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Trichromacy and ultraviolet vision
In a nocturnal marsupial

Leah M. Nielsen?, Harald Beck**?, Christopher Oufiero?, Robert J. Johnston Jr.2,
Jesse S. Handler® & Joanna F. D. Hagen?

Color vision among mammals is diverse and complex, with many physiological and genetic factors
affecting spectral sensitivity, the ability to perceive different wavelengths of light. In this study, the
color vision of the sugar glider (Petaurus breviceps), a nocturnal, gliding mammal, was examined
through a series of behavioral tests, genetic analyses, and immunohistochemistry. This is the first
study to classify the color vision capabilities of this species. Sugar gliders demonstrated trichromacy
and ultraviolet (UV) sensitivity, the latter of which was further supported by genetic analysis.
Visualization of the sugar glider retina exhibited a rod-dominant retina that expresses rhodopsin,
short-wavelength sensitive 1 opsin, and long/medium-wavelength sensitive opsin. Diurnal primates
were thought to be the only mammals able to visualize trichromatically, however the results of

this examination and evidence from a few other marsupial studies provide support for nocturnal
trichromacy in Metatheria. Intriguingly, the genetic basis for the medium-wavelength sensitivity in
marsupials has yet to be discovered. Our results are evidence of a fourth Australian marsupial that

is UV-trichromatic, supporting complex spectral sensitivity and UV vision as benefits to survival

in nocturnal environments. Given that Rh1 sensitivity at 501 nm explains the green sensitivity
behaviorally, question arises how many other nocturnal ‘dichromatic’ species use rods for trichromatic
vision in mesopic light.
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Visual spectral sensitivity or the ability of an animal to perceive different ranges of wavelengths of light has been
studied for decades in mammals, and the visual capabilities of diurnal, eutherian mammals, including humans,
has been of particular interest. Color vision was previously thought to be a trait only utilized by diurnal species
in their photo-abundant environments'. The low-light environments of nighttime were thought to have too little
light available to sense color, with lunar illuminance being 0.05-0.25 Ix (one lumen/m?) depending on lunar
phase, compared to the possible 100,000 Ix of solar illuminance**. However, in the last twenty years, several
studies have found evidence that nocturnal species are physiologically capable of dim light color vision>~14.
Furthermore, species have been found to have nocturnal dichromacy, or the ability to perceive colors in two
distinctive ranges of wavelengths, and even trichromacy, the ability to visualize in three ranges of light®*11:15-19,
While there is evidence of some nocturnal species and aquatic species losing color vision functionality!>1320,
some have retained the genes for color vision over significant evolutionary time in nocturnality®!°. Color vision
is costly in that it competes for energy and retinal space against achromatic vision, producing a tradeoff between
high spectral sensitivity and spatial resolution!?!. So why is color vision in nocturnal mammals selectively
retained? Correlations have been found between color vision gene retention in nocturnal mammals and foraging
technique, roosting behavior, and amount of forest canopy cover'>!318, While color vision in diurnal, eutherian
mammals, has been thoroughly investigated, the body of knowledge regarding Australian marsupial visual
sensitivity is limited. Examining the spectral sensitivities of nocturnal marsupials would provide insights into
the evolutionary history of color vision in mammals, and the long-term genetic conservation of color vision
observed despite nocturnal environments.

In vertebrates, photosensitivity is facilitated by transmembrane proteins expressed in the photoreceptor
cells of the retina, known as ciliary opsins??>-%. These opsins have evolved into multiple subtypes that are
sensitive to different wavelengths of light, forming the physiological basis of color vision. While there is debate
surrounding how the opsin subtypes have diversified, it is agreed five opsin subtypes evolved from the ancestral
opsin and were likely present in the ancestor of all vertebrates: Rhodopsin (RH1: rod opsin, sensitive to green),
Rhodopsin 2 (RH2: cone opsin, sensitive to green), Short-wavelength Sensitive 1 (SWS1: cone opsin, sensitive to
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ultraviolet), Short-wavelength Sensitive 2 (SWS2: cone opsin, sensitive to blue), and Long-wavelength Sensitive
(LWS: cone opsin, sensitive to red)?*-2°. Major evolutionary events have facilitated the loss of opsin (including
Rh2) functionality in mammals from the five-opsin retina of the ancestral vertebrate. SWS1 has been lost in
monotremes, and SWS2 has been lost in marsupial and eutherian mammals®3,

Trichromacy has been observed in marsupials but is different from that of eutherian mammals in that the
peak spectral sensitivities are in the ultraviolet (UV), green, and orange ranges (UV-trichromatic) rather than
the violet, green, and red ranges respectively>1:32. Trichromacy is thought to have been lost during a period of
nocturnality in the mammal lineage and re-evolved in some diurnal primates through a duplication event of the
gene responsible for the long-wavelength sensitive opsin®33-°. The short-wavelength sensitive 1 (SWS1) and
long/medium-wavelength sensitive opsin genes are conserved in marsupials'”*®37 The third cone type, which
makes trichromacy possible in certain marsupials, does not contain a genetically duplicated, downshifted long-
wavelength sensitive opsin on the X chromosome as seen in primates'”.

Three hypotheses have been proposed for the medium-wavelength sensitivity in marsupials. First, it
is thought that green sensitivity could be attributed to an opsin gene derived from a duplicated LWS gene,
which neofunctionalized to be sensitive to lower wavelengths, similar to some primates5’38. Second, medium-
wavelength sensitivity may be attributed to retention of the Rh2 gene, a gene that has evidence of having been
lost in eutherian mammals and monotremes™*. These hypotheses remain without evidence as no orthologous
medium-wavelength sensitive or Rh2 genes were found in the genomes of two marsupials, the stripe-faced
dunnart (Sminthopsis macroaura) and the fat-tailed dunnart (Sminthopsis crassicaudata)’’, the latter of
which presented trichromacy in a microspectrophotometric study and a behavioral study™>*!. Lastly, medium
wavelength sensitivity may be derived from duplication of the Rh1 gene and subsequent expression in cone cells,
leading to green sensitivity'”*°. Co-opting of rods into cone cells has been proposed in crocodilians, and the fat-
tailed dunnart was found to have two copies of the Rh1 gene****. However, this duplicated rod opsin does not
appear to be expressed in cones in the dunnart!’. That being said, there is evidence for an unidentified medium-
wavelength sensitive opsin. Previous studies observed a considerable proportion of cones that were not labeled
by either SWS- or L/M-opsin antibody, suggesting the presence of a cone type with a third opsin!’. Sufficient
evidence has not yet been provided to confirm any of the three hypotheses.

Spectral tuning is an adaptation by which opsins have modified sensitivity, providing a range in spectral
sensitivity for each opsin subtype across species. Spectral tuning towards distinct light wavelengths arises from
molecular changes in the opsin gene sequence. These changes can affect the opsin’s interaction with retinal
photopigment and therefore the absorbance required to initiate the phototransduction cascade?!. Spectral
tuning is thought to be driven by environmental pressures such as foraging and activity patterns!>?*. Key spectral
tuning sites have been established for the opsin subtypes, and of particular interest is site 86 in the SWS1 gene.
Phenylalanine at position 86 in the SWS1 gene indicates sensitivity in the UV ranges, rather than Tyrosine, which
produces violet sensitivity. This single amino acid switch has been detected in multiple species**~**. Tuning of
the SWS1 opsin from sensitivity in the violet range towards UV sensitivity is often associated with pollinators
such as bees and birds*>~*8, and nocturnal eutherian mammals including rodents and bats*->!. Additionally, UV
sensitivity has been found in Australian marsupials of different families®? and recently, UV biofluorescence was
discovered in the pelage of mammals spanning all three major branches: monotremes, marsupials, and placental
mammals®®. The ecological implications behind biofluorescence are yet to be discovered and there are possible
links between ultraviolet vision, nocturnal environments, and biofluorescence in mammals.

The goals of this study were to investigate nocturnal color vision, trichromacy, and UV sensitivity in
marsupials by examining the spectral sensitivity of the sugar glider (Petaurus breviceps). The sugar glider is a
small (95 -160 g), Australo-Papuan, nocturnal marsupial that exhibits certain behaviors that invoke interesting
links between color vision and their ecology. The first unique behavior is the diet of the sugar glider, as they are
omnivorous, eating tree exudates, nectar, and arthropods®*~>°. They have even been observed eating smaller
vertebrates such as lizards and birds®”*%. Floral nectar and pollen consumption has been linked to complex visual
capabilities in hummingbirds and bees and dichromacy in nocturnal mammals'®*®>°. The consumption of
arthropods is also noteworthy because sugar gliders likely benefit from acute visual contrast to obtain this prey
at night%%¢!. Sugar gliders are adept predators, catching insects on tree trunks and out of mid-air™. This species’
titular behavior of gliding could also be heavily reliant on visual contrast, whether that be color contrast or rod-
based contrast. Sugar gliders have convergently evolved gliding behavior, where they use a fold of skin between
their forelimbs and hindlimbs known as the patagium, to perform controlled descents in the forest canopy®>%.
They can glide over 45 m through various forest environments such as old growth eucalyptus and dense
rainforest®**%¢*. This distance could surpass their use of chemical or olfactory cues, indicating a heavy reliance
on vision as they navigate through complex, three-dimensional forest habitat in low-light environments>*>62,

To determine the range of visual spectral sensitivity in the sugar glider, we used a combination of behavioral,
physiological, and genetic analyses on captive-bred animals. This powerful combination of classical genetic
and physiological studies alongside behavioral experiments can unequivocally establish color discrimination
function in a species**>%. By determining the opsin genes present, visualizing opsin expressions in retinas,
and performing behavioral experiments, we will define the spectral sensitivities of the sugar glider, adding to the
knowledge of marsupial, nocturnal color vision.

Results

Behavioral evidence for UV sensitivity and trichromatic color vision in sugar gliders

To determine the spectral sensitivity of the sugar glider, we performed single color discrimination and dual
color discrimination tests, employing a Y-maze apparatus (Supplemental Fig. S1). The sugar gliders had freedom
to choose one of the two maze ends. For single color discrimination, the sugar gliders were trained to choose
the maze end with the colored light stimulus versus the end without a stimulus. Performing binomial tests on
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individual performance, our results indicate strong UV sensitivity, with all gliders choosing the UV light more
than by chance (Fig. 1). Glider 1 chose the UV light 37 out of 45 trials with a corrected p value of 6.16¢>, Glider
2 (p=2.17¢7), Glider 3 (p=3.46e~?), Glider 4 (p=1.25¢"°). Evaluating group performances with random effects
models with a binomial link, we found similar UV sensitivity between sexes (male performance (p=3.81e~%),
female performance (p=1.21e”%) and for all gliders as a whole group (p < 6.00e™16).

In the more rigorous UV fluorescent test, two gliders chose the UV light more than by chance in a maze that
appeared entirely dark for the researchers (“Ultraviolet fluorescent” in Fig. 1). Glider 2 (p=3.70e™>) and Glider
4 (p=0.0264) had significant results. Glider 1 and Glider 3 chose the UV fluorescent light 30 out of 45 trials
(p=0.143), which is not significant with Bonferroni correction. When evaluating whole group performance
with a random effects model, the gliders were sensitive to this light (p=6.06e~%). UV sensitivity does not appear
to be sexually dimorphic, as both male performance (p=1.33e7®) and female performance (p=7.08¢™*) were
significant. Together these results suggest that sugar gliders do visualize in ultraviolet, whether male or female.

In addition to UV light, two gliders showed evidence of yellow light sensitivity (Glider 2 (p=1.25¢~°), Glider
4 (p=3.15¢77), Fig. 1). Glider 3’s performance was not significant (p=0.0644). The sensitivity was significant in
both sexes male (p=1.46e"%), female (p=3.72¢*) and in the group performance (p=1.74e%). Glider 1 passed
away before the completion of the testing period, completing 39 of 45 trials. Of the 39 trials Glider 1 chose yellow
33 times, demonstrating yellow sensitivity (p=1.29¢7°).

Similarly, we found some evidence for red-sensitivity in the sugar gliders, with two of the animals choosing
red light more than by chance, Glider 3 (p=0.0264) and Glider 4 (p=3.15¢~°). Glider 1 (p=0.290) and Glider
2 (p=0.0644) had non-significant performances. Sensitivity was present in both sexes when grouped male
(p=0.0435), females (p=6.90e~*) and they were sensitive as a whole group (p=1.29¢%).

To test the gliders’ ability to distinguish between spectrums of light, we performed dual color discrimination
tests. We first trained gliders to distinguish between two relatively distant colors on the color spectrum: blue and
yellow. Since Glider 1 passed prior to this training, only Gliders 3 and 4 were successfully trained to distinguish
between yellow and blue light by the 12th day of training. During the testing phase, both Gliders 3 and 4 were
able to distinguish yellow from blue (Glider 3 (p=7.76e~®); Glider 4 (p =2.78¢~*) and yellow from green (Glider
3 (p=5.16e"°); Glider 4 (p=4.32¢"°) (Fig. 2). Neither glider preferentially chose a specific side in the yellow vs.
yellow control (Fig. 2). Unfortunately, Glider 2 only achieved a significant performance twice within the 17 days
of training, non-consecutively. This untrained glider’s performance for yellow vs. green and yellow vs. blue was
like that of the control, yellow vs. yellow, and insignificant (Fig. 2).

Genetic evidence for UV vision in the sugar glider

To genetically verify the presence of opsin subtypes and predict their spectral sensitivities within the sugar
glider, we performed molecular analysis of opsin genes within the glider genome®. Rhodopsin (RHO) and
short-wavelength sensitive 1 (SWS1) genes were identified in the annotation provided by Feigin et al. 2023%.
We detected single copies for RHO, LWS, and SWSI1 genes within the glider genome. The queries for RHO,
LWS, and SWS1 produced multiple regions with significant alignment separated by intervening genomic regions
presumably representing exons and introns, respectively. Each of the candidate sugar glider LWS, RHO, and SWS
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Fig. 1. Fraction of “correct” choices in single color tests. The x-axis shows each single-color test. Total group

significance is in red (*** = p<0.001). Yellow testing had fewer trials due to Glider 1 passing and completing 39
of the standard 45 trials. Relative standard deviation error bars are shown.

Scientific Reports |

(2025) 15:7585 | https://doi.org/10.1038/s41598-025-92039-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

404
Total Runs = 36

w
o

Discrimination Test

. Yellow vs Blue

. Yellow vs Green
Yellow vs Yellow

Number of Correct Runs
N
o

il
o

0 Glider 2 Glider 3 Glider 4
Individual Sugar Glider
Fig. 2. Individual performances in the dual color discrimination tests. Counts show the number of times each
glider chose yellow in the yellow vs. blue and yellow vs. green tests and how many times each glider chose the
randomly determined rewarded yellow in the yellow vs. yellow test. Asterisks represent the level of significance.
Dashed line represents the total runs completed in each test.
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Fig. 3. Candidate Sugar Glider SWS Gene Encodes Phenylalanine at Position 86.

The amino acid sequence for a region of the candidate SWS protein in the sugar glider (Petaurus breviceps)
and the ten closest genetic matches in other species. Position 86 is emphasized along the top axis in red. A gap
in the candidate sugar glider sequence, which we believe is due to inadequate sequencing coverage, can be seen
starting at position 121.

translated proteins had gaps of between 5 and 136 amino acids relative to the most closely related proteins in
the non-redundant protein sequences database (Supplementary material, Genetic Queries and Sequences). This
is most likely related to inadequate sequencing coverage in those regions rather than those regions being truly
absent from the sugar glider genome. In the SWS gene protein sequence, Phenylalanine is present at position 86
rather than tyrosine, providing evidence for UV sensitivity (Fig. 3)*2~%4.

In contrast to RHO, LWS, and SWS1, we were unable to identify Rh2 within the glider genome. Local
alignment search against the glider genome with zebra finch Rh2 sequence produced no significant hits.
Similarly, local alignment search against the glider genome with an SWS2 complete coding sequence from the
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platypus produced multiple short fragment matches (longest 144 base pairs) throughout the genome, but no
convincing SWS2 gene was detected.

To determine evolutionary relationships of the identified opsins, we generated cladograms of RHO, LWS,
and SWS1 with the ten most closely related opsin genes of other sequenced species (Supplementary Fig. S3). For
RHO, the most recent common ancestor is shared with the koala (Phascolarctos cinereus). The other RHO related
species span mammalian clades including the polar bear (Ursus maritimus), the domestic cow (Bos taurus), and
the south-central black rhinoceros (Diceros bicornis minor). This phylogeny indicates that as expected, RHO
is a highly conserved gene across mammals?*%’. The SWS1 phylogenetic tree contains a few other Australian
marsupials including the koala, the fat-tailed dunnart, and the Tasmanian devil (Sarcophilus harrisii), but the
prominent outgroup contains four different bat species. Many bat species are known to have SWS1 opsins that
are UV sensitive, and this is likely the reason for their genetic similarity to the SWS1 gene in the sugar glider'2.
The LWS gene phylogenetic tree is the most specialized, only containing Australian marsupials. This is indicative
of a gene that is not highly conserved across mammals and likely diverged from the LWS gene in the common
ancestor shared with eutherians.

Opsin expression in the retina of the sugar glider

To visualize opsin expression within glider retinas, we performed immunohistochemistry of rhodopsin, long/
medium- wavelength (LM) and SWS1 opsin protein (Supplementary Fig. S2). We detected the presence of
rhodopsin and LM opsin. It remains inconclusive whether SWS1 opsin was present, which may be due to lack
of conservation in the SWSI protein or issues in our tissue preparation. Rods appear to be the most abundant
throughout the retina (Fig. S2). This rod-dominant retina is consistent with observations of many nocturnal
species%8-70,

Higher densities of both rods and LM cones were detected in the peripheral region of the retina compared
to the central region (Fig. S2). However, large regions of the retina remain unlabeled by any opsin staining. We
hypothesize this lack of signal is due to tissue damage, incompatibility of opsin antibody labeling due to lack
of sequence conservation, or, similar to the fat-tailed dunnart, these unstained regions could contain cones
unlabeled by the three antibodies, and instead express an unidentified medium-wavelength sensitive opsin!”.

Discussion

Using a combination of molecular, behavioral, and immunohistochemical analyses, we improved our
understanding of nocturnal marsupial color vision. The sugar glider was found to be a UV-trichromatic species
with three distinct spectral range sensitivities, including sensitivity in the UV range. Our behavioral evidence
suggests an ability to differentiate yellow (590 nm) from both blue (476 nm) and green (512 nm), which is
indicative of trichromacy. This is the first behavioral experiment to examine spectral sensitivity in the sugar
glider. These tests were performed with stimuli at three different light levels, meaning performance was not
affected by perceived brightness, and the gliders were truly choosing based on color.

Single copies of RHO, SWS1, and LWS gene were found within the sugar glider genome. However, the subtype
of opsin responsible for glider green sensitivity remains unclear. It has been widely debated whether Rh2 (green
sensitivity) has been retained in some non-placental mammals, though we did not find molecular evidence of
this in our study>®. Duplication and spectral downshifting of the LWS gene allowed for trichromacy in primates,
however no duplicated LWS gene has been found in marsupials!”>-3%, nor in our study. The presence of a third
cone expressing Rh2 or a divergent LWS opsin remains to be confirmed immunohistochemically, though could
be present within the retinal areas not positive for rhodopsin, SWS1, or LM opsin staining. To detect SWS1 opsin
we should have fixed the eye tissues first in formalin prior to freezing!”¥2.

The sugar gliders demonstrated trichromacy with green sensitivity, however, genetically they appeared
dichromatic with two potential cone opsin genes and one rhodopsin gene. Anomalous trichromacy has been
found in other species. Jacobs”! was the first to find evidence of trichromacy in owl monkeys who are medium/
long wavelength monochromats. Oppermann et al.”? similarly found trichromacy in genetically monochromatic
harbor seals. Both suggest the interaction and joint contribution of cones and rods at differing light levels could
contribute to color vision in these species. Other researchers have found evidence of rhodopsin or rhodopsin-
like genes being expressed in cone structures”®”%. Clear cone versus rod structures could not be identified in our
retinal sample, therefore we are not able to determine whether the rhodopsin is expressed within cones and/or
rods. If rhodopsin was expressed within or interacting with cones in the sugar glider retina, with the estimated
photosensitivity of the sugar glider Rh1 gene as ~501 nm, green sensitivity in this species would be accounted
for.

Although we lack physiological evidence for green sensitivity, our behavioral analyses support trichromacy
in the sugar glider. This is consistent with findings in the fat-tailed dunnart>!7>* and multiple hypotheses,
previously outlined, have arisen attempting to explain this. Replicative studies should be conducted to
corroborate the results found here, specifically on wild-caught individuals to further connect spectral sensitivity
to ecological functions. The sugar glider is now the fifth Australian marsupial to demonstrate trichromacy joined
by the quokka, the quenda (Isoodon obesulus), the honey possum, and the fat-tailed dunnart!’. Whatever the
mechanism, evidence suggests Australian marsupials re-evolved trichromacy in a different way than eutherian
mammals. This is a striking example of convergent evolution, indicating the importance of trichromacy as
an evolutionary advantage in multiple geographic and temporal environments and throughout multiple
evolutionary lineages.

Sugar gliders demonstrated UV sensitivity behaviorally and have Phenylalanine at position 86 in the SWS1
gene, further supporting the connection between this locus and UV sensitive opsins in nocturnal mammals*?-44,
One possible reason for UV vision in this species is improved visualization at twilight and improved ability
to see visual cues. One of the major predators of sugar gliders are owl species, and UV sensitivity has been
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noted to improve the detection of aerial predators against the UV-rich background of the sky”>76. Sugar gliders
are a nocturnal species, yet they are active at twilight where illumination is enriched with short-wavelengths
including UV-A*. In an environment with relatively high ambient UV light levels compared to daytime, there is
the potential for species that see UV to have an entirely different visualization of the environment than animals
without UV sensitivity.

The sugar glider presents evidence of being a UV-trichromatic species with middle-wavelength sensitivity
yet to be conclusively identified. The spectral sensitivities of this species demonstrate convergent evolution to
trichromatic eutherian mammals, emphasizing the importance of middle-wavelength sensitivity to survival in
multiple environments, including those that are nocturnal. Additionally, our understanding of UV sensitivity in
marsupials and mammals is limited, and classifying UV sensitivity in this species can help define the ecological
relationships that make this characteristic important in nocturnal environments.

Materials and methods

Sugar glider husbandry

Four sugar gliders, two neutered males and two females were used for behavioral assays. The sugar gliders were
acquired from domestic breeders in November of 2017, making them five years of age at the start of this study.
Gliders were kept in a communal housing enclosure measuring 80 cm x 155 cm x 180 cm with various, regularly
changed enrichment activities including a soft fabric pouch, running wheels, climbing ropes, and platforms.
The housing room was kept near 24°C and 45% humidity, and they had a photo period of 01:00-13:00. Starting
at 13:00, when the overhead lights went off, the gliders were provided with a small amount of light (measured
at 0.05 Ix at the front of the enclosure) from an Exo Terra reptile night light””. They were fed a diet of New
World primate biscuits’®; high-protein, nutrient-fortified sugar glider dry food”’; various fresh vegetables and
fruit including bell peppers, carrots, apples, bananas, blueberries, peas, and corn; and limited treats including
candied pineapple, yogurt drops, and nectar pods®’. They were always provided with two sources of water that
were changed daily. It should be noted that the sugar gliders in this study are part of the U.S. pet population,
which originates from West Papua, Indonesia®! All methods, animal care, and animal use approved by Towson
University’s IACUC #1,703,000,185 and were in accordance with the ARRIVE guidelines (https://arrivegui
delines.org). Furthermore, all methods were designed and carried out within the guidelines of the Scientific
Reports. During our behavioral experiments no animals were harmed and we followed all regulations of the
Basel Declarations, including the 3R principles. After completion of this study, no animal was euthanized and
remain in our facility following USDA and IACUC regulations.

Behavioral experiments

To determine the spectral sensitivity of sugar gliders, we performed single and dual color discrimination tests
using a Y-maze, which has been used previously to examine the visual behavior of various taxa3!:51:5%66.82.83,
The Y-mazed! is an enclosed structure made of opaque, black, 0.5 cm-thick, acrylic #2025 plastic with three
equal-length arms of 50 cm and widths of 10 cm (Supplementary Fig. S1). All color discrimination tests were
performed in this apparatus. Specifically, we assessed the spectral sensitivity of the gliders to LEDs with peak
wavelengths per manufacturer of: UV (365 nm)?>, Blue (476 nm)®, Green (512 nm)¥, Yellow (590 nm)?, Red
(660 nm)®. This span of wavelengths allowed us to determine the upper and lower bounds of the glider’s spectral
sensitivity and their potential for mid-range wavelength sensitivity.

During each test, a researcher placed one randomly selected sugar glider in the entrance chamber, a space
with the area 10 cm x 15 cm x 30 cm designated by a liftable divider within the maze (Fig. S1). Another researcher
stood poised in between the two Y-maze arm ends with a sealed bag of equal, pre-portioned yogurt treats®® for
positive encouragement. The sugar glider remained in total darkness in the entrance chamber for a period of
three minutes before the beginning of each day of testing to acclimate their vision to a low-light environment.
After the dark acclimation period, the divider between the entrance chamber and the Y-maze was lifted, and
the sugar glider was free to move through the maze. Because the Y-maze was covered, dark, and opaque, two
FlexiForce A201 25Ib pressure sensors®® were placed within the Y-maze at either arm end to detect the animal’s
choice of arm via body weight. A 10 cm x 10 cm dark gray, plastic plate with a 0.5 cm diameter “puck” centered
beneath it was placed on top of each pressure sensor’'. This concentrated the glider’s body weight to a central
point, giving more accurate pressure readings.

Outside of the experimental room, a third researcher monitored the pressure sensors live with the software
ELF 4.3.3.0°2. Once the animal reached either end of the Y-maze, it was detected by the live-feed pressure
sensors, and the outside researcher notified the researcher between the Y-maze arms if the desired arm was
chosen and whether to give a positive reward or not. The sugar glider was given three minutes to choose an
arm end, and if the animal did not choose in that time, it was removed from the maze and returned to the
entrance chamber for the next run without a reward. If the desired side was chosen, the researcher between the
arms would immediately open a Ziploc bag of pre-portioned yogurt treats and drop a piece through a 1.25 cm
diameter hole in the top of the Y-maze arm end. The researchers allowed several seconds for the animal to
complete consumption of the treat, opened the Y-maze, retrieved the animal, and placed it back in the entrance
chamber for the next run. At no point during the tests was a treat present within the Y-maze. To minimize
olfactory cues, the Y-maze was sanitized with diluted hydrogen peroxide between each run of each test. The
maze was also fully wiped down with diluted hydrogen peroxide between each glider testing. Furthermore, the
treats were kept in a sealed bag equidistant from either arm end to dissuade olfactory preference for either arm.
In between runs, researchers used dim, red-light head lamps to orient themselves and place the gliders back in
the entrance chamber. All runs were done in total darkness and silence.

For the single-color discrimination tests, a plate with LED lights (365, 476, 512, 590, and 660 nm) was placed
above either arm’s end. When on, the LED light shines down into the Y-maze arm end, illuminating only that
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arm. The colors could be manually changed between runs. The colors were all projected by single, through-hole,
5 mm LEDs that were placed in a line, minimizing spatial differences in where the light would shine down.
All the human visual color LEDs had luminous intensities of 1500 millicandela. During a single-color test, the
color stimulus was randomized using Random.org®® to either arm end. The other arm did not have any light
stimulus present and was covered with a blackout plate. To prevent preference behavior for one arm or the other,
the color stimulus appeared in one arm consecutively no more than three times. The order of the sugar gliders
(n=4) testing within a day was also randomized with Random.org with each sugar glider representing a number
(Glider 1 to 4). During training and testing, the sugar glider was given a treat when it chose the arm with the
color stimulus.

Following single color UV LED testing, it was noted that the UV LED gave off a faint, blue glow to the
researcher’s eye. Therefore, it was decided to complete more rigorous UV testing involving a UV fluorescent
bulb emitting a peak wavelength of 368 nm, suspended (15 cm) above either arm of the maze”*. A blackout cover
was used on the arm without a stimulus, and the arm with the UV light had a cover with a 1.25 cm diameter
hole directly below the light. The lux measurements were taken directly underneath the light source on the
floor of the Y-maze The UV LED stimulus was 2450 Ix and for the UV fluorescent light was 1890 1x. Therefore,
this second UV single color test provided a dimmer, more conservative and less-blue UV stimulus. The Y-maze
appeared entirely dark to the researchers.

UV LED, UV Fluorescent, Red, and Yellow single-color testing was carried out in this order to provide a
lower and upper limit to the animal’s visual sensitivity. Each testing day the sugar gliders completed no more
than 15 runs or 30 min of testing per glider. All testing, including the dual color discrimination testing, was
completed between the hours of 14:00 and 18:00, with 14:00 being one hour after their photocycle changed
to darkness, giving them time to awake and hydrate. Following testing, sugar gliders were returned to their
communal housing enclosure located in a separate room, with free access to water and food.

Towards the end of yellow single-color testing, Glider 1, one of the male sugar gliders, passed away. This death
was determined, via necropsy performed by the IACUC veterinarian, to not be associated with our research.

For dual color discrimination testing, two LED light stimuli lit each arm of the Y-maze, allowing for a
comparison. Sugar gliders (n=3) were given a food reward when they chose the yellow light. To determine
the sugar glider’s ability to discriminate colors relatively distant on the visual spectrum, a training period of
yellow versus blue light was implemented. Just as before, the arm with the yellow light was randomized with
yellow appearing in the same arm no more than three times in a row. A glider was considered trained when
they chose the yellow light 80% of the time five testing days in a row. To determine that the color discrimination
observed was due to color and not perceived brightness of the light, a second three-day training period was
implemented that introduced three different brightness levels to the yellow and blue light, similar to Gutierrez et
al.® and Young et al.33. The importance of including brightness cues in behavioral vision testing was made clear
by Jacobs®. The different brightness levels in this test were achieved by placing a photo slide with neutral density
filter in front of the LED lights. There were three different levels of neutral density filter: ND3 which filters one
stop of light or 50% of the light, ND6 which filters two stops of light or 75% of the light, and ND9 which filters
three stops of light or 87.5% of the light®®. Each pairing of yellow at a certain brightness level and blue at a certain
brightness level was presented once and randomized via a random number generator in R Statistical Software
4.3.0%, providing a total of nine runs per training day. Thus, the same brightness levels were paired but so were
“mismatched” brightness levels. The Blue at the brightest and Yellow at the brightest were paired four times. But
all the mismatched brightnesses were also paired four times e.g. Blue at the darkest and Yellow at the second
brightest. The gliders continued to receive a treat when they chose the randomized yellow arm.

Following the two training periods, the testing phase included 12 total days of testing where the sugar gliders
were presented with each possible pairing of color and brightness level four times. The test provided the sugar
glider with an “easy” discrimination for dichromats and trichromats (yellow vs. blue at all brightness levels),
a “difficult” discrimination for dichromats and “easy” discrimination for trichromats (yellow vs. green at all
brightness levels), and an “impossible” discrimination as a control (yellow vs. yellow at all brightness levels with
the rewarded side randomized in each run). With this test we wanted to determine if sugar gliders have sensitivity
in the middle wavelengths, represented by green, which would demonstrate trichromacy in this species.

A binomial test was conducted on each glider’s individual performance for each test using R Statistical
Software 4.3.0%7. All p values were Bonferroni corrected for each test (n=4). Additionally male, female, and
whole group performances were evaluated using random effects models with a binomial link. This allowed for
analysis of the group performances while capturing the connection of each individual glider to their trials. All p
values were Bonferroni corrected for the random effects models as well (n=3).

Genetic analyses
The genome of the sugar glider was sequenced by Feigin et al.®> and annotated by incorporating transcript and
protein evidence against the koala (Phascolarctos cinereus) to identify gene models. Blastn from the blast 2.13.0
package®® was used to search for significant alignments between fat-tailed dunnart (Sminthropsis cassicaudata)
LWS, RHO, and SWS1 complete coding sequences (cds) and the sugar glider genome (JAMXIF010000546.1
Petaurus sp. PSGF00001 85516, whole genome shotgun sequence®®. Furthermore, the sugar glider genome was
examined for significant alignment with RH2 from the zebra finch (Taeniopygia guttata) and SWS2 from the
platypus (Ornithorhynchus anatinus). These examinations were performed from the Unix command line on the
Rockfish high performance computing cluster at Johns Hopkins University. Query sequences and code are found
in the supplemental file.

Using SnapGene software (version 6.0.2), regions found with significant alignment were assembled and
manually adjusted to produce the longest open reading frames possible (i.e., in some cases one or two nucleotides
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were removed from the 5" or 3’ ends of the individual regions). Open reading frames were then translated into
candidate protein sequences.

Blastp was used to search for significant alignments between candidate sugar glider LWS, RHO, and SWS1
proteins and sequences in the NCBTI’s non-redundant protein sequences database using the blastp suite web
interface!®. For each protein of interest, the candidate protein as well as the top ten most closely related proteins
in the non-redundant protein sequences database were aligned using Clustal Omega!®! via EMBL-EBI’s web
interface!%>!1%® using default settings. Alignments were visualized using MView and phylogenetic trees generated
using Simple Phylogeny again with default settings and via EMBL-EBI’s web interface.

Opsin expression analysis within sugar glider retinal tissue

Two sugar gliders that passed from natural causes, one male (Glider 1) and one female (Glider 5), were obtained
and enucleated. Glider 1 was a participant in the behavioral study, a standard gray glider, five years of age. Cause
of death was determined to be a urethral blockage. Glider 5 was a privately-owned, female, mystery red glider,
just under 3 years of age and not used in the behavioral tests of this study. The cause of death was determined
to be cancer of the liver and spleen. Upon discovery, both Glider 1 and Glider 5 were stored in a standard
refrigerator until enucleation occurred less than 24 h later. Whole eye globes were placed into liquid nitrogen for
several minutes and then stored at -80 °C. There was no apparent damage to the eyes nor cloudiness in the cornea
of either specimen’s eyes prior to freezing.

To classify and visualize the opsins present in the sugar glider retina, antibody labeling of the retina was
performed. Each frozen eye was fully submerged in 1x Phosphate Buffered Saline (PBS) for a few minutes to
thaw. The iris was then removed, and the sample was fixed in 10% formalin overnight at 4 °C. The retinal tissue
was dissected from the globe and several radial cuts were made to flatten the tissue onto a slide. The retinal tissue
was blocked for 48 h in 0.3% Triton X-100 and 4% donkey serum at 4 °C. Each sample was incubated in primary
antibodies diluted in blocking solution for 48 h at 4 °C. Primary antibodies and dilutions were as follows: chick
anti-S opsin (1:200, provided by Dr. Jeremy Nathans), rabbit anti-L/M opsin (1:200, AB5405)!%, and mouse
monoclonal anti-Rhodopsin (1:200, MA5-11741)!1%. Samples were then washed three times in 1xPBS for 15 min
each time. They were then incubated with secondary antibodies in blocking solution overnight at 4 °C. The
secondary antibodies were all Alexa Fluor-conjugated (1:400) and were as follows: donkey anti-mouse IgG
(A31570)'%, donkey anti-rabbit IgG (A31573)'%7, and donkey anti-chicken IgY (703-545-155)1%. The retinal
samples were again washed in 1xPBS three times for 10 min each. Nuclei were labelled by incubating in Hoechst
33,342 (Biotium 40046 #10H0212, diluted 1:2000 in 1xPBS) for 10 min and then washed three more times in
1xPBS for 15 min each time. Samples were then mounted in SlowFade™ Gold (S36940)'%. The slide was stored
at 4 °C prior to imaging,.

Samples were imaged using a Zeiss LSM 980 laser scanning confocal microscope at x20 and x63 magnification.
Tile regions were stitched together using ZEN processing software, and maximum intensity projections of
z-stacks were rendered in the same program!*°.

Data availability

The data and code used in this study are deposited at https://github.com/Sugar-Glider-Lab/Trichromacy-UV-S
ugar-Gliders. Sequencing data were obtained from Feigin, C. Y, et al. (2023) and are deposit at Figshare.com,
available at the following URL: https://figshare.com/s/d6¢585fbae0c1f22e8df.
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