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Ants are thought to be special among Hymenopterans in having only dichro-

matic colour vision based on two spectrally distinct photoreceptors. Many

ants are highly visual animals, however, and use vision extensively for naviga-

tion. We show here that two congeneric day- and night-active Australian ants

have three spectrally distinct photoreceptor types, potentially supporting

trichromatic colour vision. Electroretinogram recordings show the presence

of three spectral sensitivities with peaks (lmax) at 370, 450 and 550 nm in

the night-active Myrmecia vindex and peaks at 370, 470 and 510 nm in the

day-active Myrmecia croslandi. Intracellular electrophysiology on individual

photoreceptors confirmed that the night-active M. vindex has three spectral

sensitivities with peaks (lmax) at 370, 430 and 550 nm. A large number of

the intracellular recordings in the night-active M. vindex show unusually

broad-band spectral sensitivities, suggesting that photoreceptors may be

coupled. Spectral measurements at different temporal frequencies revealed

that the ultraviolet receptors are comparatively slow. We discuss the adaptive

significance and the probability of trichromacy in Myrmecia ants in the context

of dim light vision and visual navigation.
1. Introduction
Colour vision is beneficial for reliable object discrimination, because it is not

affected by shifts in the intensity or colour of the ambient light conditions

[1–3]. Colour vision requires the comparisons of input signals from at least

two photoreceptors with different spectral sensitivities. Trichromatic colour

vision, in addition, greatly enhances the range of wavelengths over which

colour discriminations are possible [4]. Based on a number of studies, ants have

long been considered unique among hymenopterans for having only two spectral

classes of photoreceptors with peak sensitivities in the short- (ultraviolet (UV) or

violet) and long- (green) wavelength regions of the spectrum [5–10]. Ants were

therefore thought to be dichromats. In dichromatic species that have a UV photo-

receptor combined with a long-wavelength sensitive receptor, the ability to

discriminate between colours would be limited to the UV and blue region of

the spectrum because of the absence of a middle-wavelength sensitive photo-

receptor. Several behavioural experiments have provided some evidence that

ants indeed do have colour vision [11–14], with one behavioural study proposing

tetrachromatic colour vision in Cataglyphis bicolor [11].

Some ants are highly visual animals, especially individually foraging ants

that do not use pheromone trails during foraging excursions, but rely on visual

cues for path integration and landmark-based navigation [15–25]. Ants such as

C. bicolor and Cataglyphis fortis, which live in landmark-poor deserts and salt

pans, for instance, use the pattern of polarized skylight as a compass reference

for their path integration system [18,21,26,27]. Ants such as the Australian

desert ant Melophorus bagoti that inhabit landmark-rich environments containing

grass tussocks, shrubs and trees, rely more heavily on information provided by
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the visual landmark panorama to find home [22,23]. Both

diurnal and nocturnal bull ants of the genus Myrmecia have

been shown to be guided by the landmark panorama

[24,25,28] and in the case of nocturnal ants, also by the pattern

of polarized skylight [24].

UV images are highly effective for sky/horizon segmenta-

tion and the horizon contour can be used to support effective

navigation [29]. It has also been argued that the ant visual

system is well suited for the extraction of skyline contour infor-

mation based on the presence of a UV–green opponent

channel [30]. Despite an abundance of interest in their naviga-

tional abilities, the spectral organization of the visual system of

ants remains disputed to this day, with little clear physiological

or behavioural information [5–14]. However, an accurate

understanding of their visual capabilities is crucial for the

modelling of their navigational performance (e.g. [31]).

Here, we investigate the spectral sensitivity of two

Australian ants, the diurnal Myrmecia croslandi and the noctur-

nal Myrmecia vindex, by applying an electrophysiological

approach. We show the existence of three spectrally distinct

photoreceptors in both ant species, providing the physiological

substrate for trichromatic colour vision. The previously undis-

covered middle-wavelength (blue) sensitive receptor class has

the potential to significantly extend the range of functional

colour vision into the green/yellow part of the spectrum. Fur-

thermore, as even nocturnal Myrmecia ants rely exclusively on

vision for navigation [24,28], our results highlight the possible

importance of trichromatic colour vision in the context of

visual navigation. This will therefore force a detailed analysis

and initiate behavioural studies on the importance of colour

vision in navigational tasks.
2. Experimental procedures
(a) Animals
We studied workers of both diurnal and nocturnal Myrmecia
ants. The nocturnal M. vindex Smith were collected from three

nests on the University of Western Australia Crawley campus,

Perth (31859005.800 S, 115849018.700 E). The diurnal M. croslandi
Taylor were collected from the Campus Field Station at the

Australian National University, Canberra (35816050.1400 S,

149806042.1300 E). Solitary foragers of M. vindex forage

exclusively after sunset (electronic supplementary material,

figure S1), whereas activity of M. croslandi occurs strictly

during the day [32–34]. The body lengths of workers are

11–25 mm in M. vindex and 10–13 mm in M. croslandi.

(b) Electrophysiology
The animals were kept on ice for 5 min. After removing its

legs and gaster, an ant was fixed with the dorsal side up on a

plastic stage with beeswax and then mounted in a Faraday

cage. Monochromatic stimulation light and adaptation light

was produced by computer-controlled TILL Polychrome V

monochromators (Till Photonics GmbH, Gräfelfing, Germany)

with 150 W xenon lamps. White light was provided by a high-

power xenon light source (HPX-2000, Ocean Optics Inc., FL,

USA). Our electrophysiological measurement design is similar

to that described in detail in a previous study [35]. To investi-

gate spectral sensitivities, a flickering light stimulus was

used, alternating equally between light and dark at a set fre-

quency of 10, 20 or 30 Hz. Every second light flash was of
monochromatic light, and every other of a reference white

light. At each wavelength tested, the intensity of the mono-

chromatic light was adjusted to produce the same response

amplitude as the white light. Comparing the number of pho-

tons of monochromatic light required to match the white

light across different wavelengths allowed us to calculate rela-

tive spectral sensitivity for all measured wavelengths. The

selective adaptation light reducing the contribution of some

photoreceptor classes was applied only during each recording,

for approximately for 10–20 min.

We recorded the electroretinogram (ERG) to determine

the spectral sensitivity of the eye as a whole. A silver/

silver-chloride wire of 100 mm diameter was inserted into

the mesosoma and served as the indifferent electrode. A plati-

num wire of 0.254 mm diameter was attached to the surface

of the compound eye with conductive gel (Livingstone Inter-

national Pty Ltd., New South Wales, Australia). ERGs were

recorded through a differential amplifier (DAM50, World

Precision Instruments Inc., FL, USA) connected to a computer

via a 16-bit data acquisition card (USB-6353, National Instru-

ments, Austin, TX, USA). Measurements were taken across

the spectrum from 340 to 650 nm in 10 nm steps.

Photoreceptor spectral sensitivities were determined by

intracellular recordings. An ant was mounted at the centre of

rotation of a cardan arm perimeter device. A borosilicate

glass microelectrode filled with 1 M potassium chloride with

a resistance of about 100 MV was inserted into the retina

through a hole made in the cornea. The results were the

same as using electrodes filled with 3 M potassium acetate.

Membrane potentials were recorded through an amplifier

(Getting Model 5A, Getting Instruments, San Diego, CA,

USA), connected to a computer via the 16-bit data acquisition

card (see above). After penetrating a photoreceptor with the

electrode, the position of the optical fibre was adjusted to pro-

duce the maximal photoreceptor response. Measurements

were taken across the spectrum from 340 to 650 nm in 10 nm

steps. Adaptation lights were delivered through a beam splitter

to achieve exact alignment with the recording light.
(c) Statistical analysis
To test whether the sensitivity of the eye at shorter wave-

lengths differed between conditions, such as species, time

of day or the stimulation frequency, a linear mixed model

(REML) was implemented in the nlme package of R [36]

(electronic supplementary material, table S1, Combined

model). Animal identity was used in the random effects

model and stimulation frequency, species and their inter-

action were used as the fixed effects model. Single species

models were then used to confirm the effect of stimulation

frequency independently for both species and to test for

day versus night effects (electronic supplementary material,

table S1, M. vindex and M. croslandi). Frequency and time of

day (day versus night) were entered into the model as

factors. A model was constructed by sequentially fitting par-

ameters. Only parameters that reached significance at a 5%

level when added to the final model were included in

the model (electronic supplementary material, table S1).

The individual components of variation between ants (ant

identity) were accounted for by incorporating them into the

model as a random factor. A random factor in the mixed

model is equivalent to the block structure in the analysis

of variance.
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Figure 1. Spectral responses of the entire eye in (a) the nocturnal M. vindex and (b) the diurnal M. croslandi recorded by ERG. Spectral response curves without
adaptation lights (no al, black) and with 360 nm (cyan), 460 nm (blue) and 560 nm (green) adaptation lights are shown (mean+ s.e., N ¼ sample size). See also
electronic supplementary material, figures S1 and S2. (Online version in colour.)
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Figure 2. Spectral sensitivities of photoreceptors in the nocturnal M. vindex as
determined by intracellular recordings (mean+ s.d.; N, sample number).
Recordings were divided into (a) narrow- and (b) broad-band spectral sensitivity
with a distinct secondary peak. The three types of photoreceptors have peak
sensitivities (lmax) at 370 nm (UV, black curve), 450 nm (blue, blue curve)
and 550 nm (green, green curve). (Online version in colour.)
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3. Results
We demonstrate that congeneric day- and night-active

Australian Myrmecia ants have three spectrally distinct photo-

receptors using flicker ERG and intracellular recordings. The

ERG recordings in the nocturnal ant M. vindex show a peak

spectral sensitivity at 530 nm with a secondary peak at

390 nm (figure 1a, black line, N ¼ 13). A 560-nm adaptation

light lowers the contribution of long-wavelength sensitive

receptors and shifts the sensitivity maximum towards the UV

with a peak at 380 nm (figure 1a, green line, N ¼ 12). It also

uncovers a new secondary peak at 450 nm. To confirm that

these peaks correspond to two additional photoreceptor

types, we used two adaptation lights, at 360 and 460 nm

respectively, to alter their relative contributions to the

overall spectral sensitivity. As expected, a 360-nm adaptation

light selectively reduces the eye’s relative sensitivity at short

wavelengths (figure 1a, cyan line, N ¼ 11). By contrast, an

adaptation light at 460 nm produces a peak sensitivity at

380 nm with a distinct secondary peak at 550 nm (figure 1a,

blue line, N ¼ 12). These results demonstrate clearly the exist-

ence of three distinct spectral types of photoreceptors in the

retina of the nocturnal ant, M. vindex, with peak sensitivities

in the UV, blue and green parts of the spectrum, respectively.

In addition, we recorded intracellularly from photo-

receptors of M. vindex and indeed found three receptor

classes (figure 2a,b): a UV receptor (lmax: 370 nm), a blue recep-

tor (lmax: 430 nm) and a green receptor (lmax: 550 nm). While

eight out of 18 UV receptors were exclusively sensitive to

short wavelengths, the 10 other UV cells had a broad secondary

peak around 530–550 nm (figure 2b). We also found variation

in the spectral profiles of blue and green receptors such as

the six blue receptors with a broad secondary peak around

530–550 nm and the seven green receptors with a spectral

half bandwidth (width at half maximum) of about 150 nm

(figure 2b). In addition, data recorded in a previous year

showed only broad spectra for all spectral types (N ¼ 36)

(data not shown). In instances where we measured broad

spectral sensitivities, we applied monochromatic adaptation

lights aligned to the stimulation light with a beam splitter (elec-

tronic supplementary material, figure S2) in order to reduce
secondary peaks. We succeeded in reducing the secondary

peak at around 530–550 nm of UV and blue receptors with a

560 nm adaptation light (electronic supplementary material,
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Figure 3. Model calculations for the three types of photoreceptors in the noc-
turnal M. vindex retina. The spectral sensitivities (black dots, mean+ s.e.) of
the UV (a), blue (b) and green photoreceptor (c) are shown together with spec-
tra calculated using a model (coloured lines). The spectra were modelled using
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(Online version in colour.)
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figure S2a–d). A 420 nm adaptation light was effective to reduce

the shorter wavelength side of broad sensitivity of green recep-

tors (electronic supplementary material, figure S2e,f ). We

therefore conclude that the broad spectral sensitivities of recep-

tors shown in figure 2b are the result of contributions from

more than one photoreceptor cell. All recordings presented

here showed excellent stability (more than 30 min), consistent

resting membrane potentials (50–80 mV) and large response

amplitudes, measured as the response–stimulus intensity

(V–log I) function over a 4 log unit intensity range at the photo-

receptor’s peak wavelength with flashes (20–80 mV), indicating

stable and clean recordings.

ERG recordings in the day-active ant M. croslandi show the

same shift in spectral sensitivities in response to monochro-

matic adaptation lights (figure 1b). The retina of M. croslandi,
therefore, also contains three spectrally distinct photoreceptor

types, with slightly shifted peak sensitivities at around 370,

470 and 510 nm, respectively. The un-adapted ERG sensitivity

has a higher relative UV contribution in the night-active

M. vindex compared with the day-active M. croslandi (compare

black lines figure 1a versus 1b).

We modelled the photoreceptor sensitivities using the

Govardovskii template [37], which describes visual pigment

absorption and spectral sensitivities. The spectral sensitivity

of UV receptors was accurately reproduced by a visual

pigment absorption spectrum using the Govardovskii template

with a lmax at 365.8 nm (R365.8) (figure 3a, magenta line). The

spectral sensitivity of blue receptors was also well explained by

a single rhodopsin absorption spectrum with a lmax at 430.8 nm

(R430.8) (figure 3b, magenta line). The spectral sensitivity of

green receptors was too narrow to be fitted by a single rhodop-

sin template with a peak at R543 nm (figure 3c, magenta line).

The short-wavelength side of the sensitivity curve was better

fitted by the linear combination of rhodopsin absorption spectra

with a lmax at 542.6 nm (R542.6, 83%) and R430.8 (17%)

(figure 3c, green line). The peak sensitivity, however, was still

too narrow, which may be due to the coloured screening pig-

ments in the retinular cells. Our modelling did not include

self-screening effects [38], because the exact numbers of each

photoreceptor type contributing to the ant’s closed rhabdoms

are not yet known.

We also modelled the spectral sensitivities of the entire eye

as determined by ERG recordings in both species (electronic

supplementary material, figures S3 and S4). The model spectra

were calculated by using three rhodopsin pigment templates

fitted to all adaptation light conditions in a stepwise fashion.

The short- and middle-wavelength absorbing pigment templa-

tes were estimated from recordings with 560 nm adaptation

lights. The best-fitting lmax values at 378 and 447 nm in

M. vindex and at 365 and 446 nm in M. croslandi were then

fixed for all further fitting. The lmax values of long-wavelength

absorbing pigments were estimated to be 539 nm in M. vindex
and at 524 nm in M. croslandi from recordings with 460 nm

adaptation lights. The results provide further evidence that

both species possess three spectrally distinct types of photo-

receptors. However, the lmax values of the three pigment

templates did not exactly match the respective estimates from

the intracellular recordings in M. vindex. Modelling of self-

screening effects may eventually improve the model fits to the

ERG recordings, but has no impact on our main conclusion

that ants have three spectrally distinct photoreceptors.

Performing spectral ERG recordings at different temporal

frequencies allowed us to compare the dynamic properties of
photoreceptors in the night-active M. vindex and the day-

active M. croslandi. We found that the contribution of the UV

receptors to the overall spectral sensitivity of the compound

eye depends on the stimulation frequency (figure 4a,c). In the

nocturnal ant, UV sensitivity dropped by 42.2% when the

stimulation frequency increased from 10 to 30 Hz (average sen-

sitivity between 350 and 400 nm, N ¼ 27, p� 0.001; figure 4b).

This reduced sensitivity at short wavelengths in response to

higher stimulation frequency was also present in the diurnal

ant (N ¼ 19, p� 0.001; figure 4c,d), but the effect was much

smaller. The difference in frequent-dependent sensitivity

between the two species was tested in a combined model
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( p ¼ 0.0049, model predictions are shown by the solid black

lines in figure 4b,d). There was no effect of the time of day

when the recordings were taken (day stars versus night circles

in figure 4b,d, combined model, p ¼ 0.8118). The slightly

reduced sensitivity around 450 nm in response to 30 Hz stimu-

lation suggests that the blue receptor may also be slower than

the green receptor.
4. Discussion
(a) Three spectrally distinct photoreceptors in ants
Evidence to date suggested ants to be rare dichromats among

the trichromatic hymenopteran insects, with spectral sensi-

tivities in the UV (or violet) and green parts of the spectrum

[5–10,39,40], although one behavioural study had proposed

the presence of four spectral receptors in C. bicolor [11].

We provide here the first clear evidence for three spectrally

distinct photoreceptors in two congeneric Australian ants,

M. vindex and M. croslandi. In M. vindex, modelling showed

that the spectral sensitivities obtained from the intra- and extra-

cellular recordings can both be explained by the presence of

three types of photoreceptors with lmax values at 370, 430

and 550 nm, respectively (figures 1a and 2, and electronic sup-

plementary material, figure S3). While we have so far not

recorded intracellularly from the photoreceptors of M. croslandi,
our ERG recordings and modelling indicate very clearly that it
too has three spectral types of photoreceptors with lmax values

at around 370, 470 and 510–530 nm, respectively (figure 1b and

electronic supplementary material, figure S4).

While many of our intracellular recordings suggest that

photoreceptors in M. vindex contain only one visual opsin,

we recorded an unusually high number of very broad-band

spectral sensitivities, with a distinct secondary peak (figure 2b).

Because their relative contributions to the overall spectral

sensitivity were affected by adaptation lights (electronic sup-

plementary material, figure S2), this secondary peak appears

to be produced by input from neighbouring photoreceptors

rather than by two opsins being present in the same cell. If

the broad spectral sensitivities were produced by multiple pig-

ments in the same photoreceptor, the adaptation state of the

entire photoreceptor would be changed by adaptation lights,

leaving its spectral sensitivity unchanged. Separate spectral

populations of photoreceptors, however, would adapt inde-

pendently, and therefore change their relative contributions

to the recording. Only very strong adaptation lights that lead

to significant bleaching of visual pigment would be able to pro-

duce a shift in the spectral sensitivity of a single photoreceptor

type with multiple visual pigments. However, such strong

adaptation lights would also produce a significant change of

the adaptation state of this photoreceptor and strongly

reduce its response strength. This was clearly not the case, as

we did not have to increase the intensity of our standard

white light during adaptation experiments to compensate for
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adaptation, even in those cases where the secondary peak

almost completely disappeared (electronic supplementary

material, figure S2a,d– f). We cannot exclude at this point that

some of the receptors contain more than one visual pigment

[41] because adaptation lights do not work completely for

some receptors (electronic supplementary material, figure

S2b,c). It is theoretically also possible that two visual opsins

in a single photoreceptor do not share the same transduction

cascade and therefore could adapt independently, mimicking

the effects of separate, but coupled photoreceptor classes.

However, to investigate these alternatives, molecular and his-

tological techniques are required to identify and localize

visual pigments across the eye.

The frequency of occurrence and the stability of our

recordings suggest that the broad sensitivities stem from

inter-receptor coupling [42] rather than from simultaneous

penetration of multiple cells. The maximum response ampli-

tudes were between 20 and 80 mV at the peak sensitive

wavelength for both narrow and broad spectral sensitivity

recordings. We were unsuccessful in finding a correlation

between the width of the spectral sensitivity profiles and the

recording position across the visual field, as well as other fac-

tors such as electrode impedance (50–200 MV). Further

research will need to investigate the mechanism behind these

broad spectral sensitivities and whether they are an adaptation

to a low light environment. Most importantly, behavioural

experiments will be needed to clarify whether these ants use

all three photoreceptors to produce trichromatic colour vision.

The slower speed of the UV photoreceptors, compared

with the blue and green receptors, is most likely an adaptation

to low light levels. Slow photoreceptors are commonly found

in nocturnal and/or relatively slow-moving insects [43–46].

By compromising temporal resolution, slowing down a photo-

receptor can increase its signal-to-noise ratio and improve

contrast discrimination at lower frequencies by suppressing

photon noise at frequencies too high to be reliably resolved

[43–48]. In the nocturnal ants, slower UV receptors might

selectively increase sensitivity to short wavelengths. Indeed,

the ratio of the spectral sensitivity at short wavelengths to

peak sensitivity is relatively higher in the nocturnal ants.

The adaptive significance of the increased UV sensitivity

relative to other receptors is unlikely to be the need for an over-

all increase in sensitivity, but rather a specific need to keep the

UV signal reliable at low ambient light intensities. It has

recently been reported that UV contrast is highly effective for

sky segmentation and the resulting binary panoramic skyline

images can support effective navigation in ants [29,30]. The

night-active M. vindex may be forced to slow down their UV

receptors not only to ensure sufficient skyline contrast for

landmark guidance [28], but also to obtain reliable compass
information from the dim pattern of polarized skylight in the

evening twilight [24].
(b) Are Australian ants special?
It is difficult to say at this stage whether Myrmecia ants are

unique or whether all ants have three types of photoreceptors

but studies so far have missed the blue receptor, because it

may be rare in some species. Myrmecia ants have retained sev-

eral ancestral characters from their wasp-like ancestors [49].

Having three distinct classes of photoreceptors may be one

of these characters [9]. Following this hypothesis, the more

‘highly evolved’ ants, Formica and Cataglyphis, may have

lost the blue receptor over evolutionary time. A similar

phenomenon has been documented in red flour beetles

Tribolium castaneum, which have lost the blue receptor that

most other insects possess [50]. The difference between

Myrmecia and other ants may reflect differences in the

visual ecology of different species, in particular in the context

of navigation. For instance, Cataglyphis ants rely predomi-

nantly on path integration and, as part of this, on the

pattern of polarized skylight as a compass reference [21], for

which colour vision would not seem to be required. Ants in

landmark-rich habitats however, including the two species

studied here, are guided by the visual panorama, often in pre-

ference to path integration information (e.g. [23,25,51,52]). In

such cases, spectral information may improve the reliability of

navigational cues. To our knowledge, the only study addressing

the possible role of colour vision in landmark guidance [53], as

distinct from target recognition or beacon aiming [2], unfortu-

nately failed to control for luminance cues. The evolution

of trichromacy in arthropods, including insects, predates the

evolution of flowers [54] and we propose here that the most

fundamental common need for colour vision may well have

been in the context of landmark guidance. Targeted beha-

vioural experiments investigating the role of colour vision in

navigation are overdue.
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