (v/v) Triton X-100 (ProSciTech) to enhance antibody penetration, diluted in 

0.1 M PB.   

 

The following day, sections were rinsed three times in 0.1 M PB for 10 min each and 

then incubated in a solution containing the secondary antibody for 2 h to detect primary 

antibody binding.  This solution contained either the Alexa Fluor 488 donkey anti-rabbit 

(1:400, ThermoFisher Scientific) secondary antibody for sections incubated with rabbit 

primary antibodies or the Alexa Fluor 555 donkey anti-goat (1:400, Life Technologies) 

secondary antibody when the sc-14363 primary antibody was used.  The solution also 

contained 0.1% (v/v) Hoechst (Invitrogen) as a counterstain and 0.3% (v/v) Triton X-100  



 
 

 
  

1
3

3
 

Table 4.1.  Primary antibodies tested on G. australis retinal sections with the working dilution.  The epitope information is displayed, which specifically highlights the region of 

the opsin that the antibody was raised against (when known).  The specificity and avidity of each antibody is provided, noting that some antibodies are known to cross-react with 

other visual pigments.  (LWS) long-wavelength-sensitive, (MWS) medium-wavelength-sensitive, (SWS) short-wavelength-sensitive. (*) denotes amino acid number. 

 

 

 

Antibody Dilution Antigen Avidity Characterised by 

CERN874 1:1000 Chicken red/green cone and rod opsin: raised against the entire protein lws > rh2 > rh1 De Grip pers comm 

CERN906 1:1000 Chicken red/green cone: raised against the entire protein lws > rh2 De Grip pers comm 

CERN956 1:1000 Human red/green cone: synthetic peptide  lws/MWS De Grip pers comm 

CERN922 1:1000 Bovine rod opsin: dominant regions N-terminus (1 - 20*) and C-terminus (325 - 348*), 
intracellular loop regions sometimes recognised (60 - 70* and 230 - 250*) 

rh1 De Grip 1985 

CERN933 1:1000 Human blue cone: synthetic peptide  sws1 De Grip pers comm 

zf red 1:500 Zebrafish red: against N-terminus lws Vihtelic et al 1999 

zf green 1:1000 Zebrafish green: against C-terminus (325 - 349*) rh2 Vihtelic et al 1999 

zf rod 1:2500 Zebrafish rod opsin: against C-terminus (325 - 354*) rh1 Vihtelic et al 1999 

zf blue 1:500 Zebrafish blue: against C-terminus sws1 Vihtelic et al 1999 

zf UV 1:1000 Zebrafish UV: against N-terminus sws2 Vihtelic et al 1999 

JH492 1:10000 Human red/green pigment: against C-terminal  lws > MWS Wang et al 1992 

JH455 1:10000 Human blue pigment: against C-terminus (last 42 amino acids) sws1 Wang et al 1992 

sc-14363 1:500 Human blue pigment: synthetic peptide against 20 amino acids (EFYLFKNISSVGPWDGPQYH)  
within the N-terminus (1 - 50*) 

sws1 Schiviz et al 2008 
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(ProSciTech), diluted in 0.1 M PB.  The sections were rinsed three times in 0.1 M PB for 

10 min each and mounted in Fluoromount aqueous mounting media (SouthernBiotech).  

A control was included where the primary antibody was omitted from the primary 

antibody solution, in order to determine the specificity of labelling and monitor the 

potential of non-specific labelling by the secondary antibodies.  Labelled sections were 

imaged using differential interference contrast (DIC) optics on a Nikon Eclipse Ti 

Confocal microscope located in the Centre for Microscopy, Characterisation and Analysis 

(CMCA) at the Queen Elizabeth II (QEII) Medical Centre, Perth. 

 

4.3.5 Cloning of opsin sequences into a suitable vector for riboprobe generations 

Clones containing the full length cDNA sequences (1038 – 1095 base pairs bp) for all 

five visual opsins expressed in the retina of G. australis were donated by Associate 

Professor Wayne Davies (University of Western Australia) and Professor David Hunt 

(University of Western Australia).  The GenBank accession numbers are as follows: lws 

(AY366491), sws1 (AY366495), sws2 (AY366492), rh1 (AY366493) and rh2 (AY366494).  

The plasmids supplied contained the coding sequence within the mammalian expression 

vector pMT4 (Davies et al., 2007b).  This vector was unsuitable to produce riboprobes 

as it does not contain the bacterial promoters necessary for RNA transcription by either 

SP6 or T7 RNA polymerase.  Therefore, the full length sequences for all opsins were 

digested from the pMT4 vector with restriction enzymes and subcloned into a suitable 

vector, pGEM-3Z (Promega).  This was accomplished by a double digest of the plasmid 

and the pGEM-3Z vector using EcoR1 and Sal1 restriction enzymes (Promega) at 37°C for 

1 h.  The DNA was then purified by ethanol precipitation (Sambrook & Russell, 2001).   

 

Electrophoresis in a 1% (w/v) agarose gel was used to visualise the opsin (1 kilo 

bases, kb) and vector DNA bands (2.7 kb) by 1% (v/v) GelRed (BioTium) staining.  The 

opsin band was excised and the DNA was extracted from the gel and eluted using the 

Wizard SV Gel Clean-Up System (Promega).  Eluted DNA was quantified on the Qubit 2.0 

Fluorometer using the dsDNA HS Assay kit (Life Technologies).  Each insert was ligated 

into the pGEM-3Z vector (1:1 ratio) using T4 DNA ligase (Promega) for 3 h.  One Shot 

chemically competent E. coli cells (Life Technologies) were used to transform ligations 

at 37°C for 1 h (as per the manufacturer’s instructions), which were then spread on to 
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Luria-Bertani (LB) plates (1% (w/v) bacto-tryptone (DIFCO), 0.5% (w/v) bacto-yeast 

extract (DIFCO), 1% (w/v) sodium chloride (Promega), 1.5% (w/v) agar (Amereco) and 

100 μg/ml ampicillin) (Promega), sprayed with X-Gal-IPTG (Axygen) for blue-white 

screening of insert-positive colonies and incubated at 37°C overnight.  White colonies 

(containing recombinant DNA) were collected and run through a colony PCR followed 

by gel electrophoresis, to check that the plasmid contained an insert of the expected 

DNA length.  Once confirmed, the colony was cultured in LB-ampicillin broth at 37°C 

overnight.  The plasmid DNA from the overnight culture was purified using the AxyPrep 

Plasmid Miniprep Kit (Axygen).  The cloned inserts were sequenced by the Australian 

Genome Research Facility (AGRF) in both orientations using appropriate primers, 

namely SP6 and T7, to check for cloning errors and to confirm that the correct opsin was 

cloned into the pGEM-3Z vector, prior to creating probes for RNA in situ hybridisation. 

 

When reviewing the full length opsin sequences, two internal Sal1 restriction sites 

were found at the beginning of the sws2 opsin sequence.  Therefore, the restriction 

enzyme was changed from Sal1 to HindIII for this opsin as this site was both absent from 

the sws2 opsin sequence and compatible with the pGEM-3Z vector.  Primers were 

designed to incorporate a HindIII site downstream of the sws2 coding region, prior to 

PCR amplification using the Hotstar HiFidelity Polymerase Kit (Qiagen) and two sws2 

primers: a forward oligonucleotide (5'-CGCGAATTCCACCATGTATCAGGGAAAGTCGAC-3') 

containing an EcoR1 site (in bold) and Kozak consensus sequence upstream of the AUG 

start codon (underlined) for efficient translation (italics) (Davies et al., 2007b) and a 

reverse primer (5'-CGGCCAAGCTTGTCGACGCGGCAGGAGCGACTTGACTTG-3') 

containing a HindIII site (in bold) downstream of sequence coding for the C-terminus of 

sws2.  The PCR conditions had an initial activation step at 95°C for 5 min, followed by 

40 cycles of denaturation at 94°C for 15 s, annealing at 55°C for 1 min, extension at 72°C 

for 1 min and a final extension at 72°C for 10 min.  PCR products were analysed by gel 

electrophoresis and the amplicon containing the opsin sequence was excised and 

purified.  As before, sws2 DNA was digested, this time by EcoR1 and HindIII enzymes 

(High Fidelity (HF) versions, New England BioLabs), subjected to electrophoresis, 

excised, purified, ligated into pGEM-3Z vector, transformed with JM109 (recA–) 
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competent cells (Promega), purified and sequenced with SP6 and T7 sequencing primers 

as described above.  

 

4.3.6 Linearisation of plasmid  

To synthesise in vitro run-off transcripts, restriction enzymes were used to linearise 

7 μg (multiple 1.5 ml tubes with 1 μg in each) of template DNA at 37°C for 1 h, using 

EcoR1 for antisense probes and Sal1 for sense probes, with the exception of sws2, where 

the latter enzyme was replaced with HindIII.  The digests were purified using the AxyPrep 

PCR Clean Up (Axygen), eluted and concentrated using ethanol precipitation (Sambrook 

 

Figure 4.1.  (a)  Gel demonstrating that plasmids have been linearised successfully due to a single 

band approximately 4 kb in size.  (MP) represents the plasmids miniprep for each corresponding opsin 

for comparison to the linearised (lin) plasmid.  (b)  RNA gel demonstrating that all riboprobes are of 

good quality by the presence of a single clean band at approximately 1 kb.  Control RNA (DIG RNA 

Labelling Kit, Roche) was added for reference.  Sense (S) and antisense (A) linearisations are shown. 
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& Russell, 2001).  The linearised DNA was quantified by a Nanodrop instrument 

(ND-1000, ThermoFisher Scientific).  To confirm that the DNA had successfully linearised,   

200 ng of DNA was ran on an agarose gel to check the size.  Figure 4.1a shows that each 

plasmid was linearised, appearing as a single band 4 kb in size, which is the correct size 

for both the vector (2743 bp) and inserts (between 1038 and 1095 bp).  The DNA was 

stored at -20°C. 

 

4.3.7 RNA probe synthesis 

Single stranded RNA probes (riboprobes) were generated for use with RNA in situ 

hybridisation as they produce stable hybrids with mRNA expressed in cells from genes 

of interest and yield highly specific signals with low background (Roche, 2008).  

Digoxigenin-labelled riboprobes approximately 1 kb in length were generated using the 

DIG RNA Labelling Kit (SP6/T7) (Roche) as per the manufacturer’s instructions.  

Transcription of RNA from the SP6 promoter produced antisense probes from plasmids 

that had been linearised with EcoR1.  Antisense probes are complementary to the mRNA 

expressed in cells, positively labelling cells that contain the gene of interest.  Sense 

probes transcribed from the T7 promoter of plasmids that were linearised using Sal1 or 

HindIII, served as a negative control for non-specific DIG labelling and detection.  

Labelled riboprobes were purified by precipitation with 4 M lithium chloride and 

absolute ethanol (Roche, 2008).  Riboprobes were quantified on the Qubit 2.0 

Fluorometer using the RNA Assay Kit (Life Technologies).  Aliquots were stored at -20°C.  

An aliquot of each riboprobe (100 ng) was run on an RNA agarose gel (Farrell, 1993) and 

visualised using GelRed (BioTium) to check for size and RNA degradation.  Figure 4.1b 

demonstrates that all antisense and sense riboprobes are of good quality due to the 

presence of a single clean band (1 kb in size, which corresponds to the length of the 

opsin inserts) with no smearing.  These riboprobes were then used in the cross-reactivity 

test and for RNA in situ hybridisation experiments.   

 

4.3.8 Testing cross-reactivity between riboprobes and target opsins 

Two opsins (rh1 and rh2) from G. australis are closely related (Collin et al., 2003b) 

and could potentially cross-hybridise. One way to check for potential cross-hybridisation 
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is to compare the sequences of each opsin.  This was achieved by aligning 

codon-matched nucleotide sequences obtained from GenBank (accession numbers 

mentioned previously) in BioEdit (v 7.2.0) (Hall, 1999) using ClustalW and manual 

modification to maximise sequence identity.  The percentage identity between 

sequences was calculated using the Sequence Identity Matrix.  The identity between 

opsins ranged from 52 – 77%, with rh1 and rh2 showing the highest sequence identity 

at 77% (Table 4.2).  As riboprobe cross-reactivity is possible in RNA in situ hybridisation 

experiments when a non-target sequence shares over 77% identity with the 

target sequence (Evertsz et al., 2001), there is the potential that rh1 and rh2 probes may 

hybridise to the mRNA of the other gene.  The remaining opsins showed lower sequence 

identity; therefore, cross-hybridisation is less likely to occur between these opsins.  As 

cross-hybridisation can still occur at lower percentage identity (50%) (Nishita et al., 

2011), this method may not be a reliable way to check for cross-reactivity between 

target and non-target sequences.  As the opsins are dissimilar throughout their entire 

length, it is unlikely that cross-hybridisation will occur. 

 

Table 4.2.  Percentage identity shared between the five opsin nucleotide sequences of G. australis. 

  rh1 rh2 sws2 sws1 lws 

lws 55 53 55 52 100 

sws1 61 58 58   100  
sws2 64 62   100   

rh2 77   100    

rh1    100       

 

Another technique was employed, therefore, to check riboprobe specificity.  A 

riboprobe-RNA dot-blot was used which allows the riboprobe to bind to an in vitro 

generated sense copy, as well as opsins which share a high sequence identity (Owens et 

al., 2012).  For each opsin an unlabelled sense riboprobe was generated using the same 

method as for labelled sense probes, however, labelled UTP was replaced with 

unlabelled UTP.  Each of the unlabelled sense riboprobes and a control (unlabelled RNA 

supplied in DIG RNA Labelling Kit) were applied to a nylon membrane (Hybond-N, 

Amersham) at a concentration of 100 pg/μl, with five membranes prepared.  Nucleic 

acids were cross-linked to the membrane by baking at 80°C for 2 h.  The membrane was 

then washed in 1 x PBS for 10 min.  The membrane was prehybridised with hybridisation 
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buffer (50% (v/v) formamide (Sigma-Aldrich), 5 x saline-sodium citrate (SSC) (Promega), 

2% (w/v) blocking solution, 0.1% (w/v) N-Lauroyl sarcosine (Sigma-Aldrich) and 0.02% 

(w/v) sodium dodecyl sulphate (SDS) (Sigma-Aldrich)) at 62°C for 1 h in a ProBlot 

hybridisation oven (Labnet).  Antisense probes were denatured at 80°C for 5 min, then 

added to the hybridisation buffer.  Each membrane was exposed to one of the labelled 

antisense riboprobes at a concentration of 10 ng/ml, which was incubated overnight at 

62°C in a ProBlot hybridisation oven (Labnet).  The cross-hybridisation procedure 

followed post hybridisation, stringency washes and immunological detection of that 

used during the RNA in situ hybridisation protocol (detailed below), allowing for 

comparison to experiments conducted on sectioned tissue.  Once the desired colour 

reaction had occurred, images were taken using a Panasonic Lumix DMC – FT4 camera. 

 

  The riboprobe-RNA dot-blot demonstrated that each riboprobe only hybridised to 

the intended target, with no cross-hybridisation (Figure 4.2) at the termination of the 

colour reaction.  This demonstrated that the sequences of rh1 and rh2 opsins are not 

sufficiently similar to cross-hybridise at the high stringency conditions used (obtained 

from a high temperature of 62°C, the concentration of salt (SSC) in the hybridisation and 

post-hybridisation solutions, and the presence of formamide in the prehybridisation and 

 

Figure 4.2.  Riboprobe – RNA dot-blot to demonstrate riboprobe specificity.  Each probe binds to 

the target (corresponding sense RNA) opsin shown by a single dark dot (arrow), with no cross reactivity.  

The antisense riboprobes incubated with each nylon membrane were as follows: (a) lws, (b) rh1, (c) 

rh2, (d) sws1 and (e) sws2.  (f) The layout of the RNA dot-blot which (a – e) follow; grey dots represent 

the location of sense RNA which was cross linked to the nylon membrane.  Control RNA (c) was included 

in the test (obtained from DIG RNA Labelling Kit, Roche). 
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hybiridsation buffers) in the RNA in situ hybridisation procedure.  Therefore, all 

riboprobes are specific for the intended opsin target.  

 

4.3.9 RNA in situ hybridisation  

The RNA in situ hybridisation method was adapted from previously described 

protocols (Wilkie et al., 1998; Pointer, 2004).  All solutions were prepared using Milli-Q 

(Millipore) purified water and all glassware and equipment was treated with dimethyl 

pyrocarbonate (DMPC) (Sigma-Aldrich) to remove potential RNase contamination.  To 

obtain an indication of topographic variation in opsin expression across the retina, three 

different regions of the eye were analysed: nasal, central (containing the optic nerve) 

and temporal from each of three eyes.  

 

Slides were removed from the -80°C freezer and thawed for a minimum of 30 min to 

aid in tissue adhesion to the slide.  A hydrophobic barrier was applied to the edge of the 

slide using a PAP pen (Electron Microscopy Sciences).  Slides were washed briefly for 

5 min with 1 x PBS (Sigma-Aldrich) to remove any residual O.C.T. compound.  The tissue 

was refixed using 4% PFA (Sigma-Aldrich) for 15 min (Coulton, 1990) and washed twice 

with 1 x PBS for 10 min to remove residual PFA.  To reduce background staining, sections 

were prehybridised with hybridisation solution at 62°C for 1 h in a ProBlot hybridisation 

oven (Labnet).  This solution contained 50% (v/v) formamide (Sigma-Aldrich), which 

removes inhibitory RNA secondary structure and reduces the thermal stability of bonds 

and thereby allows hybridisation to occur at lower temperatures; 5 x SSC (Promega), 

which increases the stability of hybridisation by reducing the electrostatic repulsion 

between two strands; 2% blocking solution (1:10 blocking reagent (DIG Nucleic Acid 

Detection Kit, Roche) and maleic acid buffer); 0.1% (w/v) N-Lauroyl sarcosine 

(Sigma-Aldrich) and 0.02% (w/v) sodium dodecyl sulphate (SDS) (Sigma-Aldrich), which 

both permeabilises cellular membranes to allow the riboprobe to reach the target mRNA 

of interest.  Slides were placed in a makeshift humidity chamber with paper pre-wetted 

with hybridisation solution.  Riboprobes for each opsin were denatured at 80°C for 

5 min.  Hybridisation solution containing 500 ng/ml of denatured riboprobe was applied 

to sections and incubated at 62°C overnight in a ProBlot hybiridsation oven (Labnet). 
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Sections were subjected to a number of stringency washes, with decreasing SSC 

concentrations, to remove non-specific binding and any unbound probe.  The first wash 

was conducted with 2 X SSC (Promega) for 10 min; followed by 2 x SSC (Promega) at 62°C 

for 45 min; then in a solution containing 1 x SSC (Promega), 50% formamide (v/v) (Sigma-

Aldrich) and 0.1% (v/v) Tween 20 (Promega) at 62°C for 1 h; and 0.5 x SSC (Promega) at 

room temperature for 1 h.  The slides were washed three times in PBS with 0.1% (w/v) 

Tween 20 (Promega) (PBST) for 15 min each.  To help reduce background, sections were 

incubated for 2 h in a blocking reagent (supplied in the DIG Nucleic Acid Detection Kit) 

(Roche) diluted in maleic acid buffer (0.1 M maleic acid (Sigma-Aldrich) and 0.15 M 

sodium chloride) (Promega) (pH 7.5).  Antibody solution containing anti-digoxigenin 

conjugated to alkaline phosphatase (AP), at a concentration of 1:5000 in blocking 

solution, was applied to slides, placed in a humidity chamber and left overnight at 4°C. 

 

Slides were washed five times with PBST for 15 min, which removed any unbound 

antibody from the sections.  Slides were then washed four times in detection buffer 

(pH 9.5) containing 0.1 M Tris-hydrochloride (HCl) (Promega) and 0.1 M sodium chloride 

(Promega) for 5 min.  Colour substrate solution containing 1:50 nitroblue tetrazolium 

chloride (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Roche) in detection 

buffer was applied to the slides in a humidity chamber and left in the dark to develop.  

The reaction was monitored periodically for blue/purple colour development and 

stopped when colour development was optimal, by washing twice with PBS for 10 min.  

The slide was then mounted with Glycergel (Dako) and coverslipped for analysis.  

Sections were photographed using DIC imaging on an Olympus BX50 microscope fitted 

with an Olympus DP70 camera.  Morphological measurements were obtained from 

labelled images using ImageJ (v1.48) (Rasband, 1997).  The mean and standard error are 

presented in the text to demonstrate the difference between photoreceptor types. 

 

4.3.10 Light and electron microscopy 

Light and electron microscopy were used to characterise each photoreceptor type 

based on its ultrastructural characteristics.  Enucleated eyes were immersion-fixed in 

Karnovsky’s fixative containing 2.5% (w/v) glutaraldehyde (ProSciTech), 2% (w/v) PFA 

(Sigma-Aldrich) and 1% dimethyl sulfoxide (DMSO) (Sigma-Aldrich) in 0.1 M sodium 
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cacodylate buffer (ProSciTech) (pH 7.4) and were stored in this solution at 4°C until used 

(3 months).  Fixed eyes were rinsed in 0.13 M Sorenson’s buffer (0.13 M disodium 

phosphate (Merck), 0.13 M monopotassium phosphate) (Sigma) (pH 7.4) before post 

fixation in 1% (w/v) osmium tetroxide (Sigma-Aldrich) in 0.13 M Sorenson’s buffer for 

approximately 2 h.  Sorenson’s buffer was used to rinse residual osmium tetroxide from 

the tissue.  Eyes were then dehydrated through a graded series of ethanol (25%, 50%, 

70%, 80%, 95% and 100%) (Chem Supply) followed by propylene oxide (VWR), before 

infiltration with araldite (ProSciTech) using a tissue processor (Leica - Reichert Lynx).  The 

samples were then cured at 60°C overnight.   

 

Semi-thin sections (1 μm) were cut transversely using a glass or histological diamond 

knife (DiATOME Histo) on an ultramicrotome (LKB Bromma Nova Ultramicrotome) for 

light microscopy.  Sections were de-resined with a saturated solution of NaOH 

(Sigma-Aldrich) in ethanol (Chem Supply), followed by dehydration through a graded 

series of ethanol (90% and 70%) (Chem Supply).  The sections were rehydrated before 

staining with 1% Toluidine blue (Sigma-Aldrich) and mounted in Entellan New (Merck).  

Slides were viewed and imaged under an Olympus BX50 microscope fitted with an 

Olympus DP70 camera.   

 

For electron microscopy ultrathin sections (70-90 nm) were made using a diamond 

knife (DiATOME 45-degree).  Sections were collected on to copper grids with 200 micron 

mesh or rectangular 75/300 mesh (ProSciTech) and stained using Reynolds (1963) lead 

citrate.  Mounted sections were viewed in a JEOL2100 transmission electron microscope 

(TEM) fitted with an Orius SC1000A camera operated at 120 kV, located within CMCA at 

The University of Western Australia.  ImageJ (v1.48) (Rasband, 1997) was used to take 

measurements from electron micrographs, but were not corrected for tissue shrinkage, 

which is difficult to quantify in such preparations.  The mean and standard error are 

presented in the text. 

 

To characterise the number of photoreceptor types present within the retina, two 

methods were employed: the traditional visual identification of different morphological 

features and a statistical approach.  Statistical characterisation involved taking a suite of 



 
 

143 
  

measurements from all intact (i.e. with both inner and outer segments present) 

photoreceptors imaged.  Specifically, measurements of inner segment (IS) length; IS 

width; ellipsoid (EL) length; EL width widest; EL width smallest; outer segment (OS) 

width; mitochondria length; mitochondria width; endoplasmic reticulum (ER) length and 

ER width were made, as well as assigning categorical values to different morphological 

features that could not be measured quantitatively (e.g. IS staining, 0 = light and 1 = dark 

staining; ellipsosome, 0 = absent, 1 = present; mitochondria ratio between length and 

width, 0 = ratio <4, 1 = ratio >4; appearance of mitochondria with a ratio <4 were 

spherical/ovoid, while >4 were elongated; ER staining, 0 = not darker than IS staining, 

1 = darker than IS staining; ER area, 0 = <0.5, 1 = >0.5, calculated by multiplying length 

and width of ER; number of darker ER, 0 = <5, 1 = >5).   

 

The measured features of the photoreceptors were recorded in a Microsoft Excel 

(2013) spreadsheet, which was imported into Matlab (R2012a) for statistical analysis 

using the clustering function k-means.  This algorithm partitions data into clusters; data 

within a cluster are more closely related to each other than data partitioned into 

neighbouring clusters.  A schematic to represent the different photoreceptor types was 

created in CorelDRAW X5, from average measurements obtained from electron 

microscopy and RNA in situ hybridisation analysis. 

 

4.3.11 Distribution of opsins expressed in serial sections 

To obtain the x and y coordinates of each riboprobe-labelled cell type in the nasal, 

central and temporal regions of the eye, the StereoInvestigator software 

(MicroBrightField, USA) was used, along with a compound microscope (Olympus BX50), 

a motorised stage (MAC5000, Ludl Electronic Products, USA) and a digital camera 

(MicroFIRE, OPTRONICS), housed in CELLCentral at The University of Western Australia.  

In every section, the photoreceptor layer was outlined from the outer limiting 

membrane (OLM) to the retinal pigment epithelium (RPE).  All riboprobe-labelled cells 

within this demarcation were counted, adjusting the focus along the z-axis of the 

microscope to count cells within the full thickness of the 14 μm section.  In some of the 

sections analysed, it was not possible to count riboprobe labelling in certain regions of 

the retina (maximum of 270 μm area from a 10,594 μm section) due to scleral 
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overlapping of the photoreceptors.  These regions were noted so they could be omitted 

from downstream density analyses.   

 

To obtain topographic distributions of the labelled photoreceptors and to estimate 

the total number of photoreceptors labelled with each opsin riboprobe, the extensible 

markup language (.xml) file obtained from the StereoInvestigator software, was loaded 

into an R script developed by Garza-Gisholt et al. (2014) within RStudio (v 0.98.1056) 

(R Core Team, 2012).  This script was used to extract the x and y coordinates of the 

outline of the photoreceptor layer and the position of the labelled cells.  The outline was 

then modified so that only a single line remained to represent the full length of the 

section at the level of the outer limiting membrane.  The extracted information was 

saved as a comma delimited (.csv) file and loaded into a custom Matlab (R2012a) script.  

The script projected all cells on to the outer limiting membrane.  This allowed the section 

to be digitally flattened, while maintaining the distance between neighbouring cells.  The 

number of labelled cells was then converted into cell density per millimetre squared by 

convolution with a Gaussian window, with a standard deviation of 500 μm.  At each 

position along the transect, estimates were provided of local density based on the width 

of the section (14 μm) and a weighted sum of all neighbouring photoreceptors according 

to the Gaussian window.  A correction factor was applied to the density calculation to 

account for the differences in cell widths between different photoreceptors; as the size 

of the cell increases in relation to the section thickness, a higher proportion of partial 

cells will be counted, increasing the counting error (Abercrombie, 1946).  The correction 

value was the width of the section (14 μm) plus the average cell diameter (measured 

from 50 cells in ImageJ, v1.48) (Rasband, 1997). 

 

The total cell count obtained for each opsin was also adjusted due to the error 

associated with counting cells of different widths in relation to the section size using the 

following equation adapted from Abercrombie (1946): 

Av = Cl (
Th

W+Th
) 

This produces the average number of counted cells within a section (Av) based on the 

crude count of riboprobe-labelled cells in the section (Cl), the thickness of the section 

(Th) and the average width (W) of labelled cells. 
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The cell density distribution for each opsin in the nasal, central and temporal regions 

within the eye was plotted in Matlab (R2012a), with the line colour formatted in 

CorelDRAW X5. 

 

4.3.12 Estimating spatial resolving power 

To estimate the maximum resolution of the photoreceptor array of G. australis, the 

theoretical spatial resolving power (SRP) was calculated using peak photoreceptor 

densities (De) obtained from sectioned retina and the focal length of the eye.  Previous 

work suggests that at least one photoreceptor type (c1 photoreceptor) in the 

downstream migrant formed an ill-defined square mosaic throughout the retina, while 

two other types (c2 photoreceptor and r1 photoreceptor) are not arranged in any 

obvious mosaic at this developmental stage (Collin et al., 1999).  Nothing is known about 

the retinal packing of the two remaining photoreceptor types in G. australis.  In another 

species of lamprey, M. mordax, the photoreceptors are arranged in a hexagonal array.  

Therefore, SRP was estimated using both a square (Collin & Pettigrew, 1989) and a 

hexagonal mosaic (Hart, 2002).   

 

The distance from the lens centre to the retina, known as the posterior nodal distance 

(PND), was calculated using Matthiessen’s ratio (Matthiessen, 1882) (i.e. multiplying the 

radius of the lens by 2.55), which in the case of G. australis is based on the axial length 

of three posteriorly-tapered lenses.  For a square mosaic (Collin & Pettigrew, 1989), the 

angle (α) in degrees subtended by 1 mm on the retina is given by: 

α = arc tan (
1

PND
) (

180

π
) 

The maximum spatial resolution in cycles per degree (cpd) for a square mosaic is 

estimated from the number of cells subtended by one degree of visual arc, with at least 

two cells needed to form one cycle of a grating:  

SRP = 
1

2
(

√De

α
) 

For a hexagonal mosaic (Hart, 2002) the distance (d) subtended by one degree on the 

retina is given by: 

d = 
2πPND

360
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Peak photoreceptor density per mm² (De) was used to calculate the average spacing 

between photoreceptors (s) arranged in a hexagonal array as follows: 

s = √(
2

De√3
) 

The maximum spatial frequency (v) was calculated from the maximum spacing 

between photoreceptors to resolve a sinusoidal grating of a hexagonal array (Snyder & 

Miller, 1977): 

v = 
1

s√3
 

Lastly the maximum spatial resolution in cpd for a hexagonal mosaic was obtained 

by: 

SRP = dv 

 

The use of peak photoreceptor densities as a measure of the maximum resolution of 

the photoreceptor array should be considered as providing the upper limit of spatial 

resolution.  These estimates are based on the assumption that the maximum resolution 

of the photoreceptor array is limited by the inter-photoreceptor spacing of the retinal 

mosaic (Browman et al., 1990).  However, this does not take into account the 

convergence ratio of photoreceptors onto ganglion cells which act as a bottleneck, 

restricting the quantity of information travelling from the eye to the brain for processing 

(Tamura, 1957; Pettigrew et al., 1988; Browman et al., 1990). 

 
Table 4.3.  Cone and rod antibodies used to label opsin proteins in the retina of G. australis.  The 

avidity of each antibody is shown, along with the epitope analysis, which demonstrates which opsin 

should be labelled by each antibody.  The extent of cells labelled in the retina was qualitatively 

assessed, (+) low number of labelled cells, (++++) high number of labelled cells. 

 Antibodies Avidity Epitope analysis Extent of labelling 

Cone opsin 
antibodies 

CERN874 lws > rh2 > rh1 lws, rh2, rh1 ++++ 

JH492 lws > MWS lws + 

 CERN906 lws > rh2 lws, rh2 ++ 

 zf green rh2 rh2, rh1 ++ 

 sc-14363 sws1 sws1 ++ 

 JH455 sws1 sws1 +++ 

Rod opsin 
antibodies 

CERN922 rh1 rh1, rh2 +++ 

zf rod rh1 rh2 + 
 



 
 

147 
  

 4.4 Results 

4.4.1 Immunohistochemistry 

Antibodies raised against different opsin classes were applied to retinal sections, to 

determine the number of morphological photoreceptor types and their opsin 

expression.  A number of the opsin antibodies (CERN874, JH492, CERN906, zf green 

(rh2), sc-14363, JH455, CERN922 and zf rod opsin (rh1)) positively labelled the outer 

segments of photoreceptor cells (Table 4.3), but CERN956, CERN933, zf red (lws), zf blue 

(sws2) and zf UV (sws1) failed to do so.  This may suggest that these antibodies do not 

share enough similarity with the opsins in G. australis to produce labelling.  The negative 

control did not label photoreceptors.  Based on labelled cryosections, it was difficult to 

differentiate the number of morphological photoreceptor types present, as some 

antibodies raised against different opsins labelled cells of the same size.  Also a defining 

feature, the yellow pigment within the myoid of the inner segment of two 

photoreceptor types (Figure 4.3) in the upstream migrant (potentially the 

photoreceptors expressing the lws and rh2 opsin), was dissolved by the 

immunohistochemical procedure.  This is likely due to the presence of Triton X-100 in 

the primary and secondary antibody solutions.  Triton X-100 permeabilises membranes 

 

Figure 4.3.  Section of retina showing the presence of yellow pigment within the myoid of the inner 

segment of the photoreceptors.  The inset is a higher magnification micrograph of the photoreceptors 

showing that the yellow pigment is confined to at least two cell types (potentially the photoreceptors 

expressing the lws and rh2 opsin), a larger and a smaller cell.  RPE = retinal pigment epithelium, 

P = photoreceptors, OLM = outer limiting membrane, ONL = outer nuclear layer, OPL = outer plexiform 

layer, INL = inner nuclear layer, IPL = inner plexiform layer.   
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by extracting lipids (Carr et al., 1993), indicating that the yellow pigment may be of a 

lipid nature or is bound to a lipid.  Therefore, labelled photoreceptors were 

characterised based on significant size differences (when present) and by comparing the 

putative epitope information against the opsin sequence, to ascertain which opsins 

might positively react (due to high sequence identity) (see Table 4.3). 

 

A large number of cells were labelled across the retina using CERN874, comprising 

three different morphological types (Figure 4.4a – c), one of which is long (Figure 4.4a), 

another which is thinner (Figure 4.4b) and the last possesses a prominent ellipsoid 

(Figure 4.4c).  The epitope analysis revealed that these labelled cells are likely to express 

the lws, rh2 and rh1 opsins, respectively (Table 4.3).  A small number of long cells were 

labelled by JH492 (Figure 4.4d) which may express the lws opsin.  In comparison, more 

cells within the retina were labelled with CERN906 (Figure 4.4e) and zf green (rh2) 

(Figure 4.4f), which seem to label one cell type with similar morphology.  The opsin 

labelled is, therefore, rh2 as both antibodies demonstrate avidity for this opsin 

(Table 4.3).  A moderate number of cells were labelled by sc-14363, which may express 

the sws1 opsin (Figure 4.4g and Table 4.3).  JH455 labelled a high number of cells with 

two different morphologies (Figure 4.4h and 4.4i), one is thinner (Figure 4.4h) while the 

other has a prominent ellipsoid (Figure 4.4i).  The epitope analysis demonstrates that 

the antibody should label cells expressing the sws1 opsin.  The rod opsin antibodies 

tested exhibited differences in labelling.  CERN922 labelled two cell types (Figure 4.4j 

and 4.4k), one contains a prominent ellipsoid (Figure 4.4j), while the other is thinner 

(Figure 4.4k).  A large number of cells were labelled across the retina, which are likely to 

express the rh1 and rh2 opsins (Table 4.3).  Fewer cells within the retina were labelled 

by zf rod opsin (rh1) (Figure 4.4l), with positive labelling occurring in one cell type, which 

possibly expresses the rh2 opsin (Table 4.3).   

Figure 4.4.  Positive opsin immunoreactivity in the retina of G. australis demonstrated by green/red 

fluorescence in the outer segments of photoreceptor cells.  (a–c) CERN874 positively labelled three cell 

types, one is long (a), one is thinner (b) and the last possesses a prominent ellipsoid (c).  (d) JH492 labelled 

the long receptor.  (e) CERN906 labelled cell.  (f) zf green labelled cell.  (g) sc-14363 labelled cell.  (h–i) 

JH455 labelled two cell types, one is thinner (h) the other has a prominent ellipsoid (i).  (j–k) CERN 922 

labelled two cell types, one has a prominent ellipsoid (j) the other is thinner (k).  (l) zf rod labelled cell.  

Arrows indicate each photoreceptor type labelled. Black region is the retinal pigment epithelium. 
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Figure 4.4 
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The morphological differences were difficult to distinguish between cell types based 

on immunohistochemistry.  Some antibodies also labelled multiple cell types, although 

whether this was due to non-specific labelling (cross-reactivity of the antibody), opsin 

co-expression or a number of photoreceptor types sharing similar morphologies is 

unknown.  For this reason, a more specific method of characterising the photoreceptor 

types and the accompanying opsin expression was necessary.  This was achieved by RNA 

in situ hybridisation, which used RNA-specific probes generated from each opsin. 

 

Figure 4.5.  RNA in situ hybridisation was used to hybridise antisense riboprobes to the five different 

opsin genes found in the retina of G. australis upstream migrants.  Positive labelling (purple) was 

confined to the myoid of the inner segment within each photoreceptor type.  (a) lws, (b) sws1, (c) sws2, 

(d) rh1 and (e) rh2.  (f)  RNA in situ hybridisation with a sense riboprobe showing lack of positive 

labelling.  The inset is a higher magnification micrograph of the riboprobe-labelled photoreceptors.  

RPE = retinal pigment epithelium, P = photoreceptors, OLM = outer limiting membrane, ONL = outer 

nuclear layer, OPL = outer plexiform layer, INL = inner nuclear layer, IPL = inner plexiform layer.   
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4.4.2 Characterising riboprobe-labelled cells in serially sectioned retina 

RNA in situ hybridisation experiments revealed that antisense riboprobes generated 

from the five opsin genes expressed in the retina of G. australis positively labelled the 

myoid region within the inner segment of all photoreceptor types (Figure 4.5: a lws; 

b sws1; c sws2; d rh1; e rh2).  In all regions of the retina assessed, nasal, central and 

temporal, sections were successfully labelled by riboprobes, demonstrating that each 

opsin transcript is expressed across the entire retina.  Negative control/sense riboprobes 

for each opsin did not label photoreceptors (Figure 4.5f); therefore, the DIG labelling 

was specific. 

 

Morphological characterisation of photoreceptor types with antisense probes was 

difficult, as a number of photoreceptor cells shared similar morphology, with only subtle 

differences between each type (the sws1, sws2 and rh2 photoreceptor types).  A feature 

which would aid in defining photoreceptor types, the yellow pigment (Figure 4.3) 

located in the myoid, was removed during the RNA in situ hybridisation procedure.  This 

is likely due to the presence of formamide at 62°C; as this is an essential component of 

the hybridisation solution, it could not be replaced to preserve the yellow pigment.  

Based on results from percentage identity shared between opsin genes and the 

riboprobe-RNA dot-blot experiments, cross-hybridisation is unlikely to have occurred.  

Therefore, it is likely that each opsin is expressed in a single photoreceptor type, with 

five different types present.  However, we cannot rule out the possibility of 

co-expression of opsins within photoreceptors. 

 

To highlight the differences between the five cell types, a representation of each 

riboprobe-labelled cell is shown (Figure 4.6), along with the morphometric analysis 

(Table 4.4) of different components within each photoreceptor.  The most 

distinguishable photoreceptor type expressed is the rh1 photoreceptor, due to its larger 

width (10.91 ± 0.15 μm) and a large ellipsoid (23.19 ± 0.32 μm in length and 

10.68 ± 0.12 μm in width), which occupies the majority of the inner segment.  The 

nucleus of the rh1 photoreceptor protrudes through the outer limiting membrane (OLM) 

into the myoid of the inner segment.  The riboprobe labelling of the rh1 photoreceptor 

type is not only found in the myoid but it surrounds the nucleus, extending partly into 
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the outer nuclear layer (ONL), which no other opsin mRNA exhibits.  An average from 

the three regions assessed shows that photoreceptors expressing rh1 account for 24% 

of the total cell count. 

 

 The photoreceptor type expressing the lws opsin transcript (15% of total riboprobe-

labelled cells) were identifiable by their elongated inner segment (37.26 ± 0.73 μm) and 

by possessing the second longest ellipsoid (15.87 ± 0.57 μm in length and 6.88 ± 0.18 μm 

in width).  The nucleus of this class of photoreceptor occupied a sclerad position in the 

ONL bordering the OLM.  In temporal sections of retina, the lws photoreceptor types 

were easy to identify due to their length; however, in sections from the nasal and central 

retinal regions it was more difficult to distinguish lws photoreceptors based on 

morphological features, as these photoreceptor types appeared similar in length to the 

sws1, sws2 and rh2 photoreceptor types.  This could be due to the packing density of

 

Figure 4.6.  Characterisation of the different photoreceptor types.  Each type was positively labelled 

by only one of the five antisense riboprobes against opsins expressed in the retina of G. australis.  The 

cells have been demarcated from light micrographs and aligned to the outer limiting membrane (OLM). 
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Table 4.4.  Morphometric analysis for each of the five riboprobe-labelled photoreceptor types in the retina of upstream migrants of G. australis.  Length and width measurements 

are shown for features which are used to differentiate photoreceptor types.  The measurements for photoreceptor length and outer segment length have been provided as maximum 

measurements, as the outer segments are often detached from the slide and are not always in the correct orientation to allow full length of the outer segments to be measured.  All 

other measurements are based on averages obtained from labelled cells with standard deviations shown (lws, n = 26; sws1, n = 15; sws2 n = 20; rh1, n = 29; rh2, n = 25).  

Measurements are in microns (μm).  ONL = outer nuclear layer.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    lws sws1 sws2 rh1 rh2 

Photoreceptor: length up to 68.22 up to 37.87  up to 55.22  up to 59.82  up to 50.94  

Inner segment: length 37.26 ± 3.74 31.26 ± 3.66 31.31 ± 3.63 30.67 ± 2.47 33.48 ± 3.01  

 width 6.72 ± 1.19 5.16 ± 0.52 4.69 ± 0.73 10.91 ± 0.79  4.99 ± 0.61 

Outer segment: shape Cylindrical, 
gradual taper 

Cylindrical, 
gradual taper 

Cylindrical, 
gradual taper 

Cylindrical, 
gradual taper 

Cylindrical, 
gradual taper 

 length up to 30.01  up to 6.61  up to 23. 91  up to 30.08  up to 17.46  

  width (base) 3.23 ± 0.43 2.71 ± 0.34 2.40 ± 0.32 5.21 ± 0.61  3.11 ± 0.57 

Ellipsoid: length 15.87 ± 2.88 9.43 ± 1.48 9.88 ± 1.59  23.19 ± 1.70  10.75 ± 1.86 

 width (base) 6.88 ± 0.90 4.91 ± 0.51 4.89 ± 0.43 10.68 ± 0.67 4.73 ± 0.62  

  width (top) 4.38 ± 0.75 3.52 ± 0.38 3.31 ± 0.43 6.77 ± 0.72 3.81 ± 0.53 

Riboprobe labelling: length 12.23 ± 1.83 11.23 ± 1.83 11.60 ± 3.24 14.81 ± 2.50 15.31 ± 2.02 

  width 6.64 ± 1.13 5.10 ± 0.81  4.50 ± 0.80 10.54 ± 0.87 4.76 ± 0.70 

Location of nucleus in ONL Sclerad Middle to 
sclerad region 

Middle to 
sclerad region 

Sclerad border 
to myoid region 

Middle to 
sclerad region 
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photoreceptors across the retina producing variable photoreceptor lengths, at this stage 

of development (upstream migrant) the retina is more disorganised and may be 

undergoing some degeneration.  The similarity in photoreceptor length could also be a 

sectioning artefact, where the temporal regions were sectioned at a more optimal angle, 

making the cells appear longer.   

 

In all three photoreceptor types expressing the sws1, sws2 and rh2 opsin transcripts 

the location of the nucleus ranged from the middle to the sclerad region of the ONL.  

The slight difference that can be observed in the morphology of the three photoreceptor 

types was that the sws2 photoreceptor type appears thinner (4.69 ± 0.16 μm) than the 

sws1 (5.16 ± 0.13 μm) and the rh2 (4.99 ± 0.12 μm) photoreceptor types.  The 

morphometric analysis showed that the average length of the inner segment, ellipsoid 

and riboprobe labelling was highest in the rh2 photoreceptor types compared to the 

sws1 and sws2 photoreceptor types (Table 4.4); however, this was difficult to assess 

visually.  Different opsin transcripts were also differentiated based on their expression 

 

Figure 4.7.  Light micrograph of the retina from an upstream migrant, G. australis.  RPE = retinal 

pigment epithelium, P = photoreceptors, OLM = outer limiting membrane, ONL = outer nuclear layer, 

OPL = outer plexiform layer, INL = inner nuclear layer, IPL = inner plexiform layer.   
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patterns across the retina (averaged from all regions assessed), where sws1 

photoreceptor types were the most abundant cell type (30%), followed by the rh2 

photoreceptor types (20%) and the sws2 photoreceptor types (12%).   

 

4.4.3 Anatomical characterisation of photoreceptor types 

Microscopy was used to assess the ultrastructural differences between 

photoreceptor types and to define the number that occur.  Analysis of light microscopy 

clearly demonstrated that there is one photoreceptor that may be easily distinguished, 

based on its darkly-staining ellipsoid in the inner segment; however, the remaining 

photoreceptor types were difficult to distinguish at this level (Figure 4.7).   

 

 

Figure 4.8.  Electron micrographs illustrating the five morphological types of photoreceptor at the 

ultrastructural level. (a) Photoreceptor type A.  (b) Photoreceptor type B.  (c) Photoreceptor type C.  

(d) Photoreceptor type D.  (e) Photoreceptor type E. 
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As light microscopy could not provide the magnification and resolution needed to 

fully characterise each photoreceptor type, electron microscopy was utilised instead. 

Analysis of electron micrographs confirmed that five different cell types were present, 

based on criteria such as the size of the inner segment, staining profile of the inner 

segment, the size of the ellipsoid, the appearance of the mitochondria in the ellipsoid 

and the appearance of the endoplasmic reticulum (Figure 4.8).   

 

The most distinctive cell type in the retina was photoreceptor type A (Figure 4.8a and 

4.9a), due to the presence of a large electron-dense (darkly-staining) ellipsoid 

(length: 19.84 ± 0.33 μm) occupying the vast majority of the inner segment of each 

photoreceptor (87%) (length: 22.63 ± 0.52 μm).  The darkly-staining ellipsoid contained 

heterogeneously shaped mitochondria of varying sizes, 0.16 – 3.68 μm (Table 4.5).  The 

mitochondria were packed so tightly that their limiting membranes abut one another.  

In the sclerad region of the ellipsoid a large number of mitochondria merge to form an 

ellipsosome (Figure 4.9b), which was not found in other photoreceptor types.  The inner 

segment of this photoreceptor type was the widest of all the cell types at 

10.26 ± 0.32 μm and was darkly-stained with both Toluidine blue (Figure 4.7) and 

osmium tetroxide (Figure 4.9c).  The nucleus of this photoreceptor type varied in 

location from the sclerad region of the outer nuclear layer (ONL) to within the myoid of 

the inner segment.   

 

The remaining four photoreceptors types were distinguished from one another based 

on the staining of the inner segment; two are lightly-staining and two are darkly-staining.  

The appearance of the mitochondria also differed between these photoreceptors; two 

types occur, elongated in two photoreceptor types and spherical to ovoid in the other 

two photoreceptor types.  Two types of endoplasmic reticulum were found, two of the 

photoreceptor types contain large darkly-staining, spherical endoplasmic reticula, while 

the remaining two photoreceptor types possessed small heterogeneously shaped 

endoplasmic reticula.  
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Table 4.5.  Ultrastructural features used to define the five photoreceptor types in the retina of upstream migrants of G. australis.  Measurements for photoreceptor length and 

outer segment length have been provided as maximum measurements.  The size of the mitochondria and the endoplasmic reticulum is provided as a range.  All other measurements 

are based on averages with standard deviations shown (A, n = 25; B, n = 8; C, n = 22; D, n = 5; E, n = 6).  Measurements are in microns (μm).  ONL = outer nuclear layer. 

    A B C D E 

Photoreceptor: length up to 41.66 up to 40.49  up to 45.25  up to 41.68  up to 41.95  

Inner segment: appearance Darkly staining Lightly staining Lightly staining Darkly staining Darkly staining 

 length 22.63 ± 2.61  29.93 ± 2.27  27.53 ± 2.09 27.68 ± 1.01  27.69 ± 2.47 

  width 10.26 ± 1.60  8.50 ± 0.25  6.94 ± 0.89 5.91 ± 0.71 6.67 ± 0.74 

Outer 
segment: 

shape Cylindrical,  Cylindrical, Cylindrical, Cylindrical, Cylindrical,  

gradual taper gradual taper gradual taper gradual taper gradual taper 

 length up to 19.08  up to 13.02  up to 17.09  up to 14.89  up to 13.12  

  width (base) 6.19 ± 0.69  3.43 ± 0.36 3.15 ± 0.34 3.18 ± 0.29  3.14 ± 0.73 

Ellipsoid: length 19.84 ± 1.64  12.72 ± 1.13 13.49 ± 1.53 14.00 ± 1.28  12.60 ± 0.58 

 width (base) 9.56 ± 1.23 6.86 ± 0.30 6.29 ± 0.82 5.90 ± 0.31  6.38 ± 0.51 

  width (top) 6.04 ± 0.64 3.86 ± 0.42 3.41 ± 0.30  3.17 ± 0.17 3.33 ± 0.44  

Mitochondria: appearance Heterogeneous, 
darkly  staining 

Elongated, some 
spherical to ovoid 

Spherical to ovoid, 
few elongated 

Spherical to ovoid, 
few elongated 

Elongated, some 
spherical to ovoid 

 size 0.16 - 3.68  0.18 - 5.33  0.22 - 2.02  0.23 - 2.45  0.13 - 2.70  

  ellipsosome Present N/A N/A N/A N/A 

Endoplasmic 
reticulum: 

shape N/A Large spheres, 
some smaller 
heterogeneous 

Small  
heterogeneous 

Heterogeneous Large spheres,  
some smaller 
heterogeneous 

 appearance N/A Darkly staining Darkly staining Lightly staining  Darkly staining 

  size N/A up to 1.17  up to 0.57  up to 0.64  up to 1.25  

Location of nucleus in ONL Sclerad border 
to myoid region 

Sclerad Middle to sclerad 
region 

Middle to sclerad 
region 

Middle to sclerad 
region 
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Figure 4.9  
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Figure 4.9.  Ultrastructural characterisation of the different morphological photoreceptor types at the 

level of the inner segment.  Five photoreceptor types are characterised:  photoreceptor type A (a – c), 

photoreceptor type B (d – f), photoreceptor type C (g – i), photoreceptor type D (j – l) and photoreceptor 

type E (m – o).  Brackets on low magnification images (a, d, g, j, m) indicate region where higher 

magnification images originated.  M = mitochondria, ER = endoplasmic reticulum, ES = ellipsosome, 

OLM = outer limiting membrane, N = nucleus. 

 

The inner segment of photoreceptor type B was the longest of all the cell types at 

29.93 ± 0.80 μm (Table 4.5) and was the second widest (8.50 ± 0.09 μm) after 

photoreceptor type A.  The inner segment was lightly-stained (Figure 4.8b, 4.9d, 4.9f).  

The mitochondria were closely packed within the ellipsoid (length: 12.72 ± 0.40 μm) and 

were elongated with their long axes parallel to the photoreceptor (Figure 4.9e).  Some 

spherical to ovoid mitochondria were also observed.  The elongated mitochondria 

ranged in size from 0.18 to 5.33 μm (Table 4.5).  Another distinguishing feature of the 

inner segment within this photoreceptor type was the presence of electron-dense 

material in the endoplasmic reticulum in the sclerad region of the myoid.  The 

endoplasmic reticulum of photoreceptor type B was large and mostly spherical, up to 

1.17 μm in diameter (Figure 4.9f).  Smaller endoplasmic reticula which were 

heterogeneous in shape also occurred in the same region.  The location of the nucleus 

within the ONL was sclerad. 

 

Electron microscopy analysis showed that photoreceptor type C was one of the most 

common photoreceptor types (along with photoreceptor type A at 35%) within the 

retina, representing 34% (n = 82) of the total cells analysed (n = 241).  The inner segment 

of this cell type was lightly stained (Figure 4.8c, 4.9g, 4.9i) and was smaller than that of 

photoreceptor types A and B, with a length of 27.53 ± 0.45 μm and a width of 

6.94 ± 0.19 μm (Table 4.5).  The ellipsoid (length: 13.49 ± 0.33 μm) was less densely 

packed and possessed spherical to ovoid mitochondria ranging from 0.22 – 2.02 μm, 

with few elongated mitochondria (Figure 4.9h).  The endoplasmic reticulum in the 

sclerad region of the myoid was small with a maximum diameter of 0.57 μm, 

darkly-staining and heterogeneous in shape (Figure 4.9i, Table 4.5).  The nucleus of 

photoreceptor type C was located in the mid to sclerad region of the ONL. 
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The cell type with the thinnest inner segment (5.91 ± 0.32 μm, Table 4.5) was 

photoreceptor type D.  This cell contained a darkly stained inner segment at a 

comparable length to photoreceptor type C (27.68 ± 0.45 μm, Figure 4.8d, 4.9j, 4.9l).  

The ellipsoid was also similar in length to photoreceptor type C at 14.00 ± 0.57 μm and 

contained less densely packed spherical to ovoid shaped mitochondria ranging in size 

from 0.23 – 2.45 μm, with few elongated forms (Figure 4.9k).  The endoplasmic 

reticulum in photoreceptor type D was small with a diameter up to 0.64 μm and 

heterogeneous in shape.  The staining profile of the endoplasmic reticula was similar to 

the inner segment staining, making it difficult to distinguish at lower magnifications 

(Figure 4.9l).  In comparison, the staining of endoplasmic reticula in photoreceptor types 

B and C was darker than that of photoreceptor type D.  The nucleus was located between 

the middle and sclerad regions of the ONL.  

 

The remaining photoreceptor (type E) possessed similar morphometric features to 

that of photoreceptor types B, C and D.  The inner segment was comparable in length 

(27.69 ± 1.01 μm) and width (6.67 ± 0.30 μm) to photoreceptor type C (Table 4.5), while 

the staining profile of the inner segment was similar to that of photoreceptor types A 

and D, which were more electron-dense (Figure 4.8e, 4.9m, 4.9o).  The ellipsoid was 

similar to photoreceptor type B in length (12.60 ± 0.24 μm), mitochondrial appearance 

and the presence of large darkly-staining spherical endoplasmic reticula up to 1.25 μm 

in diameter (Figure 4.9o).  Fewer heterogeneous endoplasmic reticula also occur in the 

sclerad region of the myoid.  Mitochondria were densely packed within the ellipsoid and 

the majority were elongated along the long axis of the photoreceptor and range from 

0.13 – 2.70 μm.  Some spherical to ovoid mitochondria were found (Figure 4.9n).  The 

nucleus occurred in a similar position to photoreceptor types C and D, located between 

the mid to sclerad region of the ONL. 

 

4.4.4 Statistical characterisation of photoreceptor types 

Photoreceptor types were not only characterised objectively, but also statistically in 

order to check that five photoreceptor types could be distinguished.  This was achieved 

by using k-means clustering, which provided further support that five morphological 

photoreceptor types occur within the retina.  The parameters that provided the best  
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clustering were based on the following morphometric features:  inner segment staining 

(dark or light), presence of an ellipsosome, mitochondrial ratio (length divided by width), 

endoplasmic reticulum staining, endoplasmic reticulum area (length multiplied by 

width) and the number of darkly-staining endoplasmic reticulum.  The similarity values 

for all clusters were high between 0.95 – 1 (with the exception of one observation in 

cluster A, photoreceptor type A, with a similarity value of 0.5).  This indicated that there 

was strong identity between members of the same cluster and that neighbouring 

clusters were very different (Figure 4.10a).  Other morphological features such as size 

did not differentiate the clusters as successfully, demonstrating that size was not a good 

criterion to differentiate the visual photoreceptor cell types in G. australis.  The two 

forms of analysis used to characterise photoreceptor types were compared in 

Figure 4.10b; this showed that the clustering analysis (y axis) was consistent with the 

 

Figure 4.10.  (a)  Five morphological photoreceptor types occur within the retina of G. australis, as 

demonstrated by strong clustering.  Each bar within the cluster represents a single photoreceptor.  

(A: n = 8, B: n = 22, C: n = 5, D: n = 25, E: n = 6).  (b)  Comparison of two forms of analysis: the visual 

interpretation: the morphological characterisation and the clustering.  The two analysis are consistent 

with one another.  A = Photoreceptor type A, B = Photoreceptor type B, C = Photoreceptor type C, 

D = Photoreceptor type D, E = Photoreceptor type E. 
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conclusion gained from visual interpretation (x axis), as the characterisation of each cell 

type was identical. 

 

4.4.5 Topographic distribution and photoreceptor density  

RNA in situ hybridisation was used to assess the topographic distribution and density 

of each spectral type of photoreceptor across three regions of the retina (Figure 4.11a - o 

and Table 4.6).  This revealed that the pattern of riboprobe-labelled cells and the areas 

of specialisation are different for each photoreceptor type (Figure 4.11a - o).  The lws 

(Figure 4.11a - c) and rh2 (Figure 4.11m - o) photoreceptor types have a similar pattern 

of expression across the retina, with both types showing the highest abundance 

between the mid and dorsal regions of the retina, and the lowest density in the ventral 

region of the retina.  This meant that photoreceptor types expressing the lws and rh2 

opsins were most prevalent in an area of the retina that views the ventral visual field 

(Figure 4.11p and 4.11t).  Photoreceptors expressing the sws1 opsin were most 

abundant in the ventral part of the retina in all regions tested and decreased dorsally, 

with the sharpest decrease in the nasal region (Figure 4.11d - f).  This suggested that 

photoreceptors expressing sws1 are most abundant in the region of the retina which 

views the dorsal visual field (Figure 4.11q). Photoreceptors expressing the sws2 opsin 

were most abundant in the ventral-mid portion of the eye decreasing dorsally 

(Figure 4.11g - i), showing that this photoreceptor has highest abundance in a part of 

the retina receiving information from the upper parts of the visual field (Figure 4.11r).  

In the most ventral portion of the retina (200 μm), no labelling was observed for 

photoreceptors expressing the sws2 opsin, suggesting that this photoreceptor was 

absent from this region of the retina.  Photoreceptor types expressing the rh1 opsin 

were fairly evenly distributed with high abundance across the eye (Figure 4.11j - l) 

suggesting that there was no specialisation for this photoreceptor type (Figure 4.11s), 

at least within the restricted areas sampled for this study.   

 

The nasal region contained the highest density of labelled photoreceptor cells for the 

majority of opsins compared to the central and temporal regions:  sws1 with 

8.43 x 10³ cells per mm², rh1 with 9.69 x 10³ cells per mm² and rh2 with 7.11 x 10³ cells   



 
 

163 
  

 

Figure 4.11.  (a – o)  Topographic distribution of riboprobe-labelled cell densities for each opsin 

transcript in three different regions of the retina: nasal, central (contains the optic disc) and temporal.  

Gaps in the trend line indicate regions which were omitted from the analysis due to the sclera overlapping 

the photoreceptors.  The position of the optic disc (OD) is demonstrated by two black vertical lines.  The 

absence of labelling in the ventral portion of the eye for photoreceptor type expressing the sws2 opsin is 

denoted by a horizontal black line.  (p – t)  Schematic of the distribution and density of each riboprobe-

labelled cell within the eye based on averaging the density profiles obtained in the nasal, central and 

temporal retinal regions.  Areas which have solid coloured lines represent areas of retina that have highest 

photoreceptor density, the dotted line indicates lower photoreceptor cell density.  The highlighted area 

represents the region of the retina which has the highest concentration of riboprobe-labelled cells, as well 

as the direction of their visual field for each opsin gene.  The lens in G. australis is tapered posteriorly.  

(V) ventral and (D) dorsal. 
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Table 4.6.  The number of riboprobe-labelled cells, percentage of photoreceptors, peak density of labelled cells and the potential spatial resolving power (SRP) of the 

photoreceptor mosaic in cycles per degree (cpd) calculated based on a square mosaic (Sq) and a hexagonal mosaic (H) for each opsin within the retina, obtained from three regions 

of the eye: nasal (N), central (C) (contains optic disc) and temporal (T) in upstream migrants of G. australis. 

 

  Total riboprobe-labelled 
cells in retina 

 Percentage of 
photoreceptors in retina 

 Peak density of 
cells (x 10³ mm²) 

 Potential SRP (cpd) 

    Sq H Sq H Sq H 

  N C T Total    N C T Mean    N C T   N C T 

lws 217 304 234 756  15 15 15 15  3.92 4.35 4.50  1.59 1.64 1.68 1.73 1.71 1.76 

sws1 404 575 538 1517  27 29 34 30  8.43 8.37 8.06  2.34 2.41 2.33 2.40 2.28 2.36 

sws2 156 232 204 592  10 12 13 12  3.45 4.26 3.96  1.49 1.54 1.66 1.71 1.60 1.65 

rh1 393 510 332 1235  26 26 21 24  9.69 7.66 5.68  2.50 2.58 2.23 2.30 1.92 1.98 

rh2 328 378 293 999   22 19 18 20   7.11 5.01 4.92   2.14 2.21 1.80 1.86 1.78 1.84 
 

 

Table 4.7.  The total number of riboprobe-labelled cells, peak density of labelled cells and the potential spatial resolving power (SRP) of the photoreceptor mosaic in cycles per 

degree (cpd) calculated based on a square mosaic (Sq) and a hexagonal mosaic (H) from three regions of the eye in upstream migrants of G. australis. 

 

  Total riboprobe-labelled 
cells in retina 

Peak density of  
cells (x 10³ mm²) 

    Potential SRP (cpd) 

  Sq H 

Nasal 1498 23.46 3.90 4.02 

Central 2000 26.26 4.12 4.25 

Temporal 1602 22.43 3.81 3.93 
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per mm² (Table 4.6).  However, the highest photoreceptor cell density for lws and sws2 

occurred in the temporal (4.50 x 10³ cells per mm²) and central retinal regions 

(4.26 x 10³ cells per mm²), respectively (Table 4.6). 

 

4.4.6 Potential spatial resolving power 

The spatial resolving power of the photoreceptor mosaic was estimated using the 

focal length derived from measurements of the lens and the inter-photoreceptor 

spacing for each photoreceptor type, for both a square mosaic and a hexagonal mosaic.    

Estimating the SRP for two mosaic types demonstrated that the square mosaic produced 

SRP values 2.8 – 3.4% lower than the hexagonal mosaic.   The SRP was estimated for 

each opsin gene separately in every region of the eye sampled (Table 4.6), with the 

maximum SRP (based on a square mosaic) as follows: 1.71 cpd for the lws photoreceptor 

type (temporal), 2.34 cpd for the sws1 photoreceptor type (nasal), 1.66 cpd for the sws2 

photoreceptor type (central), 2.50 cpd for the rh1 photoreceptor type (nasal) and 

2.14 cpd for the rh2 photoreceptor type (nasal).  The SRP was also calculated by adding 

all opsin densities together to obtain total photoreceptor density for each region of the 

eye assessed.  The highest cell density occurred in the central region (26.26 x 10³ cells 

per mm² Table 4.7), which produced an SRP for the photoreceptor mosaic (based on a 

square mosaic) of 4.12 cpd.   

 

4.5 Discussion  

4.5.1 Opsin expression of each morphological cell type 

A multidisciplinary approach was employed to identify the opsin expressed in each 

morphological photoreceptor type.  Opsin riboprobes were generated for each of the 

visual opsin genes known to be expressed in the retina of G. australis and were shown 

to be specific for their target opsin mRNA, i.e. they did not cross-hybridise with other 

visual opsins.  Therefore, the positive labelling observed in retinal sections indicates that 

five spectrally distinct photoreceptor types are present as expected.  This was confirmed 

by an objective categorisation of photoreceptor types based on morphological criteria 

obtained through electron microscopy.   
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Combining the morphological data (Table 4.4 and 4.5) with the abundance of each 

photoreceptor type, as determined by RNA in situ hybridisation and electron 

microscopy, revealed the particular opsin expressed in each cell type.  The most distinct 

photoreceptor type, based on its width and possession of a large ellipsoid occupying the 

majority of the inner segment, expressed the rh1 opsin (Figure 4.6, photoreceptor type 

A in Figure 4.8a).  The photoreceptor type which had the longest inner segment and was 

the second widest expressed the lws opsin (Figure 4.6, photoreceptor type B in 

Figure 4.8b).  One of the most abundant photoreceptor types in both techniques (30% 

of the total using RNA in situ hybridisation and 33% of the total using electron 

microscopy) expressed the sws1 opsin (Figure 4.6, photoreceptor type C in Figure 4.8c).  

The thinnest photoreceptor type expressed the sws2 opsin (Figure 4.6, photoreceptor 

type D in Figure 4.8d).  The remaining photoreceptor type (photoreceptor type E in 

Figure 4.8e) expressed the rh2 opsin (Figure 4.6).   

 

It appears that each opsin is expressed in a separate photoreceptor cell, which 

confirms the assumptions made by previous researchers (Collin & Trezise, 2004; Davies 

et al., 2007b).  Therefore, it is unlikely that opsins are co-expressed, at least at levels 

detectable with the techniques employed herein.  This cannot be ruled out until double 

riboprobe labelling is performed on cryosections or retinal wholemounts.  Another 

method to rule out co-expression would be to use MSP to measure the spectral 

sensitivity of the two visual pigments not previously assessed in vivo, sws1 and sws2.  If 

the in vivo λmax values for sws1 and sws2 match those obtained from regenerating each 

opsin in vitro (which has previously been shown for photoreceptors expressing lws, rh1 

and rh2) (Collin et al., 2003a; Davies et al., 2007b) then co-expression could be ruled 

out.  A schematic representation of the five morphological photoreceptor types with 

their opsin complement is shown in Figure 4.12 (created in CorelDRAW X5). 

 

4.5.2 Immunohistochemistry with opsin antibodies 

Now that the opsin expression of each photoreceptor type has been defined, the 

results obtained from immunohistochemistry can be re-evaluated to characterise the 

photoreceptor type labelled.  The opsin antibodies positively labelled the outer 

segments of photoreceptor types expressing the lws opsin (Figure 4.4a, CERN874; 4.4d, 
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JH492), the sws1 opsin (Figure 4.4g, sc-14363; 4.4h, JH455), the rh1 opsin (Figure 4.4c, 

CERN874; 4.4i, JH455; 4.4j, CERN922) and the rh2 opsin (Figure 4.4b, CERN874; 4.4e, 

CERN906; 4.4f, zf green; 4.4k, CERN922; 4.4l, zf rod) across the retina, while 

photoreceptors expressing the sws2 opsin failed to label.  This demonstrated that most 

of the antibodies tested were specific for a certain opsin class; however, CERN874, 

CERN922 and JH455 labelled multiple cell types.   

 

 

Figure 4.12.  A schematic representation of the five morphological photoreceptor types in upstream 

migrants of G. australis.  The opsin expression of each cell is shown.  This was constructed from average 

measurements obtained from electron microscopy and RNA in situ hybridisation.  OS = outer segment, 

IS = inner segment, EL = ellipsoid, ER = endoplasmic reticulum, MY = myoid, OLM = outer limiting 

membrane, N = nucleus, M = mitochondria, ES = ellipsosome. 
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The CERN874 antibody was produced from a number of chicken visual pigments: red 

(lws cone), green (rh2 cone) and rod opsin (rh1) (personal communication Professor 

WJ de Grip).  Therefore, it is not surprising that positive labelling occurred within 

photoreceptors expressing the lws, rh2 and rh1 opsin.  The CERN922 antibody was raised 

against bovine rh1 so might be expected, therefore, to label cells expressing the rh1 

opsin.  Not only were the rh1 photoreceptor types labelled, but the rh2 photoreceptor 

types were also labelled.  As the opsin sequences of rh1 and rh2 share a high percentage 

sequence identity (77%), cross-hybiridsation may occur due to the polyclonal nature of 

the antibody.  The JH455 antibody, which was raised against the human blue pigment, 

labelled lamprey photoreceptors expressing sws1.  This was expected as sws1 is the only 

short-wavelength-sensitive opsin expressed in humans, as eutherian mammals have lost 

the sws2 opsin (Yokoyama, 2002; Davies et al., 2007a).  It is interesting to note that 

JH455 also labelled rh1, even though the identity between the opsin sequence and the 

epitope was not particularly high (45%).  Cross-reactivity between JH455 and rh1 is not 

surprising considering the polyclonal nature of the antibody, which shares some regions 

of amino acids with rh1.  Together with the fact that the sws1 riboprobe was shown by 

RNA in situ hybridisation to be confined to a single photoreceptor type and did not label 

the distinct morphological photoreceptor type expressing the rh1 opsin, these data 

demonstrate that JH455 cross-reacts with rh1 in G. australis. 

 

These antibodies have been used previously in other species from the vertebrate 

classes: Cephalaspidomorphi, Actinopterygii, Chondrichthyes, Amphibia, Reptilia and 

Mammalia (Supplementary Table 4.1) and were shown to label similar visual pigments 

to those found in G. australis.     

 

4.5.3 RNA in situ hybridisation using opsin-specific riboprobes 

The present study revealed that each opsin-specific photoreceptor type has a 

different expression pattern across the retina.  The proportion of photoreceptors 

expressing a particular opsin within the areas assessed were as follows: sws1 30%, 

rh1 24%, rh2 20%, lws 15% and sws2 12%.  This is comparable to a previous study 

conducted by Davies et al. (2007b), that quantitatively analysed the opsin mRNA 

expression levels in the retina of downstream and upstream migrants of G. australis 
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using quantitative reverse-transcription polymerase chain reaction (qRT-PCR).  The 

authors found that upstream migrants predominantly expressed rh1 (accounting for 

30% of the total opsin transcripts), while the remaining 70% comprised rh2 (25%), sws1 

(20%), lws (15%) and sws2 (15%) (Davies et al., 2007b).  In both studies, 50% of the 

opsin expression was accounted for by the rh1 and rh2 opsins, with slight variations in 

the percentages (<10%) between the two different methods.  This demonstrates that 

upstream migrants have highest sensitivity to medium-wavelengths of the light 

spectrum, which would be advantageous in the photic conditions of the freshwater 

environment (as discussed below).   

 

4.5.4 Characterisation of photoreceptor types  

Traditionally, photoreceptors are distinguished from one another based on their size 

and shape; however, this is not always a good criterion to distinguish photoreceptors in 

G. australis, as a number of morphological types appear similar in length (expressing the 

sws1, sws2 and rh2 opsin) and width (expressing the sws1 and rh2 opsin).  Evidence for 

this was provided by k-means clustering, where length and width (of inner segment, 

ellipsoid and outer segment) could only characterise 60% of photoreceptor cells 

correctly.  It was necessary, therefore, to use a combination of features to identify each 

photoreceptor type conclusively (staining characteristics of cell, presence of an 

ellipsosome, appearance of mitochondria and appearance of the endoplasmic 

reticulum).   

 

The different morphological types were distinguished based on the following 

features: the inner segment can either be lightly-staining as seen in two photoreceptor 

types lws and sws1, or darkly-staining as in the sws2, rh1 and rh2 photoreceptor types.  

Within the ellipsoid, three types of mitochondria occur:  elongated within the lws and 

rh2 photoreceptor types, spherical to ovoid within the sws1 and sws2 photoreceptor 

types and lastly heterogeneous in shape and darkly-staining in the rh1 photoreceptor 

type.  In the sclerad region of the myoid, the endoplasmic reticulum is a prominent 

feature in four of the five photoreceptor types, but seems to be lacking in the rh1 

photoreceptor type.  Within these four morphological types, the endoplasmic reticulum 

can appear as large darkly-stained spheres (as seen in the lws and rh2 photoreceptor 
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types), small darkly-stained spheres with a heterogeneous shape (as observed in the 

sws1 photoreceptor type, but also seen among the large spheres in lws and rh2 

photoreceptors), or small heterogeneously shaped lightly-stained endoplasmic 

reticulum (as found in the sws2 photoreceptor type).  A prominent feature of the rh1 

photoreceptor type (the widest cell type of the five) was a large ellipsoid occupying the 

majority of the inner segment.  An ellipsosome was present within this large ellipsoid, a 

feature that no other photoreceptor type possesses.  A 3D schematic of each 

photoreceptor type is shown in Figure 4.13.   

 

A previous study assessed the ultrastructure and spectral absorption (measured by 

MSP) characteristics of three photoreceptor types, two cones (C1 and C2) and one rod 

(R1), in upstream migrants of G. australis (Collin et al., 2003a).  The λmax values of C1, C2 

and R1, suggested that the C1 photoreceptor expressed lws, the C2 photoreceptor 

expressed rh1 and the R1 photoreceptor expressed rh2 (Collin et al., 2003a; Davies et 

al., 2007b).  When the distinguishing features of the C1, C2 and R1 photoreceptors were 

compared to the photoreceptors characterised in the current study, it is clear that MSP 

measurements were not obtained from the photoreceptors types shown as C1 and R1, 

and have been incorrectly assigned.  This should be kept in mind when reviewing 

previous papers which refer to the visual pigments expressed in the photoreceptors of 

G. australis.  The morphology of the C1 photoreceptor corresponds to photoreceptor 

type C (Figure 4.8c) in the current study which expresses sws1 (not lws), while R1 

matches photoreceptor type D (Figure 4.8d) in the present study which expresses sws2 

(not rh2).  As photoreceptors which express the sws1, sws2, and rh2 opsin (also lws in 

some regions of the retina) appear similar in size in the upstream migrant (as shown 

above), it is not surprising that the morphology of the photoreceptor was incorrectly 

assigned to the MSP data in Collin et al. (2003a) when only three morphological types 

were defined. 

 

4.5.5 Spatial distribution of photoreceptor types 

The topographic distribution of visual pigments across the retina has been shown to 

correspond to differences in the light spectrum along different lines of sight (Levine & 

MacNichol, 1982).  Using riboprobes specific for each of the five visual opsin genes  
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Figure 4.13.  The five morphological receptor types and their opsin expression characterised from 

upstream migrants of G. australis and represented in 3D.  Photoreceptors were constructed from 

average measurements obtained from electron microscopy and RNA in situ hybridisation.  The 

colouration of the cell types is used to represent the variation in staining, light or dark, within the inner 

segment.  Within the ellipsoid, purple represents the elongated mitochondria, orange represents 

spherical to ovoid shaped mitochondria, while charcoal represents an ellipsoid with heterogeneous 

mitochondria which is darkly staining and contains an ellipsosome.  The endoplasmic reticula (ER) are 

represented as gold when they are large and darkly staining, green for smaller ER which are 

heterogeneous in shape and darkly stained, while grey represents less conspicuously stained, 

heterogeneous ER.  The cells are aligned to the outer limiting membrane (OLM). 3D schematic created 

by Luke Crinson © 
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expressed in the retina of G. australis, demonstrated that each spectral type of 

photoreceptor has a specific spatial distribution across the retina.  For example, 

photoreceptors expressing lws and rh2, which have wavelengths of maximum 

absorbance (λmax) at 616 nm and 500 nm, respectively (Collin et al., 2003a), have highest 

cell density in the mid-dorsal retina, which is the region of the retina which views the 

ventral visual field to receive upwelling light.  Visual pigments with maximal sensitivity 

to medium and long-wavelengths are well matched to the wavelengths that are most 

abundant in the freshwater rivers they inhabit, as the spectrum of light available for 

vision can be shifted towards longer wavelengths (between 530 – 650 nm, giving it a 

green or brown colouration) due to the presence of chlorophyll and dissolved organic 

matter, which absorb short-wavelengths more readily than longer wavelengths of light 

(Lythgoe, 1984).  This spectral mechanism could be used to find suitable refuge on the 

riverbed, such as under ledges, rocks and logs (Hardisty, 1979; Kelso & Glova, 1993; 

Morgan et al., 1998; Jellyman et al., 2002), as they are nocturnal during their upstream 

migration (Hardisty, 1979; Potter et al., 1983; Kelso & Glova, 1993; Jellyman et al., 2002).  

 

The short-wavelength-sensitive photoreceptor types (sws1 and sws2), occurred in 

high densities in the ventral region of the retina, signifying that this part of the retina is 

sampling the upper part of the visual field and will be most sensitive to short-wavelength 

light.  In surface waters, a sufficient amount of UV light is available to contribute to vision 

(Losey et al., 1999).  Therefore, the possession of short-wavelength-sensitive cones 

appears to be a common feature among aquatic surface dwellers (Lythgoe, 1984; 

Bowmaker, 1995), such as G. australis during the marine phase where they reside in 

brightly lit surface waters (Potter et al., 1979).  Short-wavelength vision may be used to 

distinguish potential predators, which would appear as a dark object against the 

background space light (Levine & MacNichol, 1982).  Thus, these visual pigments may 

act as offset pigments, improving contrast detection and wavelength discrimination 

(Lythgoe, 1979; Lythgoe, 1984). 

 

The photoreceptor cells expressing rh1 were evenly distributed across the eye.  At 

present it is not known if the rh1 photoreceptor type in G. australis is a ‘true rod’ capable 

of detecting single photons (discussed below); however, they may be able to operate 
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under both scotopic and photopic conditions as shown in the short photoreceptor of the 

river lamprey, Lampetra fluviatilis (Govardovskii & Lychakov, 1984) which also expresses 

the rh1 opsin (Zhang & Yokoyama, 1997).  The possession of a high number of cells that 

are more sensitive to dim-light conditions with an even distribution across the retina, 

would be advantageous for vision under scotopic conditions, which G. australis 

experiences during its upstream migration under the cover of darkness (Hardisty, 1979). 

 

The sampling method employed in this study provides an insight into topographical 

differences across the retina of G. australis.  As only three regions were assessed on 

relatively thin transects (14 μm) through the retina (transversely sectioned), the highest 

cell density for each opsin may occur in other regions of the retina that were not 

examined.  In the future, wholemount RNA in situ hybridisation accompanied by 

immunohistochemistry experiments will need to be performed, to reveal a more 

comprehensive analysis of the areas of specialisation within the eye. 

 

4.5.6 Predictions of spatial resolving power 

The maximum theoretical spatial resolving power of upstream migrant lampreys was 

calculated from the total photoreceptor density, which provided an SRP of 4.12 cpd 

estimated to occur in the central region of the eye (based on a square mosaic).  This is 

comparable to other freshwater fish (SRP calculated using inter-photoreceptor spacing) 

such as the common carp, Cyprinus carpio (3.60 cpd); the bream, Abramis brama 

(3.96 cpd); the asp, Aspius aspius (3.52 cpd) (Zaunreiter et al., 1991) and the Australian 

lungfish, Neoceratodus forsteri, (3.33 cpd in the adult) (Bailes et al., 2006).  These SRP 

values are typical of species that are not reliant on acute distance vision, such as species 

which feed on slow moving prey and/or benthic organisms (Collin & Pettigrew, 1989).  

In comparison, M. mordax, has lower spatial resolution (1.7 cpd) in the downstream 

migrant phase (Collin et al., 2004).  The SRP is likely to increase ontogenetically due to 

continued eye growth, as demonstrated in N. forsteri (Bailes et al., 2006); however, this 

has not been assessed in lampreys.  Low spatial resolution suggests that the ability to 

discriminate detail in M. mordax is restricted.  This may be attributed to the lifestyle of 

M. mordax, which is active in scotopic conditions.  As G. australis ceases feeding and 

becomes nocturnal, there is probably little need for acute vision.  Instead they rely on 
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other cues, such as steroidal pheromones released by larval conspecifics, which 

indicates the quality of the spawning ground (Vrieze & Sorensen, 2001; Vrieze et al., 

2011) and an acute olfactory sense (Siefkes & Li, 2004; Sorensen et al., 2005) to direct 

their upstream migration.   

 

The calculated values for spatial resolution should be taken as an estimate of 

potential SRP, as calculations were based on photoreceptor densities, which are thought 

to provide an upper limit of resolution (Tamura, 1957).  Ganglion cell density would 

provide a more realistic estimate of resolution, as these cells act as the bottleneck, 

restricting the quantity of information transferred from the eye to the brain (Collin & 

Pettigrew, 1989).  Calculating spatial resolution using photoreceptor density can result 

in an SRP value three to four times higher than that calculated using ganglion cell density 

(Tamura & Wisby, 1963; Fritsches et al., 2003).  This difference is attributed to the 

convergence ratio of cones onto ganglion cells within the area of specialisation 

(Browman et al., 1990).  As nothing is known about the convergence ratio between 

photoreceptors and ganglion cells (the majority of which are “displaced” to the inner 

nuclear layer) (Nivison-Smith et al., 2013) in G. australis, the spatial resolving power 

presented should be considered as an upper limit of spatial resolution. 

 

4.5.7 Colour vision and evolutionary significance 

The requirements for colour vision includes the possession of at least two 

photoreceptor types that are spectrally distinct from one another (e.g. express different 

classes of opsin, have different chromophore types, have differences in chromophore 

ratio or have spectral tuning mechanisms, such as oil droplets), along with the ability to 

compare the information gathered from different spectral types of photoreceptor 

through a neural network (Levine & MacNichol, 1982; Bowmaker, 1995).  The current 

study confirms that G. australis possesses five spectrally distinct photoreceptor types, 

based on the presence of five morphological cell types (confirming previous work) (Collin 

& Trezise, 2004), with each type most likely expressing a different opsin class (although 

co-expression has not been ruled out).  Previous studies have demonstrated that 

G. australis possesses four layers of horizontal cells (Collin et al., 1999; Collin et al., 

2003a; Nivison-Smith et al., 2013) suggesting that the neural machinery required for 
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opponent interactions (discussed below) between different photoreceptor types are 

probably present.  Together these results suggest that G. australis possesses the 

functional basis for complex colour vision, although behavioural studies to confirm this 

are lacking. 

 

Molecular clock analysis has indicated that colour vision in vertebrates appeared over 

500 MYA (Nathans et al., 1986).  After two rounds of whole genome duplication (2R), 

five classes of visual opsins emerged: lws, sws1, sws2, rh2 and rh1 (Bowmaker, 2008; 

Larhammar et al., 2009; Lamb, 2013).  This occurred at the base of the vertebrate lineage 

prior to the divergence of Agnatha from the lineage leading to the gnathostomes, 

approximately 500 MYA (Blair Hedges, 2001; Kuraku et al., 2009; Davies et al., 2012; 

Smith et al., 2013).  These five visual opsin classes have been retained in G. australis as 

evident from previous studies (Collin et al., 2003b; Davies et al., 2007b), as well as the 

present study.  Within the agnathan lineage, no further whole genome duplications have 

occurred since their divergence from a common ancestral vertebrate (Meyer & Van de 

Peer, 2005), and no gene duplications for any of the opsin have occurred to give rise to 

more opsin genes.  

 

In shallow water environments (such as surface waters), the luminance is highly 

variable (producing flicker) due to surface waves and ripples (Munz & McFarland, 1977; 

Maximov, 2000).  In this photic environment, it would be difficult to detect 

prey/predators against the background if only luminance was analysed (Maximov, 2000; 

Bowmaker, 2008).  Maximov (2000) hypothesised that early vertebrates filtered out this 

substantial flicker by developing opponent interactions; where the output signals of two 

spectrally distinct photoreceptor types could be compared to provide brightness and 

colour information, which in turn enhances contrast discrimination (Levine & 

MacNichol, 1982).  Therefore, colour vision is thought to have originated as a by-product 

of developing the opponent interactions necessary to eliminate flicker (Levine & 

MacNichol, 1982; Maximov, 2000).  The neuronal cells responsible for the opponent 

interactions are horizontal cells; the L-type (luminosity) horizontal cells hyperpolarise in 

response to illumination irrespective of wavelength, while C-type (chromaticity) 

horizontal cells hyperpolarise in response to a particular wavelength and depolarise to 
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other wavelengths (Svaetichin & MacNichol, 1958).  Opponent neurons must have 

evolved over 500 MYA (prior to the divergence of jawless vertebrates), as two different 

L-type horizontal cells occur within the retina of the arctic lamprey, Lampetra japonica 

(Teranishi et al., 1982). 

 

Strong selective pressures exist for G. australis to maintain broad spectral sensitivity, 

as during the marine phase they inhabit brightly lit surface waters surrounding South 

Georgia (Potter et al., 1979) and would be exposed to a broad spectrum of light.  The 

possession of five spectrally distinct photoreceptor types with peak sensitivity ranging 

from 371 – 616 nm (Collin et al., 2003b; Davies et al., 2007b) allows G. australis to 

sample a broad spectrum, which is beneficial for survival, as prey and predators that are 

spectrally different from the background can be detected.  Avian predators such as 

D. chrysostoma, which are a substantial threat during the marine phase (Potter et al., 

1979; Prince, 1980), would appear as silhouettes against the sky, while prey would be 

conspicuous (as either a dark or light object) against the background illumination of the 

water (McFarland & Munz, 1975; Levine & MacNichol, 1982).  The possession of several 

narrow band photoreceptor types, with at least three types possessing a yellow pigment 

within the myoid which act as a spectral filter (in downstream migrants) (Collin et al., 

2003a), is thought to improve colour discrimination as well as colour constancy, which 

is beneficial in shallow water where illumination can change rapidly (Osorio et al., 1997).   

 

In comparison to G. australis, the retinas of all other species of lamprey examined 

thus far contains fewer visual pigments, lws and rh1 (see Chapter 2 for discussion of 

visual pigments in Mordacia) (Hisatomi et al., 1991; Zhang & Yokoyama, 1997; Muradov 

et al., 2008; Davies et al., 2009); two photoreceptor types, long and short present in 

Petromyzontidae (Tretjakoff, 1916; Walls, 1935) and one in Mordaciidae (see Chapters 

2 and 3) (Collin & Potter, 2000), and significantly fewer horizontal cell layers of which 

there are two (Öhman, 1976; Teranishi et al., 1982; Tonosaki et al., 1987; Fritzsch & 

Collin, 1990; Collin & Potter, 2000).   This reduced retinal complexity is likely to be an 

adaptation to inhabiting photic environments where the available spectrum and 

intensity of light is restricted, such as in deeper water (P. marinus occurs at depths over 

1000 m during the marine phase) (Halliday, 1991) or when the species is nocturnal 
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(M. mordax) (Potter et al., 1968)).  Maintaining broad spectral sensitivity in species that 

inhabit restricted light environments would be energetically inefficient as not all cells 

would be stimulated by the restricted light conditions, which would degrade the image 

(Levine & MacNichol, 1982).  This suggests that G. australis is the only species so far 

studied where the selective pressure to maintain broad spectral sensitivity persists 

(i.e. in a brightly lit, spectrally rich environment). 

 

Photopic vision has been shown to have evolved prior to the divergence of 

vertebrates; however, the evolutionary origins of scotopic vision is more controversial, 

due to the lack of physiological evidence for a ‘true rod’ photoreceptor.  It is speculated 

that scotopic vision evolved after the divergence of jawed vertebrates (Lamb et al., 

2007; Lamb, 2013).  A recent electrophysiological study (using suction electrodes to 

record photocurrents) conducted by Morshedian and Fain (2015) demonstrates that the 

short photoreceptors of P. marinus, which possess cone-like morphology (e.g. outer 

segment discs mostly continuous with the plasma membrane and lack incisures) 

(Dickson & Graves, 1979) and express the rh1 opsin (Zhang & Yokoyama, 1997), are 

capable of detecting individual photons of light, a defining feature of rod photoreceptors 

(Baylor et al., 1979).  This new line of evidence confirms that ‘true rods’ and thus 

scotopic vision, emerged prior to the divergence of Agnatha and gnathostomes.  Based 

on this evidence G. australis could be tetrachromatic, as it is not known under which 

photic conditions the rh1 photoreceptor type operates.  If all photoreceptor types in 

G. australis are functional under photopic conditions, as suggested for the two 

photoreceptor types in L. fluviatilis (Govardovskii & Lychakov, 1984), then G. australis 

may be pentachromatic, compared to Petromyzontidae and M. praecox (see Chapter 2) 

which are potentially dichromatic (Govardovskii & Lychakov, 1984), whereas 

downstream migrants of M. mordax are likely to be monochromats (see Chapter 2) 

(Collin et al., 2004).  Further work is required to determine the photic conditions under 

which each photoreceptor type is functional. 

 

The camera-like eye of lampreys closely resembles that of jawed vertebrates in terms 

of structure, neuronal composition, retinal organisation (apart from a large proportion 

of the retinal ganglion cells lying within the inner nuclear layer) (Fritzsch & Collin, 1990; 
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Fletcher et al., 2014) and the five classes of visual opsin genes (Lamb, 2013; Nivison-

Smith et al., 2013).  This demonstrates that the camera-like eye of vertebrates has 

remained relatively unchanged over the course of evolution, making lampreys good 

models to assess the evolution of vertebrate vision.  With this in mind it implies that our 

vertebrate ancestors were diurnal and lived in shallow water environments, 

experiencing bright light conditions and possessed the necessary features to process 

complex (potentially tetrachromatic) colour vision. 

 

4.6 Conclusion 

The evidence provided in this study suggests that each opsin gene is confined to a 

single morphological photoreceptor type, with five spectrally distinct photoreceptors 

present in G. australis.  Based on the fact that at least four cone-like photoreceptor types 

are present and the neural machinery for opponent interactions between 

photoreceptors likely exists within the retina, this therefore suggests that G. australis 

may be tetrachromatic.  This would allow G. australis to detect predators and prey which 

are spectrally distinct from the background, which is beneficial for survival.  The 

complexity of the eye of G. australis compared to all other species of lamprey assessed 

thus far, suggests that selective pressures exist to maintain broad spectral sensitivity to 

the bright light environment they inhabit during their marine phase. 
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4.8 Supplementary table 

Supplementary table 4.1.  The antibodies which labelled opsin proteins within G. australis and have previously been used in other animals.  L cone = long-wavelength-sensitive 

cone, M cone = medium-wavelength-sensitive cone, S cone = short-wavelength-sensitive cone.   Previous studies: [1] (Villar-Cheda et al., 2008), [2] (Candal et al., 2005), [3] (Bejarano-

Escobar et al., 2009), [4] (Foster et al., 1993), [5] (Ahnelt et al., 2006), [6] (Peichl and Moutairou, 1998), [7] (Peichl et al., 2001), [8] (Müller et al., 2005), [9] (Glösmann et al., 2008), 

[10] (Peichl et al., 2005), [11] (Williams et al., 2005), [12] (Rocha et al., 2009), [13] (Taylor et al., 2011b), [14] (Taylor et al., 2011a), [15] (Villar‐Cerviño et al., 2006), [16] (Bejarano-

Escobar et al., 2012a), [17] (Ferreiro-Galve et al., 2010), [18] (Bejarano‐Escobar et al., 2012b), [19] (Álvarez-Hernán et al., 2013). 

Antibody Class Common name Species Labels Reference 

CERN874 Cephalaspidomorphi Sea lamprey  Petromyzon marinus Long & short photoreceptors [1] 

 Actinopterygii Brown trout Salmo trutta fario Rods [2] 

 Actinopterygii Tench  Tinca tinca Immature photoreceptors [3] 

 Reptilia American anoles Anolis carolinensis Cones [4] 

JH492 Mammalia Cheetah Acinonyx jubatus M cone [5] 

 Mammalia Atlantic harbour seal Phoca vitulina M/L cone [6] 

 Mammalia Ringed seal  Phoca hispida M/L cone [6] 

 Mammalia Long finned pilot whale  Globicephala melaena  L cone [7] 

 Mammalia Common dolphin  Delphinus delphis  L cone [7] 

 Mammalia Harbour porpoise  Phocoena phocoena  L cone [7] 

 Mammalia Mouflon  Ovis musimon  L cone [7] 

 Mammalia Pygmy hippopotamus  Choeropsis liberiensis  L cone [7] 

 Mammalia European wild hog Sus scrofa L cone  [5] 

 Mammalia Red deer  Cervus elaphus L cone  [5] 

 Mammalia European Roe deer Capreolus capreolus L cone  [5] 
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Supplementary table 1 continued.  

Antibody Class Common name Species Labels Reference 

JH492 Mammalia Madagascan Flying Fox  Pteropus rufus  L cone  [8] 

 Mammalia Madagascar rousette Rousettus madagascariensis L cone  [8] 

 Mammalia European mole  Talpa europaea M cone [9] 

 Mammalia Giant rat Cricetomys emini M/L cone [6] 

 Mammalia African giant pouched rat Cricetomys gambianus M/L cone [6] 

 Mammalia Cururo Spalacopus cyanus L cone [10] 

 Mammalia Pocket gophers  Thomomys bottae M cone [11] 

  Mammalia Agouti  Dasyprocta aguti L cone [12] 

CERN906 Actinopterygii Eel (12 species) Leptocephalus larvae Cones  [13] 

 Actinopterygii Atlantic tarpon Legalops atlanticus Cones [14] 

 Reptilia American anoles Anolis carolinensis Cones [4] 

sc-14363 Mammalia Cheetah Acinonyx jubatus S cone [5] 

 Mammalia Human Homo sapien S cone [5] 

 Mammalia European wild hog Sus scrofa S cone [5] 

 Mammalia Red deer Cervus elaphus S cone [5] 

 Mammalia European Roe deer  Capreolus capreolus S cone [5] 

 Mammalia Madagascan Flying Fox  Pteropus rufus  S cone (UV) [8] 

 Mammalia Europena mole Talpa europaea S cone (UV) [9] 

 Mammalia Cururo  Spalacopus cyanus S cone [10] 

 Mammalia Pocket gophers  Thomomys bottae S cone (UV) [11] 

 Mammalia Agouti Dasyprocta aguti S cone [12] 
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Supplementary table 4.1. continued 

 Antibody Class Common name Species Labels Reference 

JH455 Mammalia Cheetah Acinonyx jubatus S cone [5] 

 Mammalia Human Homo sapien S cone [5] 

 Mammalia Mouflon Ovis musimon  S cone [7] 

 Mammalia Pygmy hippopotamus Choeropsis liberiensis  S cone [7] 

 Mammalia European wild hog Sus scrofa S cone [5] 

 Mammalia Red deer Cervus elaphus S cone [5] 

 Mammalia European Roe deer  Capreolus capreolus S cone [5] 

 Mammalia Madagascan Flying Fox  Pteropus rufus  S cone (UV) [8] 

 Mammalia Madagascar rousette Rousettus madagascariensis S cone (UV) [8] 

 Mammalia European mole  Talpa europaea S cone (UV) [9] 

 Mammalia Cururo Spalacopus cyanus S cone [10] 

 Mammalia Pocket gophers  Thomomys bottae S cone (UV) [11] 

  Mammalia Agouti  Dasyprocta aguti S cone [12] 

CERN922 Cephalaspidomorphi Sea lamprey Petromyzon marinus Larval & short photoreceptors [1][15] 

 Actinopterygii Brown trout  Salmo trutta fario Rods [2] 

 Actinopterygii Eel (12 species) Leptocephalus larvae Rods  [13] 

 Actinopterygii Atlantic tarpon Legalops atlanticus Rods [14] 

 Actinopterygii Senegalese sole  Solea senegalensis Larval rod photoreceptors [3] 

 Actinopterygii Tench Tinca tinca Immature photoreceptors [3][16] 

 Chondrichthyes Lesser spotted dogfish Scyliorhinus canicula Rods [17][18] 

 Chondrichthyes Brown skyshark Haploblepharus fuscus Rods [17] 

  Amphibia African clawed frog Xenopus laevis Rods [19] 
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5.1 Visual system of southern hemisphere lampreys 

The aim of the study reported in this thesis was to investigate visual photoreception 

in the southern hemisphere lampreys, Mordacia praecox, Mordacia mordax and Geotria 

australis.  A multidisciplinary approach was utilised to relate specialisations in ocular and 

retinal structure and function, to behaviour and to the photic environments inhabited 

post-metamorphosis.  The data presented in this thesis suggest that the visual systems 

of M. praecox and M. mordax are adapted to increase sensitivity and are tuned to the 

restricted spectrum of light available in their scotopic environment.  In contrast, strong 

selective pressures exist in G. australis to maintain broad spectral sensitivity to their 

photopic environment.  Below I will discuss new findings in relation to what is already 

known about the visual system of the southern hemisphere lampreys, and compare 

these with the visual system of northern hemisphere lampreys.  

 

5.2 Tuning of opsins and spectral range to the photic environment  

The spectral sensitivities of lampreys assessed thus far appear to match their photic 

environment.  G. australis is the only species of lamprey known to date which reside in 

surface waters during its marine trophic phase, and would be subjected to relatively 

bright light conditions during the day.  This photopic environment may exert a strong 

selective pressure for G. australis to maintain a broad spectral range of visual sensitivity.  

Evidence for this was provided in this study, which was the first to determine the class 

of opsin expressed in each photoreceptor type, thereby characterising five spectrally 

distinct photoreceptor types in the retina of G. australis (Chapter 4), with a spectral 

range between 371 and 616 nm (A2) (Collin et al., 2003; Davies et al., 2007).  A spectral 

tuning mechanism (yellow pigment) is present within the inner segment of two 

photoreceptor types in the upstream migrants, which absorbs short-wavelength light 

(<550 nm) (Collin et al., 2003).  The distribution of each spectral type of photoreceptor 

(lws, sws1, sws2, rh1, rh2) across the retina appears to relate to the photic environment 

across different lines of sight (Chapter 4).  Many diurnal gnathostomes which are 

exposed to a broad spectral range have also maintained the four cone opsin classes (lws, 

sws1, sws2, rh2) and the rod opsin class (rh1) expressed in G. australis; examples are the 

ray-finned fish, lungfish, lizard and bird (reviewed in Davies et al., 2012).  
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In contrast, all other species of lamprey are photophobic and inhabit a potentially 

more restricted photic environment post-metamorphosis (i.e. freshwater laden with 

dissolved organic matter or deeper waters in the ocean), therefore the pressure to 

maintain broad spectral sensitivity appears to have relaxed, with fewer spectral classes 

of photoreceptor retained within the retina.  Evidence for this is provided by the 

presence of two spectral classes of photoreceptor in the retinas of northern hemisphere 

lampreys (Govardovskii & Lychakov, 1984; Hárosi & Kleinschmidt, 1993) which express 

the lws and rh1 opsin gene (Hisatomi et al., 1991; Zhang & Yokoyama, 1997; Muradov 

et al., 2008; Davies et al., 2009b), and have a spectral range between 517 and 555 nm 

(A1) in Lampetra fluviatilis (Govardovskii & Lychakov, 1984) and between 525 and 

600 nm (A2) in Petromyzon marinus (Hárosi & Kleinschmidt, 1993).  The loss of functional 

sws1 and sws2 opsin genes has been demonstrated in P. marinus, as pseudogenes for 

these opsins are present in the genome (Davies et al., 2009b; Smith et al., 2013).  This 

reduction in opsin expression to lws and rh1 opsin genes has also been shown in 

gnathostomes, which inhabit dim light environments, such as representatives from 

elasmobranchs, non-primate mammals and marine mammals (reviewed in Davies et al., 

2012). 

 

In addition to the northern hemisphere species, two spectral classes of 

photoreceptor have also been indicated by electroretinography in M. praecox after 

reaching maturity, which have a spectral range between 520 and 549 nm (A2), 

compared to one spectral class in downstream migrants of M. mordax with peak 

sensitivity (λmax) at 513 nm (A1) (Chapter 2) (Collin et al., 2004).  As M. praecox is thought 

to have evolved from M. mordax (Zanandrea, 1961), this suggests that a second spectral 

class of photoreceptor may be present in M. mordax, although its contribution to visual 

sensitivity may be too low to be detectable at this stage, and could be masked by the 

strong effect of the retinal tapetum (which increases long-wavelength sensitivity 

meaning that relative sensitivity at short-wavelengths is decreased).  Another possibility 

is that a second spectral type may occur in M. mordax at a different stage of 

development.  This is the first time that the spectral sensitivity of the photoreceptors 

have been assessed in M. praecox.   
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Currently very few studies have been conducted on the phylogeny of lampreys to 

assess if the number of opsin genes present within the retina are due to phylogenetic 

inertia, or to adaptations to the lifestyles of different genera.  Morphological data failed 

to resolve the relationship between the three families (Petromyzontidae, Geotriidae and 

Mordaciidae) (Gill et al., 2003; Potter & Gill, 2003), although the authors suggest that 

Geotriidae and Mordaciidae represent an ancient separation from a common stock of 

lampreys.  More recent molecular studies based on cytochrome b gene sequences 

suggest that G. australis forms a sister group to Petromyzontidae, albeit with low 

bootstrap support, with Mordaciidae more basal (diverged prior to the split of 

Geotriidae from Petromyzontidae) (Potter et al., 2015).  In light of this evidence and the 

fact that two rounds of whole-genome duplication (2R) occurred prior to the divergence 

of Agnatha from the lineage leading to gnathostomes (Blair Hedges, 2001; Larhammar 

et al., 2009; Lamb, 2013; Smith et al., 2013), it seems likely that the loss of opsin genes 

occurred separately in different lineages which supports the hypothesis presented in 

this study, that adaptations have occurred within the retina to suit the photic 

environment of different genera. 

 

Next-Generation sequencing and the generation of an eye transcriptome revealed 

that both Mordacia sp. express lws (high tag count) and rh1 (very low tag count) opsin 

genes (Chapter 2).  However, only partial sequences were available for the rh1 opsin 

gene, so the functionality of the gene could not be confirmed.  The dominant expressed 

pigment in the eyes of both species is the lws opsin gene (A2 in M. praecox and A1 in 

M. mordax, discussed below).  As tag counts are thought to relate to expression levels 

(Robinson & Oshlack, 2010), the rh1 opsin may not be expressed at a high enough level 

to contribute towards the spectral sensitivity measured by ERG.  Therefore, the second 

spectral class of photoreceptor in M. praecox may express lws based on vitamin A1, 

suggesting that the spectral sensitivity of this species may be based on a paired pigment 

system.  The identity of the second spectral class of photoreceptor in M. praecox could 

not be fully resolved in the present study. 

 

The spectral sensitivities of the dominant spectral type of photoreceptor in 

M. praecox (549 nm) and the sole spectral type in M. mordax (513 nm) differ, even 
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though they both express the lws opsin gene (Chapter 2).  This can be explained by the 

chromophore composition of the visual pigment, being a porphyropsin (vitamin A2) in 

M. praecox (evidence provided by the presence of the cyp27c1 gene within the 

transcriptome) (Chapter 2) which is long-wavelength shifted in comparison to the 

rhodopsin pigment (vitamin A1) in M. mordax (Collin et al., 2004).  This chromophore 

difference effectively matches the spectral sensitivity of the pigment to its photic 

environment at a particular developmental stage, which demonstrates the plasticity of 

the visual system.  Representatives of M. praecox which have reached maturity were 

adapted to the ‘greener’ photic environment of their freshwater habitat, whereas 

downstream migrants of M. mordax ‘prepare’ for the ‘bluer’ photic environment they 

experience in deeper waters during their marine trophic phase.  This chromophore 

replacement in response to different photic environments has been demonstrated 

previously in other diadromous fishes, such as eels and salmon (reviewed in Bridges, 

1972). 

 

The lws opsin gene expressed in both Mordacia sp. is considerably short-wavelength 

shifted in comparison to the ancestral lws opsin (Chapter 2), which has previously been 

suggested to be a feature of species that inhabit deeper waters, such as Petromyzon 

marinus, Tursiops truncatus and Callorhinchus milii (Fasick et al., 1998; Davies et al., 

2009a; Davies et al., 2009b).  This short-wavelength shift is likely due to amino acid 

substitutions at key tuning sites i.e. S180A and A308S.  However, the λmax for lws was 

further short-wavelength shifted than can be explained from these two substitutions 

alone, and may indicate that other amino acid substitutions occur or that chloride 

binding of the visual pigment has been affected (Wang et al., 1993; Sun et al., 1997; 

Fasick et al., 1998; Fasick & Robinson, 1998; Davies et al., 2009b).  As M. mordax is the 

only member of this ‘paired species’ thought to reside in deeper waters (Potter et al., 

1968; Griffiths, 2002), the short-wavelength shift in the lws pigment may have been 

retained in M. praecox when they evolved from M. mordax (Zanandrea, 1961).  Other 

features have been retained in M. praecox which are not necessary for their lifestyle, 

such as the presence of a buccal gland, which produces an anti-coagulant for feeding on 

blood in this non-parasitic species (Potter et al., 1995). 
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As Mordacia sp. continue to burrow post-metamorphosis and are nocturnal (Potter 

et al., 1968), further modifications occur within the visual system that adapt them to the 

dim light environment.  The presence of a yellow-green retinal tapetum in both 

M. praecox and M. mordax preferentially reflects long-wavelength light (>500 nm, peak 

reflectance at 550 nm) back through the photoreceptors, increasing light absorption.  A 

yellow-green tapetum would be beneficial to lampreys residing in turbid freshwater 

(M. praecox: whole of lifecycle, M. mordax: majority of lifecycle excluding marine tropic 

phase), where the ambient light environment is towards longer wavelengths, due to 

dissolved organic matter.   

 

It may, therefore, seem counterintuitive for Mordacia sp. to possess a considerably 

short-wavelength shifted lws pigment and a yellow-green retinal tapetum, which 

preferentially reflects long-wavelength light (>500 nm).  This same situation also occurs 

in the bottlenose dolphin, T. truncatus, where the lws pigment has a λmax of 524 nm 

(Fasick et al., 1998; Fasick & Robinson, 1998) and a green/yellow tapetum cellulosum is 

present (Dawson et al., 1987), which is thought to preferentially reflect wavelengths 

closer to the λmax of lws than their rh1 pigment.  The function of these adaptations is 

thought to be to enable vision in dim light environments by stimulating not only rods 

but also lws cones aided by the reflective properties of the tapetum (Fasick et al., 1998).  

Therefore, this adaptation in Mordacia sp. may function in the same way as in dolphins, 

supporting vision (and potentially colour vision) in their scotopic environment.  

 

5.3 Sensitivity and resolution is tuned to the photic environment 

The performance of an animal’s visual system is dependent on the sensitivity and 

resolution of its eyes.  In the dim light environment of M. praecox and M. mordax, strong 

selective pressures are placed on the visual system to increase sensitivity both optically 

and neurally (Chapter 3).  Optical adaptations include the possession of large 

photoreceptors, an ellipsosome within the inner segment and a retinal tapetum (Collin 

& Potter, 2000), all features that would be expected to increase the capture of photons.  

Neural adaptations favour a low temporal resolution, which increases the integration 

time allowing more photons to be summed by the photoreceptors (Chapter 3), as well 
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as a low level of spatial resolution (1.7 cycles per degree) (Collin et al., 2004), as there is 

little need for high acuity vision in this dim light environment.  The only other species of 

lamprey in which temporal resolution has been assessed previously is the European river 

lamprey, L. fluviatilis (Dreyfert et al., 1979), which gave similar results to M. mordax.  

Selective pressures have also favoured high contrast sensitivity in Mordacia sp. 

(Chapter 3), which would allow very small differences in contrast levels to be 

discriminated, which would be expected to be beneficial in avoiding predation in a 

scotopic environment.  The contrast sensitivity in Mordacia sp. appears to be better than 

any other animal examined thus far.  This is the first study to evaluate the physiology of 

any southern hemisphere lamprey. 

 

As G. australis inhabits bright light conditions during the marine phase, temporal and 

spatial resolution are expected to be higher than nocturnal Mordacia sp.  An estimate 

of spatial resolution for the visual system of G. australis suggests they would be able to 

discriminate finer detail (4.12 cycles per degree, Chapter 4) than Mordacia sp.  However, 

upstream migrants are perhaps not reliant on acute distance vision as, during their 

upstream migration, G. australis are photophobic and show adaptations for increased 

sensitivity through the development of larger photoreceptors (4 – 11 μm wide) 

(Chapter 4) (Collin et al., 2003) which are less densely packed, and as a consequence the 

eye’s spatial resolving power may effectively reduce.  Therefore, upstream migrants are 

more likely to rely on other senses such as olfaction to guide their upstream migration 

(Siefkes & Li, 2004; Sorensen et al., 2005).  In comparison the photoreceptors of 

downstream migrants are thinner (2 – 3 μm wide) (Collin et al., 2003) and more densely 

packed within the retina, which suggests that spatial resolution will be higher, affording 

G. australis with better acuity to locate and parasitise potential host fishes.   

 

5.4 Photoreceptor characterisation 

The characterisation of photoreceptor types within the lamprey retina has been a 

matter of contention for many years, with different techniques (electron microscopy, 

electrophysiology, molecular biology and immunohistochemistry) providing conflicting 

results.  The data presented in this thesis provides further evidence for the 
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characterisation of the photoreceptor(s) within lampreys, although it does not fully 

resolve this issue.  The potential single morphological type of photoreceptor occurring 

within the retina of M. praecox and M. mordax (Chapter 2 and 3) (Collin & Potter, 2000) 

expresses the cone opsin gene lws (Chapter 2) and is functional under both scotopic and 

photopic conditions (Chapter 3), but also possesses rod-like physiology such as slow 

response kinetics and saturates at bright light intensities (Chapter 3).  Therefore, 

features of both cones and rods are present in Mordacia sp., a finding which is supported 

by morphological data on M. mordax (Collin & Potter, 2000), and may indicate that these 

photoreceptors are an intermediate between cones and rods. 

 

In G. australis, the presence of five morphologically distinct photoreceptor types was 

confirmed in the present study.  All are thought to be cone-like (Chapter 4) (Collin et al., 

1999; Collin et al., 2003; Collin & Trezise, 2004), with each photoreceptor type found to 

express a single opsin gene (Chapter 4) (Collin et al., 2003; Davies et al., 2007).  In 

comparison, the holarctic lampreys possess a duplex retina, with one rod-like and one 

cone-like photoreceptor (Walls, 1935; Holmberg et al., 1977; Dreyfert et al., 1979; 

Govardovskii & Lychakov, 1984; Ishikawa et al., 1987; Negishi et al., 1987; Ishikawa et 

al., 1989; Tonosaki et al., 1989; Hara et al., 1990; Hárosi & Kleinschmidt, 1993; 

Morshedian & Fain, 2015).  A recent study has shown that the rod-like photoreceptor of 

P. marinus is able to detect single photons of light, indicating that physiological rods are 

present in lampreys (Morshedian & Fain, 2015). 

 

The presence of an intermediate photoreceptor type in Mordacia sp. supports Walls's 

(1934, 1942) transmutation theory.  Walls proposed that rods evolved from ancestral 

cones in response to an ecological shift from a diurnal to a nocturnal lifestyle, to avoid 

predation (Walls, 1934, 1942).  Walls suggested that intermediate stages of 

transmutation could be observed in extant species, and Mordacia sp. are considered a 

good candidate.  Similar photoreceptor types are found in the nocturnal gecko, Gecko 

gecko, which possess rod-like morphology (Underwood, 1954) and physiology (Crozier 

& Wolf, 1939; Kleinschmidt & Dowling, 1975) with each photoreceptor expressing a 

single cone opsin gene (lws, rh2 and sws1) (Kojima et al., 1992).  It, therefore, appears 

that the evolution of morphological and/or physiological changes in the photoreceptor 
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type occur at a faster rate than molecular changes and are independent of modifications 

to the phototransduction proteins and types of visual pigment expressed (cone or rod) 

(Kojima et al., 1992; Zhang et al., 2006). 

 

5.5 Colour vision 

Combining the new findings with previous knowledge suggests that G. australis is 

potentially tetrachromatic, and may even be pentachromatic if all five photoreceptors 

types are functional under the same light conditions (Chapter 4) (Collin & Trezise, 2004).  

Holarctic lampreys have the potential to be dichromatic, as the rod-like photoreceptor 

has been shown to be functional under scotopic and photopic light conditions in 

L. fluviatilis (Govardovskii & Lychakov, 1984).  Individuals of M. praecox which have 

reached maturity, could be dichromatic, as two spectral classes of photoreceptor are 

present which are physiologically identical (have same time course and similar sensitivity 

levels) and function under the same light intensities (Chapter 2 and 3).  However, 

downstream migrants of M. mordax are likely to be monochromatic, as only one spectral 

class of photoreceptor could be measured (Chapter 2), although a second spectral class 

of photoreceptor cannot be ruled out due to the strong effect of the tapetum. 

 

5.6 Future directions 

Further study is required on the visual pigments within the retina of Mordacia sp., to 

assess if the rh1 opsin gene is truly expressed and if this gene is functional.  In order to 

do this quantitative reverse-transcription polymerase chain reaction (qRT-PCR) could be 

used to qualitatively detect the gene expression of complementary DNA (cDNA).  It is 

also important to determine what residues and interactions are responsible for the 

considerable short-wavelength shift in spectral sensitivity in the lws opsin gene.  This 

could be accomplished by performing site-directed mutagenesis and in vitro pigment 

regeneration experiments, in the presence and absence of chloride ions.  The plasticity 

of the visual system in both M. praecox and M. mordax should be assessed by analysing 

the level of opsin expression at different developmental stages by qRT-PCR. 
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Further work is needed on G. australis in order to rule out co-expression of opsin 

genes in a single morphological photoreceptor type.  This could be achieved by 

performing double-label RNA in situ hybridisation on retinal sections, where one opsin-

specific riboprobe is labelled with digoxigenin and another opsin-specific riboprobe is 

labelled with fluorescein.  Another method would be to use microspectrophotometry to 

measure the absorbance spectra of the photoreceptors expressing the sws1 and sws2 

opsin gene, which have not previously been measured in vivo, and match those to the 

spectral sensitivities obtained in vitro (done previously for photoreceptors expressing 

lws, rh1 and rh2).  If these λmax values are comparable (as shown for lws, rh1 and rh2) 

(Collin et al., 2003; Davies et al., 2007), this would suggest that each photoreceptor 

types expresses a single opsin gene, and co-expression can be ruled out.  RNA in situ 

hybridisation could also be performed on retinal wholemounts, to provide more 

accurate information on the spatial distribution of photoreceptors and their opsin 

complements.  Currently there is a lack of information on the temporal resolution, 

spatial resolution, contrast sensitivity and response kinetics of the photoreceptors 

within G. australis.  In order to determine the physiological features of the 

photoreceptors, electroretinography should be performed, which would allow for a 

comparison to the results obtained in Mordacia sp. in the current study. 

 

More evidence is required to definitively characterise the photoreceptors of 

lampreys as cones and/or rods, by studying the biochemical and physiological features 

of each photoreceptor type.  One method would be to assess the proteins within the 

phototransduction cascade, to see if they resemble the cone isoform or rod isoform.  

The electrophysiological technique of recording photocurrents from individual 

photoreceptors using suction electrode could be applied to the southern hemisphere 

lampreys, to assess if single photons of light can be detected by the photoreceptors, 

which would indicate if ‘true rods’ are present within the retina.  

 

Currently, evidence suggests that G. australis is potentially tetrachromatic, whereas 

holarctic lampreys and M. praecox could be dichromatic.  In contrast, M. mordax 

appears to be monochromatic.  In order to demonstrate that an animal uses colour 

vision, behavioural experiments are required to show that the animal is able to 
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discriminate colours based on their spectral distribution and not their relative light 

intensities (Kelber et al., 2003).  Behavioural studies should focus on parasitic species 

(e.g. G. australis, M. mordax, P. marinus and L. fluviatilis) during the marine trophic 

phase when the animals would normally be actively feeding.  

 

5.7 Conclusion 

The results presented in this thesis illustrate the plasticity of the visual system in 

lampreys, where strong selective pressures have tuned the visual system of members of 

the Mordaciidae and Geotriidae to suit their unique photic environments at different 

stages of development.  A range of adaptations have occurred within the visual system 

of these two families to tune acuity, sensitivity, resolution, motion detection, object 

recognition and spectral sensitivity, all of which have been highlighted by this study.  As 

members of the Geotriidae and Mordaciidae inhabit ecological niches at two ends of the 

spectrum in terms of their photic environments (brightly lit surface waters and diurnal 

activity in G. australis compared to dark burrows and nocturnal activity in Mordacia sp.), 

further assessment of their visual system will allow us to better understand how these 

animals adapt to different ecological pressures, and more importantly may provide clues 

into the evolution of colour vision and scotopic vision in vertebrates.   
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