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Abstract
Origins, Evolution, and Integration of GPCR Photosensitivity
by
Andrew Swafford

Complex sensory systems such as vision shape the way organisms perceive, interact,
and adapt to the environment. Of these systems, sight is a unique sense that has arisen multiple
times from a deceptively small cadre of genes given the complex coordination of molecular
machinery it requires. In animals, almost every instance of vision relies on a single gene family,
opsin, which is widely regarded as the evolutionary lynchpin that triggered the evolution of
complex eyes. However, our understanding of when opsins first originated and how the gene
family has diversified throughout time remains largely unexplored. I develop new methods to
reveal opsins as an ancient gene family that first appeared in early, unicellular animals. My
broad synthesis of existing literature reveals that the genes crucial to vision and eye
development share the common theme of mitigating UV specific stressors both in and out of
eyes. Opsins’ function as a sensory protein in UV-mitigation pathways highlights the multitude
of effects that light cues have on organismal biology. In opposition to current hypothesis that
opsins represent the only photosensitive clade of G-protein coupled receptors (GPCRs), I find
evidence of photosensitive non-opsin GPCRs. Additionally, I discover a staggering amount of
convergent evolution in GPCRs on specific amino acids at positions known to enable light
sensitivity. Lastly, I develop the Al/lomyces fungi as a system which can be used to further
study sensory system remodeling and integration after the gain and loss of sensory modalities.
As a whole, my research suggests that the origins of complex traits may be rooted in the

elaboration of stress mitigation and developmental capture, that the integration of light



sensitivity into organismal physiology and behavior is likely more common than currently

expected, and presents a system in which we can test these hypotheses.
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Chapter 1:
Introduction



Sensory systems and their integration into behavior form the foundation from which
incredible diversity can arise and are the conduit through which natural selection shapes the
evolution of complexity. The way organisms perceive the world fundamentally shapes how
they use, adapt, and interact with their environment, which in turn creates the basis for species
ranges, interspecies interactions, and ecosystems dynamics. Modifications, origins, and losses
of sensory systems represent pivotal moments in evolutionary history and the processes
creating these events are central to understanding our evolving world.

Of all the senses to which humankind can relate, none is more well studied than vision.
Our fascination with eyes in both their function and complexity is pervasive across cultures,
lexicons, and disciplines. It is this seemingly improbable complexity that first earned Darwin’s
comment on their evolution, starting in motion our inexorable journey towards the origin of
vision:

“To suppose that the eye with all its inimitable contrivances for adjusting the focus to
different distances, for admitting different amounts of light, and for the correction of
spherical and chromatic aberration, could have been formed by natural selection,
seems, I freely confess, absurd in the highest degree. [...] Reason tells me, that if
numerous gradations from a simple and imperfect eye to one complex and perfect can
be shown to exist, each grade being useful to its possessor, as is certainly the case; if
further, the eye ever varies and the variations be inherited, as is likewise certainly the
case; and if such variations should be useful to any animal under changing conditions
of life, then the difficulty of believing that a perfect and complex eye could be
formed by natural selection, though insuperable by our imagination, should not be
considered as subversive of the theory. How a nerve comes to be sensitive to light,
hardly concerns us more than how life itself originated; but I may remark that, as
some of the lowest organisms, in which nerves cannot be detected, are capable of
perceiving light, it does not seem impossible that certain sensitive elements in their
sarcode should become aggregated and developed into nerves, endowed with this
special sensibility.”

- Charles Darwin, The Origin of Species

Over a century later, Darwin’s intuitions about the many intermediate forms of eyes

have been validated. Relatively simple eyes have been described across the tree of life '3, and

we now know that complex, image-forming eyes evolved multiple times within animals *. In
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turn, our obsessive cataloging of eye diversity and development has led to a preliminary
hypothesis about the process by which complex eyes evolve from simple photoreceptors >
and an estimate on how long this may take ’.

Our increasingly exhaustive knowledge of the gradations in eye complexity has created
a framework from which we can begin to understand the evolution of sensation at a genetic
scale. The advent of genetic sequencing has unified previously disparate studies of eye
diversity by identifying common molecular components which underlie vision. In the post
genomic era, this accumulation of sequence data has passed a critical point where we can now
begin to investigate the evolution of photosensitivity itself. Leveraging comparative methods
on genes which underlie vision across the tree of life will bring into focus how sensory systems
originate, evolve, and integrate into behavior. Through our studies of these pivotal moments
in evolutionary history, we hope to better understand processes which guide the evolution of
complexity and forge the links between sensation and organismal behavior. It is with this goal
in mind that I arrive at the overarching theme of my dissertation: The molecular evolution of
vision and guiding processes of sensory system macroevolution.

In chapter 2, I begin by examining the timing, tempo, and origin of opsin evolution. In
animals, almost every instance of vision relies on a single photosensitive protein, opsins, which
is widely regarded as the lynchpin that triggered the evolution of complex eyes. However, our
understanding of when opsins first originated and how the gene family has diversified
throughout time remains largely unexplored. Here we bring the timing and tempo of opsin
family evolution into sharp focus, revealing opsins as an ancient gene that likely emerged in
the genomes of the first animals. We produce the first fossil-calibrated time tree of opsins’

evolution, which illuminates changes in their evolutionary trajectories indicating the
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colonization of new adaptive space and the co-option into previously unoccupied functional
niches.

In chapter 3, I propose stress as a primary driver in the origin of vision and eyes,
completing the existing framework describing eye evolution. The existing hypothesis posits
that selection for increased visual function alone is the primary driver behind the eye evolution.
However, this leaves notable gaps in our understanding about how the first photosensitive
eyespot evolved before visual tasks were possible, and why we see similar genes assimilated
in almost every convergent evolution of eyes. I conduct a broad review of existing literature
and find that genes now crucial to vision, eye development, and eye evolution share the
common theme of mitigating or avoiding stressors created specifically from UV light exposure.
Their function in light-induced stress response pathways outside of eyes suggest that their role
as a transient, co-expressed protective network preceded their assimilation under
developmental control to become a permanently expressed, functional unit. This synthesis
completes the existing framework surrounding eye evolution by proposing light-induced stress
as a driver of eye origins coupled with selection for visual function shaping eyes’ subsequent
elaboration.

In chapter 4, I expand the search for light sensitive proteins beyond opsins, revealing
potentially unknown intersections between light, physiology, and behavior. Opsins’ function
as a sensory protein in UV-mitigation pathways highlights the multitude of effects that light
cues have on organismal biology. Opsins belong to much larger superfamily of sensory
proteins dubbed G-protein coupled receptors (GPCRs), but are regarded as the only
photosensitive GPCR clade to exist. Here, we find that recently discovered photosensitive

GPCRs are not opsins, and reveal an incredible amount of convergent evolution towards



potential light sensitivity across the GPCR superfamily. Our results demonstrate that light
sensitivity is not as rare as previously hypothesized, and is likely more thoroughly integrated
into organismal biology than we had predicted.

Finally, in chapter 5 I develop a framework which future studies can use to begin
understanding how sensory systems evolve and integrate into organismal behavior. To study
integration of light sensitivity into organismal biology, I turned to a simple system: the
Allomyces genera of fungi. Here I demonstrate that these fungi, during their unicellular life
stage, have gained and lost crucial sensory modalities across a very narrow taxonomic range.
Allomyces represent one of the closest relatives of animals that integrates multiple senses to
orient and inform their movement. They embody the balance of trait complexity and
organismal simplicity needed to effectively study how sensory systems and behavior remodel
after the gain or loss of sensory modalities. Understanding the origins, evolution, and
integration of sensory systems and behavior is a multidisciplinary goal that unites researchers

and 1s central to future studies striving to build a holistic understanding of the natural world.



Chapter 2:
The Timing and Tempo of Opsin Family
Macroevolution



I. Introduction

Eyes are one of the most diverse and well-studied complex traits in the animal kingdom,
with phenotypes ranging from rudimentary directional photoreceptors to camera and
compound eyes capable of image forming vision °. Regardless of eye complexity, almost all
animal vision relies on a single light-sensitive protein family: opsins . Although our
knowledge of opsin genes expressed specifically in eyes is steadily increasing, a large number
of opsins are expressed elsewhere *!°. Expressed in the skin and internal organs of many
animals, non-ocular opsins are often found in places where light cues may be heavily filtered,
monochromatic, or not present at all. The multifaceted role of opsins, from image formation to

stress-mitigation pathways ¢

, makes them excellent candidates to study the processes
surrounding gene family macroevolution. Understanding how the timing and tempo of opsin
family diversification is key to understanding the emergence processes guiding the underlying
molecular evolution that gives rise to complex traits.

Current work has shown that environmental light profiles and protein function can
change the complement of opsins expressed in eyes and may influence the mutations preserved
in opsin genes ''"15. We can think of the combined pressures of environmental factors and
functional requirements creating a “genic environment”, which defines the available niche
space that existing genes and new duplicates can occupy. The requirements on opsin function
imposed by organismal behavior influence opsin expression in eyes to help preserve visual
accuracy '3, At the molecular level, the environment also places constraints on opsins

themselves, for example, opsins in deep sea fish adapted to function more efficiently under

extreme pressures 4. While these examples show that the genic environment effect can guide
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microevolution, there is mounting evidence that the macroevolutionary trajectory of gene
families can also be influenced as well through the preferential maintenance of duplicate genes
15

Gene duplication is a major driver of molecular macroevolution and, by proxy,
complex trait diversity. The idea of gene duplication as a process that guides molecular
evolution at a macro scale was first cemented by Ohno’s 1970 book, “Evolution by Gene
Duplication”. In this text, he describes a number of ‘fates’ that befall recently duplicated genes:
namely non-functionalization, sub-functionalization, and neo-functionalization. There are a
number of current models describing ways in which duplications allow genes to explore new
adaptive landscapes and become fixed in a population '¢. However, these models largely focus
on duplicate maintenance at a microevolutionary scale, leaving the processes that contribute to
macroevolutionary patterns of duplicate maintenance poorly understood. The shifts in
duplicate maintenance rates that occur within/between gene families is a crucial component in
understanding how novel traits and complexity arise. Although our knowledge of how gene
family diversification influences complex trait evolution is improving, we have largely
neglected investigating the feedback between the genic environment created by traits and the
underlying genes driving their evolution -- a potentially critical feature of evolutionary
processes guiding diversity, novelty, and complexity.

Examining the genic environment that arises with the eye complexity required for
vision reveals a system that may influence opsin family evolution at a macro-scale. As eyes
evolved, their complexity increased, from directional photoreceptors to enclosed
compound/camera type eyes that shield opsins from UV and excessive light™°. In most eyes,

opsins are exposed to a broad spectrum of visible light and used in visual tasks where non-UV
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color differentiation is important, which may create a much broader adaptive landscape to
explore than their non-ocular counterparts. Outside of eyes, opsins may still be exposed to the
entirety of the visible spectrum, but they typically function in stress-mitigation pathways --
restricting their function to detecting damage-causing UV and short wavelength light %17-2°, In
stress-related functions, detecting a broad spectrum of light yields the most comprehensive
protection, and duplicate opsin genes with peak sensitivities shifted away from the UV
wavelengths could be perceived as disadvantageous by lowering the sensitivity and magnitude
of responses to stressors. Conversely, in image forming vision, subdividing available
wavelengths through neo- or subfunctionalization gives an organism new and potentially
advantageous information about the surrounding environment. Thus, co-option of opsins from
stress mitigation into vision may lift functional constraints on opsin diversification.

In this study, we use opsins to examine the effect that a genic environment plays in
guiding gene family macroevolution. We hypothesize that the processes which influence the
maintenance or loss of opsin duplicates at the microevolutionary level may shape the
macroevolution of the opsin gene family. By constructing a fossil-calibrated ultrametric
phylogeny of opsins we quantify the timing and tempo of opsin subfamilies throughout their
evolutionary history. An ultrametric phylogeny of opsins allows direct comparison with
historical geologic and atmospheric data as well as existing ultrametric phylogenies of animal
evolution. Sampling from completely sequenced genomes across all animals allows us a
previously unattainable understanding about the genic environment surrounding the origin of
crucial opsin clades and how rates of duplicate gene maintenance have shifted across the opsin

tree. We find that the first ancestral opsin likely arose in the early Cryogenian and that
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organismal complexity and functional demand which define microevolutionary fates of

duplicate genes may influence gene family evolution on a macro scale.

I1. Methods

Data aggregation
We first compiled a list of organisms with sequenced genomes from NCBI, limiting

our initial search to metazoa. We then removed all organisms with less than 10,000 predicted
proteins for their genome, further refining this list by removing all but the two species in each
genus that had the most predicted proteins. The final list consisted of 246 species across 13
Phyla. We then compiled a bait file of opsin sequences, including representatives from each
notable opsin subfamily ® with as broad a taxonomic representation as possible. We then
designed and used a sequence discovery, ranking, inventory and value estimation script
(SeDRIVE) to aggregate opsins from candidate species. SeDRIVE uses BLAST?!" to search
each candidate for matches above a user defined bitscore, automatically generating individual
storage files for each candidate species. We used a bitscore cutoff of 210. Next, the user can
invoke customized filter steps using SeDRIVE. We performed a custom removal for the
following keywords: octopamine, chemokine, somatostatin, adrenergic, and hGC as they are
not part of the ingroup and were retained due to similarities to our melatonin outgroup. In
addition, we removed all sequence fragments less than sixty amino acids long to avoid protein
fragments. We then batch executed CD-HIT through SeDRIVE to remove sequences of 98%
similarity or higher from each candidate species. Lastly, we removed isoforms after initial tree
building, to better account for splice variants occupying different positions in a functional
landscape. The final dataset after isoform removal and filtering scripts totaled 4,482 sequences

(Table S1).
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Phylogenetic reconstruction & dating
Although we observed best practices, our options for reconstruction were limited due

to the size of the dataset. Sequences were aligned using SATe II 2* with under the gtr model.

The tree was reconstructed under the LG4X model using IQtree 272

with approximate bayes
test 2’ and SH-like approximate likelihood ratio test 28 with 1000 bootstrap replicates. The
initial tree was used to identify and remove all but one isoform from the same organism that
were each other's closest relatives. After the removal of isoforms, the original sequence set was

trimmed using the supercuts script ®. This final set of sequences was first put through the LOIC

script (https://bitbucket.org/swafford/loic). LOIC is an iterative script that removes sequences

which fall outside a particular group. LOIC uses RAXML read-placement to identify sequences
that fall within a known outgroup in a precomputed tree. We used the opsin tree from Porter et
al. 2012 together with the landmarks from the PIA tool ?° to remove spurious sequences that
did not fall within opsins. A robust set of melatonin receptors were added as an outgroup %
as they currently appear to be part of a clade that is opsins’ closest relative. This final dataset
was then re-aligned and reconstructed into a phylogeny using the methods detailed above once
again.

We curated a set of constraints for important speciation events from fossils in the

current literature (Table S2) 31752

, using this as input for the constraint application on massive
phylogenies (CAMP) script. In short, CAMP takes fossils constraints then identifies all
possible descendants of each daughter of the most recent common ancestor (MRCA)
represented by the fossil using either a user specified or, in the case of this publication, the

NCBI common taxonomy tree. It then iterates over a gene tree with appropriately labelled tips,

identifies all internal nodes which represent both orthologous nodes (predicted via ete3 ) and
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the fossil MRCA, and automatically creates the appropriate r8s, treePL, or phylobayes, or
PATHAS constraint file output at the users discretion. Through this method, we applied
constraints to 582 nodes on our final tree. Due to the size of this tree, we used TreePL * and
PATHJS * to generate to calculate divergence time estimates on each node with automatically
calculated rate smoothing and 500 subsampled alignments to create confidence intervals and
summary statistics for each node estimate. Because TreePL is more accurate than PATHdAS 4,
the output from TreePL on the topology from the unresampled alignment was used in all
analyses downstream. Because many analyses downstream do not take confidence intervals,
no single tree fits within every confidence interval (CI) for every node, thus we use the tree
built from the most complete dataset in analyses but also report CI’s and average times from a
“consensus tree” built from the average of bootstrap ages at node. Statistics were done using
several in-house scripts available in the bitbucket repo for this publication

(https://swafford@bitbucket.org/swafford/opsin_timetree.git), which includes a fully

annotated and searchable consensus tree. Additionally, we created a spreadsheet with the

min/max values for each node, available in the supplement (Table S3).

Lineage over time modeling
To investigate the tempo of opsin evolution, and possible models of evolution opsins

and sub-clades may be following, we constructed lineage through time plots for several focal
clades. We extracted the subtrees from our unresampled TreePL output and imported them into
R. Using the /tt command from the ape package, we created lineage through time plots of each
subtree. We used the gammasStat() function to test our hypothesis through a one-tailed z-test to

determine if the model of evolution that best describes the accumulation of lineages over time
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was different from a null model of linear accumulation. We merged, cleaned, and recolored

plots for figures in Adobe Illustrator.

II1. Results

The most recent common ancestor of opsins originated in the Cryogenian, about 828-822
million years ago.

From our consensus tree, we see that the most recent common ancestor of all opsins
arose around 825 million years ago. Calculating the 95% confidence interval of all 500
bootstraps places this origin between 822-828 million years ago, with a oldest-youngest range
between 876-677 million years ago.
Visual opsins arose in the rhabdomeric clade first, though the both R and C-opsins are equally
old.

Our consensus tree reveals that the rhabdomeric and ciliary opsins both arose around
821 million years ago, with the 95% CI placing the origin between 824-818 million years and
a oldest estimated age of 874.5 and youngest estimated age of 670 million years ago. However,
R and C opsin clades recruited into extant eyes for visual processes show more asymmetrical
origins, with visual R opsins appearing at ~762MY A (95% CI 758-766, max:833 min:608) and

visual C opsins appearing ~ 645MY A (95% CI 648-642, max:728 min:535).
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Figure 1. A ultrametric phylogeny of 4,482 opsins spanning the entire opsin family. We recover the origin
of all opsins (star) at ~825MYA. Particular clades of interest are also marked: (Green) Non-visual group
4 opsins including RGR, Go, and Neuropsin clades. (Red) R opsins showing the origin of visual R opsins
(bright) used by invertebrates and the surviving origin of non-visual R opsins (muted) found largely
throughout vertebrates. (Cyan) C opsins showing the origin of visual C opsins (bright) used largely in
the eyes of vertebrates, and the non-visual C opsins (muted), which include pinopsin, vertebrate ancient-
long opsins, and a number of invertebrate C-like opsin sequences.

Opsin subclades follow different models of evolution.
14



We calculated gamma values on a number of subclades as well as the entire opsin
family. Gamma values are an indicator of lineage accumulation, with positive values indicating
that lineage expansion has occurred closer to the root than expected, 0.0 values indicating
regular, exponential accumulation, and negative values indicating lineage expansion closer to
the tips. The entire opsin family has a gamma statistic of +10.95, significantly deviating from
the null hypothesis of a linear increase in duplicates (P<0.0001). By subdividing the opsin
family tree into visual R, visual C, non-visual R, and non-visual C, we find differences in the
patterns of evolution emerge. Visual R opsins follow an early burst model (gamma: +2.94, P
=0.001) while non-visual R opsins show evidence of high rates of extinction early on (gamma:
-1.59), but barely fail to reject the null hypothesis of linear accumulation (P = 0.055). Visual
C (gamma: -0.24, P > 0.1) opsins fit the model of linear accumulation well, though their non-
visual counterparts show significant evidence of high rates of extinction early in their
evolutionary history (gamma: -1.11, P > 0.1). The non-visual group 4 opsins show an

incredibly robust signal for following an early burst model (gamm: 6.56, P <0.00001).
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Figure 2. Lineage through time plots of opsin subfamilies. (Purple) Duplicate accumulation of all
opsins since their origin strongly follows an early burst model. (Cyan) Duplicate accumulation in C-
opsins since their origin, showing accumulation of visual (bright) opsins follows a linear model while
non-visual (muted) opsins show evidence of high rates of gene loss early on. (Red) Duplicate
accumulation in R-opsins showing that visual R (bright) strongly follow an early burst model, while
non-visual R (muted) show evidence of high rates of gene loss followed by linear accumulation.
(Green) Duplicate accumulation in non-visual group 4 opsins strongly follow an early burst model.

IV. Discussion

The earliest known fossils of eyes appear in the Cambrian, approximately 535-520

million years ago °°

. While it is reasonable to expect opsins to be older than this first
occurrence, eyes theoretically require very little evolutionary time to reach the levels of
complexity observed in the fossil record ’. We find that opsins are much older than would be
previously anticipated based on fossil evidence and relative presence/absence comparisons °.
First appearing ~825 million years ago (MAT), the first opsins would have arisen in organisms
living in the early Cryogenian period, during one of the most extreme glaciation events on
earth. While the lack of fossilizable tissues and distinct chemical signatures make hard to form
a satisfactory hypothesis of what organisms these first opsins may have appeared in, we can
be reasonably sure they resembled unicellular, planktonic organisms not unlike
choanoflagellates or zoospores alive today *’.

Regardless of its morphology, the common ancestor of Eumetazoans likely already
possessed or evolved opsins before further diversification. Recent studies have placed the most
recent common ancestor (MRCA) of all metazoans at approximately 833.5-649.8 MYA,
overlapping well with our min-max estimates of opsin origins at 878-677 MYA ¥. We believe
our results support opsins first emerging in eumetazoan ancestors because even though our

estimates place opsins fairly confidently in the 830-815 MY A range, opsins are not found in

either Placozoa or Porifera, two groups which diversified prior to Eumetazoa. The selective
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drive to conserve opsins throughout evolutionary time appears strong enough to have ensured
at least a single copy in nearly every eumetazoan, hinting that the true origin of opsins may be
at the younger end of the recovered range while the true origin of crown Eumetazoans may be
at the older end of their predicted range.

The expansion of opsin clades used in vision preceded the first evidence of eyes by
over a hundred million years. Although we find that R and C opsins originated at about the
same time (~821 MY A) the visual clades of these opsins began diversifying at different times.
There is an approximately 117 million year gap between the origin of the first visual R opsin
and the origin of the first visual C opsin (Fig 1), with the first fossil evidence of eyes occurring
an additional ~115 million years after that. By the time eyes were first fossilized, both clades
had begun to diversify, although visual C-opsins show a much lower initial rate of duplicate
retention. This suggests that the processes initially shaping the maintenance of opsin duplicates
for hundreds of millions of years was likely independent of their ability to function in a purely
visual context and functionality in an eye as proposed in Nilsson, 2013 >

The complexity of these guiding processes is mirrored in the varying models of
evolution which describe early duplicate accumulation and maintenance in opsins. We show
that visual R and non-visual group 4 opsins strongly follow an early burst model, while all C-
opsins and non-visual R opsins follow either a linear growth model or show evidence of high
loss rates early in their history (Fig 2). There are a number of factors which we believe may
influence the diversification of opsins through time, most notably the light environment opsins
are exposed to and the role in which opsins function at the organismal level. Group 4 opsins
are the result of high levels of duplicate maintenance soon after opsins’ appearance. The group

4 opsins consist largely of RGR, Go, and Neuropsin subclades. These clades all detect UV
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light, and are all involved in regulating highly conserved light-induced stress mitigation
behaviors and pathways like the circadian rhythm. We find it compelling that, the large
majority of R opsins are UV and short wavelength sensitive, suggesting it is likely an ancestral
function which may have been selected for eventual co-option into vision %,

Although shifts in peak wavelength sensitivity may have been selected against,
maintaining additional duplicates with the same function is an evolutionary ‘strategy’ that can
result in quickly increasing expression levels *°. In opsins, initial retention of these duplicates
driven by the selective pressure to increase UV sensitivity may have provided the basis for
subfunctionalization as eyes and selection for non-UV photoreception emerged. Further
synthesis reconstructing the ancestral sensitivity of opsins and their role in UV stress mitigation
is needed to assess these hypotheses.

It is worth noting that there is a correlation between subfamilies which follow early
burst models of evolution and the phyla they are present in today. With the exception of group
4 opsins, all subclades we tested that did not follow early burst models are found primarily in
chordates. Although the existing dataset was skewed heavily towards sampling from chordate
and arthropod genomes, the connection between phyla and evolutionary model presents an
opportunity for future research. Interestingly, this division also highlights a difference rooted
in the ancestral mechanisms used by opsins and their interaction with the genic environment
at the time of divergence. All opsin proteins function exclusively as either a bistable (R-opsins)
or a unistable (most C-opsins) light sensors. Bistable opsins regenerate by absorbing light at a
different wavelength, functioning as standalone light sensor, depth sensor, and photon
stoichiometer able to detect relative levels of two wavelengths ®°. Unistable opsins must rely

on several additional proteins to regenerate light sensitivity, one such protein is a UV sensitive,

18


https://paperpile.com/c/YaukkB/KBJQJ
https://paperpile.com/c/YaukkB/0knKH
https://paperpile.com/c/YaukkB/BfZf

bistable, group 4 opsin: RGR . Of the two, bistable opsins are less complicated and may

16!, The ancestral opsin is predicted to be bistable >3,

inherently be useful at a unicellular leve
suggesting that the molecular support network required to support C-opsin functionality may
only have evolved in chordates, harnessing the large number of UV sensitive RGR opsin copies
to regenerate the substrate consumed by C-opsin photoreception. It is possible that in the time
before this exaptation occurred, duplicate copies of C-opsins and non-visual R opsins present
in the early ancestors of vertebrates may have been easily lost because visual R-opsins
performed more efficiently.

In summary, we find that opsins are a much older gene family than previously
anticipated and follow diverse tempos of evolution across the phylogeny. We place the origin
of opsins in the early cryogenian where they quickly accumulate duplicate genes, as expected
for a lineage exploring new adaptive space. We find particular clades of opsins follow this
pattern as well, namely UV sensitive opsins and those which are now the basis of vision in
arthropod/invertebrates, a lineage whose ancestors show the first fossilized evidence of
complex eyes. We make particular note of the sudden increase in visual C-opsin diversity at
the end of the silurian, around 419-390 million years ago. Although we have no satisfying
explanation for this deviation from a linear model, it stands out as a potential area for future
inquiry. Overall, our results reveal the timing and tempo of opsin evolution and suggest that

processes which influence the maintenance or loss of gene duplicates at the microevolutionary

level may shape the macroevolutionary trajectory of gene families.
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Chapter 3:

Light-induced stress as a primary
evolutionary driver of eye origins

doi: 10.20944/preprints201904.0107.v2

20



Abstract

Eyes are quintessential complex traits and our understanding of their evolution guides
models of trait evolution in general. A long-standing account of eye evolution argues natural
selection favors morphological variations that allow increased functionality for sensing light
43,762 'While certainly true in part, this focus on visual performance does not entirely explain
why diffuse photosensitivity persists even after eyes evolve, or why eyes evolved many times,
each time using similar building blocks. Here we briefly review a vast literature indicating
most genetic components of eyes historically responded to stress caused directly by light,
including UV damage of DNA, oxidative stress, and production of aldehydes. We propose
light-induced stress had a direct and prominent role in the evolution of eyes by bringing
together genes to repair and prevent damage from light-stress, both before and during the
evolution of eyes themselves. Stress-repair and stress-prevention genes were perhaps
originally deployed as plastic responses to light and/or as beneficial mutations genetically
driving expression where light was prominent. These stress-response genes sense, shield, and
refract light but only as reactions to ongoing light stress. Once under regulatory-genetic
control, they could be expressed before light stress appeared, evolve as a module, and be
influenced by natural selection to increase functionality for sensing light, ultimately leading to
complex eyes and behaviors. Recognizing the potentially prominent role of stress in eye
evolution invites discussions of plasticity and assimilation and provides a hypothesis for why
similar genes are repeatedly used in convergent eyes. Broadening the drivers of eye evolution
encourages consideration of multi-faceted mechanisms of plasticity/assimilation and

mutation/selection for complex novelties and innovations in general.
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I. Introduction

Understanding the evolutionary origins of complex structures and innovative functions
are foundational goals of biology. Because we know a lot about their structure-function
relationships and genetics, eyes serve as models for understanding complex trait evolution .
A commonly accepted explanation for eye evolution is that natural selection acted on variation
in morphology, in turn increasing functional capabilities of photoreceptors, simple eyes, and
lens-eyes >4, Even though it explains many aspects of eye evolution, here we discuss how this
focus on visual function is incomplete and leaves substantial features of eye evolution
unexplained. Furthermore, recent work—mainly on other complex traits—increasingly
examines how multiple engines of novelty, especially plasticity, contribute to the complexity
of life % We extend causes of eye evolution beyond visual function to include stress
responses as another critical driver. This focus on stress invites discussions about the relative
roles of plasticity and mutation in the origins and elaboration of eyes and other complex traits.

The diversity of animal photoreception can be approximated by four rough, functional
categories describing a stepwise increase in complexity of both form and function °. First, non-
directional photoreceptors use only photosensitive cells, which can only measure the intensity
of ambient light for use in multiple behaviors. Second, directional photoreceptors pair light-
blocking pigments with photosensitive proteins. Third, low-resolution spatial vision usually
uses lens-like material to begin to focus light on the retina. Finally, high-resolution spatial
vision uses a lens to focus light finely and precisely onto photoreceptors. This framework
hypothesizes that transitions between these morphological categories may be driven by natural
selection on morphologies that allow increasingly complex behaviors #32, In fact, explicit

calculations of the physical and optical requirements for the different sensory tasks match well
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with physical capabilities inferred from the increasingly complex morphologies °. These
functional categories also hold outside animals, in various single-celled organisms ¢!:¢>-7
While the gradual elaboration of eyes may be explained by selection on visual function,
it is unclear how each of these parts originated before selective pressures to refine visual acuity
could shape their evolutionary trajectories ’'. Besides gradual modifications like deepening of
pigment cups and elaboration of lenses, the complexification of eyes required discrete steps,
including origins of photoreception, origins of pigmentation adjacent to photoreceptors, and
origins of lens-like material in the path of light. While these discrete origins could be explained
by purely random mutations that direct expression of components to evolving eyes, the
randomness of this mutation-selection model does not account for some salient features of eye
evolution. First, despite evolving many times separately, eyes use functionally similar
components *’2. Second, genetic components of eyes often have dual or ancestral roles in
responding to stress. Third, for fitness based on visual function to be dramatically higher,
morphological novelties should be paired with behavioral innovations, and it may be unlikely
that compatible and purely random mutations in both behavior and vision would occur
simultaneously. Here we summarize the role of stress in evolution of the components of eyes

and we hypothesize that responses to stress induced by light was an instrumental force in the

evolution of eyes, especially in discrete origins of lenses, eye-pigments, and photoreception.
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Figure 1. We propose a model of eye evolution with origins rooted in responses to light-induced stress.
This builds upon previous ideas (grey background) that natural selection for increased visual function
is the main driver of eye evolution beginning at (1) general photoreception and moving through (2)
directional photoreception, (3) high sensitivity directional photoreception, (4) low-resolution image
forming vision, and ending with (5) high-resolution image forming vision®. We agree natural selection
acts to elaborate visual complexity. In addition, we propose origins of parts of eyes are rooted in
responses to photostress (blue background) and were later co-opted for vision once coexpressed under
developmental control (grey background). (A) indicates the origin of photosensitive proteins (yellow),
which may have originated to repair and predict damage to light-induced stress. (B) pigments (brown),
such as melanin also originated to respond to light-stress and were assimilated into photostress mitigation
under (A). Proteins of lenses (C, Pink) are varied and have numerous linkages to light-induced stress,
and layers of ‘lens-like’ material are often found associated with non-image forming eyes®. Finally, (D,
green) cilia, which increase surface area of photoreceptive membranes, are driven by UV stress 7.

II. Light-Induced Stress and Eye Evolution

A. Responses to light-induced stress were critical for multiple levels of eye evolution

Image-forming eyes evolve incredible complexity optimized for fine scale resolution,
object detection, and motion tracking. However, we propose canonical visual functions need
not be the only driver of eye evolution, instead arising as an emergent property of stress
induced evolutionary innovation in response to a pervasive environmental toxin: light.
Ultraviolet (UV) light destroys lipids, proteins, and DNA. We hypothesize that components of
eyes arise, often repeatedly, from stress response networks that evolve to predict, preempt, and
avoid UV damage — facilitating multiple, independent origins of eyes. Even before the most
rudimentary eyes originate, evolution may link independently evolving stress responses to

create complex and effective networks to mitigate UV damage. The eventual co-option and
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genetic-regulatory control of these networks may lead to the origins of crucial advances in
functional complexity: lenses, retinas, and pigment shields. We propose a macroevolutionary

history of vision in which stress response pathways are a primary driver of eye origins (Fig 1).

B. Response to light-stress could involve both plasticity and mutation under selection.
Phenotypic plasticity in response to the environment is one possible engine of

innovation, whose contributions to complex trait evolution we are just beginning to appreciate
more widely®”®®. Plasticity is quite different from more typical mutation driven explanations
of evolution where the primary source of variation is the random mutation of genes that
underlie a focal trait. In contrast, phenotypic plasticity may be a faster generator of variation
within populations than mutation, creating strikingly labile systems that allow organisms to
tolerate a range of environmental regimes. Unlike mutations, which are rare and often
detrimental, plastic expression or development may allow immediate and appropriate
responses to different environments. Over time, plastic responses may become assimilated into
developmental genetic programs, which can be elaborated to create complex traits ©°.
Therefore, phenotypic plasticity changes the order of events in the origins of novelty compared
to mutation-selection. Under mutation-selection, random, undirected mutations create the
variation in traits that selection acts upon. With phenotypic plasticity, variation first arises

through plastic expression of stress/developmental programs, while mutations may occur later,

allowing advantageous, yet previously plastic patterns of expression to become heritable.
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Figure 2. Diagram showing the UV- and ROS-initiated stress response pathways that underlie the origin of each
functional part of vertebrate eyes. The lens (A) shows overexpression of UV-blocking, chaperone, and reducing
enzymes tied to the expression of light sensitive molecules in the retina (C). The pigment cup (B) is an elaboration
of the original pigment shield and is a full-spectrum light blocking membrane formed from specialized portions
of stress-related pathways which mitigate ROS and UV stress. The retina (C) shows overexpression of light
sensitive proteins and polypeptides evolved to control pathways that rely on pathways (A) to block excess UV
light and (B) to produce melanin and metabolize cytotoxic compounds in order to mitigate UV and ROS stressors.

III. Stress-related innovations underlie crucial components of eye evolution

In the following sections, we discuss in more detail the role stress responses may have

played in the evolution of eye components associated with discrete transitions in functional
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ability. Beginning with the origin of lenses, we discuss the benefits of light-protection as eyes
transitioned from directional light sensors to organs capable of object resolution. We next
discuss the evolution of photosensitive proteins that make up retinas, revealing another
example of a stress-induced evolutionary innovation, tying stress-mitigation pathways to
increasingly accurate UV sensors. We then outline a possible evolutionary path behind the
molecular roots of pigments and their integration with networks governed by photosensitive
proteins. Finally, we describe how these separate components might have evolved to be
regulated together genetically. The following sections lay out a hypothesis that addresses some
gaps of acuity-driven eye evolution, showing that stress-responses to light function are a

primary driver of eye evolution.

A. Lenses as Emergent Properties of Stress Mitigation

Because lenses allow higher visual acuity, their multiple origins define crucial
evolutionary transitions between directional and image-forming vision, while at the same time
illustrating connections between stress and eye evolution. The genes recruited to form lenses
are quite variable in origin yet very commonly are stress-response proteins. This trend has been
noted for some time, but has been explained largely because of proteins’ ability to remain
transparent and not interfere with the visual function of the eye >’*. However, by examining
these proteins and their roles in UV-stress responses, we see possible origins of lenses by
upregulation and concentration of particular proteins in front of photoreceptors to guard against
toxins and mitigate UV stress. Lens proteins absorb UV light, reduce protein-protein
interactions, chaperone protein folding, and metabolize cytotoxic compounds that arise as a
product of both UV exposure and photoreception ">’ (Fig. 2A). In the stepwise framework of

eye evolution, the shift between directional photoreception and low resolution, image-forming
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vision is marked not only by the deepening of a pigment cup, but also the appearance of ‘lens-
like’ material between the retina and the epithelial lining °. We hypothesize that the evolution
of these specialized lens-like cells originates from the pressure to filter UV light from reaching
an increasingly sensitive retina, which would limit external generators of ROS and aldehydes
and therefore create a milder environment for photoreceptors. Thus, the stress-related origins
of these crucial novelties suggest that lenses, and by extension image forming vision,
originated as a protective mechanism against damage from UV and reactive oxygen species

and were later elaborated by natural selection on visual function (Fig. 2A).

Lenses are constructed of stress-response proteins in multiple species (Table 1) 74787,
As one example, the lenses of octopuses recruited several proteins into lenses, the most
common of which are aldehyde dehydrogenases and glutathione S-transferases %°. The
aldehyde dehydrogenases are particularly interesting because they belong to a class of proteins
upregulated in response to ROS stress in animals. Aldehyde dehydrogenases aggressively find
and neutralize dangerous reactive aldehydes such as retinaldehyde (i.e. retinal, the
chromophore of opsin-based light sensitivity), 4-hydroxy-2-nonenal, and malondialdehyde, all
of which are produced during UV exposure . The second protein family in octopus lenses,
glutathione S-transferase, detoxifies lipid molecules damaged by free radicals and ROS and
acts as a free radical scavenger ">8!. In mammals, lenses are comprised mostly of retinaldehyde
dehydrogenase and diverse crystallin proteins. The incorporation and hyperexpression of
aldehyde dehydrogenases and crystallins once again shows lenses are derivations of an
ancestral function mitigating damage from UV stress "*. A second protein in mammalian
lenses, alpha-crystallin, arises from a larger gene family known by a different name: small heat

shock proteins. These proteins, similar in function to glutathione S-transferase, work as
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chaperones to prevent protein-protein interactions and refold damaged proteins in response to
ROS, heat, and UV stressors %2. These properties are exceptionally useful in a lens and cornea
not only because of their tolerance for environmental stressors, but also because the clarity of
the lens suffers when protein-protein interactions occur.

The repeated evolution of lenses as focusing optics creates opportunities for animals to
perform high-resolution spatial vision, but the advantage of improved image resolution may
not be what began lens evolution each time. Photoreceptor cells of any organism are exposed
to extreme amounts of UV, ROS, and heat stress in order to perform their intended function.
In addition, the molecular machinery required for photoreception generates toxic aldehydes
and ROS. As eyes became more sensitive by packing more photosensitive proteins into each
cell, the amount of free aldehydes and the rate of ROS production would have quickly
increased. In order to mitigate damage incurred by this increase in visual acuity, expression of
stress response proteins would have been useful, perhaps as a protective layer inside the
evolving eye that inhibits protein-protein interactions and maximizes optical clarity of the
proteins. We see these proteins co-opted into lenses. Aldehyde dehydrogenases, heat shock
proteins, and homologs of glutathione S-transferase are all found highly expressed in lenses.
The paralogs of these genes expressed outside lenses share the same protective functions as
their lens-specific counterparts, indicating stress related functions predate co-option into lenses
and do not represent adaptation for the specific stresses encountered in lens. Thus, examining
the origins genes used in lenses and high-resolution spatial vision reveal that stress may have
driven co-option in response to lethal UV and ROS stress as eyes became specialized for vision.
Elaboration of lenses for fine focusing and a graded refractive index in water ** probably

evolved later.
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Table 1. Common lens crystallins in vertebrates and invertebrates along with their non-lens functional
classification. Table reconstructed from 7° with additional information from .

Lens Crystallins
Vertebrates
o small heat shock proteins/chaperones; all vertebrates
By members of microbial stress protein superfamily; all vertebrates
€ lactate dehydrogenase B; ducks, crocodiles
d argininosuccinate lyase; birds, reptiles
T a-enolase; turtles, ducks, other vertebrates
¢ novel quinone oxioreductase; guinea pig, camel, degu, llama, rock cavy
u relative of bacterial ornithine cyclodeaminase; Australian marsupials
n retinaldehyde dehydrogenase; elephant shrews
p relative of aldo-keto reductase; frogs
A relative of hydroxyl CoA dehydrogenase; rabbits, hares
n glyceraldehyde-3-phosphate dehydrogenase; geckos
Invertebrates
S glutathione S-transferase and its relatives; cephalopods
Q/L relative of aldehyde dehydrogenase; cephalopods, especially octopus; scallops; squid light organ
J novel protein, potentially saposin/swaposin homologs; jellyfish
Drosocrystallin novel protein; Drosophila

B. Protective pigments linked to light exposure

Shielding pigments are a crucial step in the evolution of eyes, allowing for directional
photoreception by shading photoreceptors from one direction %, While pigment shields are
needed for directional photoreception to evolve, the link between photosensitive proteins and
antioxidant pigments may have been forged initially not for the sake of vision, but in order to

protect cells from UV and ROS damage. Although animal eyes use different pigments in
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different taxonomic groups ®, melanin is one of the best-studied light absorbing pigments
recruited into eye spots, eyes, and extraocular photoreceptors. Besides its role in vision,
melanin plays an integral role in protecting cells from UV damage as the end result of highly
elaborate and specific protective pathways. Upon exposure to UV light, cells undergo
immediate pigment darkening through the photooxidation of preexisting melanin, specifically
blocking UV light and quenching ROS, while balancing the costs of de novo melanin synthesis
86-88 (Fig. 2B). A closer examination of melanin production reveals intimate connections with
UV stress consistent with a deep and ancient association that predates the origins of eyes.

In vertebrates, melanin synthesis responds to the byproducts of UV-damage and stress
(Fig 2b), often by regulating tyrosinase, the rate limiting enzyme in melanin synthesis. Here,
we mention four different ways melanin production is connected to light, even outside of eyes.
First, tyrosinase is upregulated by UV damage to DNA through a series of specific
mechanisms. UV light damages DNA by causing neighboring thymines in the DNA to bond
to each other. These damaged pieces of DNA are repaired by photolyase proteins (themselves
activated by UV light), which excise and discard damaged segments, creating small fragments
of DNA. The discarded fragments then upregulate tyrosinase, leading to melanin production
8 A second way tyrosinase activity is related to light is through two proteins involved in
every pathway discussed in this paper (Fig. 2A,B,C): p38 and p53. The MAPK protein p38 is
activated in response to UV light and phosphorylates the inactive form of the p53 tumor
suppressor protein. In addition to its many roles repairing DNA damage, controlling cell
division, and regulating apoptosis of damaged cells, p53 also upregulates tyrosinase activity to
create additional melanin °*°!. Circadian rhythms, themselves controlled by light, further

modulate p53 activity, making the interaction of p38 and p53 much more prevalent during
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daylight hours °>%3

. A third connection between tyrosinase and light is through the
photosensitive vitamin-a derivative, retinoic acid, which plays a significant role in regulating
tyrosinase activity, controlling melanin synthesis in response to retinoic acid pathways that
sense light **°. Finally, while the previous mechanisms all increased melanin synthesis,
melatonin—a ROS and photosensitive molecule—inhibits synthesis, potentially creating a
“pool” of melanin precursors during dark hours, later available for quick assembly at low
metabolic costs *’(Fig 2B). The clear links between melanin production/deployment, UV

exposure, and ROS stress highlight the damage-mitigation properties that may have led to

melanin’s initial co-option into early photoreceptors.

C. Origins of photoreceptors from sensors of oxidative stress

Retinas can detect minute changes in light by densely packing photosensitive proteins
into photoreceptor cells, thereby increasing sensitivity to light and allowing increased visual

acuity >, In most animal eyes, the photosensitive proteins are opsins ®"t5%¢ %

, usually assumed
to be present in animal eyes for reasons of visual function, including quick response time and
use of a chromophore that can be efficiently regenerated °. However, we suggest the driving
process behind repeated co-option of opsins into retinas may also be rooted in its notable
predisposition to endure and mitigate photostress. In addition to the stressors discussed earlier
in this paper, UV light produces the toxic compound retinaldehyde, a necessary ligand for
opsin photosensitivity '°°. Extant opsin proteins tightly bind this free aldehyde and upregulate

secondary messengers that perform a myriad of regulatory tasks in the cell 381017103,

The close ties between opsins and other initiators of stress response allows them to

withstand the stresses of dedicated, high density photoreceptors, and could explain their co-
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option into each independent evolution of a retina. As eyes transition along Nilsson’s ° stepwise
evolutionary framework, the amount of opsin proteins in each photoreceptive cell retina is
constantly increasing, leading to an increase in intracellular stress due to higher concentrations
of retinal needed to achieve peak efficiency. Light-sensing of this caliber is a double-edged
sword. The cells that are hypersensitized to light, and therefore the quickest to succumb to high
levels of exposure '%, are also the cells that must be exposed to the brightest light levels in
order to fulfill their function. To survive these conditions, mitigation responses to light stress
must be linked to immediate detection of UV light. Opsins perform as part of a stress response
network initiated by light exposure: Nuclear retinoic acid receptors detect a drop in RA
associated with UV exposure, melatonin receptors respond to the increase in ROS, and opsins
detect the increase in retinaldehyde that accompanies vitamin-a metabolism/photodegradation
190 The speed and precision of opsin’s photosensitivity may have been co-opted as a regulator
for other UV stress responses, allowing immediate and comprehensive UV protection. Because
of this, opsins may represent one of the only photosensitive proteins that could be expressed
in high enough quantities to perform visual tasks yet also mitigate photo-stress quickly enough
so that photoreceptors aren’t immediately killed by cytotoxic byproducts of UV exposure.
Thus, we find it possible that opsin’s repeated use in eyes could have initially been related to
its role as a cytosolic retinaldehyde and UV light receptor, while its use as a visible light
receptor is a secondary elaboration on these ancestral functions. This hypothesis predicts the
ancestral function of opsins to be UV-detectors, which could be tested with comparative

methods.
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We suggest the light sensitivity of opsins and their subsequent use in retinas is derived
from an ancestral function tracking retinaldehyde levels to coordinate pathways that mitigate
stress (Fig 2C). This hypothesis is supported by several lines of evidence: 1) Melatonin
receptors (close relatives of opsins) track ligand concentrations as a proxy for light exposure;
2) Retinoic acid has clear advantages for mediating photostress and is used by existing
photostress pathways, and 3) Rhodopsin-like GPCR 161 binds retinoic acid and is tied to
crucial cell processes 197197, Melatonin acts as a powerful scavenger of ROS but it is quickly
broken down by both ROS and UV light, leading to intracellular melatonin concentrations that
closely track oxidative and UV stress levels '°. Melatonin receptors regulate intracellular
adenylyl cyclase in response to local melatonin concentrations, and are integral in many ROS
and UV damage mitigating pathways like melanin production '-!'!, Retinoic acid can also be
used as a sensor for UV stress, but unlike melatonin, retinoic acid fluctuations are more
specifically tied to UV exposure, dropping more than fifty percent in the presence of UV light
190 Nuclear retinoic acid receptors use the low intracellular concentrations of retinoic acid that
accompany light to stall cell division and inhibit apoptosis '>"!1*, We see very similar function
through the rhodopsin-like GPCR-161, which acts as a retinoic acid receptor controlling cell
division, migration, and growth '°1%7_ Ancestral opsins likely also evolved as a retinoid
receptor, initially regulating intracellular cyclic nucleotide levels (CAMP or cGMP) in response
to retinaldehyde, the photosensitive metabolic precursor to retinoic acid >*!'>. In addition,
opsin’s evolutionary history likely primed their downstream signalling pathways to intertwine
with existing GPCR initiated stress response pathways ''®!'°. Nuclear retinoic acid receptors,
melatonin receptors, and opsins all play roles in directing stress responses to UV exposure, but

opsins have evolved as both the most accurate photodetector and a potent activator of UV-
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protective pathways. Without the co-expression of each of these sensors into a coordinated
ROS and UV quenching stress pathway, now found in retinas, reaching the concentration of
photoreceptors needed for visual tasks could quickly kill cells through accumulated

photooxidative stress and cytotoxic products of photodegradation 29123,

D. Genomic regulation transforms stress response networks into a single evolutionary unit

The concept that selection for improved visual function drives eye evolution rests on
the assumption that eye morphology is heritably expressed as a module. This evolutionary step
could be achieved by movement away from transient, plastic expression to coordinated
developmental processes divorced from stressors and driven by transcription factors 6. One of
the largest gaps in our knowledge of eye evolution is how these regulatory relationships
evolved between transcription factors and the stress response pathways outlined above '**. In
animals, UV/ROS response pathways are largely controlled by the Pax family of transcription
factors, which contribute to development and patterning of lenses, pigment shields, and retinas
125

The evolution of genetic-regulatory control through Pax would have allowed disparate,
plastic responses to be expressed as cohesive, permanent photosensitive modules. By
examining literature surrounding a vertebrate copy of Pax, Pax-6, we hypothesize that ROS
and UV stress responses may have been involved in the assimilation of transient stress
pathways into predictable developmental programs 7126127 Because of its direct role in UV-
specific protection and ROS quenching %12’ Pax-6 would have likely co-occurred alongside
the other pathways it now regulates in eye development (Fig. 1). In addition, sequence
similarities between Pax-6 promoters and promoters of genes involved in crucial UV-response

networks could have facilitated the co-option of Pax-6 as an ‘unified’ activator. Heat shock
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elements (found in lenses), antioxidant response elements (found throughout the eye), and p53
binding sites (cell cycle arrest and pigment expression) are all exceedingly similar to the
‘optimal’ Pax-6 binding site (Fig 2). As a result, very few mutations are needed to change any
one of these promoter regions into one that would recognize Pax-6 as an activator '28. Under
Pax-6 regulation, exposure to UV light would no longer be necessary, though still sufficient,
to initiate the pathways discussed in sections A-D -- setting in motion the evolution of complex

eyes.

IV. Summary and Conclusions

A. Stress-induced origins complete a framework of eye evolution

Common hypotheses for the evolution of eyes rely on selection for increased visual
function to explain the origins and elaboration of structures and functions of eyes. While this
framework provides a reasonable explanation for the elaboration of existing traits (e.g.
increasing precision of lens focusing after its origin) — it remains incomplete in its explanation
of the origins of these traits. Attempting to justify the origin of eyes based solely on selection
for improved visual acuity creates circular reasoning, leaving no obvious evolutionary starting
point for eyes or parts of eyes to independently evolve. By focusing on eye evolution through
the lens of mitigating stress from light, we suggest that the repeated co-option of genes from
particular functional categories into each origin of lenses, retinas, and pigment shields could
be driven by selection to mitigate photostress. Therefore, stress, not vision, may have often
created initial selection to maintain co-expression and evolve co-regulation of genetic
mechanisms, bringing together parts of eyes before the behavioral connections to light

sensitivity could select for improved visual acuity.
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B. Future directions & Acknowledging limitations

Thinking about stress-induced origins as an engine of novelty inspires significant
hypotheses that relate to processes that potentially drive complex trait evolution as a whole.
Yet we acknowledge much work needs to be done to test these ideas. In constructing this
framework, we face a number of restrictions that represent excellent avenues for future
research. Next, we discuss several limiting factors and potential investigations that could
address them, including explicit comparative work to infer the history of function and the

potential confirmation bias of studies that summarize vast amounts of literature.

First, our hypotheses need to be tested with explicit comparative methods. At present,
the hypotheses rely mainly on findings from basic biology and clinical research that describe
protein functions in the present day. This presents two unique problems which future
comparative studies would address: the timeline of stress network evolution and ancestral
protein function. Without specific comparative studies, including those that take advantage of
time-calibrated molecular phylogenies, it is impossible to place an order to the evolutionary
events that occurred as stress networks co-opted new actors and were in turn co-opted into
innovations and novelties. At the same time, with the incredible volumes of untapped sequence
data, reconstructing well supported histories of genes is fast becoming a matter of streamlining
computational pipelines. Combined, investigating the history of gene function using
comparative techniques will allow testing explicit hypotheses, such as responses to stress being
more ancient functions than visual functions.

A particularly compelling application of comparative techniques would be to examine
the ancestral function of opsins. A critical point in the evolutionary history of animals was the

ability for opsins to tightly bind retinaldehyde, forming the first bistable opsins that could be
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used for reliable, quick, light detection. Through experimental mutation, comparative studies,
and ancestral sequence reconstruction '2°, we may be able to unravel how this specific function
evolved. Perhaps the drive to detect smaller concentrations of retinaldehyde created a selective
pressure to increase binding efficiency without the need for any form of visual system in place.
Assuming the ancestral opsin was a retinaldehyde receptor, the longer each molecule of
retinaldehyde remained bound, the more sensitive the cell would be to smaller and smaller
concentrations of this cytotoxic compound. This pressure may have culminated in an opsin
with the ability to permanently bind retinaldehyde, no longer tracking intracellular
concentrations, but instead detecting the isomer of retinaldehyde trapped in the binding pocket,
which changes in response to UV light. This scenario makes particular predictions, (1) that the
ancestor of all opsins may lack the ability to permanently bind retinal, but will function as a
retinoid receptor, and (2) that close relatives of the opsin family may have preserved their
ancestral function as retinoid receptors. Testing these predictions will require a combination
of additional sequencing, further comparative phylogenetic methods, and experiments

examining binding properties of extant ocular and nonocular opsins.

A second concern is that because stress responses occur throughout the body, we might
expect under our model of stress-induced novelty, to see eyes evolve on organisms in more
broadly distributed patterns than we do. In other words, why don’t eyes evolve everywhere an
animal is exposed to light? While this concern is tempting, we point out two counter arguments.
First, we are not claiming that light-stress acts alone to fully evolve eyes, instead suggesting it
acts in tandem with elaboration of visual structures through natural selection. Therefore, it is

logical that natural selection will affect different body regions differently, only sometimes
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resulting in evolution of elaborate eyes. Second, components of eyes, and sometimes even
elaborated eyes, do show a broader distribution on animal bodies than complex eyes that are
often only on the head. For example, chitons show a distributed system of eyes around their
shells 13, ciliated cells in octopus skin sense and respond to light without a nervous system °,
hydra has light sensitive neurons around the body '*!, sea urchins likely function as a single,
large eye ¥, and even human skin has melanin that might respond to light using opsins '>*.
Each of these examples show that eyes or their components can evolve in many places,
outlining intriguing questions about historical constraints on the evolution of eye placement
134 Ultimately, these examples suggest that stress responses and selection for visual acuity

function in tandem as drivers of eye evolution.

A third concern that inspires future research is that our synthesis of literature from a
wide array of unrelated fields risks confirmation bias. The breadth and depth of study required
to unravel the molecular mechanisms of cell physiology at the level required for this paper
exists mainly in a few model organisms. Because of this, our conclusions are drawn from a
small subset of the tree of life, relying on examples from vertebrates and a select few
invertebrates. This critique highlights the need for future work and opens the door for future
comparative studies to reinforce the support we report in a handful of well researched
organisms. Interestingly, although we summarized a limited selection of pieces from the
developmental network tied to eye evolution, we find that origins from light-induced stress
responses likely extend far beyond our restricted exploration "+9%135-139,

The advent of reliable single cell sequencing and advances in theory surrounding cell

66,140

type evolution provides another way to address issues surrounding both confirmation bias
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and restrictive sampling. By sequencing genes expressed in individual cells, we can examine
relative enrichment of particular stress networks in particular organs. We predict cells that
make up eyes will have greater representation of stress-response genes than many other cell
types. Perhaps counter to this prediction, we acknowledge how shockingly common it is to find
stress-related genes involved in almost any innovation or novelty 73141142 Plejotropic
function of developmental genes and novelties tracing back to stress-responses have been
superficially noted during countless studies in nearly every field, a pattern that, from an

evolutionary perspective, becomes more interesting the more evidence is gathered 65143143,

In conclusion, broadening our interpretations of the processes that drive eye evolution
reveals an expanded framework that explains the origin and evolution of eyes, vision, and
photoreception. Examining stress as a potential engine of plasticity and variation elucidates,
once again, a surprisingly common occurrence of stress responses underlying many complex
traits and developmental modules. We believe this near-ubiquitous co-option of stress genes
in novelties may highlight an underappreciated macroevolutionary pattern that will illuminate,
in part, the relative contributions of de novo evolution and co-option to evolution as a whole.
We are excited to see future research on cell motility, sensory systems, and cell type evolution
test these hypotheses and begin to delve into larger evolutionary questions about the roles of

de novo evolution and co-option.
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Chapter 4:
Convergent Evolution of Retinal-based
Photosensitivity Across GPCRs
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Abstract

Membrane receptors of the G-protein coupled receptor (GPCR) superfamily are

146 147,148

indispensable as drug targets "*°, optogenetic tools , and sensory proteins '*°. Within the
riotous molecular diversity of GPCRs, only a single family is known to be light sensitive: the
opsins. Understanding and leveraging opsin-based light-sensitivity has facilitated
advancements in diverse fields such as medicine, ecology, and evolution. Despite the vast uses
for light-sensitive GPCRs, no studies to date have recovered a photosensitive GPCR outside
of opsins using comparative methods. Here we report convergent evolution of photosensitive
GPCRs. Our broad phylogenetic analyses of over 18,000 GPCRs find two independent origins
of photosensitivity outside of opsins and identify an additional seventy instances of convergent
evolution on amino acid residues that may enable light-detection. These results reveal swaths
of the GPCR superfamily as potentially light-sensitive, highlighting undiscovered functions
and unknown biological interactions. Our evolutionary framework provides rich potential for

future functional studies that will yield new possibilities for therapeutic targets, optogenetic

tools, and a better understanding of basic biological processes.

I. Introduction

The G-protein coupled receptor (GPCR) superfamily is the largest clade of membrane-
bound receptors, is responsible for a major portion of all cellular signaling, and is crucial to
the identification and treatment of diseases '°*!>!. GPCRs play critical roles in developmental
and physiological processes surrounding vision, smell, taste, secretion, metabolism,
neurological signaling, immune responses, cellular differentiation and growth '46:152-15% They

are the targets of approximately 40-50% of all drugs for applications ranging from psychiatric
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medication, to cancer treatments, to experimental optogenetic therapies. However, our ability
to discover new targets, therapies, and molecular tools is limited by our understanding of the
stimuli used by uncharacterized GPCRs. Despite their importance to modern medicine, just
10% of all GPCRs in the human genome currently considered as possible drug targets '°. In
the remaining 90%, the large number of orphan receptors with unknown ligands and functions
highlight the incredible untapped potential of the GPCR superfamily.

The rhodopsin-like GPCRs contain 80% of all GPCR diversity including the only clade
known to detect light: opsins 3»!%. Because of their importance in vision and assumed
uniqueness within GPCRs, incredible focus has been placed on understanding and harnessing
the function of opsin proteins. However, the assumption that opsins represent the singular
origin of photosensitivity in GPCRs has led to a myopic view, likely hindering progress to
understand how light affects critical processes such as circadian rhythm, cognition, mood, and
hunger. Here we present evidence counter to the opsin-centric paradigm of light sensitivity,
identifying the first clades of non-opsin, light sensitive GPCRs, and an additional seventy
convergent origins of amino acid residues that facilitate light sensitivity. Our evolutionary
framework provides rich potential for future functional studies that will yield new possibilities
for therapeutic targets, optogenetic tools, and a better understanding of basic biological

processes.
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Figure 1 Phylogenetic tree of 18,634 GPCRs. Blue -- The canonical opsin family and the extent of
previously known photoreception within GPCRs. Magenta -- All instances of a lysine at an alternate
binding site (90, 91, 117, and 186 combined). Tip color strips - Each strip marks the position of an
extant protein with a lysine at either an alternate binding site or the canonical K296. Internal pie charts
- Each chart represents a predicted origin of a lysine at either an alternate binding site or the canonical
site K296. Within each chart, black represents the likelihood of observing any other amino acid and the
color section represents the likelihood of observing a lysine. Charts with no black indicate near certainty
of a lysine first appearing at that node (Methods). Red stars indicate two clades which have been
experimentally verified as light sensitive, internal black boxes indicate significant support values
(Methods) for nodes separating these origins from opsins and each other. Additional support values, tip
labels, and internal node labels are available in the supplement and online:
(https://itol.embl.de/tree/1692313219255131559153215).

II. Scallop GPCRs represent first non-opsin, photosensitive GPCRs

Distantly related to canonical opsins and falling within the broader rhodopsin-like
GPCR family, we find the first phylogenetic evidence of non-opsin, light-sensitive GPCRs
(CCAPRI, AARI) that lack canonical chromophore binding sites (likelihood ratio test,
P<0.0001). Opsins’ ability to detect light is derived from their binding affinity for the
chromophore, retinal. It is held in the binding pocket of the opsin protein by a Schiff-base bond
made possible via a lysine in the seventh-transmembrane helix. This lysine (K296) is highly

conserved in opsins and is often used by scientists as a diagnostic residue, inferring loss of
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photosensitivity in its absence. This result has justified removing sequences without K296 from
opsin databases and phylogenies in the effort to filter out non-photosensitive genes '%-3%-15¢,
Recently, several alternate sites in GPCRs were proposed that would enable retinal
binding in the absence of the canonical lysine '°’. We discovered two GPCRs (CCAPRI and
AARI) that possess a lysine that resides in the binding pocket in homology models, bind retinal
and exhibit photosensitivity in in vitro assays, and are expressed in photosensitive tissues of
the bay scallop, Argopecten irradians >®. Despite these multiple lines of evidence for
photosensitive function, both sequences represent proteins that would have been excluded from
previous studies of opsins because they do not have the canonical K296, leaving their
phylogenetic position in the GPCR superfamily a critical, but unknown question. To answer
this, we reconstructed and compared topologies of GPCR trees including opsins and outgroup
GPCRs, and recovered these two photosensitive GPCRs far outside of opsins (Methods).
After accounting for topological uncertainty (Methods), we find that CCAPRI and
AARI were always recovered outside of canonical opsins in well supported clades. To test the
sensitivity of our results to strategies of multiple sequence alignment, we aligned GPCRs using
two separate programs and four different algorithms (Methods). While the topologies
recovered were slightly different in each instance, no rearrangement led to the recovery of

either CCAPRI or AARI within the canonical opsin clades, supporting convergent origins of

light sensitive GPCRs.
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Figure 2. Origins of lysine at each alternate binding site. In every tree, blue branches represent the
canonical opsin clade and extent of currently known photosensitivity in GPCRs. (A) Site 186, verified
as functional in A4R1; (B) Site 94, verified functional in A4R1; (C) Site 117, verified as light sensitive
in CAPRI; (C) Sites 90-91, unverified if functional on their own, but they are known to associate with
retinal in the opsin binding pocket and shift opsin sensitivity towards UV.

III. Multiple origins of alternative retinal-binding sites across GPCRs

Using the alternate retinal-binding sites in CCAPRI and AAR1, we identify an average
of 85 convergent origins of alternate retinal binding across the GPCR superfamily, some with
origins predating Bilateria. Based on previous in vitro assays, there are five identified alternate
binding sites that can potentially facilitate light sensing in non-opsin GPCRs when a lysine is
present at the site. These alternate binding sites are referred to by the residue number that they
align with on the bovine rhodopsin (NP_001014890): 90K, 91K, 94K, 117K, 186K, and 293K.
CCAPRI has no lysine homologous with K296 but has 117K, and A4R1 is also lacking K296
but has 94K and 186K alternate sites. We find that each gene represents an independent origin

of light sensing in non-opsin GPCRs.
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With both CCAPRI and AARI able to bind retinal with alternate binding sites, we test
if these sequences represent a larger clade of genes with similar alternate binding sites, or are
restricted to only Argopecten. We survey our GPCR tree to identify amino acids and
reconstruct ancestral states at the alternate binding sites present in both CCAPRI (site 117) and
AARI (site 94,186). We used conservative models of prior and root states, favoring an inflation
of type II error in order to reduce false positives and only recover well supported origins
(Methods). While this approach allows us to confidently discuss the ancestral states recovered,
its conservative estimate of clade depth may also split origins close to one another, slightly
elevating the number of origins recovered. Close relatives of CCAPRI share the 117K
mutation, and close relatives of 44RI share the 186K, 94K, or both mutations. We find
CCAPRI and close relatives are only represented by paralogs within Bivalvia, placing their
origin before the origin of Bivalves. AAR[ and close relatives are much older, with paralogs
containing the 94K mutation conserved in taxa across Bilateria, although the 186K mutation
only appears in protostomes.

This expanded search also recovered clades distantly related to CCAPRI, AARI, and
canonical options. Across the GPCR superfamily, we estimate seventy-three independent,
convergent origins of lysine at crucial alternate binding sites that facilitate light sensitivity. To
account for the effects that uncertainty in our topology may have on ancestral state
reconstruction, we created a distribution describing the number of independent origins over a
set of 100 bootstrapped topologies for each alignment strategy (Methods). This number
combines origins for all sites predicted to enable light sensitivity without K296 (90/91K, 94K,
117K, and 186K). While three sites 94K, 117K and 186K are functionally verified to enable
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photosensitivity '°°, the number of origins added by including 90/91K is negligible. Across all
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trees and alignment strategies the origins of 186K were consistently four to eight times higher
than origins for the other binding sites.

It is important to note that outside of the two clades containing CCAPRI and AARI,
functional retinal binding and light sensitivity still must be confirmed. Given the large number
of independent origins and genes involved, it is unlikely that each clade represents functional
photosensitivity. By the same token, it is also unlikely that CCAPRI and AARI are unique in
their photosensitivity, and belong to clades which span bilateria. Future work must focus on
streamlining the process of screening these putative light sensors for retinal binding and

158

functionaling light sensitivity ">°, with an effort to sample from a diversity of origins identified

in this publication and species in which those origins appear.

IV. Conclusions

Overall, our evidence shows that light sensitivity has evolved more than once in
GPCRs, and forces us to reevaluate the role light may play in many physiological pathways.
While CCAPRI and AARI represent the first functionally verified non-opsin photosensitive
GPCRs, they each share the mutations that enable light sensitivity with close relatives found
in a broad range of animal phyla. Convergence upon these specific mutations at crucial binding
sites is widespread across the GPCR superfamily, revealing that light may play a much more
pervasive role in biology than previously hypothesized. While our evolutionary framework
presents unique opportunities for future work to investigate how these newly identified GPCRs
use light to connect processes previously perceived as disparate and independent, to advance
our understanding of their evolution, to help develop optogenetic tools, and to present new

therapeutic approaches to pathologies that arise from their malfunction.
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V. Methods

Data aggregation

Sequences were acquired from genbank’s nr database using the Sequence Discovery,
Recovery, Inventory, and Value Estimation (SeDRIVE) pipeline. This pipeline uses a bait file
and bitscores to query a user defined set of organisms from genbank, remove duplicate, short,
and spurious sequences, then produce both organism-specific and whole dataset fasta files for
alignment. The advantage of this pipeline is the objective manner in which sequences are
filtered, fixing the subjective bias that has plagued opsin studies since their inception. We used
a bait file that contained opsins, thodopsin-like, cAMP, frizzled, and adhesion GPCRs in order
to test the assumption of clear delineations between these groups. We only used protein
sequences from organisms with fully sequenced genomes available on genbank. A total of
18,634 sequences were recovered from 462 species (Table S4).

Phylogenetic reconstruction

Due to the size of this dataset, the selection of feasible reconstruction methods was
somewhat limited. While subsetting the dataset and using supertree reconstruction is possible,
it requires a priori definition of related proteins and clade delineation, a practice that would
defeat the purpose of this study.

Because alignments impact both tree and ancestral state reconstruction, we used several
alignment methods to guard against algorithmic biases and uncertainty. Due to the size of the
dataset, we used the MAFFT alignment program. Within MAFFT, we tested several
algorithms: L-INS-i (slow, but highly accurate), FFS-NS-1 (very fast, but very rough), and
AUTO, which selected FFS-NS-2 (fast, but rough).

We then used each alignment to build a tree using FastTree under the LG+CAT model

(20 rates), and pseudo replicated each alignment 100 times using RAXML’s “-f j”” option. We
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used the initial best tree from each alignment as a starting point for each pseudo replicated
alignment, and reconstructed a tree based on the pseudoreplicate in FastTreeMP under the
LG+CAT model. Overall, this created a set of 100 alignments and trees for each alignment
strategy for a total of ~700 alignments and trees. For each tree, support on nodes are reported
as the result of 1,000 SH tests on each node, default in FastTree v2.1 and identical to PhyML’s
“SH-like local supports”.

To statistically test the phylogenetic position of the two experimentally verified scallop
photosensitive GPCRs, we used the best tree from the most accurate alignment strategy
(MAFFT L-INS-i) to reconstruct the tree in FastTree with a constrained starting topology and
compared the likelihood to that of our unconstrained reconstruction. Our constrained starting
topology was identical to our unconstrained topology with the exception of 1) all canonical
opsins were connected to a single, massive polytomy, and 2) the two scallop sequences were
moved from their original position to within this polytomy. We enforce this polytomy by
setting -constraintWeights to a very large number (10,000.0), effectively allowing us to test
the alternative hypothesis that these light-sensitive scallop GPCRs are actually opsins and may
have been incorrectly placed in our best tree. We use the approximately unbiased (AU) test as
well as the Shimodaira-Hasegawa (SH) from CONSEL '’ test to compare if the two topologies
were significantly different. We verified that this result by checking if the position of CCAPR1
and AAR1 were well supported outside of canonical opsins and independent from each other
in each of the other 699 trees, ensuring a robust result insensitive to alignment or reconstruction
methods.

Ancestral state reconstruction
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To prepare for ancestral state reconstruction, we inspected the alignment to locate our
target residues (90/91, 94, 117, 186, and 293) and developed a number of scripts for
maneuvering large-scale data and extracting character states at user-defined residues, available
here (bitbucket repo). Due to differences in alignment algorithms and the taxonomic breadth
of our ingroup, it is possible that our alignment inserted gaps which resulted in sequences
distantly related to opsins no longer sharing residue homology, despite our confidence in
homology based on more detailed alignment analyses '°®. To account for this, if such a
misalignment occured, we extracted the sequence and re-aligned against bovine rhodopsin
alone under the previous publication’s alignment algorithm. If this realignment fixed the
misalignment, we assumed that the two columns in the alignment represent homologous sites,
and the difference was due to algorithmic stochasticity with such a large dataset. We then
scored each alternate site and any homologous columns for the presence of lysine, building a
binary dataset for ancestral state reconstruction. We conducted ancestral state reconstruction
using the rayDISC command from the corHMM R package '*°. Within this command, we used
the maddfitz root prior on each trait reconstructed. This leads to a conservative interpretation
of extant data and places a data-driven prior at the root, allowing for a more objective
reconstruction of origins informed by our large aggregation of existing data '°!,

For a transition to an alternative state to be considered successful, we required that
reconstructed likelihoods of alternative state over ancestral state be greater than 2 for the
following equation as described in Pagel, 1999: —2 * In(H,;/H,- ;) where H,_; is the smaller
of the two likelihoods and ais any node '2. This system has commonly been used as a statistical
benchmark in two-state ancestral state reconstruction studies to indicate a significant difference

between the two states. To account for reconstruction of an incorrect topology and its effects
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on the number of origins, we applied the ancestral state reconstruction methods detailed above
to each of the 100 bootstrapped trees for each of the seven alignment strategies. To count
origins, we designed an algorithm implemented in the script corIGINS, which takes a strict
stance on the interpretation in counting the origins and regains across a tree (Figure S1). We
also examined the effect each alignment algorithm had on the contribution of each binding site
to the total number of origins under the original alignment for each algorithm (Table S5-7).
We transformed these results into meaningful visuals by developing the corVIEW script, which
creates the pie chart files compatible with iTOL '®* and allows for user-defined visibility
thresholds on both binary and multistate characters. We reconstructed ancestral states for each
of the focal residues independently.
Data Availability

All supplementary data and scripts can be found at the bitbucket repository for this

publication: bitbucket.org/swafford/light-sensitive-gpcrs.git.
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Chapter 5:

Multimodal Sensorimotor System in
Unicellular Zoospores of a Fungus

doi: 10.1242/jeb.163196
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Abstract

Complex sensory systems often underlie critical behaviors, including avoiding
predators or locating prey, mates, and shelter. Multisensory systems that control motor
behavior even appear in unicellular eukaryotes, such as Chlamydomonas, which are important
laboratory models for sensory biology. However, we know of no unicellular opisthokonts that
control motor behavior using a multimodal sensory system. Therefore, existing single-celled
models for multimodal sensorimotor integration are very distantly related to animals. Here, we
describe a multisensory system that controls the motor function of unicellular, zoospores of a
fungus. We find zoospores of Allomyces arbusculus exhibit both phototaxis and chemotaxis.
While swimming, they move towards light and settle on cellulose membranes exuding
combinations of amino acids. Furthermore, we report that closely related Al/lomyces species do
not share this multisensory system. Instead, these species respond to either chemical or light
stimuli, but not both. This diversity of sensory systems within Allomyces provides a rare
example of a comparative framework that can be used to examine the evolution of dramatic
changes in sensory systems. The tractability of Allomyces and related fungi as laboratory
organisms will allow detailed mechanistic investigations into how sensory systems may have
functioned in early opisthokonts before multicellularity allowed for the evolution of

specialized cell types.

I. Introduction

All organisms rely on sensory systems to gather information about their surroundings

from external stimuli. The integration of individual sensory modalities into multisensory
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systems, or sensory systems, greatly increases the amount of information an organism can use
to form responses and behaviors. Although multimodal sensory systems are common in
multicellular, motile organisms, there are significantly fewer multisensory systems known
from unicellular eukaryotes !. The relative rarity of studies characterizing these systems in
unicellular, laboratory-tractable organisms has resulted in a significant taxonomic gap between
current model systems and animals.

To address this deficit, we focused on fungi characterized in part by motile, zoosporic
life stages. Zoosporic fungi collectively form a clade within the ‘early-diverging lineages’ of
fungi, outside the better known Ascomycota and Basidiomycota. They are largely found in

freshwater ecosystems with a global distribution %4,

Zoosporic fungi are typically
characterized as saprobes, such as Allomyces, although parasitic life strategies on both plant
and animal hosts also do exist '®°. Similar to all fungi, colonies of Allomyces use mycelia to
absorb nutrients and ultimately grow reproductive structures. Unlike most fungi, Allomyces
produce zoosporangia, terminations of mycelial branches that make, store, and ultimately
release a multitude of single-celled, flagellated propagules, termed zoospores '°. When the
appropriate environmental cues are present, zoospores are produced en masse, eventually
bursting from zoosporangia %, Once in the water column, the zoospores rely on a single,
posterior flagellum to propel themselves away from the parent colony and towards suitable
substrates or hosts 1.

During dispersal of the zoosporic life stage, interpretation of environmental cues is
critical for the survival and success of the future colony '®’. Zoospores have a finite amount of

endogenous energy reserves, and no zoospore is known to metabolize energy from external

sources %%, This energetic constraint places significant pressure on the zoospore to efficiently
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locate a favorable environment for settlement and growth. The evolution and maintenance of
a sensory system within the unicellular zoospore allows it to evaluate external conditions,
move towards suitable habitats, and avoid hazards '®*. Previous studies across zoosporic fungi
led to the discovery of a number of sensory modalities that guide zoospore dispersal including
chemotaxis, phototaxis, and electrotaxis >'°*!7°. However, these studies have neither tested a
single species for multiple sensory modalities, nor posited the possibility that these single
senses may only be a portion of a more complex sensorimotor system guiding zoospores.

In the fungus Allomyces, zoospores use chemotaxis or phototaxis to guide dispersal and
settlement >!”!. Chemotaxis towards the source of amino acid gradients allows zoospores to
congregate at the site of an injury or on decaying material in the water column '*°. 4llomyces
macrogynus zoospores possess refined chemosensation, settling on substrates at varied rates
in response to different amino acids '®°. Alternatively, the zoospores of Allomyces reticulatus
display positive phototaxis, potentially leading spores to swim towards the air-water interface
2, Studies to date have not tested for the presence of chemotaxis in 4. reticulatus or phototaxis
in A. macrogynus. In animals, positive phototaxis and subsequent ‘rafting’ on floating debris
work to considerably increase the dispersal range of planktonic larvae "2, Similarly, spores
attracted to the surface may encounter floating debris, algal hosts, or currents that aid their
dispersal.

While little is known about the molecular mechanisms of chemotaxis in fungal
zoospores, the underpinnings of their photosensitivity are beginning to come to light. The
protein responsible for light-detection in zoospores of Blastocladiella emersonii, a close
relative of Allomyces, is a bacteriorhodopsin gene called CyclOps (Beme-Cycl) '73. Unlike

many bacteriorhodopsins that regulate ion channels, Beme-Cycl acts through regulating
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intracellular cGMP '"*. A CyclOps gene is present in the genome of 4. macrogynus (Amag-
Cycl), a species that has been anecdotally described as having phototactic zoospores ¢, A
recent study by Gao et. al., 2015, however, contradicts claims of phototaxis in A. macrogynus
by revealing the proteins encoded by Amag-Cycl are orders of magnitude less sensitive to
dark/light transitions than Beme-Cycl proteins !>, This raises questions about the sensitivity of
CyclOps proteins needed for phototaxis and mutations potentially responsible for shifts in
photosensitivity.

The uncertainty surrounding the sensory systems of Allomyces zoospores demands
experimental evidence to clarify number and types of modalities used during dispersal and
settlement. Addressing the current deficits in our understanding of fungal sensory systems is
also motivated by the potential to discover a system that will further our knowledge of
multisensory evolution and function in early opisthokonts. Here, we investigate the responses
to chemical and light gradients in three species of Allomyces; revealing previously unknown
variation in fungal sensory systems, and discovering a novel multisensory system in a

zoosporic fungus.

I1. Materials and Methods

Culture conditions

We used Allomyces arbusculus str. ATCC 10983, Allomyces reticulatus str. California 70 from
ATCC (cat. No. 42465), and A. macrogynus from the Roberson lab (Arizona State University).
We kept cultures of A. macrogynus and A. arbusculus in both solid and liquid media. For solid
media, we used !”® Emerson YSS (HiMedia M773) at half strength. Colonies transferred
aseptically in a laminar flow hood every 4 weeks by moving a chunk of mycelia from the

leading edge of the colony onto a new plate. For liquid media, we followed the protocol for
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Machlis’ medium B. We inoculated liquid cultures via sterile transfer of sporangia and mycelia
into a 125mL Erlenmeyer flask containing 50mL of liquid media and antibiotics '7® for the first
generation. For all subsequent generations kept in liquid culture, we used dilute salts solution
to initiate sporulation of the previous generation’s colonies. We then added 1 mL of this
zoospore-dilute salts solution (referred to a sporulation product from here on) into new liquid
media. Both liquid and solid cultures were grown on an orbital shaker at 140rpm and kept at
room temperature (~24C). Cultures in liquid media were kept for a maximum of 5 days, and
were considered ready for sporulation after 72 hours. Because A. reticulatus did not grow well
in liquid media, we cultured A. reticulatus on full strength Emerson YSS media for no more
than 6 weeks. Propagation of 4. reticulatus cultures in solid media was performed identically

to the other species.

Sporulation conditions

Liquid cultures of 4. macrogynus and A. arbusculus were considered for sporulation
after 72 hours. We visually inspected colonies under a microscope to confirm the absence of
gametangia. Using a stainless steel sterile mesh, we strained the colonies out of growth media
and rinsed them 5 times with dilute salts solution to remove the growth media from the
colonies. We then placed the rinsed colonies and strainer in a pyrex dish with 10 mL of dilute
salts solution and allowed them to sporulate for no more than 90 min. Once either sufficient
spore density had been reached (5x10° spores mL™! for chemotaxis '®°, 1x10° spores mL™! for
phototaxis %) or 90 minutes had elapsed, the mesh and colonies were lifted out of the dish '’
Because A. reticulatus was only grown on solid media, we took a surface scraping to lift
sporangia from the agar and placed it into a pyrex dish with 10 mL dilute salts solution "7 If

no zoospores were present, we replaced dilute salts solution every 20 minutes for the first hour.
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Sporulation typically occurred within 8 hours, after which the colonies were strained from the

dilute salts solution.

Phototaxis trials

We conducted phototaxis trials in a custom 1x5x3 cm (WxHxL) plexiglass chamber.
We added 10 mL of sporulation product, diluted to 1x10° spores mL™! 13, to the test chamber
and allowed the solution 15 minutes in total darkness to dark adapt and randomize spore
distribution. Preliminary trials showed that an adjustment period of 15 minutes, rather than 30

I3 was sufficient for zoospore randomization and dark adaptation. After the

minutes
adjustment period, spores were exposed to a white light (USHIO halogen bulb) through a 5
mm diameter fiber optic cable positioned 5 cm from the leading edge of the test chamber. To
calibrate the intensity of light, we used a JAZ Oceanoptics light sensor with Spectrasuite
v2.0.162. We adjusted the intensity of the light to 1.8-1.0x10'* mol of photons cm™ on the edge
closest to the light source. The chamber was designed with thick plastic to limit heat transfer
to the zoospore suspension, no appreciable thermal turbulence or change in temperature was
observed after 15 minutes of light exposure. After 15 minutes of light exposure we divided the
test chamber into 4 sequential sub-chambers (10x25x15mm) using sterile glass slides. This
resulted in 4 sub chambers (1, 2, 3, and 4) arranged linearly so that sub chamber 1 was closest
to the light source, while subchamber 4 was the farthest away (Fig. S1A). We gently agitated
the liquid in each subchamber to homogenize swimming spore distribution and counted
swimming spore density in four, 10ul samples from each subchamber using a hemocyometer.
To account for the variation in spore counts between each trial in both control and light

treatments, we quantified the number of swimming spores in each chamber as a proportion of

the total number of spores counted in that trial. This resulted in less inter-trial variation. A total
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of 10 control treatments (no light exposure) and 18 experimental treatments were conducted

for each species.

Chemotaxis trials

Chemotaxis trials followed the protocol established by Machlis '*°. The amino acids
and combinations thereof we tested were Lysine (K), Leucine (L), Proline (P), L+K, L+P, K+P,
L+K+P, and Buffer (5x10M KH,POs) solution (referred to as ‘treatment solutions’ from here
on). All amino acid concentrations were 5x10*M for each amino acid in all treatments. We
created a chemical dispersal apparatus by drilling a hole through the lid of a 60x15mm petri
dish and inserting a Smm inner diameter glass pipette. We secured dialysis membrane (3500
MWCO) to the tip of the pipette and positioned it 3mm above the bottom of the petri dish (Fig.
S1B). This creates a gradient in the petri dish of whatever solution is placed behind the dialysis
membrane, allowing zoospores to navigate to the membrane, where they settle and can later
be counted. The dialysis membrane was soaked and rinsed with DI water for 24 hours to
remove potential contaminants and bubbles that would affect results 1”8, Turbulence in the petri
dish would greatly affect the strength of the gradient. To avoid this, we placed the modified
petri dishes in a larger, sealed container to avoid drafts and the treatment solution was added
last. This resulted in no movement of any container between the addition of treatment solution
and the end of the trial.

To test chemotactic and settlement response to these treatments, we added 10 mL of
sporulation product (diluted to 5x10° spores mL™) to the petri dish and 300 pl of treatment
solution into the pipette. As a control, we used 300 pl of buffer alone. We allowed the spores
to react to the gradient in total darkness for 90 minutes. At the end of the trial time, we removed

the pipette and dialysis membrane from the dish and gently shook it to remove excess liquid
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169 We counted spores settled on the membrane under an Olympus szx7 at 400x or greater

magnification.

Molecular Methods:

A) PCR, cDNA synthesis & sequencing: Because genomic data existed for A. macrogynus but
expression data did not, we used PCR to attempt to identify if CyclOps genes are expressed in
A. macrogynus zoospores. mRNA was extracted from zoospores using a NucleoSpin RNA XS
kit. We synthesized cDNA using the Clontech cDNA synthesis kit. Primers were designed
from putative rhodopsin/guanalyl-cyclase fusion proteins identified from the BROAD
institute’s Allomyces macrogynus genome, using the CyclOps protein from Blastocladiella
emersonii as bait sequences 7>, Sets of primers were designed in IDT PrimerQuest. All PCRs
products were visualized using a 1% agarose gel with 100bp ladder. PCR for CyclOps was
only done on A. macrogynus as transcriptomes for 4. reticulatus and A. arbusculus would yield
expression data.

RNA was isolated from zoospores of A. reticulatus and A. arbusculus using Nucleospin
xsRNA kit, and cDNA was synthesized using the NEBNext RNA First and Second Strand
Synthesis modules. cDNA was sequenced using a multiplexed Illumina HiSeq lane at
approximately 50x coverage.

B) Bioinformatics and Statistics: We trimmed Illumina data using Trimmomatic !7°, assembled
using Trinity 2.0, and analyzed on the UCSB Osiris bioinformatics platform 8%18! Pytative
CyclOps proteins were identified using Beme-Cycl as a bait sequence in BLASTn searches
against the 4. macrogynus genome, NCBI bioproject 20563, and the new A. reticulatus and A.
arbusculus zoospore transcriptomes. Any sequence with an e-score lower than 1e-40 was

considered as a candidate. We then used the ‘get orf” feature from Trinity to produce predicted
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proteins from candidate genes, selecting the longest orfs with the highest similarity to Beme-
Cycl protein when reciprocally BLASTed using blastp. We identified the putative Cyc/Ops
gene in both A. reticulatus and A. arbusculus (Aarb-Cycl). Reads from A. arbusculus
transcriptome were mapped back to the putative Aarb-Cycl using Bowtie2 82 and visualized
using IGV viewer '*3. Because the bacteriorhodopsin and guanylate-cyclase domains appeared
in different orfs on the same strand, each base was manually examined for uncertainty and low
support. A guanine at site 378 was manually removed due to low coverage and low support in
the reads, implying that the addition of guanine at position 378 most likely an assembly artifact.
The manually edited Aarb-Cycl gene produced a single predicted orf with the appropriate
bacteriorhodopsin-guanylyl cyclase domains (Fig. S2).

Candidate proteins were aligned using MAFFT under the L-INS-i strategy. Outgroups
were selected based on a previous analysis !”* (Fig. S2). The alignment was used to create a
phylogeny of candidate genes with RAXML 8 ¥ and 100 bootstrap replicates using the GTR

185 and annotations were added in Adobe

+ I' model. Trees were visualized in Evolview
[lustrator.

Comparisons of zoospore phototaxis behavior were analyzed using JMP vI12.0.
Average spore counts per subchamber per trial were analyzed using pairwise Tukey’s HSD
between control and experimental sub-chambers. Although sample size was low, each sample
represents an average of four replicates for each treatment. Zoospore chemotaxis was analyzed

using Wilcoxon each pair due to the nonparametric distribution of results and small sample

size (n=10).
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II1. Results

Allomyces reticulatus relies on phototaxis

Zoospores of A. reticulatus showed no significant deviation from the control when

exposed to any amino acid treatment (P > 0.05 for all treatments) (Fig. 1). In accordance with

existing literature, 4. reticulatus showed a significant response to a directional light source 2.

The number of zoospores swimming in the subchamber closest to the light source (Fig. 2) was

significantly higher than when no light source was present (P = 0.0005).
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Figure 1. The number of zoospores settled on the dialysis membrane in response to varying amino

acid treatments. (A) Allomyces reticulatus, (B) A. arbusculus, (C) A. macrogynus. Each column

represents the number of zoospores settled on 2mm? dialysis membrane after 90 minutes. Squares

represent means. Control, Proline (P), Leucine (L), Lysine (K), and combinations thereof. N=10 for all

treatments, Y axis in log scale.
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Figure 2. The proportion of swimming zoospores found in each subchamber in phototaxis trials.
(A) A. reticulatus (B) A. arbusculus or (C) A. macrogynus zoospore distribution after 30 minutes of
darkness (grey background) or 15 minutes of darkness followed by 15 minutes exposure to directional
light (white background). The directional light source was positioned so light intensity was strongest
in sub-chamber 1 and lowest in sub-chamber 4. Data points in each subchamber represents the proportion
of swimming zoospores counted in that subchamber relative to the total number of swimming zoospores
counted in that trial. This method reduces the effect of variable inter-trial numbers of swimming
zoospores on the overall trend.

Allomyces macrogynus relies on chemotaxis

As seen in previous experiments, 4. macrogynus zoospores displayed a significant
response to all amino acid treatments compared to the control '%°. Proline (P = 0.0294), leucine
(P=0.0275), lysine (P=0.0294), and any combination of two or three amino acids when
compared to a control (P < 0.001) (Fig. 1). Zoospore response to increasing treatment

complexity was non-linear though roughly equal for all unique combinations of equal
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complexity. Allomyces macrogynus zoospores showed no response when exposed to a
directional light source (Fig. 2). The number of zoospores in all sub-chambers were the same

for both light and dark trials (P = 0.9976).

Allomyces arbusculus uses both chemotaxis and phototaxis in a multisensory system

As expected from existing literature, 4. arbusculus zoospores responded similarly to
the zoospores of A. macrogynus when exposed to amino acid treatments. The number of spores
settled increased in a nonlinear fashion as the complexity of the treatment increased, though at
a lower average number of settled spores when compared to 4. macrogynus: K+P (P =0.0014),
K+L (P = 0.0014), L+P (P = 0.0008), K+L+P (P = 0.0004) (Fig. 1). As opposed to A.
macrogynus, A. arbusculus does not respond to, or cannot detect, gradients of single amino
acids (P > 0.05 for all single A.A. treatments) with the possible exception of Proline. We found
that no zoospores settled when A. arbusculus was exposed to trials of Proline alone, potentially
indicating the potential for negative chemotaxis or inhibition of settlement in response to
gradients of Proline by itself. However, we can not definitively resolve this reaction with our
sample size (Proline v. Control: P = 0.072; N=10). When exposed to a directional light source,
A. arbusculus display positive phototaxis (Fig. 2). The number of zoospores in the sub-
chamber closest to the light was significantly higher (P < 0.0001) in light vs. dark trials and

was comparable to the response of 4. reticulatus zoospores.
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B-BR-B -B-B-B- Alomyces reficulatus ¢15239 [KY905145]
Outgroups

Figure 3. Cladogram showing the relationships and conserved amino acid residues in CyclOps
proteins. Boxes indicate amino acid residues critical for binding 7, with residue numbers based on
position in unaligned Beme-Cycl (AIC07007.1). Black boxes indicate an amino acid matching at that
residue when compared to Beme-Cycl, grey boxes indicate a mutation, and white boxes indicate a gap.

CyclOps is present in all species, may not be expressed in A. macrogynus zoospores
Phylogenetic analysis of putative CyclOps genes reveals CyclOps presence in all three
samples (4. arbusculus & A. reticulatus: transcriptome data. Allomyces macrogynus:
previously available genome data). The single copy of CyclOps recovered from the A.
arbusculus transcriptome revealed a possible truncation of the Guanylyl cyclase domain (Fig.
3). Both Aarb-Cycl and Amag-Cycl share a mutation at the putative functional residue F313 to
1313. Despite the success of positive controls indicating successful PCR amplification, no

primers successfully amplified Amag-Cycl from A. macrogynus zoospores.

IV. Discussion

Understanding how sensory modalities evolve and integrate with other behavioral
circuits remains an open question in neurobiology and evolutionary biology. The Allomyces
genus, with variation in sensory systems first discovered in this study, will aid in answering

these questions. Previous studies showed Allomyces spores use either chemotaxis or phototaxis
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to guide dispersal. Here, we reveal that the sensorimotor system in 4. arbusculus is multimodal
- able to process both chemical and light cues. Additionally, our results reveal the previously

unknown complexity and variation of sensorimotor systems across species of Allomyces.

Variation in sensory modalities across Allomyces:

We report unknown variation in the distribution of sensory modalities across the genus.
This variation manifests in two ways: the types of sensory modalities used by each species of
Allomyces and the responses of 4. arbusculus and A. macrogynus zoospores to the same amino
acids. The lack of phototaxis, coupled with the inability to amplify CyclOps from zoospore
mRNA in 4. macrogynus is quite interesting due to conflicting reports between previous
studies. These studies conflictingly report that A. macrogynus zoospores are either phototactic

) 166 or that the photosensitive protein, Amag-Cycl, does not

(through anecdotal evidence
respond effectively to light !>, Our findings support the hypothesis that CyclOps in A.
macrogynus no longer effectively differentiates between light and dark, and suggest that
CyclOps expression has been lost in zoospores. With the loss of phototaxis, the distribution
and settlement of A. macrogynus zoospores likely deviated greatly from both A. reticulatus
and A. arbusculus in natural settings.

The variation in Allomyces sensory systems discovered in this study coupled with the
convergent function of Cyc/Ops and animal opsins make it critical to our understanding of the
evolutionary history of light sensing. Animal photoreception, mediated through Type II opsins,
operates through intracellular regulation of cyclic nucleotides. Non-animal photoreception,
mediated through Type I opsins, operates through channel and sensory rhodopsins (SRII).

However, unlike Type II opsins, SRIIs do not regulate cyclic nucleotide concentrations.

Instead, SRIIs indirectly regulate CheY, a protein that controls flagellar motion 3¢, Type I and
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11 opsins are considered a spectacular example of convergent evolution '¥7. CyclOps represents
a functional evolutionary convergence, where the protein may modulate intracellular cGMP
levels like some Type II phototransduction cascades, yet the sequence of Cyc/Ops indicates its
origin as a Type I opsin '7*. Studying the evolution of CyclOps sequence function through the
variation in A/lomyces will yield further insights into the evolution of this novel photosensory
mechanism.

The failure of A. reticulatus to move and settle on the cellulose membrane does not
necessarily indicate a complete lack of chemotaxis, but does highlight variation in Allomyces
sensory system evolution. The amino acids tested here are frequently associated with wounded
tissue and decaying organic matter, thus making them appropriate for guiding the distribution
and settlement of sessile saperobes !’®. While previous studies uncovered differences in the
combinations of amino acids 4. arbusculus and A. macrogynus zoospores move toward '%°, no
one tested the possible loss of this chemotactic response in a close relative. The absence of
chemotaxis to these amino acids in 4. reticulatus may reveal a turnover in sensory capabilities
responsible for controlling a vital behavior across the genus. Future studies will use the
variation in both chemotaxis and phototaxis across Allomyces as a platform to understand
behavioral integration, multisensory evolution, and sensory remodeling in an organism closely

resembling ancestral opisthokonts.

The Multisensory System of Allomyces arbsuculus:

Allomyces arbusculus zoospores present an easily culturable, laboratory tractable
system for investigating multimodal sensation in unicellular systems and its underlying
mechanisms. Previous studies have independently confirmed that zoospores use a diversity of

senses, but fungal zoospores have only been tested for a single sense per species 216170173,
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Our findings represent the first study of zoospore multimodal sensing, and a concrete example
of multimodal sensorimotor control in a unicellular opisthokont (Fig. 1-2). Though
choanoflagellates fall within Opisthokonta ' and potentially exhibit both aerotaxis and pH-
taxis, it remains unknown if the sensory modalities in colonies (aerotaxis) are also used to
direct the dispersal stage (pH-taxis) %10,

Zoospores, as unicellular, flagellated cells, might closely represent the ancestral
opisthokont phenotype '8, Specialized cell types and functions may often evolve through
subfunctionalization followed by elaboration of the ancestral cell’s functions '*°. This implies
that as multicellular opisthokonts evolved, the foundation for specialized sensory
modalities/cells already existed in ‘pluripotent’, generalized pathways. Under the
subfunctionalization hypothesis, multimodal systems in unicellular organisms, such as we
report in A. arbusculus, must have evolved prior to subfunctionalization in ancestral,
multicellular opisthokonts. Future studies of the multimodal sensorimotor system in A.
arbusculus zoospores and the variation in modalities across Allomyces may uncover how
multiple senses became integrated into behavioral responses in ancestral opisthokonts.
Understanding these mechanisms in the context of the cellular subfunctionalization hypothesis

will further our understanding of sensorimotor evolution, elaboration and individuation

through cellular specialization.

Conclusions

We present a multimodal sensorimotor system in a unicellular life stage of a fungus.
The multisensory system of 4. arbusculus zoospores is an excellent system to study how
sensory modalities integrate into existing behavioral regimes. Together with existing models

of unicellular sensory mechanisms, the variation in sensory modalities in A/lomyces and other
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early diverging fungi will allow us to formulate more accurate conclusions about the evolution
of complex sensory systems and multisensory systems in ancestral eukaryotes. Lastly, the
relatively narrow taxonomic breadth associated with the multiple transitions in sensory systems
during Allomyces evolution will allow testing of broad questions in evolution; such as the role
multimodal cell types play in the origin and evolution of specialized sensory systems, and how

emergent behaviors evolve during sensory remodeling.
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