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ABSTRACT
WHITNEY B LEACH. Circadian behavior and gene expression in a burrowing estuarine
cnidarian Nematostella vectensis. (Under the direction of ADAM M. REITZEL)
Animals respond to diurnal shifts in their environment with a combination of
behavioral, physiological, and molecular changes to synchronize with regularly-timed
external cues. The light:dark cycle is regarded as the most important entrainment cue for
setting cycles in many bilaterian including mammals, fish, insects and other
invertebrates; but the molecular mechanisms that may be responsible for these
phenotypes in non-bilaterian phyla remain largely unknown. To improve our
understanding of how the photoperiod impacts circadian oscillation in cnidarian
organisms (sister group to bilaterians), the sea anemone Nematostella vectensis was used
to develop transcriptional and behavioral profiles in response to different light conditions.
Nematostella has oscillating patterns of locomotion and respiration, as well as the
molecular components of a putative circadian clock that may provide a mechanism for
these light-induced responses. Transcriptional profiling revealed large shifts in
differential gene expression in response to light removal and to different wavelengths of
light. Further, analysis revealed many circadian clock related genes shift expression or
lose expression depending on the light cue, suggesting that this repertoire of genes may
be photo-responsive rather than truly circadian and behavioral profiling of anemones in
different wavelengths revealed a potential circatidal clock in anemones. Our data
highlight the importance of diel light cycles on circadian mechanisms in this species,
prompting new hypotheses for the role of photoreception in major biological processes,

e.g., metabolism, immunity.
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Introduction

1.1 Structure of Animal Circadian Clocks

Nearly all organisms on Earth exhibit biological rhythms driven by environmental
cues, or Zeitgebers, set by biotic and abiotic factors (e.g., temperature and food
availability), with solar (day/night) irradiance as a prominent natural cue. The
endogenous, self-sustained oscillations in animals are propelled by a common mechanism
involving three essential parts: the proteins that make up the clock itself, input
environmental signals and regulatory proteins, and output genes/proteins (clock
controlled genes, CCGs; Allada and Chung, 2010; Dunlap, 1999; Golden et al., 1997;
Reitzel et al., 2010; Reppert, 2000). The genetic basis of circadian rhythmicity has been
defined in several model animals, including insects (Allada and Chung, 2010; Yuan et al.,
2007), mammals and other vertebrates (Buhr and Takahashi, 2013; Dodd et al., 2005;
Panda et al., 2002), and more recently in sponges (Jindrich et al., 2017) and cnidarians
(Hoadley et al., 2011; Reitzel et al., 2010; Vize, 2009, see below). Each of these studies
identified several feedback loops, transcription factors, promoter regions, or regulator
proteins related to circadian rhythmicity that share common functional domains, protein-
protein interactions, and enhancer motifs (Allada and Chung, 2010; Sebens and
DeRiemer, 1977; Yuan et al., 2007; Zhu et al., 2008a).

The molecular mechanisms underlying endogenous oscillations in animals are, in
principle, a set of interlocking transcriptional-translational feedback loops (TTFL) —
mostly transcription factors — that have cyclic expression patterns (Figure 1). The

foundation of what is known about the molecular underpinnings of circadian networks



comes from studies using diverse insects and mammals, which is remarkably highly
conserved. The general architecture of the circadian framework is composed of three
components: negative elements, the positive elements, and feed-forward elements
(Dunlap, 1999). Figure 1 shows this network of interacting loops, where the positive
elements, also known as the core clock components, upregulate and promote transcription
of elements in the feedback and feed-forward loops (along with other CCGs). Activation
of these elements in turn provide positive (feed-forward elements) or inhibitory (negative
elements) feedback to the core clock components, creating a pattern of activity leading to

biological oscillation.

1.2 Transcription-Translation Feedback Loop: Positive and Negative Elements
1.2.1 Insect Oscillator

In 1971, the first circadian clock gene, period, was identified in the fruit fly
Drosophila melanogaster (Konopka and Benzer, 1971). Decades of research since has
paved the way for building the circadian framework in flies and other model organisms,
which remarkably, is largely conserved among bilaterians and dates back to ancestors of
deuterostomes and protostomes (Dunlap, 1999). It was in Drosophila that TTFLs were
originally proposed as the mechanism that drives rhythmic gene expression controlling
biological clocks (Hardin et al., 1990; Hardin et al., 1992). After extensive investigation
of this hypothesis, the current understanding of TTFLs is shown in Figure 2.

In flies, as reviewed in Allada and Chung (2010), expression of transcriptional
activators Clock and Cycle of the basic helix-loop-helix Per-ARNT-Sim (bHLH-PAS)

family make up the core of the clock, or the positive elements (Figure 2). Light driven



rhythmic cytoplasmic expression of their encoded protein products CLK and CYC form
heterodimers (CLK:CYC) via their PAS domains, that translocate back to the nucleus
where they selectively bind to the E-box enhancer elements (CACGTG) in the DNA
binding domain of target genes, including the transcriptional repressors period and
timeless. In the cytoplasm, accumulation of CLK:CYC early in the photoperiod drives an
increase of PER:TIM and by the end of the photoperiod, a decrease of CLK:CYC
effectively terminates expression of period and timeless. As the balance of PER:TIM is
greater in the cytoplasm late in the day, the remaining CLK and CYC proteins are
degraded as PER and TIM proteins heterodimerize and translocate to the nucleus where
they bind to and sequester CLK:CYC heterodimers via a PAS domain, keeping them
from binding to E-boxes and essentially turning off their own transcription. By the next

day, early light activates transcription of Clock and Cycle and the loop repeats itself.

1.2.2  Mammalian Oscillator

The positive elements Clock and brain and muscle ARNT-like protein 1, or
BMALI (ortholog of Cycle, in the bHLH family of transcription factors — also called
MOP3), make up the core bilaterian oscillator [see reviews by Reppert (2000) and
Reppert and Weaver (2002)]. One of the major differences between the molecular
mechanisms of circadian clocks in mammals and flies is in the negative loop, where
CLK:BMALLI heterodimers drive expression of both conserved and unique CCGs as
repressors: three orthologous PERIOD (PER1, PER2, or PER3) proteins and two
orthologous Type II Cryptochromes (CRY1 or CRY2). Combinations of these

transcriptional repressive CCGs form heterodimers, and provide negative feedback by



directly interacting with CLK:BMAL1 heterodimers through their PAS domains in a

mechanism similar to Drosophila.

1.3 Transcription-Translation Feedback Loop: Feed-Forward Loop
1.3.1 PAR-bZIP Transcription Factors

Transcription factors in the proline- and acid-rich (PAR) subfamily of the basic
leucine zipper bZIP family are common regulators of a broad range of biological
processes, including development, reproduction, metabolism, and circadian cycles
(Amoutzias et al., 2007; Reinke et al., 2013). In both insects and mammals, the feed-
forward loop of the circadian architecture for some tissues is made up of PAR-bZIP
genes (Reitzel et al., 2013b), although their function is better characterized in insects. The
activity of this branch of the clock provides both positive and negative feedback to the
core clock components to balance their transcription. In Drosophila, protein products of
E-box containing PAR-bZIP genes vrille and pdp1 (also target genes of CLK:CYC
activation) bind to V/P-boxes in the promoter region of Clock genes, inhibiting

(VRILLE) or activating (PDP1) its transcription (Cyran et al., 2003).

1.4 Non-Model Organism Clocks

Because studies of circadian oscillators in animals have mainly been conducted on
mammals and insects, it has been inferred that many or all animal circadian clock
mechanisms are highly conserved due to the level of similarity between these two
disparate lineages (Dunlap, 1999). However, with the emergence of genomic resources

for non-model organisms and mechanistic characterization of the circadian clock of more



species, divergence of the genes involved in the circadian clock has become increasingly
apparent. In addition to gene duplications and deletions contributing to a broader
repertoire of circadian genes than previously thought (Yuan et al., 2007), studies have
also shown core clock components have involvement in processes other than time-
keeping, for example: visual sensitivity (Horne and Renninger, 1988), symbiont
bioluminescence (Heath-Heckman et al., 2013), sun compass apparatus (Merlin et al.,
2009; Zhu et al., 2008b), reproductive cycles (Levy et al., 2007), and diapause (Meuti et
al., 2015) to name a few. Thus, while early efforts to compare circadian clockwork across
bilaterian animals favored a hypothesis for deep conservation (Dunlap, 1999), recent
studies with more species have revealed the variability in composition of this molecular
time keeper (Rosbash, 2009). These studies resulted in less certainty with what we may
actually call the "animal circadian clock" and what the core components are. Here,
studies of outgroup taxa to the bilaterians would certainly be of value to understand what
components were present and when in phylogenetic history and how they may interact in
the origin and variation of the circadian clock in different lineages. Species in the phylum

Cnidaria are informative for these comparisons.

2.1 Cnidarians

Cnidarians (corals, jellyfish, sea anemones, hydroids) form a phyla of marine
invertebrates that, as an outgroup to Bilateria, comprise an insightful system to study
circadian biology from a comparative and functional context. The starlet sea anemone,
Nematostella vectensis, has been developed as a model cnidarian due to its ease of

laboratory culture and sequenced genome (Hand and Uhlinger, 1992; Hand and Uhlinger,



1994; Putnam et al., 2007), becoming a focal species for cnidarian circadian research
(Hendricks et al., 2012; Oren et al., 2015; Peres et al., 2014; Reitzel et al., 2010; Reitzel
et al., 2013b). In addition to its informative phylogenetic position, Nematostella inhabits
a highly variable estuarine environment, with seasonal and daily fluctuations in abiotic
factors (Reitzel et al., 2013a; Sheader et al., 1997) known to influence behavior and
physiology; e.g., gametogenesis, reproductive cycles, oxygen consumption and
locomotion (Fritzenwanker and Technau, 2002; Hand and Uhlinger, 1994; Hendricks et

al., 2012; Maas et al., 2016).

2.1.1 The Ecology and Distribution of Nematostella

Sea anemones are typically found in marine ecosystems; however, a few species
have been identified in the brackish water of salt marsh habitats, including Nematostella
vectensis of the family Edwardsiidae, commonly referred to as the starlet sea anemone.
Nematostella is a small (~2 cm long), transparent infaunal species occupying the soft
substrate in tidally restricted pools with extreme salinity and thermo-tolerance. Salinities
and temperatures as low as 8.96 parts per thousand (PPT) and -1°C, respectively, and as
high as 51.54 PPT and 28°C have been reported for Nematostella (Hand and Uhlinger,
1994; Reitzel et al., 2013a; Williams, 1983). Additionally, extreme daily temperature
fluctuations greater than +/- 20°C are possible in these environments.

Kneib (1985) reported the only known predator of Nematostella as Palaemonetes
pugio, a common marsh grass shrimp, but are themselves voracious predators (Posey and
Hines, 1991). Based on laboratory and field observations, they naturally occur with their

physa and body column burrowed into the thixotrophic sediments, with their oral disk



and tentacles exposed. This position allows them to opportunistically feed on passing
adult crustaceans and their larvae (Frank and Bleakney, 1978), where their prey capture
strategy involves injection of a battery of neurotoxins prior to ingestion.

The sexes of Nematostella are separate and can reproduce asexually through
budding, or sexually. Female gametes are released in a gelatinous egg mass where upon
external fertilization with sperm, will undergo a complete larval cycle in less than 7 days.
Adult anemones will reach sexual reproductive age between 3-6 months in laboratory
settings.

Nematostella is widely distributed and can be found all along the eastern, western
and Gulf of Mexico coastline of the US, parts of eastern Canada and the southeast coast
of England (Hand and Uhlinger, 1994). Population level genomic work suggests that
Nematostella native range is the eastern coast of the US and has been anthropogenically
introduced into other locations (Darling et al., 2004; Reitzel et al., 2008). Nonetheless,
this broad geographic distribution with independent populations along a latitudinal cline

requires anemones to tolerate a wide range of environmental conditions.

2.1.2 Nematostella in the Laboratory
The culturing of Nematostella in laboratory settings is well described, further
lending towards this species as a model organism. With relatively little investment,
anemones can be maintained in non-circulating artificial sea water in finger bowls at
ambient light and temperature. Routine care involves weekly feedings of freshly hatched
brine shrimp, or mussel for more rapid growth, followed by water replacement; however,

animals are negligibly senescent and can be kept at ~16°C indefinitely if they are in clean



water. Although anemones are not sexually dimorphic, they are dioicous and can be
induced to spawn in laboratory conditions. Reproductively active adults are capable of
undergoing a complete reproductive cycle every 24-hours. Females release egg masses,
or clutches, with up to thousands of eggs contained in a jelly-like matrix, which can be
removed by washing in 2-4% cysteine solution. Once the eggs have been ‘de-jellied’,
manipulation is straightforward (Genikhovich and Technau, 2009b). Females can be kept
separate from males; thus fertilization can be controlled and each life history stage (egg,
embryo, planula, juvenile polyp, adult) can be collected. Anemones also undergo asexual
reproduction via physal budding or pinching, where, within a short period (<5 days),
complete regeneration of each portion can occur. Animals can also be cut, which induces
regeneration of each portion allowing controlled clonal populations to exist.

The genome of Nematostella was sequenced in 2007 (Putnam et al., 2007) revealing
a high level of genomic complexity, including conservation of many pathways (e.g.,
developmental genes, immune genes — (Genikhovich et al., 2010; Layden et al., 2016).
Since 2007, several molecular tools have been developed and matured, that in addition to
its tractability in the lab, renders Nematostella a powerful cnidarian model. Among these
tools are matured protocols for transgenesis (Renfer and Technau, 2017), knock-down
and knock-out gene editing (He et al., 2018; Ikmi et al., 2014; Karabulut et al., 2019;
Moran et al., 2014; Wolenski et al., 2013), and in-situ hybridization (Genikhovich and
Technau, 2009a). Further, extensive transcriptome sequencing and gene methylation
studies have increased the utility of the Nematostella genome (Schwaiger et al., 2014;

Sebé-Pedros et al., 2018; Zemach et al., 2010).



2.1.3 Field Collections of Nematostella

Because they are easily collected year-round from salt marsh sediments and occur in
high densities, Nematostella field collections are relatively simple. Not only does this
help with supplying animals for lab populations, but because the natural habitat of
Nematostella is one that is typically undisturbed, ecological studies are feasible.
However, few studies have levied their utility ‘in-sifu” (in this case, meaning ‘in the
field’) from the perspective of evolutionary adaptation. Coastal estuaries are ecologically
critical and highly dynamic and the physiological tolerance of Nematostella, in addition
to limited gene flow between populations (Darling et al., 2004; Reitzel et al., 2008),
makes them an attractive model for understanding the genetics and molecular

mechanisms underlying local adaptation.

3.1 Current Understanding of Cnidarian Circadian Clocks

Our understanding of what molecular components are involved in the cnidarian
clock is fairly limited (see reviews by Hoadley et al., 2016; Reitzel et al., 2013b). Initial
studies have provided evidence that cnidarians possess light-sensing proteins responsible
for photoreception and genes orthologous to core transcription factors, e.g., Clock and
Cycle (Hoadley et al., 2011; Levy et al., 2007; Reitzel et al., 2010); they however lack the
prototypical bilaterian clock repressors PER and TIM. Reitzel et al. (2010) described
three cryptochromes in Nematostella and determined that expression of two (NvCryla
and NvCry1b) are diel and likely play a role in the circadian regulatory pathway, whereas
the potential involvement of other light-sensing proteins like opsins is yet to be

determined (Reitzel et al., 2010; Suga et al., 2008). Although circadian cycling as it
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relates to light-dependent cues is responsible for numerous physiological, behavioral, and
molecular processes, our understanding of which genes respond to daily signals is poor.
Potential cnidarian CCGs have been studied in a few species of scleractinian corals:
Acropora cervicornis (Hemond and Vollmer, 2015), Acropora millepora (Brady et al.,
2011; Hoadley et al., 2011; Levy et al., 2007; Vize, 2009), and Favia fragum (Hoadley et
al., 2011) as well as the sea anemone Nematostella (Oren et al., 2015; Reitzel et al.,
2010). Oren et al. (2015) characterized changes in gene expression in Nematostella over a
light:dark period and showed that approximately 180 genes had cyclic expression. Under
light:dark conditions, potential CCGs that exhibit diel patterns of expression are from
diverse gene families and can be categorized into particular functional subgroups; e.g.,
metabolism, cell cycle, immunity, sensory processes, and essential circadian CCGs.
Previous studies that have compared gene expression in light:dark and constant dark
conditions have suggested a mixed response in cnidarians. Reitzel et al. (2010) showed
that long periods of darkness resulted in loss of cyclic gene expression for putative
circadian clock genes in Nematostella. Peres et al. (2014) showed that this loss of cyclic
expression occurred over a few days, in a gene-dependent manner. In corals, three days
of constant darkness resulted in loss of oscillating gene expression for F. fragum
(Hoadley et al., 2011). Similarly, Brady et al. (2011) showed that brief periods of total
darkness (one day) resulted in loss of cyclical gene expression for circadian clock genes
in A. millepora. 1t is presently unclear how the prolonged absence of light impacts
transcriptome-wide diel gene expression in cnidarians. In this study, we aim to explore
genes influenced by the photoperiod that putatively govern daily cycles and circadian

regulation in sea anemones.
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4.1 Dissertation Aims and Objectives

The objective of this dissertation research is to describe a suite of molecular and
behavioral responses to variable light environments for Nematostella and determine the
impact light has on entrainment of gene expression and activity levels. Previous research
in this species and other cnidarians have shown that oscillations in gene expression
dampen or disappear for several hypothesized circadian clock genes when exogenous
light is removed. Based on these combined data, light perception is a likely mediator in
many molecular pathways that work synergistically to coordinate gene expression. We
further support these observations by temporally comparing across the transcriptome of
dark-entrained sea anemones and have identified a subset of genes that did not retain
significant differences in expression over a day period (Leach et al., 2018). The decrease
in differentially expressed genes when sea anemones are cultured in constant darkness
indicates that consistent light cues are required to maintain oscillations for particular
groups of genes.

To further characterize gene expression and behavior to variable photic
environments, this dissertation has five data chapters: Chapter 1 quantifies differential
gene expression responses to light cue removal in Nematostella after 30 days of
entrainment in cyclic or constant conditions. Chapter 2 integrates gene expression and
behavior to measure the response of Nematostella to diel cycles of red, green, and blue
light and to constant conditions. Chapter 3 utilizes a cell type specific approach at
measuring transcriptomic responses of Nematostella to light:dark conditions in three cell

types (i.e., neural, epithelial and gland cells). Chapter 4 uses 16S rDNA sequencing to
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measure the abundance of bacterial associates of Nematostella over both light:dark and
constant conditions to measure how symbiotic interactions may be influenced by diel
lighting. Chapter 5, the final data chapter, establishes hourly transcriptomic profiles of

Nematostella sampled ‘in-situ’ from The Great Sippewissett Marsh in Massachusetts.
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CHAPTER 1

GENE EXPRESSION EFFECTS OF LIGHT CUE REMOVAL IN NEMATOSTELLA
VECTENSIS

Whitney B. Leach and Adam M. Reitzel
Citation
Leach WB, Reitzel AM. 2019. Transcriptional remodeling upon light removal in a

model cnidarian: losses and gains in gene expression. Molecular Ecology 28.14:3413-

3426.

Abstract

Organismal responses to light:dark cycles can result from two general processes:
(1) direct response to light or (ii) a free-running rhythm (i.e., a circadian clock). Previous
research in cnidarians has shown that candidate circadian clock genes have rhythmic
expression in the presence of diel lighting, but these oscillations appear to be lost quickly
after removal of the light cue. Here, we measure whole-organism gene expression
changes in 136 transcriptomes of the sea anemone Nematostella vectensis, entrained to a
light:dark environment and immediately following light cue removal to distinguish two
broadly defined responses in cnidarians: light entrainment and circadian regulation.
Direct light exposure resulted in significant differences in expression for hundreds of
genes, including more than 200 genes with rhythmic, 24-hour periodicity. Removal of the
lighting cue resulted in the loss of significant expression for 80% of these genes after one
day, including most of the hypothesized cnidarian circadian genes. Further, 70% of these
candidate genes were phase shifted. Most surprisingly, thousands of genes, some of

which are involved in oxidative stress, DNA damage response, and chromatin
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modification, had significant differences in expression in the 24 hours following light
removal, suggesting that loss of the entraining cue may induce a cellular stress response.
Together, our findings suggest that a majority of genes with significant differences in
expression for anemones cultured under diel lighting are largely driven by the primary
photoresponse rather than a circadian clock when measured at the whole animal level.
These results provide context for the evolution of cnidarian circadian biology and help to

disassociate two commonly confounded factors driving oscillating phenotypes.

Introduction

Light is a principal environmental cue that shapes biological communities by
influencing the behavior, physiology, and gene expression of individual organisms. For
organisms living in photic environments, the presence, duration, and intensity of light is
the most predictable cue for shaping time-dependent responses, whether they be at periods
of hours, days, or seasons (Bradshaw & Holzapfel, 2007; Dunlap, Loros, & DeCoursey,
2004; Edmunds, 1988). Over evolutionary time, these responses to light have resulted in
convergent behavioral and physiological phenotypes including diurnal and nocturnal
activity patterns, reproductive windows, and migration patterns, to name a few (A. Brady,
Hilton, & Vize, 2009; Gwinner, 1996; Mercier & Hamel, 2010; Tosches, Bucher,
Vopalensky, & Arendt, 2014). These light-dependent phenotypes measured at the
organismal level are the product of the differential expression of molecular pathways. How
light exposure is translated by organisms into these diverse phenotypes has been a central

focus for understanding how shifts in the environment can result in different phenotypic
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outputs through particular changes in gene expression (Cheng, Tsunenari, & Yau, 2009;

Fernandes, Fero, Driever, & Burgess, 2013; Roenneberg & Foster, 1997).

Organismal responses to a diel, or daily, light cue can result from two general
processes: direct response to the exogenous light or a free-running rhythmic response due
to an endogenous time keeper (circadian clock; Berson, Dunn, & Takao, 2002; Miyamoto
& Sancar, 1998; D. L. Williams, 2016). Direct responses occur only when an organism
responds post-illumination where the light impacts particular cells directly and the response
does not continue in the absence of repeated light exposures. Direct light responses occur
through ocular (Freedman et al., 1999; Lamb, Collin, & Pugh, 2007) or extra-ocular
(Edwards et al., 2008; Porter, 2016) photosensors that may then transmit the light responses
to other cells or tissues typically through neural cells. These responses may also occur in
any cell exposed to light, which would be particularly common in translucent organisms.
On the other hand, circadian clocks generate free-running rhythms as a result of molecular
networks that maintain oscillations in phenotype after the entraining cue is removed
(Dunlap, 1999; Hardin, 2006). In various animal species, circadian clocks are generally
known to be transcription-translation feedback loops that are centrally located in neural
cells in the brain or anterior structures (e.g., antennae in some insects) and maintain a free-
running period of approximately 24 hours (Dunlap, 1999; Shearman et al., 2000). The
central circadian clock can regulate the periodicity of additional tissues through hormonal
or other endocrine signaling mechanisms (Gamble, Berry, Frank, & Young, 2014; J.
Williams & Sehgal, 2001). Categorization between direct light responses and the
endogenous circadian clock can be challenging because these two responses can be

causally connected. For example, changes in the timing or duration of the daily light cue
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can influence the timing of the circadian clock and result in resetting (jet lag; Davis &

Mirick, 2006; Mendlewicz, 2009).

Species from early diverging animal phyla have been studied to characterize the
mechanisms of photoreception and signal transduction as well as the potential for a
circadian clock (Plachetzki, Fong, & Oakley, 2010). Research with sponges has shown that
various species have light-dependent behavior (Leys, Cronin, Degnan, & Marshall, 2002)
as well as the molecular components for photoreception (cryptochromes; Rivera et al.,
2012), components of the classic bilaterian circadian clock (Jindrich et al., 2017; Simionato
et al., 2007), and cyclical oscillations in gene expression of these clock genes under diel
lighting conditions (Jindrich et al., 2017). Similarly, light has a significant impact on the
behavior of ctenophores and previous studies have shown they have various light sensing
proteins encoded in their genome (Schnitzler et al., 2012), but the potential for a circadian
clock has not yet been studied (Reitzel et al., 2014). Cnidarians have emerged as an
informative group of animals to study the evolution of the circadian clock and the role of
daily light exposure on behavior, physiology, and gene expression (Hoadley, Vize, & Pyott,
2016; Reitzel, Tarrant, & Levy, 2013). It has been known for decades that light:dark cycles
impact the reproduction, movement, and physiology of various cnidarian species (Chalker,
Barnes, Dunlap, & Jokiel, 1988). More recently, phylogenomic studies have shown
cnidarians have many of the genes that compose the core bilaterian clockwork (Levy et al.,
2007; Reitzel, Behrendt, & Tarrant, 2010; Vize, 2009), most of which are expressed in an
oscillating pattern under diel lighting conditions (A. K. Brady, Snyder, & Vize, 2011; Oren
et al., 2015; Reitzel et al., 2010). Additional studies, primarily with corals, have also shown

that hundreds of genes are differentially expressed under light:dark (A. K. Brady et al.,
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2011; Ruiz-Jones & Palumbi, 2015), and lunar (Oldach, Workentine, Matz, Fan, & Vize,
2017) conditions, many of which appear to dissipate once the entraining cue is removed
(A. K. Bradyetal., 2011; Peres et al., 2014). It remains unclear how much of the differential
gene expression is a product of a direct light response or from an endogenous oscillator

(Oldach et al., 2017).

In this study, we utilized comparative transcriptomics to investigate the role of
direct light exposure and endogenous circadian oscillations on the gene expression of the
starlet sea anemone, Nematostella vectensis (hereafter referred to as just Nematostella).
Nematostella has developed into a focal species to determine the potential mechanisms for
responses to diel lighting and the circadian clock in cnidarians (Hendricks, Byrum, &
Meyer-Bernstein, 2012; Maas, Jones, Reitzel, & Tarrant, 2016). This nocturnal species has
clear circadian behavior and physiology with differential activity in diel lighting that is
maintained upon removal of the entraining cue. Nematostella has orthologs (bHLH-PAS
members Clock and Cycle/Bmal) or homologs (cryptochromes, PAR-bZIP) to genes
centrally involved in the bilaterian circadian clock, many of which have oscillating
expression under light:dark conditions (Reitzel et al., 2010; Reitzel et al., 2013). In
addition, hundreds of genes show differential expression under diel lighting (Leach,
Macrander, Peres, & Reitzel, 2018; Oren et al., 2015), but many of these have no evidence
for differential expression when animals are cultured under extended periods of darkness
(Leach et al., 2018; Peres et al., 2014). Together, these previous studies have shown this
species has a diverse transcriptional response to light but the maintenance of these
oscillations in gene expression are largely unknown, except after long periods of time (>20

days; Leach et al., 2018; Peres et al., 2014; Reitzel et al., 2010; Reitzel et al., 2013).
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Understanding how time-dependency of loss of rhythmic expression in genes with removal
of the entraining light cue is thus important to discern between direct light effects and those

resulting from a free-running circadian clock.

Here, we measure whole organism gene expression changes in Nematostella
entrained to a light:dark environment and immediately following light cue removal to
distinguish two broadly defined responses in cnidarians: (i): light entrainment and (i1)
circadian regulation. By comparing transcriptional patterns before and after exogenous
light removal, we report hundreds of cycling light responsive genes including those
predicted to be involved in a core clock mechanism, followed by a stress response in
constant conditions. Finally, we compared co-expressed genes over time and in each light
regime to reveal that light condition, rather than time-of-day, most significantly

influences gene expression.

Materials and Methods

Culturing and entrainment of Nematostella vectensis

Adult sea anemones from an outbred population of the genome strain (Maryland,
USA) were cultured in glass dishes containing 15 parts per thousand (ppt) artificial
seawater (ASW). These animals were fed haphazardly three times per week with freshly
hatched Artemia nauplii and the water was changed weekly. Animals were maintained at
these conditions for >1 month in an incubator at 25°C in one of two treatment groups:
either a diel light cycle using full spectrum lights (MINGER) or in constant long-term

darkness (DD; Fig. S1). Diel conditions were defined as cycles of 12-hour light: 12-hour
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dark. Zeitgeber time, or ZT = 0/ “lights on” was at 7:00 AM and ZT = 12/ “lights off” was

at 7:00 PM.

Light-removal experiment

Individual sea anemones (2-3 cm in length) were sampled from both treatment
groups (diel and long-term darkness; Fig. S1) in parallel every 4 hours over a 3-day period,
then immediately preserved in RNAlater (Ambion). Four biological replicates were
sampled at each time point from both treatment groups for a total of 136 individual samples
(n = 68 per treatment group). To measure the time-dependent effects of light removal on
gene expression in Nematostella, the light cue was removed from the diel light cycle group
after the first 24 hours (at ZT = 0 on the second day) and sampling continued for 44
additional hours. This sampling regime effectively created three treatment subgroups from
diel entrained anemones: day 1 of the experiment or ‘light:dark’ (LD), day 2 of the
experiment or ‘light removal day 1’ (LR1; i.e., the first day post-light removal), and day 3
of the experiment or ‘light removal day 2’ (LR2; i.e., the second day post-light removal).
Thus, samples from the first 24 hours of the experiment will subsequently be referred to as
light treatment ‘LD’, samples from the following 24 hours of the experiment will be
referred to as LR1, and samples from the last 20 hours of the experiment will be referred
to as LR2. Conditions for animals in the long-term darkness (DD) treatment group
remained constant during each sampling day (DD1, DD2, and DD3; Fig. S1, Supporting
information). We were unable to sample a sixth time at the end of sampling day 3 because
of insufficient animals in some treatments, hence why there are only 17 time points over

68 hours rather than a full 72-hour time course (Fig. S1).
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Tag-based RNA library preparation, sequencing, and processing

Total RNA was isolated from 136 samples (4 biological replicates * 17 time points
* 2 treatment groups) using the RNAqueous kit (Ambion) according to the manufacturer’s
protocol. Briefly, after pipetting off and discarding RNAlater from each sample, whole
animals were lysed by pipetting in lysis buffer for <2 minutes, washed 2-3 times, and eluted
on a column. Genomic DNA was removed using DNA-free kit (Invitrogen), and RNA was
assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). RNA was
shipped for tag-based library preparation at the University of Texas at Austin’s Genomic
Sequencing and Analysis Facility (GSAF) as in Meyer et al. (2011) and adapted for
[llumina HiSeq 2500. Briefly, total RNA was heat-fragmented and then reverse transcribed
into first-strand cDNA. The cDNA was purified using AMPure beads, and PCR-amplified
for 18 cycles. Unique Illumina barcodes were added in an additional PCR step for indexing
of each sample. After an additional purification step, libraries were pooled, spot checked
for quality on a Bioanalyzer (Agilent and Pico), and size-selected using BluePippin (350-
550bp fragments). A full version of the library preparation protocol can be found at

https://github.com/z0on/tag-based RNAseq.

Data processing pipeline

Raw sequence data (100 bp, single-end) were delivered from the UT Austin GSAF.
Raw reads were trimmed and quality-filtered using the FastX-toolkit (Pearson, Wood,
Zhang, & Miller, 1997). Trimmed reads were mapped against the Nematostella Vienna
transcriptome (see ‘Data Accessibility’ for link to gene models) using the Bowtie2 aligner

(Langmead & Salzberg, 2012) and a read-counts-per-gene file was generated retaining only
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reads mapping to a single gene (Table S1, Supporting information). Lastly, counts were
imported into the R environment for all downstream statistical analysis (R3.5.0, R Core

Team 2015).

Identification of cycling genes

Oscillating transcripts were identified with JTK CYCLEv3.1 in R (Hughes,
Hogenesch, & Kornacker, 2010), which determines p-values based on Kendall’s rank
correlation coefficient and effectively distinguishes rhythmic and non-rhythmic patterns.
JTK Cycle p-values were Bonferroni-adjusted for multiple testing. Raw counts from 4-
hour sampling intervals across all treatment subgroups were used as input data in the in
JTK Cycle script, and the ‘period’ parameter was set to ‘5:7’ to identify genes cycling
every 20-28 hours. We compared peak expression times for genes with significantly
oscillating expression over multiple days to identify potential shifts in peak transcription

with light removal.

Identification of differentially expressed genes (DEGs)

Normalization and differential expression analysis of read counts was performed
using a negative binomial generalized linear model in the R package DESeq2 (Fig. S2A-
C, Supporting information; Love, Huber, & Anders, 2014). Transcripts with low
abundances (mean count <3) were filtered to improve the rate of differential gene discovery
as implemented in the DESeq2 pipeline. The arrayQualityMetrics package (Kauffmann,
Gentleman, & Huber, 2009) was used to detect outlier transcripts with counts significantly
higher than the rest of the total counts, and were discarded from subsequent analysis (Fig.

S3A, Supporting information). DESeq2 normalized count data were regularized log
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transformed using the rlog function. Normalized and rlog transformed counts were used
for principal coordinate analysis based on Manhattan distances and significance was
evaluated using the vegan package in R (Fig. S2, Supporting information; Dixon, 2003).
Gene expression heatmaps were created using the pheatmap package in R with hierarchical
clustering of expression patterns (Kolde, 2018). Gene expression graphs were generated

with the ggplot2 function in R (Wickham, 2009).

We performed pairwise contrasts between each treatment subgroup, and between
each timepoint using Wald tests in DESeq2. P-values were calculated using the Benjamini-
Hochberg procedure and false discovery rate (FDR) adjusted for multiple testing. The
differentially expressed gene (DEG) lists from each contrast, including adjusted and

unadjusted p-values and log2 fold changes, were used for downstream analyses.

Gene ontology (GO) enrichment analysis

Functional summaries of DEGs from each contrast were determined by rank based
Gene Ontology (GO) enrichment analysis, using signed, unadjusted log-transformed p-
values (positive if up-regulated, negative if down-regulated) with the GO MWU
(https://github.com/z0on/GO_MWU) package. This method utilizes the Mann-Whitney U
(MWU) test and measures whether each GO term is significantly enriched in up- or down-
regulated genes based on their delta rank (quantitative shift in rank) rather than looking for

GO terms among “significant” genes only.

Gene co-expression

We next identified groups (“modules”) of highly correlated genes from each

contrast in an unbiased way using weighted gene correlation network analysis (WGCNA;
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Langfelder & Horvath, 2008). We used genes with an unadjusted p-value <0.1 (5,678
genes) determined by the generalized linear model in DESeq2. The resulting modules were
then related to external traits (i.e., sampling day/treatment subgroup, individual, and time)
using the eigengene network methodology (Langfelder & Horvath, 2008). This method
does not use information regarding how the samples were distributed within experimental
conditions to ensure that the module eigengenes correlate with gene expression patterns
that reflect biological processes. A sample network identified outlying samples (n =35, Fig.
S3A, Supporting information) with a connectivity score less than -2.5 and were removed
from the analysis. A signed co-expression network was built using a soft threshold power
of 6 (Fig. S3B, Supporting information) and modules were merged if their eigengene
expression correlated with the Pearson correlation coefficient greater than 0.42 (Fig. S3C,
Supporting information). Each module’s eigengene expression (the first principal
component of all of the genes within that module) was correlated to the day sampling
occurred (i.e., treatment subgroup), biological replicate, and time point (Fig. S4,
Supporting information). Significant correlations between the membership of the genes in
each module and their significance indicates a strong association of the module with a trait
(i.e. genes in a particular module are positively or negatively associated with day of
sampling, individual, or time; Fig. S5, Supporting information). Module eigengenes were
functionally characterized with the GO MWU package using a transcriptome-wide Fishers

exact test for the genes in each module (https://github.com/z0on/GO_MWU).
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Results

Transcriptome sequencing produced >396 million raw reads, with an average of 2.9
million reads per sample (each time point had 4 biological replicates, barcoded and
sequenced individually). After quality filtering and removal of PCR duplicates, an average
of 889,112 reads per sample remained (Table S2, Supporting information). After trimming
and deduplication of transcripts, the reads were mapped to the Vienna Nematostella
transcriptome (see ‘Data Accessibility’ section for link) with an average mapping
efficiency of 74.5%. The mapped reads were converted into a counts per sample table,
representing a total of 24,392 genes (Table S1, Supporting information). A generalized
linear model in DESeq2 identified unique DEGs normalized with sampling day/treatment
subgroup as the covariate. In order to explore gene expression patterns specific to each
treatment subgroup, pairwise comparisons between each treatment subgroup were run
using Wald statistics to contrast each subgroup to the other two (LD, LR1, LR2). A
principal coordinate analysis of the entire rlog transformed dataset separated samples by
subgroup and showed distinct clustering of LD, LR1, and LR2 (Fig. 1A). Further,
consecutive time points during day and night sampling events tended to cluster within

subgroups.

Cycling gene expression

To quantify how many genes were cycling on each sampling day, we analyzed the
normalized counts by subgroup with non-parametric JTK Cycle (Table S3, Supporting
information). In total, we identified 1,073 cycling genes over the 3-day time course. The

number of genes with signatures of cycling differed between subgroups: 228 genes were
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identified to be significantly cycling (period = 24; p-value <0.01) in LD, 865 genes in LR1,
and only 40 genes in LR2. Fifty-two genes were shared between LD and LR1, eight genes
were shared between LR1 and LR2, and no genes were shared between LD and LR2 (Fig.

S6, Supporting information). Cycling genes in LD

To explore the genes JTK Cycle identified as cycling on the first day of the
experiment prior to light removal, we isolated genes from the LD subgroup with a
significant period of 24 hours (228 genes; p-value <0.01). There were 487 cycling genes at
p <0.05, and 35 cycling genes at p <0.001. Only a subset of the 24-hour cycling genes from
LD continued to oscillate on the second day and third days, after the light cue was removed
(54 genes from subgroups LR1 and LR2). The remaining 174 genes (p-value <0.01)
uniquely cycling in LD included light responsive genes (e.g., cryptochromes and
rhodopsin) and signal transduction genes (e.g., protein kinase C, and G-protein couple
receptor). Several genes previously reported to exhibit rhythmic expression over a diel light
cycle in cnidarians (A. K. Brady et al., 2011; Hemond & Vollmer, 2015; Hoadley, Szmant,
& Pyott, 2011; Oren et al., 2015) showed expression patterns consistent with a 24-hour
rhythm in LD (Fig. 2; Table 1.1); Clock, Cryla, Crylb, PAR-bZIPa, PAR-bZIPc, a
Hes/Hey-like transcription factor helt, and a putative clock-interacting circadian
pacemaker homolog (CiPC) were expressed with a significant circadian period of 24 hours
and all had daytime peaks in expression except PAR-bZIPc (ZT = 18) and CiPC (ZT = 24;
Table 1.1). PAR-bZIPb had a significant period of 28 hours with peak expression in mid-
afternoon (Table 1.1, Fig. 2). The transcription factor /elt and the CiPC homolog each had
a significant period of 24 hours and were previously identified to have diel expression

under LD conditions in cnidarians (Oren et al., 2015; Shoguchi, Tanaka, Shinzato,
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Kawashima, & Satoh, 2013). Consistent with those earlier studies, helt and CiPC
expression peaked mid-morning (ZT = 6) and during subjective night (ZT = 24),
respectively (p-value <0.01; Table 1.1). The subset of significantly cycling genes identified
in both the LD and LRI subgroups included environmental response genes (e.g.
peroxiredoxin 5, thioredoxin), genes involved in metabolic processes (e.g., malate
dehydrogenase, adenylate cyclase, aspartate aminotransferase) and transcription (e.g., six
homeobox). Upon light removal, all but one gene (NVE15806; unidentified protein) phase
shifted peak expression. Most of these genes (69%) peaked later in the day, but the

remaining genes peaked earlier (28%).

Cycling genes in LR1 and LR2

In addition to genes cycling under normal conditions (identified in treatment
subgroup LD), we also ran JTK Cycle on gene counts from the LR1 and LR2 subgroups
to reveal expression patterns unique to the first and second days after light removal. During
LRI, 1,693 genes were cycling at p <0.05 and 117 genes were cycling at p <0.001. During
LR2, 90 genes were cycling at p <0.05 and four genes were cycling at p <0.001. The
number of cycling genes at p <0.01 tripled on the first day of light removal compared to

LD (Table 1.1, Fig. S6, Supporting information).

After light cue removal, genes related to signal transduction (e.g., protein
phosphatase and protein kinases), metabolism and stress response (e.g., superoxide
dismutase, glutathione peroxidase, and HSP70) were uniquely cycling. The bZIP family
transcription factors CREB and Maf showed a significant (p <0.01) period of 24 hours

during the first day following light cue removal along with DNA regulatory factors (e.g.,
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ARNT and HIF, Table S3, Supporting information). The circadian-associated genes Clock
and Cryla lost signatures of a 24-hour rhythm in the absence of a diel light cue (Clock:
period = 0, p-value = 1; Cryla: period = 2, p-value = 0.33), and the peak expression of
Crylb shifted from ZT = 12 to ZT =20 in LR1 but was no longer identified by JTK Cycle
to have a significant cycling period (period = 24, p-value = 0.31). PAR-bZIPb maintained
a period of 28 hours in the first day following light cue removal (p-value = 0.05), however
peak expression shifted from ZT = 6 in LD to ZT = 20 and /elt lost evidence of any

rhythmicity (period = 0, p-value = 0.52).

Of the previously identified genes hypothesized to be involved in the circadian-
clock, only PAR-bZIPb retained a consistent period of 28 hours throughout each treatment
subgroup (LD, LR1, LR2; Table 1.1). However, on the second day after light removal,
peak expression of PAR-bZIPb shifted to ZT = 4 (Fig. 2; p-value = 0.01). The remaining
71 uniquely cycling genes during LR2 were sparsely annotated, but included mostly

cellular component genes (e.g., ribosomal proteins, solute carrier proteins).

After constant and prolonged exposure to darkness (DD), PAR-bZIPb and PAR-
bZIPc were identified by JTK Cycle to have significant cycling periods of 28 hours (p-
value = 0.005 and p-value = 0.02, respectively). The circadian-related tryptophan
hydroxylase, or TPH (Peres et al., 2014), did not show evidence of cycling in any diel
treatment subgroup (LD, LR1, or LR2) but during DD had a period of 28 hours (p-value =

0.08).

Differential gene expression
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After comparing genes that show signatures of circadian rhythmicity from each
subgroup, we used DESeq2 to analyze differential gene expression of pairwise
comparisons between subgroups. These comparisons expose time-dependent
transcriptional changes in response to a changing light environment. A total of 2,562 DEGs
were differentially expressed over all subgroup comparisons (LD, LR1, LR2; FDR = 0.1,
log2 fold-change >1.5). Of these, 350 genes were unique to the contrast of subgroup LD
and LR1, 667 genes were unique to the LD v LR2 subgroups, and only 10 genes were
shared between the three subgroups. We also compared gene expression between each
subgroup and DD. These specific pairwise comparisons establish a baseline for the
response of gene expression before and after light cue removal, when compared to a
constant condition control (DD). Interestingly, when compared to DD, a nearly 2-fold
increase in DEGs was observed in the first 24 hours following light removal (1,649) over
the number of DEGs in LD (876). On the second day after light cue removal (LR2) there
was a reduction in the number of DEGs (734). This observation is consistent with
differential expression between LD and DD (Fig. 1B) and is similar to the pattern of 24-
hour cycling genes identified by JTK Cycle (Fig. S6, Supporting information). Each of
these results were in contrast to the patterns of expression for anemones under constant
conditions (DD1 v DD2, for example). Pairwise comparisons between each sampling day
during DD revealed a total of 66 significant DEGs that were consistently differentially
expressed between days (DD1 v DD2, DD1 v DD3, DD2 v DD3; FDR = 0.1, absolute log2

fold-change >1.5).

LD v DD
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The contrast of light:dark and long-term darkness allowed us to characterize genes
that are differentially expressed during a diel light cycle, before light cue removal. Using
a relaxed FDR of 10%, DESeq2 generated 1,160 DEGs (Fig. 1B), predominately
comprised of genes up-regulated in LD compared to DD (971 genes). These were genes
involved in transcription (e.g., bHLH transcription factors Clock and helt and bZIP
transcription factors in the HLF and PAR subfamilies) as well as DNA-photolyase activity
(e.g., cryptochromes; Fig. 1C). A GO analysis of genes differentially expressed under diel
lighting showed ‘endopeptidase’ and ‘chromatin binding’ as the most enriched terms in up-
and down-regulated genes, respectively in the molecular function category (Table 2.1; Fig.
S7, Supporting information). Among biological processes enriched in light:dark
conditions, ‘positive regulation of immune system process’ and ‘regulation of immune
response’ were upregulated and ‘chromosome organization’ was down-regulated

compared to constant conditions (Fig. S7, Supporting information).

LD v LRI

The comparison of light:dark conditions and the first day post light cue removal
revealed 876 DEGs (449 up-regulated and 427 down-regulated after light removal
compared to LD) that exceeded the Benjamini-Hochberg FDR cutoff of 10%. Of these,
125 genes were also cycling (identified by JTK Cycle, Table S3, Supporting information).
A survey of circadian-related genes found Clock, Cryla, PAR-bZIPa, PAR-bZIPb, and
PAR-bZIPc to be down-regulated immediately after light removal compared to diel
conditions, along with helt and an additional PAR-bZIPd, previously called NV16 (Fig.
1D; Reinke, Baek, Ashenberg, & Keating, 2013). Genes identified to be up-regulated

following light cue removal compared to diel conditions include several environmental
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response genes, particularly factors involved in the oxidative stress pathway (e.g., hypoxia
inducible factor and one cytochrome P450), and heavy metal detoxification (e.g., one
phytochelatin synthase; Fig. 1C). Genes involved in metabolic pathways, specifically
central enzymes in the citric acid cycle (e.g., malate dehydrogenase and isocitrate
dehydrogenase) were also significantly up-regulated after light removal compared to LD.
Other essential gene regulatory enzymes, primarily those involved in chromatin
organization, were up-regulated in LR1 compared to LD (e.g., histone methyltransferase
(HMT), histone deacetylase (HDAC), and transcriptional regulator of ATRX; Fig. 1C, Fig.

3).

Gene ontology (GO) enrichment analysis of DEGs between LD and LR1 found
significantly enriched terms in genes up-regulated after light removal to be ‘structural
constituent of ribosome’ in the molecular function category and ‘cellular respiration’ in the
biological process category (Table 2.1). The most significantly enriched terms in genes
down-regulated after light removal was ‘actin binding’ of molecular function and ‘lipid
metabolic process’ of the biological process category (Table 2.1). We also compared LR1
to DD, where GO analysis revealed ‘chromosome organization’, ‘cellular response to DNA
damage stimulus’, and ‘DNA metabolic process’ as significantly enriched terms from the
biological process category for genes up-regulated after light removal compared to long-

term darkness (Fig. 3).

LD v LR2

DESeq2 identified 1,181 DEGs passing the Benjamini-Hochberg FDR cutoff of

10% in the contrast between light:dark and the second day after light removal (353 up-
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regulated and 828 down-regulated after two days of darkness compared to LD). GO
enrichment analysis of DEGs between LD and LR2 identified the most significantly
enriched GO term in up-regulated genes after two days of light removal as ‘structural
constituent of ribosome’ in the molecular function category, and ‘RNA catabolic process’
of biological processes. The most significantly enriched GO term in the molecular function
category of down-regulated genes after two days of light removal was ‘oxidoreductase’,
and in the biological process category ‘fatty acid metabolism’ was the most enriched.
Additionally, comparing DEGs between LR2 and DD, ‘chromatin binding’ and
‘endopeptidase’ were the most enriched GO terms in up- and down-regulated genes,
respectively, in the molecular function category (Table 2.1, Fig. S9, Supporting

information).

Weighted gene co-expression network analysis (WGCNA)

After identifying differently expressed gene patterns between subgroups, we
performed a weighted gene co-expression network analysis (WGCNA; Langfelder &
Horvath, 2008) to isolate groups of genes that show correlated expression across samples
without the consideration of experimental conditions. Two modules were significantly and
uniquely correlated to light:dark (LD: brown - Pearson’s R? = 0.35, p-value <4e-05; salmon
- Pearson’s R? = 0.81, p-value <1e-08; Fig 4; Fig. S5, Supporting information). The brown
module (1,201 genes) showed GO enrichment for ‘chromatin binding’ in the molecular
function category, and ‘chromatin’ in the cellular component category, which were
different genes than those with higher expression in the comparison of LR1 and LD. The
salmon module (33 genes), also unique to LD, showed significant GO enrichment for

‘transcription factor, RNA polymerase II’ (Fig. 4). One module was significantly correlated
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to the first day of light removal (LR1: green - Pearson’s R? = -0.2, p-value <0.02; Fig. S5,
Supporting information). GO enrichment analysis of the green module (170 genes) showed
enrichment for ‘cytoskeletal protein binding’ and ‘actin binding’ of the molecular function
category and ‘cell-to-cell junction’ in the cellular component category. The remaining three
modules were significantly and uniquely correlated to the second day of light removal
(LR2: turquoise - Pearson’s R? = 0.22, p-value <0.01; red - Pearson’s R?> = 0.31, p-value
<3e-04; purple - Pearson’s R? = 0.31, p-value <4e-04; Fig. S5, Supporting information).
GO analysis of the turquoise module (2,766 genes) showed enrichment for ‘respiratory
electron transport chain’ and ‘cellular respiration’ in the biological process category. The

red (156 genes) and purple modules (91 genes) were not enriched for any GO terms.

Discussion

Our quantitative analysis of transcriptomes for anemones during consistent
light:dark cycles and after removal of the lighting cue revealed unique gene expression
profiles over 24-hour periods in the presence of light, after 24 hours of removal, and after
longer periods of light removal. Consistent with previous analyses of candidate genes or
the whole transcriptome, long-term culturing in all dark conditions resulted in near loss of
any differential gene expression over a 24-hour period. The light dependency of the
differentially expressed gene sets suggests that many genes under diel lighting are direct
response genes and not the product of a circadian timekeeper, at least when measured at

the whole individual level. Upon light removal, we measured a large number of genes that
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were uniquely expressed when the cue was absent for 24 or 44 hours, which appears to be

a type of stress response given the types of genes with increased expression.

‘Circadian gene’ expression dependent on light cues

A central finding from our analyses is that the expression of the candidate
"circadian clock genes" identified in previous studies is strongly dependent on consistent
light:dark cycling, at least when measured in whole animals. Earlier studies by Reitzel et
al. (2010), Peres et al. (2014), Oren et al. (2015), and Leach et al. (2018) had shown that
Nematostella orthologs to genes central to the circadian clock of bilaterians have oscillating
expression in light:dark conditions. Our transcriptome comparisons are consistent with
these earlier studies where the bHLH-Pas gene Clock and the bZIP transcription factors in
the PAR family had rhythmic expression. Another transcription factor previously identified
in corals to be differentially expressed in diel lighting, eyes absent (eya), showed
differential expression following light removal (A. K. Brady et al., 2011). Our analyses
identified additional PAR-bZIP genes that fit a diel expression pattern, particularly PAR-
bZIPd (called NV16 in Reinke et al., 2013) with robust expression in the light period, with
peak expression at the beginning of the photoperiod (ZT = 2; Fig. 1C, Fig. 2). This
particular PAR-bZIP is a heterodimer partner with other PAR-bZIP proteins from
Nematostella previously identified by Reitzel et al. (2013) with different peak expression
periods, suggesting the potential for complex gene regulation over a diel period, similar to
Drosophila (Cyran et al., 2003). After the removal of the light cue, PAR-bZIPd maintained
significant differences throughout light treatments; however, its expression dampened each
day following light removal, suggesting light dependency rather than true circadian

regulation (Fig. 2). The remaining hypothesized cnidarian circadian genes were not
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differentially expressed in the absence of a light cue (Fig. 2). Interestingly though, after
light cue removal a few of these candidates shifted peak expression time. PAR-bZIPb
continued to cycle every 28 hours, but peak expression was phase shifted by 12 hours.
Cryptochromes previously identified to have differential expression in response to diel
lighting [NvCryla and NvCrylb in Reitzel et al. (2010)] also experienced peak shifts after
light removal. Consistent with previous studies, the hypothesized repressive Type 2
cryptochrome, Nvcry2, showed no response to diel lighting in Nematostella, similar to
insect and mammal clocks (Fig. 2; Griffin, Staknis, & Weitz, 1999; Kume et al., 1999;
Reitzel et al., 2010; Zhu et al., 2008). Presently, it is unclear what role cryptochromes and
PAR-bZIP transcription factors play in the clock of cnidarians; thus, future mechanistic
experiments would provide more insight to the potential suppressive role of these proteins

and regulatory role of these transcription factors, respectively.

Changes in light condition results in stress and changes to chromatin structure

The large and unique set of differentially expressed genes after one or two days of
light removal are broadly consistent with an environmental stress response that involves a
number of genes related to cellular stress and chromatin remodeling (Fig. 3, Fig. S8-S9,
Supporting information). Removal or time-shifting of entraining cues is broadly known to
disrupt physiology and behavior for various animals (Davis & Mirick, 2006; Garaulet &
Madrid, 2010; Rhoades, Nayak, Zhang, Sehgal, & Weljie, 2018). Unlike in light:dark
conditions, genes involved in cellular and aerobic respiration and cellular response to DNA
damage were differentially expressed upon removal of the light cue (Fig. 3). Additionally,
Nematostella sampled in constant conditions upregulate hypoxia inducible factor (HIF),

cytochrome ¢ oxidase, monoamine oxidase, and aquaporin 4 (Fig. 1D). Genes related to



37

chromatin remodeling that were significantly up regulated after light removal include
histone deacetylase and histone methyltransferase (Fig. 4). Broadly, these enzymes
regulate gene expression by making modifications to the chromatin structure, ultimately
increasing compaction within DNA and reducing transcription factor activity and thus,

gene expression.

Photoresponse versus circadian clock

Previous studies in cnidarians have typically relied on a comparison of consistent
light:dark cycles and a single day of all darkness immediately after in which to determine
if genes are likely "circadian". The period of free-running behavior or physiology varies
between organisms with well-described circadian oscillators but typically last for days or
weeks with removal of the entraining cue. Our gene expression results with Nematostella
that showed large shifts in the transcriptional profile with removal of light differ from the
consistency of a free-run period previously reported for locomotion (Hendricks et al., 2012;
Oren et al., 2015) and physiology (Maas et al., 2016). At present, we hypothesize the cause
for this discrepancy is the use of whole animals for our sample material when the
mechanisms driving cyclic phenotypes are conceivably restricted to a subset of cells, likely
neurons. Combining gene expression information from multiple tissues in one sample has
the potential to diminish oscillating gene expression signals if present in a small number
of cells or if tissues have rhythmic gene expression in different phases, as is known in
vertebrates (Albrecht, 2012). Nematostella, like other cnidarians, has a complex but diffuse
nervous system without a centralized concentration of neurons (Marlow, Srivastava,
Matus, Rokhsar, & Martindale, 2009), which presumably arose in a later common ancestor

(Arendt, Tosches, & Marlow, 2015). Recent work (Sebé-Pedros et al., 2018) has revealed
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the complex transcriptional differences of the more than eight broad cells types of
Nematostella. Moving forward, these cell-type specific analyses of oscillating gene
expression will be useful to identify what cells in heterogeneous cell populations may be

driving the circadian phenotypes of cnidarians.
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Table 1.1: Cycling and differential expression of candidate circadian clock genes resulting
from DESeq2 and JTK Cycle analysis of subgroups.

ID
NVE2080
NVE1138
NVE24214
NVE14677
NVE20636
NVE8107
NVE8679
NVE8085
NVE4116

Annotation
Clock
Cryla
Crylb
PAR-bZIPa
PAR-bZIPb
PAR-bZIPc
helt
PAR-bZIPd
CipC

?Benjamini-Hochberg-adjusted.
“Periodicity significance in LD.
“Peak expression values in LD correspond to a significant JTK_Cycle period.

DESeq2 p-value®
1.20459E-08
1.66397E-18
0.03511226
1.27133E-12
0.052867218
0.007379136
1.40066E-11
2.2241E-52
0.000118936

JTK_Cycle periodicity®
24(0.07)

24

24

24

28

24

24

24

24

Peak expression®

LD
ZT10
ZT10
7712
ZT6
VAL
ZT18
VAL
ZT10
7724

LR1
T4
7720
772
7720
7122
T4
T4

LR2

T4
774
ZT6
774
ZT6
774
7720
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Table 2.1: Top significantly enriched gene ontology (GO) terms of contrasting treatment

subgroups

Comparison®

LD versus DD

LR1 versus DD

LR2 versus DD

LD versus LR1

LD versus LR2

LR1 versus LR2

?Pairwise comparisons using Wald tests in DESeq2.

Direction No. of DEGs®
Up 971
Down 189
Up 1,391
Down 258
Up 434
Down 300
Up 427
Down 449
Up 828
Down 353
Up 372
Down 133

PBenjamini-Hochberg FDR cut-off of 10%.
“Mann-Whitney U test corrected p-value.

Top GO term (No. of sig. genes/all genes in category)®

Molecular function

Endopeptidase
(13/150) p < .05

Chromatin binding
(19/144) p < .05

ATPase (57/215)
p < le-04
Structural molecule
(82/237) p < 1e-04

Chromatin binding
(135/144) p < .05

Endopeptidase
(134/142) p < .05

Actin binding
(128/135) p < 1e-05

Structural constituent
of ribosome (105/111)
p < 1e-05

Oxidoreductase
(242/266) p < .001

Structural constituent
of ribosome (101/111)
p < 1le-05

Electron transfer
(50/52) p < .001

Signalling receptor
(136/145) p < 1e-05

Biological process

Cellular amide metabolic process
(33/367) p < 1e-04

Regulation of cell cycle process
(51/352) p < 1le-04

Chromosome organization
(109/322) p < 1e-09

Protein localization to ER (20/99)
p < 1e-09

Histone modification (121/130)
p<.001

NA

Actin filament-based process
(269/296) p < 1e-05

Translation initiation (111/113)
p < 1e-05

Fatty acid metabolic process
(97/102) p < .001

Spindle elongation (68/69)
p < 1le-05

Mitochondrial ATP synthesis-cou-
pled electron transport (32/32)
p < 1e-05

Biological adhesion (212/228)
p < 1e-05

Cellular component
Cytosolic ribosome (5/79)
p <.001
Chromosome (54/389)
p < 1le-04
Chromosome (126/394)
p < le-06
Small ribosomal subunit
(30/53) p < 1e-06
Axoneme (53/54)
p < 1le-04
Endoplasmic reticulum
lumen (57/61) p < 1e-04
Endoplasmic reticulum
lumen (60/61) p < 1e-05

Large ribosomal subunit
(61/63) p < 1e-05

Endoplasmic reticulum
lumen (59/61) p < .001

Cytosolic part (133/139)
p < 1e-05

Mitochondrial respiratory
chain (33/33) p < 1e-05

Synapse (242/261)
p < 1e-05
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Figure 1. Gene expression of Nematostella vectensis in diel and constant conditions. (A)
Principal coordinate analysis based on Manhattan distances. Clusters are grouped by diel
treatment subgroups (light:dark or LD, light removal day 1 or LR1, light removal day 2 or
LR2) and by time of day (open circles — ‘day’, closed circles — “night”; pPPERMANOVA
=0.001). (B) Venn diagram of the total number of differentially expressed genes resulting
from each pairwise comparison between the diel treatment sugbroups (LD, LR1, LR2) and
control animals kept in long-term constant darkness determined by DESeq2 (Benjamini-
Hochberg FDR <0.01). (C) Heatmap of circadian related genes and (D) environmental
response genes differentially expressed in light:dark conditions (LD), and after one or two
days of light removal (LR1, LR2) determined by DESeq2 (Benjamini-Hochberg FDR
<0.01). The experiment key at the bottom identifies the subgroups of the diel light
treatment and the ‘day’ and ‘night’ periods of each 24-hour cycle for both C and D. Each
row of the heatmaps represent a single annotated gene, and each column represents a single
individual in each time point (n = 4 per time point). The color scale is log2 fold change.
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Figure 2. Candidate circadian gene expression profiles over time. Each graph plots a single
gene’s expression over the three-day sampling time course for light:dark entrained
anemones. Each data point represents the mean of four individually sequenced replicates.
Error bars are calculated from the standard deviation for each data point (n=4). The relative
expression (y-axis) is shown for each gene over the sampling period (x-axis). The grey

shading in each plot indicates light removal.
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Figure 3. Gene ontology analysis of differently expressed genes after light removal. (A)
Significantly up (tan) or down (cyan) -regulated genes related to ‘biological process’
based on a Mann-Whitney U test of the pairwise comparison between the first day
following light removal and constant conditions. The font size corresponds to smaller
FDR-adjusted p-values, the smallest font is equivalent to a p-value <le-07, the largest
font is equivalent to a p-value <le-09. Dendrograms represent hierarchical clustering of
GO terms based on shared genes in this data set and the ratios in front of each GO term
represent the number of genes from that specific GO term in this data set over all genes
belonging to that GO term. (B) Clustered heatmap of the top genes (log2 fold change
>1.5, DESeq?2 p-value <0.001) from the GO term ‘chromosome organization’
(GO:0006325) during light:dark (LD) and one day post light removal (LR1). The color
scale is log2 fold change. The experiment key at the bottom identifies the subgroup and
the ‘day’ and ‘night’ periods of each 24-hour cycle.
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Figure 4. Eigengene expression across all treatment subgroups for light responsive
WGCNA salmon module. (A) Scatterplot of the salmon module contains genes co-
expressed and positively correlated with light:dark conditions determined by WGCNA
analysis and illustrates the genes module membership score along the x-axis and the gene’s
significance (GS) for the light treatment trait along the y-axis. A high correlation (cor =
0.81) between these measures indicates a strong association of the module with the trait
(i.e. genes in the salmon module are strongly associated with light:dark conditions). (B)
Heatmap of genes in the salmon module across each treatment subgroup. The experiment
key at the bottom identifies the subgroups and the ‘day’ and ‘night’ periods of each 24-
hour cycle. Each row of the heatmap represents a single annotated gene, and each column
represents a single individual in each time point (n = 4 per time point). The color scale is
log2 fold change. (C) Eigengene expression across all treatment subgroups and long-term
darkness with corresponding Gene Ontology. Each bar represents a single individual. The
experiment key at the bottom identifies the subgroups and the ‘day’ and ‘night’ periods of
each 24-hour cycle. Positive eigengene expression values indicate positive correlation and
negative eigengene expression values indicate negative correlation of the module to the
light treatment trait. A fisher’s exact test was used to identify significantly enriched GO
terms (presence or absence) of the eigengene and categories enriched for molecular
function (MF) were assigned. The size and color of the font increases as significance
increases, as shown in the inset.
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Figure S1. Experimental design of (1) diel and (2) long-term darkness treated
Nematostella. The design of diel (1A; top) and long-term darkness (2A; bottom)
experimental treatment groups shows the identical entrainment period and sampling time
course running in parallel. Solid colored boxes represent the ‘day’ period, hatched boxes
represent the ‘night’ period, and below the corresponding light cycle is shown by the
letters ‘L’ and ‘D’ (light and dark, respectively; 1B, 2B). In the diel-entrained group
(1A), the light cue was removed after the first 24 hours of the sampling period as
indicated by the horizontal dashed line. The sampling points are shown in Zeitgeber time
(ZT; 1C, 2C). ZT2 corresponds to 9:00AM. The 3-day sampling time course corresponds
to assigned treatment subgroups (1D, 2D). Treatment subgroups are identified as: LD —
light:dark, LR1 — light removal day 1, LR2 — light removal day 2, DD1-DD3 — constant
darkness day 1 — 3. 1E and 2E show the sample size (n) of each subgroup (4 anemones
per time point * 17 time points = 68 anemones per treatment. *Note: on day 3 of
sampling (LR2 and DD3), anemones were only collected at 5 time points.
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Figure S2. DESeq?2 analysis of Nematostella transcriptomes pre- and post-light removal.
A. DESeq?2 plot of dispersion estimates over the average expression strength for the entire
dataset. Data points near the bottom are from genes which the observed variance is below
the variance expected under the Poisson model. B. Manhattan plots of each contrasting
treatment subgroup (LD, LR1, LR2, DD). Each point represents a single gene. The x-axis
is the average expression over all samples in the dataset, and the y-axis is the log2 fold
change between the two treatment subgroups. Genes shown in red have pass the 10% FDR

threshold.
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Figure S3. WGCNA analysis of differentially expressed genes across all light treatments,
individuals, and time. A. WGCNA sample dendrogram and outlier heatmap. Clustering
allows visualization of how light treatment and individuals relate to the samples. The
standard connectivity test indicates that individuals LR1 A30, LR1 C34, LR1 B30,
LR1 D34, LD B22, and LR1 C26 are outliers based on a standardized connectivity test.
B. Scale free topology model charts the calculation of the adjacency matrix weighing
parameters, or the power, in WGCNA analysis. The x-axis represents the weighting
parameters, and the y-axis represents the quadratic of correlation index from log (k) and
log (P(K)). C. Gene dendrogram of modules based on correlation calculations from rlog
transformed count data generated by DESeq?2 and obtained by average linkage hierarchical
clustering in WGCNA analysis. Colors of the dynamic tree cut represent the modules
assigned for each gene, and the colors of the merged dynamic display the new modules
after assigning a stringency threshold of 0.42. D. Average linkage hierarchal cluster tree
shows module eigengenes after clustering analysis. Each branch represents a meta-module
that groups together the eigengenes that are positively correlated.
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Figure S4. Module-trait relationship heatmap and significance values of each module
eigengene correlated to external traits. Gene co-expression network and module-trait
relationships are represented by a heatmap of transcripts (5,678) assigned to 11 modules
(arbitrary colors on the left of the heatmap). Eigengenes were calculated for each module.
The strength of the correlations between traits (light treatment subgroup, time, biological
replicates) and gene expression, is indicated by the intensity of the colored blocks with red
and blue indicting positive and negative correlations, respectively. The numbers in each
block represent the Pearson’s correlation between the module eigengene and the trait and
corresponding p-values. Modules that are specifically correlated with each of the light
conditions are marked with asterisks.
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Figure S5. Gene significance scatter plots for each light treatment subgroup: LD (A), LR1
(B), LR2 (C), and (D) DD for each module (brown, salmon, turquoise, green, red, and
purple). The plots represent gene significance (GS; y-axis) for each light treatment
subgroup versus module membership (MM; x-axis). Gene significance and module
membership are significant correlations that imply the genes of each module are highly
correlated with the light treatment subgroup.
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Figure S6. Venn diagram of cycling genes from each light treatment subgroup generated
by JTK Cycle (period = 24, Bonferroni-corrected p-value < 0.01).
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CHAPTER 2

ROLE OF LIGHT WAVELENGTH IN NEMATOSTELLA VECTENSIS BEHAVIOR
AND GENE EXPRESSION

Whitney B. Leach and Adam M. Reitzel

In review, Journal of Experimental Biology.
Abstract

Animals have specific molecular, physiological, and behavioral responses to
isolated portions of the visible light spectrum. The ability to distinguish between different
wavelengths of light with particular photoreactive proteins has been a focus for
understanding how species respond to a shifting light environment and how light-
dependent responses can evolve through both ocular and extraocular surfaces. Cnidarians
have been a focal group to discern the evolution of light responsiveness due to their
phylogenetic position to understand the emergence of vision in bilaterian animals, as well
as the diverse role of light in the behavior and physiology of species throughout the
phylum. Much of this previous research has focused on light reception through ocular
photoreception, but extraocular mechanisms are more common and likely shared
throughout the phylum. Here, we utilize the eyeless sea anemone Nematostella vectensis
to compare behavioral and molecular responses of individuals exposed to red, green, and
blue light. Quantitative measures of locomotion clearly showed that this species responds
to shorter, high intensity wavelengths (blue and green) with a circadian activity profile, in
contrast to a circatidal activity profile in longer wavelengths (red) and in constant
darkness. Differences in average day/night locomotion were significant in each condition,

with overall peak activity during the dark period. Comparative analyses of 96
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transcriptomes revealed complex differences in gene expression under each lighting
condition, and across time including many of the genes likely involved in the cnidarian
circadian clock. Temporal transcriptional profiling showed the majority of genes are
differentially expressed between mid-day and mid-night, and of the 512 differentially
expressed genes, 68% were uniquely expressed in red light. Together, these analyses
reveal Nematostella is capable of photo-entrainment to a broad range of wavelengths

resulting in divergent transcriptional and behavioral responses.

Introduction

Light can be a rich source of environmental information depending on an
organism's ability to sense it. Light intensity and duration are indicative of the time of day
and season, respectively, which provides a central signal for regulating behavior and
physiology (Giese, 1959; Hastings et al., 1985; Saunders, 2008). The particular
wavelengths that compose visible light represent complex information. For example, light
attenuation in water, where longer wavelengths are absorbed more quickly over depth,
provides a signal for position in the water column. The spectral composition of light also
varies depending on the relative position of the sun so that light quality is indicative of time
of day (Endler, 1993). Spectral irradiance from moonlight is also a source of information
that varies in intensity dependent on the phase of the moon (Johnsen et al., 2006). Reflected
light from the moon is a widely utilized cue for regulating the behavior, physiology, and
reproductive cycle of many animals (Fox, 1932; Giese, 1959; Grant et al., 2013; Takeuchi

et al., 2018). In deep sea environments where solar or lunar illumination is not present,
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species are also able to receive and respond to bioluminescence emitted from other animals
for locating prey and behavioral evasion (Garm et al., 2016).

Light detection is generally driven by a combination of photoreceptive proteins and,
depending on the species, pigment molecules used for visual and non-visual
photoreception. Opsins compose a diverse family of G-protein-coupled receptors that have
been studied for decades for their role in light absorption and G-protein activation (e.g.,
reviewed by Imamoto and Shichida, 2014; Wang et al., 2014). Phylogenomic studies of
this family of photoreceptors has revealed they are present in nearly all phyla and have
undergone multiple, independent radiations (Feuda et al., 2012; Ramirez et al., 2016;
Schnitzler et al., 2012). As a result, opsin proteins have evolved different spectral
sensitivities (Imamoto and Shichida, 2014). Opsin expression is not always spatially
restricted to eyes and occurs in both ocular and extraocular tissues, although functional
studies have focused primarily on ocular opsins from bilaterian species. Cryptochromes
are photoabsorptive proteins with a central role in the circadian clocks of many animals
through light-dependent repression of transcription factors or their co-factors (Yuan et al.,
2007; Zhu et al., 2005), where their expression correlates with solar and lunar periodicity
(Fukushiro et al., 2011). Type I cryptochromes, first characterized in Drosophila but
present in most animals except vertebrates, contain a flavin co-factor which is reduced
upon exposure to blue light, thus their designation as blue-light sensitive proteins (Chaves
et al., 2011). Visual shading and filtering pigments are another type of molecule used in
ocular photoreception to attenuate light before it is encountered by the photoreceptor
(Cronin and Porter, 2014; Nilsson, 2009). Shading pigments shade the photoreceptor,

providing information on the direction of illumination, thus facilitating a positive or
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negative response, or phototaxis (as in planarians and annelids; Arendt et al., 2002; Lapan
and Reddien, 2011; Thumann et al., 2013). Filtering pigments restrict particular colors to
increase sensitivity of the photoreceptors (Cronin and Caldwell, 2002; Cronin and Porter,
2014).

Cnidarians have been a critical taxonomic lineage for understanding the evolution
of photoreception in animals and the impacts of light on behavior and physiology.
Cnidarians have evolved eyes multiple times (Picciani et al., 2018) and those with
compound eyes express diverse ocular opsin proteins, that where characterized, have
maximum absorbance in narrow wavelengths corresponding to blue-green (Garm et al.,
2007a; Martin, 2004). In species with ocular photoreception, the sensitivity of the visual
structure and environmental light contrast correlate with swimming behavior for
orientation and obstacle avoidance (Garm et al., 2013; Garm et al., 2007b; Gershwin and
Dawes, 2008). Most cnidarians lack eyes and thus the reception and transduction of light
signals is performed extraocularly with non-visual components. In these species, light has
been shown to be a central entraining cue for a broad range of behavioral and molecular
responses (Hoadley et al., 2016; Kanaya et al., 2019; Oldach et al., 2017). For example,
the diel vertical migrations of jellyfish are timed to daily light oscillations (Dupont et al.,
2009; Kaartvedt et al., 2007; Schuyler and Sullivan, 1997), and the reproduction of many
reef building corals is entrained to lunar moonlight cycles (Kaniewska et al., 2015) [but
see (Wolstenholme et al., 2018)], which correlates with expression of cryptochromes (Levy
et al.,, 2007). Moreover, individual wavelengths of light have been shown to result in
specific behaviors, including larval settlement (Foster and Gilmour, 2016; Strader et al.,

2015), tentacle expansion and contraction (Levy et al., 2003), and cnidocyte (stinging cells)



67

discharge (Plachetzki et al., 2012). Opsins have also been identified with tissue restricted
expression in the gonads (Artigas et al., 2018), oral region, and tentacles (Suga et al., 2008)
of certain species, which may be associated with specific physiological processes. The
connections between light or wavelength-dependent behaviors and molecular responses
remain poorly understood in any cnidarian, particularly for species with only extraocular
photoreception.

Previous research with the sea anemone Nematostella vectensis (hereafter,
Nematostella) has shown that light exposure impacts reproduction (Genikhovich and
Technau, 2009), respiration (Maas et al., 2016), and locomotion (Hendricks et al., 2012),
similar to other cnidarians. Much of this research has focused on the potential for light
entrainment to impact gene expression, where repeated light exposure results in differential
expression of hundreds of genes including those in a hypothesized circadian clock (Leach
et al., 2018; Oren et al., 2015). A gene expression study by Reitzel et al. (2010) has been
the only previous research to suggest that different wavelengths of light may exert specific
effects on this species. Transcription factors and the Type I cryptochromes of Nematostella
had differential expression depending on the portion of light spectrum (e.g., blue vs. longer
wavelength), suggesting that a cnidarian with extraocular photoreception responds
differently to portions of the light spectrum. Unlike most cnidarians, this translucent
species occupies an estuarine habitat, typically distributed at shallow depths (< 1m), where
they experience a broader range of wavelengths than those in deeper benthic habitats.

Here, we utilize an integrative organismal and molecular approach testing two
hypotheses regarding extraocular light entrainment in Nematostella. First, we hypothesized

that in response to narrow portions of the visible light spectrum, Nematostella would
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exhibit higher activity at night, or during the scotoperiod, and lower activity during the
day, or photoperiod. Secondly, exposure to narrow light spectra would result in observable
behavioral shifts that correlate to transcriptional remodeling of circadian clock-related
genes (e.g., Clock, PAR-bZIPs) or differential expression of extraocular light-responsive
genes or proteins (e.g., cryptochromes, opsins). We measured behavior of sea anemones
exposed to light:dark (12:12) cycles of either 1) red (630 nm); 2) green (510 nm); 3) blue
(450 nm); or constant darkness (DD). We quantitatively measured locomotor activity
during each light cycle, as well as qualitatively monitored female reproductive output. We
used tag-based RNA-sequencing to transcriptionally profile animals and compared gene
expression from each condition and over time. Comparing between light spectra at these
intensities allowed us to identify expression patterns that might reveal expression of unique
photoreceptors and comparing between time points in each light treatment further provided
an opportunity to look for light and temporal-dependent molecular responses. Together,
our results show that Nematostella is capable of behavioral entrainment in each light
condition but exhibits different activity profiles dependent on the light cue. Interestingly,
in the red light treatment and in constant darkness, Nematostella was observed exhibiting

a twice-daily cycle, similar to those seen in animals with circatidal clocks.

Results
Nocturnal behavior irrespective of light condition

We monitored behavioral output using an animal tracking software (see Methods),
in which each sea anemone was measured individually after entrainment in red, green, or

blue light:dark (LD) conditions (here after referred to as ‘X color light”) or dark:dark (DD)
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conditions during two consecutive light cycles (or constant darkness in DD). Plotting
locomotion over time for all treatments (red light, green light, blue light, and DD) revealed
that the average activity of sea anemones was higher during the scotoperiod than during
the photoperiod for each condition (Figure 1). Locomotion increased with shorter
wavelengths and higher intensity (Figure S1), with animals in blue light displaying the
highest overall movement (Figure 1). Average movement in both the photo-and
scotoperiod was significantly different within and between treatments (Table S1).
Wavelength-inducible circadian or circatidal behavioral response

Sea anemones in blue and green light exhibited locomotor oscillations that
parallel circadian behavior of animals under full spectrum diel conditions (Hendricks et
al., 2012). This response was signified by nocturnal movement, with peak activity
occurring during the scotoperiod (Figure 2A, Figure 2B). Animals in red light and in DD
displayed behavioral patterns consistent with circatidal oscillations, or twice-daily
rhythms. In addition to nocturnal peaks of activity during the scotoperiod, a second peak
during the photoperiod was observed (Figure 2C, Figure 2D). We used chi-squared
analysis to determine periodicity of animals in each light treatment using a confidence
level of 0.01. Over the 48-hour time course, animals entrained to blue and green light had
a circadian periodicity of 23.8-hours (Figure 2E, Figure 2F). A circatidal periodicity of
11.8-hours and 12.4-hours was observed for red light and DD, respectively (Figure 2G,
Figure 2H).
Spectrally insensitive gametogenesis of Nematostella

Groups of adult female sea anemones were induced to spawn in red, green, and blue

light conditions, otherwise following reliable spawning procedures determined by
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Fritzenwanker & Technau (2002). Qualitative measurements of gametogenesis (i.e., egg
output) from each group were recorded weekly and showed sea anemone spawning
occurred in all light treatments, but not in DD.
Wavelength and time-of-day dependent transcriptional response

To identify genes differentially expressed in each light treatment, we sequenced
transcriptomes of 96 sea anemones: 24 individuals per condition, where four biological
replicates were sampled (i.e., individual anemones cultured in separate bowls) every four
hours for the period of one day (6 time points). Tag-based RNA sequencing produced >225
million reads (Table S2). On average, there were 2.3 million 100-base single-end reads per
sample. Using a standard bioinformatic processing pipeline, reads were quality filtered and
PCR duplicates were removed, leaving an average of 621,629 reads per sample (Table S2;
Leach and Reitzel, 2019; Meyer et al., 2011). After trimming, reads were mapped to the
Vienna Nematostella transcriptome (~24,000 genes) with an average mapping efficiency
of 75.17%. Using DESeq2, raw count data were filtered, transformed, and normalized prior
to statistical analysis employing Wald tests. Over the 24-hour sampling period of all light
treatments, 512 transcripts were identified to have diel patterns of expression passing a
Benjamini-Hochberg FDR cutoff of 10%. Of these diel genes, light treatment (red, green,
blue) and time-of-day were contributing factors for their expression. Of the 512 genes, 441
(86%) were differentially expressed between ZT = 6 vs. ZT = 18 (mid-day and midnight
contrast); 18 genes differentially expressed between ZT =2 vs. ZT = 14 (early photoperiod
and early scotoperiod contrast); and 52 genes were differentially expressed between ZT =
10 vs. ZT = 22 (late photoperiod and late scotoperiod contrast) (Figure 3D-E). Of the 512

time-of-day dependent diel genes, 348 (68%) were differentially expressed in red light;
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102 (20%) were differentially expressed in blue light, 60 (12%) were differentially
expressed in green light; and 2 were differentially expressed in dark conditions, with
minimal overlap between light treatments. A list of differentially expressed genes from
each comparison can be found in Table S3.

The majority of diel genes from the mid-day and mid-night contrast, 419 out of 441
(95%), were up-regulated during the photoperiod (Figure 3B). More than two-thirds of
these diel genes were unique to red light (285 out of 441, 68%), and less than one percent
of these genes were down-regulated during the photoperiod (22 out of 441). Notably,
nvTimeout, the timeless homolog, was uniquely differentially expressed under red light and
was 1.5-fold higher during the photoperiod. Further, several heat shock proteins were up-
regulated mid-day in red light only (i.e., nvHSP70E, nvHSP90A, and nvHSP90B). Twenty-
four out of 441 diel genes were unique to blue light, 75% of which were upregulated during
the photoperiod, and included the circadian clock candidate genes nvPAR-bZIPa, nvPAR-
bZIPd, and nvhelt. The transcription factor nvPAR-bZIPc was one of eight genes down-
regulated during the photoperiod of blue light, and decreased > 2.5-fold after the light-dark
transition, consistent with findings from Leach and Reitzel (2019) and Reitzel et al. (2013).
Diel genes with the strongest changes in expression under blue light were core histone
proteins, with a >7-fold increase during the photoperiod. Few diel genes (13 out of 441)
were uniquely expressed in green light and 53% were upregulated during the photoperiod
(7 genes). Only one gene, supervillin, was differentially expressed in DD, and was >3-fold
higher mid-day. A small proportion of diel genes were shared between all light treatments
(19 out of 441; Figure 3), and primarily consisted of cytoskeletal proteins (i.e., alpha-

tubulin, supervillin). Nineteen diel genes (of 441) were shared between red light and blue
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light, including nvPAR-bZIPa, a previously characterized diurnal gene (Reitzel et al.,
2013). In both conditions, nvPAR-bZIPa transcription was >2-fold greater during the
photoperiod.

Although more than 85% of all diel genes were differentially expressed between
mid-day and mid-night, a portion of diel genes (18 out of 512; < 1%) were only identified
in the contrast between early morning and early night following the light-dark transition.
Of these 18 diel genes, 83% were up-regulated during the photoperiod (Figure 3A). Three
diel genes were uniquely expressed in red light: a perilipin-like protein, a selenoprotein
precursor, and an unannotated gene. One diel gene, a protease inhibitor, was uniquely
expressed in blue light. Nine diel genes were uniquely expressed in green light and
primarily consisted of unannotated proteins. No genes were shared between all treatments,
red light/blue light or red light/green light (Figure 3D); however, two genes, both PAR-
bZIP transcription factors, were shared between the blue light and green light: nvPAR-
bZIPa and another PAR-bZIP with high sequence similarity to nvPAR-bZIPa, up-regulated
during the photoperiod of each light condition, as was also seen in the mid-day and mid-
night comparison. One gene was differentially expressed in constant darkness and was
unannotated (Table S3).

Fifty-two diel genes were differentially expressed between late day and late night;
the time point just prior to the transitions in lighting. Of these, < 35% were up-regulated
during the photoperiod (Figure 3C). Unique to blue light was the transcription factor
nvPAR-bZIPd and a heat shock protein nvHSP70C, both up-regulated during the
photoperiod (Table S3). Two genes were shared between all conditions, with the same

directionality of expression up during the scotoperiod (an unannotated gene and
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collagenase). One gene, ester hydrolase, was shared between blue light and green light and
four genes were shared between red light and blue light (2 unannotated genes,
carboxypeptidase, and a ribosomal protein; Table S3). There were no genes in DD that
were differentially expressed late in the light cycle.

Gene ontology (GO) enrichment analysis of genes differentially expressed in
response to each treatment revealed that under red light, down-regulated genes enriched in
the biological process category were related to ‘G-protein coupled receptor signaling’ and
‘regulation of response to stress’. Conversely, up-regulated molecular function genes were
enriched for ‘mRNA metabolic process’ and ‘methylation’ in red light. GO enrichment
analysis discovered in both red light and green light genes relating to ‘activation of immune
response’ were down-regulated, and ‘cellular respiration’ genes were up-regulated.
Enriched terms in blue light included up-regulated genes involved ‘DNA binding’,
‘chromatin binding’, and ‘amide biosynthetic process’, and down-regulated genes in the
‘signaling receptor binding’ category. In each light condition, there was enrichment
amongst up-regulated genes of the GO terms ‘biological phase’ and ‘oxidation-reduction’.
Transcriptomic response combining wavelength and time

Weighted gene co-expression networks were constructed using 4,965 filtered
genes (see Methods) to classify systems-level molecular responses to different
wavelengths. Each gene in the data set was assigned to an expression module, pairing
them based on similarity of expression profiles using a weighted gene correlation
network and given an arbitrary color name. In total, 10 co-expression modules resulted
from the analysis, and eight were highly enriched for genes corresponding to specific

wavelengths. Three module eigengenes were composed of enriched genes negatively



74

associated, or down-regulated, with blue light (greenyellow: -0.27, p<0.009; lightcyan: -
0.36, p<0.0004; purple: -0.36, p<0.0005), while one eigengene was positively associated,
or up-regulated, with blue light (grey60: 0.32, p<0.002). The strongest module negatively
associated with blue light (purple) exhibited GO enrichment of ‘receptor regulator
activity’ and ‘activation of immune response’. GO analysis of genes from the module
eigengene positively associated with blue light (grey60) did not find any enriched terms.
The co-expression network returned two modules that were enriched for genes specific to
green light conditions, both of which were up-regulated (greenyellow: 0.26, p<0.01; pink:
0.3, p<0.004). GO analysis of green light specific modules identified functional
enrichment of the terms ‘cation binding’ and ‘immune system development’. Two
modules containing genes enriched for red light conditions were identified, and each of
these were up-regulated in response to red light (turquoise: 0.31, p<0.002; lightcyan:
0.22, p<0.04); however, expression of the turquoise module eigengene was down-
regulated in DD conditions and the lightcyan module contained genes that were down-
regulated in blue light and up-regulated in DD. The GO terms ‘DNA-binding
transcription factor activity’, ‘signaling receptor activity’ and ‘molecular transducer
activity’ were positively enriched in response to red light. Several modules were
positively associated with DD (midnightblue: 0.29, p<0.006; black: 0.37, p<0.0003;
lightcyan: 0.23, p<0.02; purple: 0.43, p<0.00002) and negatively associated with DD
(grey60: -0.21, p<0.05; pink: -0.22, p<0.03; turquoise: -0.29, p<0.004). The purple and
black modules were most strongly up-regulated in DD and were enriched for GO terms
related to ‘activation of immune response’ and ‘antioxidant/peroxidase activity’,

respectively. A list of all modules is provided in Table S4.
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Although some modules were not positively or negatively associated with a
specific light treatment, the co-expression network identified modules that were
associated with a specific time point during the day (Table S4). The blue module
contained genes that were up-regulated during the photoperiod (ZT = 6, 0.28, p<0.006),
and down-regulated the scotoperiod (ZT = 14, -0.21, p<0.04). GO analysis of this module
found the terms ‘NADH dehydrogenase activity’ and ‘cellular respiration’ to be enriched
at specific points of the day, consistent with previous respirometry data (Maas et al.,
2016). The salmon module was not enriched for specific GO terms, however genes in this
module were downregulated during the scotoperiod (ZT = 18, -0.27, p<0.009).
Expression of candidate circadian genes

Diel patterns of expression for genes previously described as circadian were
observed differently across light conditions. Transcription of nvClock was highest during
the late photoperiod (ZT = 10) of blue light and decreased immediately following the
light to dark transition, consistent with previous studies (Leach and Reitzel, 2019; Peres
et al., 2014; Reitzel et al., 2010) (Figure 4; Figure 5A). Diel expression of nvClock was
not observed in anemones cultured in DD, and was significantly different from blue light
at each sampling point during subjective day. In green light and red light, nvClock
expression was not significantly different from DD at any time point, but were both
significantly different from blue light at ZT = 10 (p<0.0001). At ZT = 6, nvClock
expression was also significantly different between blue light and green light (p<0.0001;
Figure 4, Figure5A-B, Table S5). nvPAR-bZIPa expression was highest early in the
photoperiod of each color: at ZT = 2 of blue light and green light, and ZT = 6 of red light

(Figure 5C). At ZT = 2, nvPAR-bZIPa expression was significantly different from dark
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conditions in both blue light and green light, but not red light (Figure 5). Further, at ZT =
6 each color was significantly different from all others (Table S5) excluding red light vs.
dark. Transcription began decreasing during the late photoperiod and reached an
expression trough just after the start of the scotoperiod of each color (ZT = 14).
Transcription increased as the dark to light transition occurred (Figure 4). This pattern
was not observed under DD (Figure 5D). Similarly, transcription of nvPAR-bZIPd peaked
during the early photoperiod (ZT = 2) and decreased steadily into the scotoperiod. Diel
expression of nvPAR-bZIPd was only observed in blue light, but transcription in both red
and green light was significantly different than blue light at ZT = 6 (p<0.0001) and no
differential expression was measured in DD. Conversely, nvPAR-bZIPc peak expression
occurred during mid- and late-scotoperiod of blue light (ZT = 18) and green light (ZT =
22), respectively; however, transcription was not sustained during late subjective night
into the photoperiod. While nvPAR-bZIPc expression was diel in blue and green light,
expression was constant in red light and dark conditions. Similarly, a Hes/Hey-like gene,
nvhelt, was diurnal only under blue light and green light, however transcription was much
higher in blue light overall (Figure 4). nvhelt transcription was highest at the beginning of
the photoperiod (ZT = 2) and decreased over subjective day to a trough at ZT =22. The
diel expression of nvCryla and nvCrylb was highest mid-photoperiod (ZT = 6) of blue
and green light, however significant oscillations were not measured under red light or
dark conditions. Diurnal expression of the circadian interacting pacemaker protein,
nvCiPC, was only observed under blue light (Figure 5, Table S5). As previously shown

by Reitzel et al. (2010) cyclic expression of nvCycle and nvCry2 was not observed.
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Discussion

Animal phototransduction cascades are highly diverse and predate bilaterian
animals (Arendt, 2003; Shichida and Matsuyama, 2009). As a sister group to bilaterians, a
number of studies have investigated the photoreceptive pathway of cnidarians to
understand the evolution of vertebrate vision (Garm et al., 2007a; Garm et al., 2013). Most
of these studies have focused on ocular photoreception, leaving relatively unknown the
light-sensitivity and behavior of species with extraocular mechanisms, particularly in
anthozoans [reviewed by Martin (2002)]. In contrast to ocular photoreception, non-visual
or extra ocular photoreception does not occur in eyes or similar structures but through cells
diffusely distributed in tissues of the animal or concentrated within particular regions (e.g.,
the nervous system) (Vigh et al., 2002; Wolken and Mogus, 1981). Behaviors attributed to
light perception in cnidarians include diel vertical migrations in the water column (Arkett,
1989; Dupont et al., 2009; Kaartvedt et al., 2007; Kim et al., 2016; Mills, 1983), rhythmic
contractional bursts (Passano and McCullough, 1963; Plachetzki et al., 2010), phototaxis
and photokinesis (Garm and Mori, 2009; Garm et al., 2007b; Hamner et al., 1995; Stewart,
1996), gametogenesis (Grawunder et al., 2015; Harrison et al., 1984), cnidocyte discharge
(Plachetzki et al., 2012), tentacle expansion and contraction (Abe, 1939; Gladfelter, 1975;
Levy et al., 2003; Pearse, 1974; Sebens and DeRiemer, 1977), and feeding (Lewis and
Price, 1975). While sensitivity to blue and green light is common, more variation in spectral
sensitivity (including red) has been suggested for some species of corals (Mason et al.,
2011; Mason and Cohen, 2012), where spectral cues from both the water column and
substrate influence larval positioning for settlement and metamorphosis (Gleason et al.,

2006; Mundy and Babcock, 1998; Strader et al., 2015).



78

The described photobehaviors of cnidarians has been attributed to the presence of
light sensing opsins and cryptochromes, however investigations of the suggested
photoreceptors are lacking. Some studies have suggested opsin-mediated pathways are
responsible for photobehaviors in corals (Anctil et al., 2007; Mason et al., 2012), Hydra
(Plachetzki et al., 2012), and jellyfish (Artigas et al., 2018; Koyanagi et al., 2008; Suga et
al., 2008). In the only biochemical study to explicitly measure the absorptive range of a
cnidarian photoreceptor, Koyanagi et al. (2008) characterized a single, green-light sensitive
opsin (absorption maximum at 500 nm) responsible for initiating the phototransduction
cascade in box jellyfish Charybdea, however the entire retinal opsin repertoire was not
examined. While extraocular light sensing mechanisms of cnidarians have not been tested,
screening of the Nematostella genome has identified 31 candidate opsins (Plachetzki et al.,
2007; Suga et al., 2008), more than the number in other cnidarians (Picciani et al., 2018).
A survey of the opsin genes identified by Suga et al. (2008) in this study did not show
cyclic or light-dependent expression in any light treatment. Additional transcript mining
from published time course data in full spectrum diel light conditions Leach and Reitzel
(2019) also did not reveal differential expression of Nematostella opsins. Further, qPCR
validation of select opsins did not show light-dependent expression (data not shown), but
this result is not conclusive to exclude opsins’ role in the photobehavior of Nematostella.
We postulate this lack of light-dependent expression could be due to post-translational
modifications required for opsin, which would not be picked up when measuring at the
transcript level. Modifications to core circadian proteins and photoreceptors have been
described for several species, including Drosophila, mammals, and cyanobacteria

(reviewed in Mehra et al., 2009). Biochemical experiments examining the spectral
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sensitivity of these proteins and their potential modifications will help elucidate their role
in Nematostella light detection.

Cryptochrome evolution and function is poorly described for marine invertebrates
(Haug et al., 2015; Mei and Dvornyk, 2015; Oliveri et al., 2014), but these proteins likely
have roles in phototaxis by sponge larva (Rivera et al., 2012) and reproduction of some
coral species (Hoadley et al., 2011; Levy et al., 2007). Both light-sensitive and insensitive
cryptochromes (Type I and Type II, respectively) are present in anthozoans based on
phylogenetic distribution. Unlike cnidarian opsins, our data presented here and previous
transcriptomic data show that expression of Type I cryptochromes (i.e., nvCryla, nvCrylb)
in Nematostella and corals are light-dependent with peak expression during the
photoperiod, but lose rhythmicity in prolonged darkness (this study; Brady et al., 2011;
Hoadley et al., 2011; Leach et al., 2018; Leach and Reitzel, 2019; Levy et al., 2007; Peres
etal., 2014; Reitzel et al., 2010; Shoguchi et al., 2013). Expression of Type I cryptochromes
from corals, AmCryl and FfCryl (from A. millepora and F. fragum, respectively) are
strongly diurnal in response to light cycles (Brady et al., 2011; Hoadley et al., 2011; Levy
et al., 2007), particularly moonlight which is a major contributing cue in mass spawning
for many reef corals. There is variation with reports of Type II cryptochrome expression in
Nematostella. For example, nvCry2 does not show a strong diurnal response in any light
treatment of this study, as is similarly reported in Leach and Reitzel (2019) and Reitzel et
al. (2010), as this gene is most closely related to insect light-insensitive cryptochromes
(Griffin et al., 1999; Kume et al., 1999; Yuan et al., 2007; Zhu et al., 2008; Zhu et al.,
2005). These data are in contrast to a study by Peres et al. (2014), in which nvCry2

expression displayed rhythmic oscillations in response to light:dark treatment.
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Furthermore, cryptochromes have been hypothesized to form feedback loops in the
circadian circuitry of cnidarians acting as transcriptional repressors (discussed further
below; Reitzel et al., 2013), however their absorbance spectra has not been measured.
Future work incorporating measurements of the action spectra in predicted cnidarian
photopigments, like opsins and cryptochromes, will certainly help determine their
extraocular functionality.

Diel light cycles synchronize predictable patterns of behavior, physiology and gene
expression, generating rhythmicity via two general processes: a direct response to light or
though modulation by a molecular mechanism (i.e., a circadian clock). Broadly, the
molecular basis for animal circadian clocks involves interlocked transcription-translation
feedback loops with positive and negative elements (Dunlap, 1999). Through a
combination of phylogenomics and light-dependent gene expression assays, Reitzel et al.
(2013) proposed a model for the cnidarian circadian clock composed of two loops (Figure
6): the feedback loop where light dependent cryptochromes are involved in negative
regulation of the CLOCK:CYCLE dimer and a feedforward loop where PAR-bZIPs
activate and repress transcription of clock or cycle [as in Drosophila, see Cyran et al.
(2003)]. In our study of light-dependent gene expression, we observed progressive loss of
gene expression differences for these proposed clock components from blue to green to red
light treatments. In blue light, components of each loop are differentially expressed in
light:dark conditions suggesting robust diel gene expression for all genes, some of which
have different phases (e.g., nvPAR-bZIPa and nvPAR-bZIPc). In green light, individual
genes in each component (i.e., nvPAR-bZIPc, nvClock, nvCryla) no longer showed

significant differences in expression. However, anemones maintained rhythmic activity
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with 24-hour periodicity. In red light, only nvPAR-bZIPa maintained differential gene
expression in light:dark, which was restricted to just a narrow time comparison (early day
vs early night). nvCiPC showed a similar pattern of light-dependent differential gene
expression as nvClock, the protein that it regulates through phosphorylation in mammalian
species (Yoshitane et al., 2009). Timeout (not shown in Figure 6) is a sister gene to
Timeless, a critical component of the Drosophila circadian clock, but the role, if any, of
Timeout in cnidarian clocks is unknown. In our study, nvTimeout showed diel expression
only under red light, and was up-regulated during the day. In the facultatively symbiotic
sea anemone, Exaiptasia diaphana, Timeless expression [ Timeout in other cnidarians, see
Reitzel et al. (2010)] was dependent on the presence or absence of symbionts and had a
circatidal (12-hour) rhythmic expression in the absence of Symbiodinium (Sorek et al.,
2018).

While we are unable to precisely determine if it is wavelength or intensity that
impacts the oscillating organismal and molecular responses demonstrated here, behavioral
studies in other cnidarians report similar light energies where light between 40 and 300
umol/m?/sec! of photons elicits behavioral rhythmicity. For example, Levy et al. (2001)
reported diel coral tentacle expansion occurring at intensities as low as 40 umol/m?/sec’!
photons and Sorek et al. (2018) reported diel activity in the sea anemone Aptasia
(Exaptasia) diaphana in response to light at 70 pumol/m™/sec! photons, which are
magnitudes lower than full spectrum light intensity. Although different species may
respond to distinct intensities, we speculate the changes in activity in our study are likely
due to discrepancies in wavelength, rather than intensity. One hypothesis for these shifts in

global gene expression and differences in behavior under longer wavelengths (630 nm) and
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lower intensity (160-184 pmol/m?/sec!) is masking, where under typical daylight
conditions, full spectrum illumination overrides or ‘masks’ other cues, eliminating the
potential for differential wavelength- or intensity-dependent behaviors. The blue light
responses commonly seen amongst cnidarians are likely due to the action of
cryptochromes, opsins and/or rhodopsin (Arkett, 1989; Musio, 1997). Ours and other data
lends support for Nematostella having maximal sensitivity in the 420-510 nm range,
however we report a novel response to light near 630 nm that suggests the possibility of
additional pigments or proteins capable of detecting low-intensity, higher-wavelengths
may be present in this species.

In coastal habitats, organisms experience complex environmental signals including
solar, lunar, and tidal cues. To accommodate this diverse set of potential cues, some marine
invertebrates exhibit twice-daily oscillations in activity (Chabot et al., 2004; Last et al.,
2009; Palmer, 2000) and have even evolved separate circadian and circatidal oscillators
(Warman and Naylor, 1995; Zantke et al., 2013; Zhang et al., 2013). While no evidence to
date has supported the presence of a circatidal clock in cnidarians, Hendricks et al. (2012)
observed a similar twice daily activity pattern in Nematostella maintained in constant
darkness similar to what we report in this study. Together, these results suggest the
presence of a second oscillator within cnidarians, which may be masked by stronger
competing entrainment cues. Deciphering between mechanisms of these two time keeping
mechanisms would be an impactful area of future investigation, providing a novel

evolutionary perspective on cnidarian clocks.
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Conclusions

The data presented here contributes to our limited knowledge of non-visual photo
behavior and gene expression in an eyeless cnidarian from an integrative organismal and
molecular context. Combined with our report of differential transcriptomic responses to
light spectra and intensity, these data support a hypothesis that Nematostella is capable of
light entrainment in a broad range of wavelengths, despite lacking ocular photoreceptors,
most notably in red light. Additionally, the activity profile of animals maintained in diel
red light conditions suggests longer wavelengths may elicit circatidal behavior in this
species. Future studies deciphering between wavelength-dependent or intensity-
dependent responses in Nematostella would be informative to understanding if this

species is capable of discriminating between discrete wavelengths.

Methods
Animal culture

Adult Nematostella vectensis, originally collected and outbred from Maryland
(Putnam et al., 2007), were maintained in a laboratory setting as described in Hand &
Uhlinger (1992). Sea anemones were kept in glass Pyrex dishes with 15 parts per thousand
(ppt) artificial seawater (ASW). Individuals were fed haphazardly three days each week
with freshly hatched brine shrimp (4rtemia sp.) and the water was changed bi-weekly.
Experimental treatments

Animals were split into four experimental light treatment groups and culture
conditions were adjusted to simulate a diel light cycle (12-hour light: 12-hour dark; LD)

or constant darkness (DD) inside a light- and temperature-controlled room. For one
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month, during the ‘entrainment period’, sea anemones were exposed to one of four
isolated light treatments of different wavelengths using Minger LED strip lights: (i) red
LD, (ii) green LD, (iii) blue LD, and (iv) 24-hour constant darkness. Light spectra were
measured using a Qstick Subminiature Spectrometer (RGB Laser Systems) and light
intensity was determined using a quantum scalar laboratory spherical radiometer (QSL-
2100, Biospherical Instruments, Inc., San Diego, CA, USA). The irradiance of each light
treatment (umol photons m?/sec’') was measured from two locations within a single dish
(Figure S1). Intensity of blue light in the range of 420-515 nm (peak at 450 nm) was
measured at 396-401 pmol/m/sec’1 photons, intensity of green light ranging from 480-
580 nm (peak at 510 nm) was 247-258 umol/m/sec’! photons, and the intensity of red
light in the range of 600-650 nm (peak at 630 nm) was 169-184 umol/m2/sec’1 photons
(Figure S1). For LD groups, light cycling began at 7:00 AM EST or Zeitgeber time (ZT)
= 0 with “lights on”, and “lights off” at 7:00 PM EST or ZT = 12. During the entrainment
period, animals were cultured on the same feeding and water change schedule as previous
and care was taken for all groups during to limit stress to the animals. Animals in the DD
group were fed and water changed during “lights off” to eliminate the potential for light
contamination. All animals were starved for two days prior to data collection.
Behavioral assays and data analysis

Noldus Ethovision (Noldus Information Technology) was used to record and
quantify the movement of sea anemones in each light condition independently. An
infrared 850 nm 5050 LED strip light (Environmental Lights) was used to facilitate
recordings in both light and dark conditions. For each experiment, animals were

measured in individual glass petri (9 cm across) dishes with 50 mL ASW. Video
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recordings were obtained for 12-16 animals in each light condition over 48 hours (n =
60), beginning at ZT = 0. Animals were not fed during data collection, and recording time
was minimized to reduce the impact of starvation on the measurements.

Each video recording was analyzed using Noldus Ethovision XT9 with the area of
each petri dish set as the ‘tracking arena’. To avoid including light reflected off of the
glass dish inside the tracking arena, all arenas were drawn with a 1 cm buffer from the
edges of the dish (tracking arena area [] 50.27 cm?2). In the case of animal movement into
this region, the sample was discarded. Detection settings were set as follows: center-point
detection, grey scaling (30-65), high pixel smoothing with contour erosion set to 1, and a
sampling rate of 5.0 to ensure animal movement was detected throughout the collection
period. Measurements of locomotion or ‘distance traveled’ in centimeters every 5
seconds was binned into hourly intervals (cm/hour) and analyzed with ClockLab software
(Actimetrics).

Female populations were induced to spawn under red, green, and blue light
cycles, following the animal care protocol outlined in Fritzenwanker & Technau (2002).
Egg production was qualitatively recorded weekly to determine reproductive entrainment
to individual wavelengths.

Wavelength experiment

For whole-organism gene expression analysis, animals were entrained in the same
four experimental groups as described above for 1 month. After a starvation period of two
days, individual sea anemones were sampled from each condition (4 biological replicates

per time point) every 4 hours over 24 hours for a total of six timepoints (n = 96, replicates
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were not pooled), beginning at ZT = 2. Samples were immediately preserved in RNAlater
(Ambion) and stored at 4°C until processing.
Tag-based RNA library preparation, sequencing, and processing

Total RNA was isolated from 96 samples using the RNAqueous kit (Ambion)
according to the manufacturer’s protocol. Briefly, after pipetting off and discarding
RNAlater from each sample, whole animals were lysed by pipetting in lysis buffer for <2
minutes, washed 2-3 times, and eluted on a column. Genomic DNA was removed using
DNA-free kit (Invitrogen), and RNA was assessed using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific). RNA was shipped for tag-based library
preparation at the University of Texas at Austin’s Genomic Sequencing and Analysis
Facility (GSAF) as in Meyer et al. (2011) and adapted for Illumina HiSeq 2500. Briefly,
total RNA was heat-fragmented and then reverse transcribed into first-strand cDNA. The
cDNA was purified using AMPure beads, and PCR-amplified for 18 cycles. Unique
[llumina barcodes were added in an additional PCR step for indexing of each sample. After
an additional purification step, libraries were pooled, quality checked using a Bioanalyzer
(Agilent), and size-selected using BluePippin (350-550bp fragments). Raw sequence data
from 100 base paired, single-end reads were delivered from the UT Austin GSAF. Raw
reads were trimmed and quality-filtered using the FastX-toolkit (Pearson et al., 1997).
Trimmed reads were mapped against the Nematostella Vienna transcriptome using the
Bowtie2 aligner (Langmead and Salzberg, 2012) and a read-counts-per-gene file was
generated retaining only reads mapping to a single gene. Lastly, counts were imported into

the R environment for all downstream statistical analysis (R3.5.0, R Core Team 2015). A
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full version of the library preparation protocol and associated bioinformatic tools can be
found at https://github.com/z0on/tag-based RNAseq.
Gene expression analysis

Normalization and differential expression analysis of read counts was performed
using the R package DESeq2 (Love et al., 2014). To enhance the rate of differential gene
discovery, transcripts with low abundances (mean count <3) were independently filtered
as per the DESeq?2 pipeline described in Love et al. (2014). The arrayQualityMetrics package
(Kauffmann et al., 2009) was used to detect outlier transcripts. DESeq2 normalized count
data were regularized log transformed using the rlog function. Wald statistical tests were
performed to identify diel transcription patterns in contrasts between all conditions and
time points. P-values were Benjamini-Hochberg-adjusted to determine significance of
contrasts (10% FDR cutoff). A rank-based gene ontology (GO) enrichment analysis was
performed using signed, unadjusted log-transformed p-values (positive if up-regulated,
negative if down-regulated) with the GO_MWU R package
(https://github.com/z0on/GO_MWU) for all contrasts. We used the weighted correlation
network analysis package in R to determine gene co-expression, using a soft threshold
power of 11.5 (Langfelder and Horvath, 2008). Modules with expression patterns that were
correlated greater than Pearson’s R > 0.45 were merged and GO enrichment analysis was
performed using a Fisher’s exact test in the GO_MWU package. The R packages ggplot2
and pheatmap were used to generate graphs and heatmaps, respectively (Kolde, 2018;

Wickham, 2009).
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Figure 1. Average locomotive activity (cm/hr) of Nematostella vectensis during the
photoperiod (light bars, left) versus scotoperiod (dark bars, right) over 48 hours in each
light condition (R — red, G — green B — blue, D — dark). All comparisons between
photoperiod and scotoperiod of each color and within colors were significant (two-way
ANOVA with Tukey post hoc tests). All statistical values for pairwise comparisons can
be found in Table S1.
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Figure 2. Normalized locomotive activity patterns of Nematostella vectensis over time
(left panel) in A) blue light:dark conditions, B) green light:dark conditions, C) red
light:dark conditions, and D) constant dark:dark conditions. The 48-hour time course is
indicated by the x-axis, and normalized movement (cm/hr) on the y-axis of the left panel
behavioral plots. White and grey boxes in the plot area indicate the light:dark cycle, or
the photoperiod and scotoperiod of the time course, respectively. Each data point on the
behavioral plots represent n replicates (nblue = 16; ngreen = 16, nred = 16; ndark = 12).
The right panel (E-H) shows periodograms corresponding to each color (annotated in the
far-right box) using Chi-square analysis from activity data for n individuals in each light
condition (confidence interval < 0.01). Periodicity values are reported in the top left

corner of each graph.
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Figure 3. Time-of-day and wavelength-dependent differential gene expression analysis of
Nematostella vectensis. A-C) Counts of differentially expressed (DE) genes between the
day (ZT = 2, 6, 10) and night (ZT = 14, 18, 22) timepoints in each light treatment (B —
blue, G — green, R — red). Up- and down-regulated genes with respect to the photoperiod
are shown with black (down-regulated) and grey (up-regulated) bars (i.e., if up-regulated,
genes are up during the photoperiod compared to the scotoperiod). D-F) Venn diagrams
of DE genes shared between each light condition. No genes were differently expressed
between the different color light conditions and constant dark conditions; thus, they are
not represented in this figure.



107

PAR-bZIPa PAR-bZIPc PAR-bZIPd Helt Clock
100 0 250 2507 %
% " { 200 200 20
@ } 150 1504 1 15
10 /10 { 100 { ) 10
% / \ :
[ = { 50 1 5 J
0 = .—'{ ol—" 0 0 N, =
100 0 250 250 %
" " 200 200 2
i 150! 150 15
50 N
100! 10
S % \ 10 /{{/‘ b
U (N, 2 0 1 [
8 0 —t 0 4 o ———————— 0 ¥
g 0
= 100 30 250 250 %
2 75 200 200 2
S 20
o 0 150, 150 15
10 100 100 10
2% % * % 50 5
4 NI B 50 A
SIS NI S = S I IS IS 12 S N
100 K| 250 250 %
% ” 200 200 20
50 150 150 15
0 100 100 10
5 50 50 5
0 0 0 0 0

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 2 o 5 1 15 20 25 0 5 10 15 2 25
Time Time Time Time Time

Figure 4. Nematostella vectensis candidate circadian gene profiles over the 24-hour
sequencing time course, organized by gene and color. Each vertical set of plots represents
a single gene’s expression in each light condition in the following order: blue, green, red,
dark. Data points on each plot represent four individually sequenced animals. Error bars
are calculated from the standard error of the mean for each data point (n=4). The time
course of the experiment is shown along the x-axis, and the normalized expression values
are shown along the y-axis. Note the scale is the same for each light condition of a
specific gene, but the scales differ across genes. White and grey boxes in the plot area
indicate the light:dark cycle, or the photoperiod and scotoperiod of the time course,
respectively. All statistical values for comparisons can be found in Table S5.
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Figure 5. Heatmap of Nematostella vectensis candidate circadian genes across each light

treatment A) blue, B) green, C) red, D) dark. The experiment key at the bottom of the

lower heatmap identifies the ‘photoperiod’ and ‘scotoperiod’ sampling points of the 24-

hour time course. Columns of each heatmap represent the replicate samples obtained

every 4 hours during the time course. Each row of the heatmaps shows expression of a

single annotated gene, labelled on the right. The color scale is log2 fold change.
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Figure 6. Proposed model for the cnidarian circadian clock composed of two loops
adapted from Reitzel et al. (2013) and associated behavior. This proposed network
combines the positive elements (center), the feed-forward loop (left), and the feedback
loop (right). The positive elements, Clock and Cycle heterodimerize (CLOCK:CYCLE)
and upregulate genes in the feed-forward and feedback loops (PAR-bZIPs and
cryptochromes, respectively) where they act as transcriptional regulators for the positive
elements. CIPC is a predicted repressor of the CLOCK:CYCLE protein complex based
on data from vertebrates. Differential expression (DE) of genes in this network are
indicated with solid (DE) or dashed (not DE) lines for each color (key far left). Cycle is
not outlined because this gene was not differentially expressed in any condition. Plots of
behavioral responses to each wavelength are shown on the far right as cartoons.
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Figure S1. A. Light spectra intensity and energy values from the experimental treatments
used in this study. Spectra were determined using a Qstick Subminiature Spectrometer
(RGB Laser Systems). B. Energy values were determined using a radiometer (QSL 2100,
Biospherical Instruments Inc.) at two positions in a 90mm petri dish, on the inner (left
star) and outer (right star) edges. Measurements are in pmol/cm?2/sec of photons.
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CHAPTER 3
TEMPORAL SINGLE CELL GENE EXPRESSION OF NEMATOSTELLA VECTENSIS

Whitney B. Leach, Flora Plessier, Yann Loe-Mie, Heather Marlow, and Adam M. Reitzel

Abstract

Vertebrate and insect circadian clocks are driven by a master regulator in
specialized brain neurons which coordinate timing of rhythms in peripheral tissues, which
may have their own version of an oscillator. The extent of shared mechanisms for
circadian clock regulation in these peripheral clocks for different animal tissues and their
relationship to the central clock in the brain is an area of active investigation. In
organisms without a cephalized nervous system, circulatory system or distinct organs, the
molecular components for circadian coordination is even more poorly understood. Here,
we report a comparative analysis of circadian transcript expression in three predominant
cell types (neurons, gland cells, epithelial cells) in the cnidarian Nematostella vectensis in
light:dark cycles. We find a total of 136 cycling transcripts overall all cell types, with
overlap of only two genes, nvClock and nvCIPC, for all the three cell types. Circadian
expression of cryptochromes was restricted to neural cells, and PAR-bZIP transcription

factor expression was restricted to neural and gland cells.

Introduction
Circadian clocks in animals are composed of transcription-translation feedback
loops that generate self-sustaining oscillations such that organisms can anticipate daily

events (reviewed in Dunlap, 1999). In mammals, the central circadian pacemaker is
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found within the suprachiasmatic nucleus (SCN) of the hypothalamus. Cells within the
SCN are directly entrained by light input from the retina and can maintain a self-
sustaining, free-running rhythm. In contrast, clocks in peripheral tissues, such as the liver,
skeletal muscles, and adipose tissues (Zhang et al., 2014), exhibit rhythmic oscillations
that peak at different times of day and typically degrade without entrainment by the SCN
or environmental cues, which could be abiotic factors as well as microorganisms. The
central pacemaker primarily functions to synchronize peripheral clocks located
throughout the body by stimulating production of signaling molecules, particularly
melatonin (Buijs et al., 2016; Mohawk et al., 2012). Similarly, in Drosophila, the
pacemaker is composed of ~150 clock neurons within the brain (Helfrich-Forster, 2005)
that coordinates rhythmic oscillations in peripheral tissues, such as the fat body (Xu et al.,
2011). Thus, within diverse animal models, organs and tissues comprise a hierarchically
structured circadian network where central regulators composed of a few cells, like the
SCN, regulate the internal clock and signal peripheral clocks to synchronize outputs
(Akhtar et al., 2001; Dibner et al., 2010). In addition, peripheral clocks may signal back
to the central clock with information regarding tissue- or organ-specific information.
Tissue specificity in circadian regulation has been previously studied in both
vertebrate and insect models (e.g., Agrawal et al., 2017; Meireles-Filho et al., 2014;
Salgado-Delgado et al., 2013). Peripheral clocks vary both in their sensitivity to entraining
cues as well as the downstream genes and processes that they regulate. Direct entrainment
by light has been described in mammalian retina, zebrafish heart and kidney, and several
Drosophila tissues (Agrawal et al., 2017; Tosini and Menaker, 1996; Whitmore et al.,

2000). In mammals, the peripheral clocks of different tissues appear to utilize unique
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combinations of about 20 transcriptional regulators in the central circadian clock with
expression in different phases (Ukai and Ueda, 2010). Phase differences are explained, in
part, by the contribution of particular activating and inhibitory components (the feedback
loops) of each cell type's clock. The recruitment of different parts of the gene network for
these individual clocks provide a mechanism how clock controlled genes (CCGs) can have
different rhythmicity in particular tissues (Pett et al., 2018). Moreover, neuroendocrine and
metabolic signals can impact the phase and amplitude of the clock in certain tissues in
unique ways, which further complicates the relative roles for intracellular and extracellular
factors in the entrainment of different tissues. For example, tissue-specific thythms in both
transcription factor activity and binding to distal enhancers are synchronized by periodic
feeding in mouse liver and sodium homeostasis in the kidney (Yeung et al., 2018).
Beyond these traditional model animals, studies from an increasing number of
invertebrate species (e.g., Kaiser et al., 2016; Perrigault and Tran, 2017; Zantke et al.,
2013), including cnidarians (Hoadley et al., 2016; Reitzel et al., 2013b), have resulted in
a deeper understanding of the conservation of the core mechanisms of the circadian
circuitry in animals. These studies have also shown that organisms entrain to diverse
environmental cues (e.g., tidal rhythm, temperature) that are hypothesized to utilize a
similar gene network. Nematostella vectensis, an estuarine anemone, has emerged as a
cnidarian model system for characterizing the evolution and expression of the circadian
clock. To date, studies of rhythmic gene expression in light-entraining conditions have
relied upon whole animal homogenates from different time points to identify genes with
potential roles in diel behavior and physiology. This approach has identified a number of

concordant gene expression patterns suggestive of a conserved role for particular
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transcription factors and light-sensitive proteins in the cnidarian-bilaterian clockwork.
However, studies from bilaterians have clearly shown tissue specificity of circadian clock
rhythms and the genes involved (see above), which could be easily obscured when
looking at all animal tissues and cell types in one sample. Here, we compared
transcriptome-wide gene expression for three common cell types in Nematostella to
determine how gene expression varies during a diel lighting environment for each cell
type to identify similar and unique patterns. Because anemones have a tissue-grade level
of organization, our results are particularly insightful for isolating the role of external
cues on the entrainment of cell-specific clocks that will be informative to understand the

complexities of the hierarchical signaling in mammalian and insect species.

Materials and Methods
Transgenesis for cell/tissue-specific markers

To facilitate isolation of specific cell and tissue types, we generated transgenic
Nematostella expressing Kikume reporter under the control of the predicted promoters
for a gland cell subpopulation specific gene (JGI v1g199428, Vienna NVE4653), referred
to here as Gd2) and an ectodermal epithelium marker (Ep3K) (Vienna model ID
NVE17842). The regions of the promoter were amplified from genomic DNA using locus
specific primers (all primers provided in Supplemental Table 1.3) and then inserted in a
construct (pNvT-MHC::mCH plasmid) reported in Renfer et al. (2010) where the
mCherry reporter was replaced with the KikGR reporter (Nowotschin and Hadjantonakis,
2009), from the pCAG:KikGR plasmid, donated from Anna-Katerina Hadjantonakis

(Addgene plasmid # 32608; http://n2t.net/addgene:32608 ; RRID:Addgene 32608). The
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constructs were injected into 1-cell stage embryos with the yeast meganuclease I-Scel
(New England Biolabs) to facilitate genomic integration (Renfer et al., 2010). Following
germline integration, stable transgenic animals were visualized under an Axio Imager Z1.
Transgenic Nematostella expressing mOrange under the control of the ELAV promoter
NvElav1::mOrange that labels a subset of neurons were reported in a previous
publication (Nakanishi et al., 2012). These animals were generously donated by the
Rentzsch lab (SARS, Norway).
Animal culturing and sampling

Juvenile transgenic Nematostella from each line were cultured in finger bowls
under a 12 hour light : 12 hour dark (here after, LD) at 25°C in temperature controlled
incubators (HerpNursery). [llumination was provided by full spectrum LED lights
(Minger). Anemones were fed freshly hatched Artemia nauplii 5 times a week at ZT = 14
and cleaned weekly during their light period for 3weeks. Feeding ceased 2 days prior to
experimental sampling. Single polyps from the Gd2 and Ep3K transgenic lines and two
polyps from the ELAV transgenic line were duplicately sampled every four hours for 48
hours and immediately transferred to low-binding Eppendorf tubes containing fresh
13.5ppt Ca*"/Mg**-free artificial seawater (CMFSW) for cell dissociation. A total of 48
individuals from the ELAV transgenic line were collected (n=2 pooled individuals * 12
time points * 2 biological replicates), and a total of 24 individuals each from the
Gd2 v1gl99428 KikGR and Ep3K transgenic lines were collected (n=1 individual * 12

timepoints * 2 biological replicates).
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Tissue processing, cell sorting, and MARS-seq

Immediately following sampling, anemones were processed for cell sorting and
sequence-library preparation as previously reported (Sebé-Pedros et al., 2018). Briefly,
cells were dissociated with gelatin-coated pipette tips for ~20 minutes using Liberase TM
(Roche, 05401119001). Dissociation was halted by adding 1/10" volume of 500mM
EDTA, and placed into fresh 13.5ppt CMFSW, followed by the addition of a 2X master
mix solution of CMFSW, Calcein AM Violet (Life Technologies, C34858) final
concentration, and SytoxRed (Thermo S34859). Final volume was approximately 1mL
with 1uL/mL final of SytoxRed and 1pg/mL final of Calcein violet. Pools of single cells
(Elav — 100 cells, Ep3k 20 cells and Gd2k — 20-50 cells) were prepared at each time point
(i.e., every four hours). The dissociation suspension was filtered onto a 35pum nylon mesh
FACS tube. A BD FACSARIA III (FACS DIVA 8.0 software) cell sorter was used to
sort for the fluorescent reporter in each line: mOrange for ELAV (Elav-mOrl) and
Kikume Green-Red protein (Gd2-KikGR, Ep3K-KikGR) for Gd2 and Ep3K. The gating
strategy was as follows: multiplets were excluded based on FSC-H vs FSC-W profile,
then live singlets were selected as Calcein-violet (405nm excitation, 450/40 BP emission
filter) positive and SytoxRed negative population (633nm excitation, 660/20 BP emission
filter). Then KikGR-positive cells (from the Gd2 v1g199428 KikGR cell suspension) or
mOrange-positive cells (from the Elav:mOr cell suspension) were selected based on their
FITC-A (488excitation, 525/50 emission filter) vs PE-A (561nm excitation, 582/12
emission filter) signal: FITC-high/ PE-low for KikGR-positive cells and PE-high/FITC-
low for mOrange-positive cells as there are strongly autofluorescent cells on the FITC-A

(488-525/50) vs PE-A(561-582/12) diagonal. Then live KikGR+ or mOr+ singlets above



117

Sum were selected based on FSC-A vs SSC-A profile. As there are additional
endogeneous FITC+ and PE-A-positive populations that overlap with the KikGR+ and
mOr+ gates (respectively), it is expected that the sorted pools of cells are significantly
enriched for the reporter-labelled populations but not pure. Pools of 100 live mOr+
singlets (Elav::mOr line), or 20-50 live KikGR+ cells for the (Gd2 v1g199428 KikGR
line) were sorted in up to 64 separate wells (until sortable cells were exhausted for each
sample tube) of a 384-well capture plate containing 2 pl of lysis solution (0.2% Triton-X-
100, RNase inhibitors (RNAsin inhibitors, PROMEGA), and barcoded poly(T) reverse-
transcription (RT) primers). Each plate contained 2 biological replicates (separate
dissociations) for each line sorted per ZT timepoint and was then spun down and frozen
at -80°C until processing.

Cell-type sequencing libraries were prepared on a Bravo automated liquid
handling platform (Agilent), as described in Sebé-Pedros et al. (2018). Subsequent
[llumina-based sequencing was performed using the protocol reported in (Sebé-Pedros et
al., 2018) using the MARS-seq protocol (Jaitin et al., 2014). Libraries were sequenced
using the I[llumina NSQ® 500 hi- Output KT v2 (75 cycle) with an Illumina NextSeq 500
sequencer.

Cyclic transcript expression analyses

The R package MetaCycle 2D (Wu et al., 2016) was used to detect cyclic
transcripts from the time series expression data of each cell type (Gd2K, Elav._mOrange,
Ep3K). Transcripts with no counts or missing replicates were discarded. The meta-
analysis uses three algorithms to detect significant (p < 0.05) rhythmic signals:

JTK CYCLE, Lomb-Scargle, and ARSER.
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Results and Discussion

Using the MARS-seq protocol as previously described (Jaitin et al., 2014), we
identified transcripts with circadian expression in three cell types of Nematostella. A total
of 136 significantly rhythmic genes (p < 0.05) were detected by MetaCycle 2D (Wu et
al., 2016). In gland cells 34 transcripts were cycling, 61 transcripts were cycling in neural
cells, and 41 transcripts were cycling in epithelial cells (Figure 1). It should be noted that
data from the ectodermal reporter (Gd2) is currently being reviewed, as the expression of
this reporter in adults was problematic during sorting due to low expression.

In each of the three cell types, the circadian-related genes clock and clock-
interacting pacemaker complex protein, or CIPC, were significantly cycling with 24-hour
periodicity (Figure 2). These were the only genes with cyclical expression for all three
cell types. A microarray study in Drosophila suggested tissue-specific mRNA cycling
when comparing transcripts from heads and bodies, where little overlap was seen in
cyclic mRNAs between the two tissues except in core clock genes (Ceriani et al., 2002),
as we see in this study of cell type cyclic expression in Nematostella. Consistent with
prior studies that quantified gene expression of whole anemone homogenates, nvClock
was significantly up-regulated during the photoperiod, with peak expression occurring
just before the light-dark transition (Leach and Reitzel, 2019; Oren et al., 2015; Peres et
al., 2014; Reitzel et al., 2010) in each cell type of this study. Similarly, nvCycle did not
exhibit cyclic expression, similar to the pattern of Clock and Cycle expression in
Drosophila (Cyran et al., 2003). nvCIPC expression was out of phase with nvClock

showing up-regulation during the scotoperiod (Figure 2), consistent with previous reports
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of this transcript in Nematostella and Acropora (Leach and Reitzel, 2019; Oren et al.,
2015).The typical description of the central "animal" circadian clock requires a pair of E-
box binding transcriptional activators, typically clock and cycle, to drive rhythmicity in
tissue specific gene expression of clock-controlled genes (CCGs). In this pairing,
oscillating expression of CLOCK or CYCLE (BMAL in mammals) promotes coordinated
regulation of cyclic physiological and metabolic functions in various tissues (Hardin and
Panda, 2013; Mohawk et al., 2012; Storch et al., 2002). Like other CLOCK:CYCLE
targets, mouse and human CIPC has an E-box binding site suggesting circadian
regulation and is also robustly expressed in a cyclic manner in peripheral tissues. The
role, if any, of the cnidarian CIPC ortholog in circadian regulation is unknown, but we
have identified canonical E-box motifs in the promoter region ~1000 bp upstream of this
gene in Nematostella. Together, the 24-hour rhythmic, out of phase expression pattern to
nvCLOCK and presence of E-box reporters in of nvCIPC correlatively suggests
involvement of this gene in cnidarian clocks. Further, the circadian expression of nvClock
and nvCIPC in multiple cell types suggests that these bHLH-PAS transcription factors
have a similar circadian function in each cell type.

Four genes were shared between gland and neural cell lines: cytochrome b-cl
complex subunit 7, nuclear receptor TLX, DEAD box polypeptide 41, and a transcription
factor in the proline- and acid-rich (PAR) subfamily of the basic leucine zipper proteins,
or PAR-bZIP. The expression of each of the four shared genes exhibited the same general
peak and trough in both cell types. The circadian network of animals involves feedback
mechanisms via transcriptional regulators or direct repressors to the core clock

components, either Clock or Cycle. In Drosophila, members of the PAR-bZIP family are
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involved in this regulation and bind to the promoter region of Clock inhibiting or
activating its transcription (Cyran et al., 2003). The proposed mechanism for this
feedback in cnidarian circadian clocks is analogous, where it is hypothesized that PAR-
bZIP transcription factors A, C, and D heterodimerize to regulate nvClock activity
(Reitzel et al., 2013a). Further analysis of these genes in Nematostella have revealed
expression patterns consistent with circadian expression when measured under diel light
conditions (Peres et al., 2014; Reitzel et al., 2010); however their rhythmic expression is
not maintained in the absence of a regular light cue (Leach and Reitzel, 2019; Peres et al.,
2014). In the present study, significant rhythmic nvPAR-bZIPC expression was only
detected in gland and neural cells. Our present data did not detect nvPAR-bZIP A, B, or D
with significant 24-hour rhythmic expression in any cell of the three types, which
suggests they may not be uniquely expressed in specific cell types. Because nvPAR-
bZIPC does not appear to be co-expressed with two of its potential PAR-bZIP
heterodimeric partners, these data may also suggest that this transcription factor acts as a
homodimer or monomer. Alternatively, detection of other PAR-bZIPs in this dataset may
be due to the stringent filtering criteria applied in MetaCycle (see Methods).

One gene, hairy and enhancer or split-related protein (HELT), was shared
between the epithelial cells and neural cells and one unannotated gene, NVE7446, was
shared between epithelial cells and gland cells. Recent investigation of diel
transcriptomic responses in Nematostella have suggested nvHELT expression is largely
light dependent (Leach and Reitzel, 2019), with peak expression occurring mid-
photoperiod (Leach and Reitzel, 2019; Oren et al., 2015) consistent with our findings in

this study in both neural and epithelial cells.
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Of the 55 genes unique to the neural cells, three cryptochromes and a cAMP
responsive element binding protein-like, CREB-like, transcription factor were
rhythmically oscillating. Of the cryptochromes, peak nvCryla expression occurred right
after the light-dark transition. Two nvCryIb transcripts were identified with cyclic
expression (JGI genome: v1g106062 and vigl06211), however both of these transcripts
map to the same position for the Vienna transcriptome (NVE2424). It is unclear if these
are unique genes based on the first-generation annotation of the genome (Putnam et al.,
2007). The slightly different expression patterns of vl1g106062 and v1g106211 suggests
that they could be different genes but without better gene models we are unable to resolve
this discrepancy. Both nvCry1b transcripts exhibited expression peaks just before the
light-dark transition and are identical to previous literature using whole animal
homogenates (Leach and Reitzel, 2019; Oren et al., 2015; Peres et al., 2014; Reitzel et al.,
2010). In vertebrate and non-drosophilid insect clock networks, Type II cryptochromes
dimerize with period or timeless (insects) genes to directly repress action of
CLOCK:CYCLE/BMAL heterodimers (Dunlap, 1999; Harmer et al., 2001; Yuan et al.,
2007). In the atypical Drosophila clock, Type I cryptochromes act to indirectly repress
CLOCK:CYCLE function in a light-dependent manner (Zhu et al., 2008; Zhu et al.,
2005). Because cnidarians lack both period and timeless genes (Reitzel et al., 2010;
Shoguchi et al., 2013), which, as discussed above, are typically circadian clock
repressors, Reitzel et al. (2010) hypothesized that cryptochromes, particularly nvCryla
and nvCry1b are involved in the feedback arm of cnidarian circadian clocks, providing

light-dependent repression of the core components nvClock and nvCycle. In this study,
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circadian expression of cryptochromes was restricted to neural cells, suggesting the time
setting through light entrainment may be specific to only neurons.

Our study is the first investigation of cell type specific expression of circadian-
related genes in any cnidarian. Previous research has provided evidence supporting cyclic
expression of core clock components in cnidarians, however collectively there is an
inconsistency between reports of true circadian expression of these genes, or their light-
dependency. This discrepancy may be due, in part, to experimental design and temporal
differences between studies, but a conceivable explanation could be that the molecular
mechanisms responsible for cyclic phenotypes are spatially restricted to a subset of cells.
Because using whole animal homogenates does not allow for identification of spatial
transcriptomic signatures, and likely dampens expression signals from genes that have
restricted expression, characterizing transcriptome profiles of different cell types could
help mitigate conflicting observations in Nematostella. Traditionally, the use of in-situ
hybridization (ISH) has been used to look at cell type specific expression patterns of
particular genes to hypothesize a mechanism, which would sometimes be followed up by
knockdowns or transgenics. While these methods are complementary, they certainly do
not allow for a complete picture. In order to understand a network, one clearly needs to
know all of the components within a cell that could be interacting. By using a cell type
transcriptomic approach, we can more accurately explore mechanisms responsible for the
generation of circadian behavior and physiology in cnidarians that are not clear when
looking at the whole organism level. The data presented here suggest that in
Nematostella, neural cells have the components of what could be a complete clock, with

the potential for light entrainment.
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Figures

Elav_mOrange

Ep3K

Figure 1. Venn diagram of significant 24-hour cycling genes in the three lines: gland cells
(Gd2K), neural cells (Elav_mOrange), and epithelial cells (Ep3K).
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Gd2K (A), Ep3K (B), and Elav_mOrange (C) lines from two technical replicates (black

and red lines).
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Supplemental Note 1

Primers

Fwdl pV1g199428 NVE4653 (5’=>3’)
ATCTGATTAATTAACAGCGTGCAACATGCAATTACAG
Revl pV1gl199428 NVE4653
ATCTGAGGCGCGCCCTTCCCCTATGAACGTCTCC

Fwdl pNVE17842
ATCTGATTAATTAATGTTGGACCCATAGTCCTTG
Revl pNVE17842
ATCTGAGGCGCGCCCTTGTACCTTAATCGTAAAT

Primers include restriction sites (Ascl for the reverse primer, Pacl for the Fwd, and a 6bp
additional sequence for restriction digestion)
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CHAPTER 4
BACTERIAL RHYTHMS IN NEMATOSTELLA VECTENSIS
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Abstract

Microbes can play an important role in the physiology of animals by providing
essential nutrients, inducing immune pathways, and influencing the specific species that
compose the microbiome through competitive or facilitatory interactions. The community
of microbes associated with animals can be dynamic depending on the local environment,
and factors that influence the composition of the microbiome are essential to our
understanding of how microbes may influence the biology of their animal hosts. Regularly
repeated changes in the environment, such as diel lighting, can result in two different
organismal responses: a direct response to the presence and absence of exogenous light and
endogenous rhythms resulting from a molecular circadian clock, both of which can
influence the associated microbiota. Here, we report how diel lighting and a potential
circadian clock impacts the diversity and relative abundance of bacteria in the model
cnidarian Nematostella vectensis using an amplicon-based sequencing approach.
Comparisons of bacterial communities associated with anemones cultured in constant

darkness and in light:dark conditions revealed that individuals entrained in the dark had a
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more diverse microbiota. Overall community composition showed little variation over a
24-hour period in either treatment; however, abundances of individual bacterial OTUs
showed significant cycling in each treatment. A comparative analysis of genes involved in
the innate immune system of cnidarians showed differential expression between lighting
conditions in N. vectensis, with significant up-regulation during long-term darkness for a
subset of genes. Together, our studies support a hypothesis that the bacterial community
associated with this species is relatively stable under diel light conditions when compared
with static conditions and that particular bacterial members may have time-dependent

abundance that coincides with the diel photoperiod in an otherwise stable community.

Introduction

Animals and other eukaryotes associate with diverse microbial communities that
are known to have distinct and sometimes essential roles in the development, physiology,
and life history of various species (Fraune & Bosch, 2010; Kohl & Dearing, 2012; Macke,
Tasiemski, Massol, Callens, & Decaestecker, 2017; McFall-Ngai & Ruby, 2000; Sommer
& Backhed, 2013). The members that compose host-associated microbial communities
often shift depending on the local environmental conditions (Carrier & Reitzel, 2017), the
presence of particular species that may facilitate or limit the colonization by other microbes
(Vega & Gore, 2017), and the expression of the immune system by the host (Nyholm &
Graf, 2012; Christoph A. Thaiss, Zmora, Levy, & Elinav, 2016). Over the past few decades,
sequence-based approaches have broadened our understanding of diverse interactions
between hosts and associated microbial communities (O'Brien, Webster, Miller, & Bourne,

2019). Specifically, these studies have provided insight into the relative proportions of
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microbes that are stably symbiotic or transient with a host when experiencing variable
environmental conditions (Shade & Handelsman, 2012), including external factors (e.g.,
temperature, nutrients) or host-regulation (e.g., immune system). Determining how these
factors impact the host-associated microbial communities in general, and how they affect
specific OTUs (operational taxonomic units), would provide a better understanding of how
complex microbial communities vary for eukaryotes.

Light is an environmental factor that influences many organisms through a
combination of two principal responses. First, light can significantly impact the physiology
and survival of an organism following direct exposure, and photosynthetically active
wavelengths may impact the function of microbial partners. The result can be positive for
increasing growth of certain microbes (e.g., cyanobacteria), where photons are harvested
for production of photosynthates. Light can also have negative effects by causing damage
that can inhibit growth, particularly for short wavelength portions of the light spectrum
(Dai et al., 2012). Secondly, animal-associated bacterial communities can, in turn, shift
following responses by the host due to an entrained endogenous pathway (the circadian
clock). Circadian rhythms are critical internal regulatory systems that allow organisms to
anticipate daily changes in their environment and adjust biological processes appropriately.
Using an endogenous centralized clock, cycles of about 24 hours are entrained and
maintained by exogenous cues (Zeitgebers) that modulate temporal rhythms through a
series of transcription-translation feedback loops (Dunlap, 1999). Previous work with
vertebrates suggests that the circadian clock is an important regulator of the immune
system, which can impact portions of the bacterial community throughout a day. In humans

(Huang, Ramsey, Marcheva, & Bass, 2011) and mice (Leone et al., 2015), the gut
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microbiota is time-of-day—dependent and is hypothesized to modulate the regulation of
host metabolism and immunity (Keller et al., 2009; Liang, Bushman, & FitzGerald, 2015;
C. A. Thaiss et al., 2014). However, the interaction between light-dependent responses that
influence the host's behavior and an endogenous circadian clock remains unknown.

Our knowledge of the connections between diel lighting, circadian rhythms, and
symbiotic microbiota remain limited in invertebrates, notably in aquatic habitats. One of
the best studied examples is the mutualism between the squid Euprymna scolopes and
bacterium Aliivibrio fischeri (formally Vibrio fischeri; Boettcher, Ruby, & McFall-Ngai,
1996; Heath-Heckman et al., 2013; Wier et al., 2010), where the expression of a light-
sensitive cryptochrome (escryl) in the host has been linked to the presence of A. fischeri.
While the Euprymna-Aliivibrio system provides a host-focused view of circadian-related
symbioses, decades of work on the coral microbiome has provided additional context for
the evolutionary ecology of daily cycles exhibited by both the holobiont and by each
partner (Hoadley, Vize, & Pyott, 2016). Symbiodiniaceae, a eukaryotic endosymbiotic
mutualist of corals and other invertebrates, demonstrates diel periodicity of photosynthetic
processes in the free-living and mutualistic states, suggesting that symbiotic partners
maintain their own circadian clocks and, perhaps, contribute to that of the holobiont
(Roopin, Yacobi, & Levy, 2013; Michal Sorek, Diaz-Almeyda, Medina, & Levy, 2014; M.
Sorek, Yacobi, Roopin, Berman-Frank, & Levy, 2013). Aside from these systems,
oscillations of individual members or communities of host-associated microbiota in marine
invertebrates are poorly understood. Further, how much of the holobiont rhythmicity is due

to a direct response to environmental cues (e.g., light) or is driven by endogenous
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mechanisms remains an active area of research (Brady, Willis, Harder, & Vize, 2016; W.
B. Leach, Macrander, Peres, & Reitzel, 2018; Oren et al., 2015; Vize, 2009).

Nematostella vectensis, an infaunal sea anemone that lives in shallow estuaries, is
an emerging model for studying the host-associated microbial communities and circadian
biology of cnidarians. Similar to corals, N. vectensis exhibits nocturnal patterns in behavior
[e.g., circadian locomotion and body expansion (Hendricks, Byrum, & Meyer-Bernstein,
2012; Oren et al., 2015)], gene expression [e.g., immunity and stress tolerance (W. B.
Leach et al., 2018)], and metabolism (Maas, Jones, Reitzel, & Tarrant, 2016). Unlike
corals, N. vectensis does not associate with zooxanthellate and thus, exhibits rhythmicity
independent of the eukaryotic mutualist of corals and other cnidarians. Previous studies
have shown that the bacterial community associated with N. vectensis is diverse in natural
habitats (Har et al., 2015), variable across development (Mortzfeld et al., 2016), and
significantly dissimilar for individuals from different geographic locations (Mortzfeld et
al., 2016), which together support this species as a system to study animal and bacterial
interactions (Fraune, Foret, & Reitzel, 2016).

The innate immune system is a combination of molecular mechanisms that may
explain the variation in bacteria associated with cnidarians (Bosch et al., 2009). Genomic
and transcriptomic resources for a number of anthozoan and hydrozoan species have
identified numerous genes predicted to be involved in cnidarian immunity (Miller et al.,
2007; A. M. Reitzel, Sullivan, Traylor-Knowles, & Finnerty, 2008). Based on sequence
similarity and experimental characterization, cnidarians have many components of a
traditionally defined innate immune system, including the Toll-like and NOD-like

receptors for microbial recognition (Bosch et al., 2009; J. J. Brennan et al., 2017), at least
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three complement families [e.g., C3, Bf, and MASP (Kimura, Sakaguchi, & Nonaka,
2009), MyD88 and other proteins for intracellular signal transduction (Franzenburg et al.,
2012), and Nf-kB along with other Rel-related proteins for transcriptional regulation of
effector genes (Sullivan et al., 2009; Wolenski et al., 2011)]. These studies support the
hypothesis that the cnidarian-bilaterian ancestor had a rich and complex innate immune
system. The regulation of the cnidarian system and how environmental changes may
modulate the expression of components of this pathway remain unstudied.

Using high throughput sequencing of 16S amplicons representing the bacterial
communities associated with N. vectensis, we tested two hypotheses regarding if and how
diel lighting influences the anemone-associated bacterial community. First, we tested
whether the bacterial community of N. vectensis exhibits diel oscillations synchronous with
light:dark cycling, and second, whether individual OTUs were differentially abundant after
host exposure to light:dark cycles. Here, we identify compositional differences between
anemones exposed to light:dark cycles or constant darkness. Further, these data reveal
specific bacterial OTUs that exhibit diel patterns of abundance in either light regime. By
assessing bacterial abundance across diel and constant conditions, our research sheds light
on the potential of microbial interactions in the regulation of host anemone cyclic behavior
and physiology measured in other studies (Hendricks et al., 2012; Maas et al., 2016; Oren

et al., 2015).

Materials and Methods

Animal culturing and experimental conditions
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Adult Nematostella vectensis derived from the original "Maryland strain" (Putnam
et al., 2007) were used for these experiments. Individuals were reared in a single dish at
room temperature (~20-25°C) and ambient lighting conditions (as described in Hand &
Uhlinger, 1994). In preparation for the experiment, adults from the common garden
conditions were split into two glass dishes and transferred to an incubator at 25°C.
Individuals were fed freshly hatched brine shrimp (Artemia sp.) haphazardly three times
weekly and water was replaced following feeding using 200 mL of 15 ppt artificial
saltwater.

To simulate diel light conditions, full spectrum LED lights (MINGER) were set to
12-hour light:12-hour dark (LD) cycles, with lights on at 11:30 AM (ZT = 0) and lights-
off (ZT = 12) at 11:30 PM. Each dish of individuals was assigned to LD or DD (constant
darkness) and were subsequently kept in their respective conditions for 30 days (Figure 1).
During this entrainment period, individuals were kept on the same feeding and water
change schedule as previous. Feeding and water changes occurred during ‘daytime’ hours
(between ZT = 0 and ZT = 12). To eliminate the potential for light contamination in DD
animals, dishes were wrapped in tin foil during the entrainment and sampling periods;
however, dishes were briefly removed from the incubator and were handled in a dark room
for feeding and water changes.

Two days prior to sampling, individuals from each light regime were split into four
glass dishes per condition (LD 1-4; DD 1-4) with 200 mL of fresh, 15 ppt artificial seawater
and were starved. Beginning at 9:30 AM (ZT = 22), individuals from each dish were

sampled at four-hour intervals for a total of 11 time points (Figure 1). Four biological
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replicates per time point (A-D, one per bowl) per condition (LD and DD) were collected
for a total 88 samples. Samples were preserved in RNAlater at -20°C until processing.
Assaying microbial communities

Total DNA was extracted from N. vectensis samples using the Qiagen All Prep Kit
(Thermo Scientific), quantified using the NanoDrop 2000 UV-Vis Spectrophotometer
(Thermo Scientific), and standardized to 5 ng[JuL"! using RNase/DNase-free water.

Bacterial sequences were amplified using universal primers for the V3/V4 regions
of the 16S rDNA gene (Forward: 5 CCTACGGGNGGCWGCAG, Reverse: 5’
GACTACHVGGGTATCTAATCC; (Klindworth et al., 2013); (see Dryad for Table S1).
Products were purified using the Axygen AxyPrep Mag PCR Clean-up Kit (Axygen
Scientific), indexed via PCR using the Nextera XT Index Kit V2 (Illumina Inc.), and then
purified again. At each of these three clean up steps, fluorometric quantification was
performed using a Qubit (Life Technologies), and libraries were validated using a
Bioanalyzer High Sensitivity DNA chip (Agilent Technologies). Illumina MiSeq
sequencing (v3, 2x300 bp paired-end reads) was performed at the University of North
Carolina at Charlotte.

Forward and reverse sequences were paired and trimmed using PEAR (Zhang,
Kobert, Flouri, & Stamatakis, 2014) and Trimmomatic (Bolger, Lohse, & Usadel, 2014),
respectively, converted from fastq to fasta using a custom script (see Dryad for
Supplemental Note), and, prior to analysis of bacterial 16S rDNA sequences, chimeric
sequences were detected using USEARCH (Edgar, Haas, Clemente, Quince, & Knight,
2011) and removed using filter fasta.py. Using QIIME 1.9.1 (Caporaso et al., 2010) and

SILVA (Quast et al., 2013), bacterial 16S rDNA sequences were grouped into operational
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taxonomic units (OTUs) based on a minimum 99% similarity. The biom table generated
by pick open_ reference otus.py was filtered of OTUs with less than ten reads, as well as
‘unassigned’ sequences.

Using the filtered biom table and “biom summarize-table” function to count total
sequences per sample, the rarefaction depth of 1,080 (see Dryad for Figure S1) was
determined and applied to all subsequent analyses. Alpha diversity (i.e., McIntosh
dominance index, Mclntosh evenness index, Menhinick richness index, Faith’s
phylogenetic distance, and observed OTUs) was calculated using alpha_diversity.py and
compared statistically using Student’s t-test in JMP. Beta diversity was calculated using
unweighted and weighted UniFrac (Lozupone & Knight, 2005), compared using principal
coordinate analyses (PCoA) with jackknifed beta diversity.py, visualized using
make 2d plots.py, and stylized for presentation in Adobe Illustrator CS6. UniFrac
distances were then compared statistically using an analysis of similarity (ANOSIM) in
QIIME as part of compare categories.py. Community composition was generated using
summarize taxa through plots.py and stylized using Prism 7 (GraphPad Software) and
Adobe Illustrator CS6. Differential abundance of OTUs between light regimes was tested
using the DESeq2 nbinom algorithm as part of differential abundance.py. Lastly, the
shared or ‘core’ community was determined using compute core microbiome.py and
shared phylotypes.py. Venn diagrams showing shared and unique OTUs were generated
by comparing taxa between treatments.

A step-by-step listing of the informatic pipeline, including QIIME scripts, used to
convert and process raw reads are available on Dryad in file “Supplemental Note.”

Identification of oscillating OTUs
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Using the filtered biom table, we identified oscillating OTUs using the R statistical
package JTK Cycle (version 3.1; Hughes, Hogenesch, & Kornacker, 2010). Specifically,
we used the script described by Hughes et al. (2010), setting the parameters to select
significantly cycling OTUs between 20-28 hours (JTK Cycle, p < 0.05; ‘per’ = 24) and
shifts in peak expression (JTK Cycle, ‘lag”) between LD and DD samples were compared
(Zeitgeber Time: ZT). JTK Cycle does not classify units into rhythmic categories,
therefore we compared read counts for OTUs based on their periodicity values (‘per’) and
significance (p-value). ANOVA and post hoc Tukey tests were performed with GraphPad

Prism between timepoints and within treatments.

Results

To characterize the variation in the bacterial community associated with N.
vectensis when cultured in two treatments, light:dark (LD) and constant dark (DD), we
used 16S rDNA sequencing to compare microbial diversity and abundance in each light
regime.
Community-level dynamics

Differences in the bacterial communities associated with N. vectensis were best
explained by the presence of a diel photoperiod (Figure 2A; ANOSIM, unweighted
UniFrac: p < 0.001; ANOSIM, weighted UniFrac: p = 0.056). When comparing alpha
diversity between LD and DD, communities were similar in dominance (t-test, McIntosh
dominance index: p = 0.580), evenness (t-test, McIntosh evenness index: p = 0.520),
richness (t-test, Menhinick richness index: p = 0.297), and observed OTUs (t-test; p =

0.078) (see Dryad for Table S2). Anemones cultured in constant darkness however,
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associated with a bacterial community that was 13% more phylogenetically diverse than
anemones cultured under light:dark conditions (t-test, Faith’s phylogenetic distance: p =
0.047; see Dryad for Table S2).

There was no difference in the bacterial taxa (membership; ANOSIM, unweighted
UniFrac: p < 0.418) or their relative abundance (composition; ANOSIM, weighted
UniFrac: p = 0.798) between day and night periods in LD. However, there was dissimilarity
in membership (ANOSIM, unweighted UniFrac: p = 0.046), but not composition
(ANOSIM, weighted UniFrac: p = 0.329) for DD individuals. Moreover, when comparing
bacterial communities across all sampled time points, we observed no differences in LD
membership or composition (ANOSIM, unweighted UniFrac: p = 0.280; ANOSIM,
weighted UniFrac: p = 0.309), but time-dependent differences were observed in
membership for DD entrained individuals (ANOSIM, unweighted UniFrac: p = 0.016;
ANOSIM, weighted UniFrac: p = 0.329).

Lastly, the community-level pattern observed for LD or DD was not confounded
by differences between biological replicates ("bowl effects"). Specifically, there was no
significant variation in the taxonomy and composition of N. vectensis associated bacterial
communities under LD (ANOSIM, unweighted UniFrac: p = 0.082; ANOSIM, weighted
UniFrac: p = 0.170) and DD (ANOSIM, unweighted UniFrac: p = 0.892; ANOSIM,
weighted UniFrac: p = 0.925) conditions.

Composition of the bacterial community

The bacterial communities associated with N. vectensis were best explained by the

presence/absence of a diel photoperiod, so we next compared the taxonomic profiles of

bacteria in each lighting treatment. The bacterial communities of anemones in LD consisted
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primarily of seven bacterial classes: Gammaproteobacteria (Proteobacteria; 55.70%),
Mollicutes (Tenericutes; 13.40%), Betaproteobacteria (Proteobacteria; 10.70%),
Flavobacteriia (Bacteroidetes; 5.90%), Alphaproteobacteria (Proteobacteria; 5.70%),
Deltaproteobacteria (Proteobacteria; 1.80%), and Phycisphaerae (Planctomycetes; 1.20%)
(Figure 2B). The bacterial communities of anemones in DD primarily associated with the
same seven bacterial classes but at different relative proportions: Gammaproteobacteria
(Proteobacteria; 49.20%), Betaproteobacteria (Proteobacteria; 13.30%), Mollicutes
(Tenericutes; 13.10%), Flavobacteriia (Bacteroidetes; 8.70%), Alphaproteobacteria
(Proteobacteria; 6.80%), Deltaproteobacteria (Proteobacteria; 2.30%), and Phycisphaerae
(Planctomycetes; 1.00%) (Figure 2B). Although we did observe treatment-specific OTUs
(Figure 2C), total OTUs within these abundant bacterial classes varied little between LD
and DD as well as across time (Figure 2D; see Dryad for Table S3).

Differences in the bacterial communities of LD and DD entrained anemones were
due, in part, to the differential abundance of 37 bacterial OTUs (Table 1.4). Of those 37
differentially abundant OTUs, 17 (45.9%) were over-abundant in LD while 20 (54.1%)
were under-abundant (Table 1.4). Relative to DD, the bacterial classes with over-abundant
OTUs that were in significantly higher proportions in LD included: Saprospirae and
Flavobacteriia (Bacteroidetes), Chlamydiia (Chlamydiae), Lentisphaeria (Lentisphaerae),
OM190 (Planctomycetes), and Alphaproteobacteria and Gammaproteobacteria
(Proteobacteria) (Table 1.4). The bacterial classes with under-abundant OTUs included:
Flavobacteriia, Phycisphaerae and Planctomycetia (Planctomycetes), Alphaproteobacteria
and Gammaproteobacteria, and Opitutae and Verrucomicrobiae (Verrucomicrobia) (Table

1.4).
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Shared taxa between LD and DD

A shared (or ‘core’) bacterial community for N. vectensis in LD and DD was
determined for different proportions of shared OTUs. At a core level of 60%, 70%, 80%,
90%, and 100% (i.e., bacterial phylotypes found in at least ‘N’% of samples), we observed
that 141, 93, 63, 38, and nine phylotypes (see Dryad for Figure S2), respectively, were
shared between LD and DD conditions. At core levels 60% and 70%, we observed that the
taxonomic representation (but not composition) of these communities were distinct but
converged at a core level of 80% (see Dryad for Figure S3).

The taxonomic composition of the ‘core’ community was dominated by three
bacterial classes that were also common in the full communities: Gammaproteobacteria
(Proteobacteria), Mollicutes (Tenericutes), and Betaproteobacteria (Proteobacteria) (see
Dryad for Figure S4). In these core communities, we also observed Actinobacteria
(Actinobacteria), Flavobacteriia (Bacteroidetes), Lentisphaeria (Lentisphaerae), OM190
and Phycisphaerae (Planctomycetes), Alphaproteobacteria and Deltaproteobacteria
(Proteobacteria), Spirochaetes (Spirochaetes), and Opitutae (Verrucomicrobia) (see Dryad
for Figure S4).

Patterns of abundance in LD and DD

Using JTK cycle (Hughes et al., 2010), we identified 26 bacterial OTUs in LD that
showed rhythmic cycling (p < 0.05), five of which exhibited a 24-hour periodicity with
peak abundance at either ZT =20 or ZT = 22 (per = 24; Figure 3; Table 2.4). Of these five
OTUs, four were from the bacterial order Rhodobacterales and the other was from
Alteromonadales (Table 2.4). In DD, 16 bacterial OTUs showed rhythmic cycling (p <

0.05), and five of these exhibited 24-hour periodicity with peak abundance ranging
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between ZT = 2 and ZT = 20 (per = 24; Figure 3; Table 2.4). Unlike the cycling OTUs in
LD, OTUs in DD with 24-hour cycling were from four disparate bacterial orders:
Chlamydiales, Spirochaetales, Oceanospirillales, and CL500-15 (Table 2.4). When
comparing the ten bacterial OTUs that exhibited a 24-hour periodicity to the core
community, we observed that OTUs ‘LD 1,” ‘LD 2,” and ‘LD 5’ were specific to LD while
OTU ‘DD 2’ was specific to DD. Moreover, OTUs ‘LD 2,” and ‘LD 5’ were observed at

the 80% core level while the OTU ‘DD 2’ was only detected at the 60% core level.

Discussion

Photoperiods and circadian clocks are an integral part of diverse biological
processes for animals, ranging from immune performance to metabolism to host-microbe
associations (Heath-Heckman, 2016; Hubbard et al., 2018; Liang et al., 2015; Zarrinpar,
Chaix, Yooseph, & Panda, 2014). In traditional mammalian systems, such as mice and
humans, the composition of the gut microbiota of individuals entrained to light:dark or
constant darkness differ for particular taxonomic groups of bacteria (Deaver, Eum, &
Toborek, 2018; Wu et al., 2018). Thus, the photoperiod may influence compositional
dynamics of host-associated bacterial communities in other animals, and the responses may
also involve an endogenous circadian clock. While N. vectensis, like other cnidarians, has
well described rhythmic behavior, physiology and gene expression under light entrainment
(Hendricks et al., 2012; Maas et al., 2016; Oren et al., 2015; Adam M. Reitzel, Behrendt,
& Tarrant, 2010), this is the first investigation of potential rhythmicity in their associated
bacterial community. Here, we show that N. vectensis entrained to constant darkness

associate with a phylogenetically more diverse bacterial community than anemones
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entrained to light:dark. Moreover, we find support that the relative abundance of a limited
number of OTUs oscillate over the course of a day (Figure 3). Of those OTUs specific to
light:dark conditions, four were within the bacterial order Rhodobacterales, while those
oscillating in constant conditions were phylogenetically disparate (Table 2.4).

The research we report here suggests that diel lighting may impact a fraction of the
microbial community, but this effect appears to be relatively small compared with
differences in the associated microbiota over developmental stages or in natural
populations (Har et al., 2015; Mortzfeld et al., 2016). For N. vectensis and other animals,
the role of the animal host, the environment, and the resident microbiota may play in
shaping host-microbe interactions remains fragmentary. One hypothesis for the observed
shift in community level composition reported here is that the lack of a photoperiod drives
ecological (or stochastic) drift in the microbes associated with N. vectensis. Generally, in
ecological systems, species diversity is expected to increase as environmental
heterogeneity increases up to a point as described in Curd et al. (2018). Our results do not
show a positive relationship between environmental variation (i.e., diel lighting) and
community diversity; rather, we measured greater community level variability in constant
conditions (Table 2.4).

A second hypothesis for community-level shifts over a diel light period is that
changes in bacteria are attributed to physiological differences between individuals in
light:dark and constant darkness (i.e., gene expression, behavior, metabolism; W. B. Leach
et al., 2018; Maas et al., 2016; Peres et al., 2014; Adam M. Reitzel et al., 2010; Roopin &
Levy, 2012). The photoperiod may influence compositional dynamics of host-associated

bacterial communities through differential regulation of the immune system, potentially
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through an endogenous circadian clock. Studies in Hydra have shown that immune factors
and bacteria-bacteria interactions are critical for function in restricting membership of the
microbiome (Augustin et al., 2017; Bosch et al., 2009; Franzenburg et al., 2012; Fraune et
al., 2015). While previous research has shown that N. vectensis has a circadian clock based
on behavioral, physiology, and molecular measurements (see Introduction), genes likely to
be involved in innate immunity have little differential expression over a 24-hour period, at
least when measured in whole animal homogenates. As a preliminary investigation using
previously published transcriptomic data (W.B. Leach & Reitzel, 2019), we compared
expression of candidate cnidarian immune genes from anemones sampled in LD and DD
conditions. The genes selected include the hypothesized principal innate immune genes
(e.g., Toll-like receptors, Nf-kB) from Miller et al. (2007) and Brennan et al. (2017), the
NOD-like receptors from Lange et al. (2011) and Yuen et al. (2014), and the complement
genes identified by Kimura et al. (2009) (see Table 3.4). These transcriptomic comparisons
showed only a small portion of the genes predicted to be involved in the cnidarian innate
immune system (7 out of the 34 surveyed) to be differently expressed between LD and DD
(Table 3.4). Of these seven, four genes were up-regulated in constant dark conditions
(compared to LD) and included predicted members of the cnidarian multi-complement
pathway (e.g., NvC3-1, NvBF 1, and NvBF2) and NOD-like receptors. The function of any
of these genes in N. vectensis is unknown, but the complement genes have spatially
restrictive expression in the endoderm (Kimura et al., 2009). Overall similarity in the
expression of immune genes may explain the consistency of the microbial community

between lighting treatments. The small number of OTUs showing 24-hour oscillating
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abundance could be a result of the subset of differentially expressed immune genes which
could be tissue specific.

Complementary to photoperiod-related shifts in cnidarian-associated microbiota
we report here, a number of studies have shown that additional rhythmic abiotic factors
may affect compositional changes in these symbiont communities (Cai et al., 2018; Sharp,
Pratte, Kerwin, Rotjan, & Stewart, 2017; Silveira et al., 2017; Sweet, Brown, Dunne,
Singleton, & Bulling, 2017). At present, we have a rudimentary understanding of what
drives the observed specificity between a host and their associated species-specific
microbial communities. When comparing the bacterial communities of N. vectensis across
development, environmental conditions, and geographic locations, Mortzfeld et al. (2016)
and Domin et al. (2018) both detected Rhodobacterales and Alteromonadales.
Additionally, studies in several reef building corals find both of these bacterial groups to
be part of the associated microbiota (Kelly et al., 2014; Taniguchi, Yoshida, Hibino, &
Eguchi, 2015). Consistent detection of these two bacterial groups in select anthozoan
cnidarians may imply non-random associations and conserved taxa, together suggesting
some biological importance. However, while differences between the animal-associated
bacteria and those in the surrounding environment suggests selection, neutral and
stochastic factors may explain how these bacterial communities shift over time and
between individuals (Sieber et al., 2018). For example, it is unclear if the OTUs we
identified as cycling may be a result of the anemone, inter-bacterial interactions
independent of the host, or a combination of both factors. Future research with these OTUs

to determine spatial localization and competition would be of interest.
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Our comparisons of the bacterial communities associated with N. vectensis suggest
a correlation between presence of a circadian photoperiod and that individual OTUs exhibit
a 24-hour periodicity. To determine if community-level shifts are biologically important to
the anemone, future research will compare individuals cultured microbe-free to determine
if anemones have different physiology, behavior, or gene expression. At the OTU-level,
isolation of the identified Rhodobacterales and Alteromonadales would be useful to
determine their genomic function and physiology. This set of experiments, alongside the
continued development of diverse cnidarian systems, would position this clade as a
comparative model for the evolution and ecology animal-bacterial symbioses across

circadian and diel photoperiods.
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Table 1.4. Taxonomic classification for differentially abundant OTUs associated with

to constant darkness (DD) conditions.
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Table 1.4 Continued.
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between light:dark (LD) and constant darkness (DD) determined by DESeq2. NOD genes
were arbitrarily given numbers and the order matches the order in Supplemental Table 1

from Lange et al. (2011).

Annotation

BF1
BF2
C31
kB

IKK
LBP
MASP
Myd88
NFkB
RIGla
TAB2
TAK1 (MAP3K7)
TLR1
TLR2
TLR3
TLR4
TRAF6
Nod_2
Nod_23
Nod_29
Nod_30
Nod_31
Nod_35
Nod_36
Nod_51
Nod_53
Nod_54
Nod_55
Nod_61
Nod_62
Nod_63
Nod_66
Nod_68

JGI

41116
204186
18
163386
170435
138799
82163
174238
87071
233007
87118
16780
201237
196737
204009
178259
160179
220102
248679
242728
247590
240600
240601
94204
87696
60625
138346
247717
215101
246451
244932
239890

log2 fold
change?

-0.7869
-0.3549
-1.1465
NA
0.0700
-0.0743
NA
0.1660
NA
0.3639
0.1264
-0.0534
NA

NA

NA

NA
0.1389
-0.1109
-0.4177
0.0308
0.0705
0.2500
0.4993
0.2482
0.0571
-0.1262
0.1746
0.0657
0.1617
0.1173
-0.1069
-0.0894
0.1620

p-value®

0.0084
0.0393
0.0002
NA

0.4012
0.5176
NA

0.1944
NA

0.0051
0.1200
0.7785
NA

NA

NA

NA

0.3813
0.4910
0.0077
0.9093
0.7583
0.0210
0.1402
0.0486
0.7559
0.3731
0.2458
0.7723
0.1242
0.2788
0.4213
0.4993
0.2123

Note: NA genes did not meet the mean count cutoff for DESeq2.

Bold text indicates significant up- or down-regulation.
?Pairwise comparisons using Wald tests in DESeq2.

bBenjamini-Hochberg FDR corrected p-value.
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Figure 1. Experimental design for light:dark (LD) and constant dark conditions (DD) and
corresponding sampling.
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Figure 2. Similarity amongst the bacterial community associated with light:dark (LD) and
constant darkness (DD) entrained Nematostella vectensis. (A) Community similarity for
N. vectensis entrained to a diel photoperiod and constant conditions based on unweighted
and weighted UniFrac metric. (B) Bacterial classes associated with N. vectensis when
entrained to LD or DD that represent at least 1% of the community (with classes
representing less than 1% of the community grouped under ‘other’). (C) Bacterial OTUs
that were either LD-specific, DD-specific, or shared between the two conditions. (D)
Total OTUs for each bacterial class (that represents at least 1% of the community).
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Figure 3. Abundance plots of 24-hour cycling bacterial OTUs during light:dark (left
panel; black and white boxes) and constant darkness (right panel; solid black boxes) over
the time course. Grey shaded areas indicate night and white areas indicate day. OTU
names have been simplified, and full names can be found in Table 2
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Sequences per Sample

Figure S1. Alpha rarefaction curves for LD and DD entrained Nematostella vectensis.
Alpha rarefaction curves for the associated microbiota for N. vectensis that were entrained
to either a 12-hour light: 12-hour dark light cycle (red squares) or 24 hours of darkness
(blue circles) based on the rarefaction depth (1,080 sequences) used for all PCoA plots.
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Figure S2. Number of OTUs for the ‘core’ bacterial community. Enumeration of the
bacterial phylotypes of the ‘core’ bacterial community associated with Nematostella
vectensis for LD and DD entrained individuals for 60%, 70%, 80%, 90%, and 100% of

sampled anemones.
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Figure S3. Beta-diversity statistics for ‘core’ diversity analyses. Representation of
statistical comparisons (ANOSIM) between the ‘core’ (at 60%, 70%, 80%, 90%, and
100%) bacterial communities associated with LD and DD entrained Nematostella
vectensis.
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LD DD LD DD LD DD LD DD LD DD

Core at 60% Core at 70% Core at 80% Core at 90% Core at 100%

[l Actinobacteria: Actinobacteria [Jill Bacteriodetes: Flavobacteriia [l Lentisphaerae: Lentisphaeria
[ Pianctomycetes: OM190 ] Planctomycetes: Phycisphaerae [Jl] Proteobacteria: Alphaproteobacteria
[l Proteobacteria: Betaproteobacteria ] Proteobacteria: Deltaproteobacteria
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[ Verrucomicrobia: Opitutae

Figure S4. ‘Core’ bacterial taxa associated with adult Nematostella vectensis across
treatments. Classes of bacteria associated with LD and DD entrained N. vectensis for the
‘core’ community at the 60%, 70%, 80%, 90%, and 100% level.
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Supplemental Note 1

Quality control and preparation for analyses in QIIME:
1) Pair forward and reverse files using PEAR (pear-0.9.10-bin-64)
2) Trim paired files using Trimmomatic (trimmomatic-0.36.jar)
3) Convert paired and trimmed .fastq to .fasta using the custom code: cat [input .fastq] |
paste —
---|cut-f1,2|sed's/">/|tr "\t" "\n" >[output .fasta]
4) Validate tab-delimited mapping file using ‘validate mapping_file.py’
5) Generate meta-.fasta files using ‘add _qiime labels.py’
6) Detect chimeras using usearch and the ‘rdp_gold.fa’ database from the meta-.fasta
(called,
‘combined_seqs.fna’).
7) Filter chimeras using ‘filter fasta.py’
8) Pick OTUs with a 99% clustering using ‘pick open_reference otus.py’ and the
‘silva_132 99 16S.fna’ database
9) Filter OTUs with <10 reads and ‘unassigned’ using ‘filter otus from otu_table.py’
10) Determine rarefaction depth using ‘biom summarize-table’
11) Rarefaction depth was visualized using ‘alpha_rarefaction.py’

Community-level dynamics:
12) All beta diversity via PCoA were calculated using ‘jackknifed beta diversity.py’
13) Two-dimensional PCoA were created from the ‘pcoa’ sub-directory of the
‘jackknifed beta diversity.py’ output using ‘make 2d plots.py’
14) Alpha diversity estimates were calculated using ‘alpha_diversity.py’
15) Filtered .biom tables for beta diversity analyses using sub-sets of samples were split
using
‘split_otu_table.py’

Composition of the bacterial community
16) Community composition plots were generated using
‘summarize taxa_through plots.py’
17) Differentially abundant OTUs were determined using ‘differential abundance.py’
using
‘DESeq2 nbinom’ and dark-dark as ‘x’ and light-dark as ‘y’

Shared taxa between LD and DD

18) Core bacterial communities were determined using ‘compute core microbiome.py’
19) Beta diversity comparisons were performed using ‘jackknifed beta diversity.py’
and

statistics were completed using ‘compare categories.py’
20) Community composition plots of the ‘core’ bacterial community were generated
using

‘summarize taxa_through plots.py’
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CHAPTER 5
GLOBAL TEMPORAL GENE EXPRESSION OF NEMATOSTELLA VECTENSIS IN-
SITU
Whitney B. Leach, Ann M. Tarrant, and Adam M. Reitzel
Abstract
Aquatic organisms in their natural environments are continuously subjected to

several fluctuating environmental factors at once, including temperature, salinity, and
resource availability. Comparative transcriptomics provides robust gene expression
datasets without being cost prohibitive to characterize how individuals respond to
complex environments and are increasingly more common in the field of ecological and
environmental biology. We assessed genome-wide temporal transcript expression
patterns in the sea anemone, Nematostella vectensis, in Great Sippewissett Marsh in
Massachusetts, where anemones experienced a natural light cycle with intensity varying
from 0-200 lum/ft?, daily temperature fluctuations of ~9°C. We measured ‘in situ’ gene
expression from recaptured anemones every hour from 0800 to 1700 and identified six
time-dependent gene clusters, represented by several genes involved in metabolism,
stress, and transcription-translation related functions. Of the six clusters, three were
composed of genes up-regulated in the afternoon, and three were composed of genes up-
regulated in the morning. A total of 2,311 transcripts were differentially expressed
between morning and afternoon samples, including genes related to G-protein-coupled
receptors and heat shock binding proteins. By sampling Nematostella in the field, we
have a greater understanding of the transcriptional responses that vary in natural

conditions when exposed to multiple environmental factors simultaneously.
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Introduction

In the field of molecular ecology, recent advances in sequencing technologies
have greatly increased our ability to relate transcription-level responses of organisms to
environmental and ecosystem level factors. Next generation transcriptomic approaches
that use high throughput sequencing have allowed researchers to screen thousands of
genes simultaneously in order to identify those that impact ecologically relevant traits,
particularly environmental stress tolerance (Chen et al., 2015; Li et al., 2014; Lu et al.,
2016; Smith et al., 2013). Application of transcriptomics has led to a rich understanding
of how complex traits are shaped by genes in controlled laboratory settings; however,
utilization of these techniques in ecological, field-based studies remain quite rare are
nascent (Todd et al., 2016). When organisms are sampled from natural habitats, most
studies sample just once during the day and we know of no studies that have looked at
organismal responses over shorter time scales.

An organism’s response to environmental stressors, or even standard daily
oscillations in conditions, typically involves many genes and could have complex
responses involving synergism, antagonisms, and additivity when these environmental
signals are in combination (Schaefer and Piggott, 2018). It is rare for an organism to
experience an isolated single stress event that typifies a majority of lab-based studies
because important contextual elements of real world ecosystems are removed (Gunderson
et al., 2016; Hofmann et al., 2005; Jackson et al., 2002; Purugganan and Gibson, 2003).
Gene expression is also temporally variable affected by light:dark cycles, life history

stage, or developmental stage (Aubin-Horth and Renn, 2009). This interaction between



176

an organism and its environment provides opportunity for measuring responses to
dynamic conditions simultaneously, where transcriptional response to complex signals
and/or challenges would otherwise not be observed (Chapman et al., 2011; Li and
Brouwer, 2013; Mishra et al., 2012; Muller et al., 1998; Overgaard et al., 2010; Satake et
al., 2019; Vanin et al., 2012). Meta-analyses on the interaction between multiple stressors
in marine ecosystems found that most multi-stressor events are synergistic (Crain et al.,
2008; Harvey et al., 2013; McBryan et al., 2013; Przeslawski et al., 2015), but only 10%
of evaluated studies were conducted in a field setting (Crain et al., 2008).

The physiological or molecular response to any environmental variable is
complicated by the presence of both individual and population level genetic variation. In
order to define the context-specific biological importance of differential transcriptomic
responses, it may be critical to understand the existing level of variation in gene
expression within individuals or populations that potentially reflect adaptations
(Crawford and Oleksiak, 2007; Dalziel et al., 2009; Oleksiak et al., 2002). Further, inter-
individual variation in gene expression is rarely reported and is often assumed to be
minimal between genetically related individuals. In order to adequately define biological
significance of a gene or gene set in transcriptomic studies and if mRNA expression
drives organismal phenotypes, it is important to evaluate how gene expression varies
within individuals (Crawford and Oleksiak, 2007; Oleksiak et al., 2002). Previous studies
of transcriptomic responses have not explicitly included genetic variation in the analyses
of differences in gene expression. One study by Reitzel et al. (2013a) suggested that
different clonal genotypes vary in their responses to temperature, but a genetic

connection was not explicitly performed. Therefore, while there is some evidence that
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different genotypes vary in their response to abiotic variation, specific responses and the
genetic correlations have not been studied. Small changes in the environment are reported
to have significant effects on gene expression studies done in natural populations,
particularly in genes related to stress response (Richards et al., 2012). Expression
variation may also reflect differential regulatory elements or epigenetic modifications
independent of genotypic variation within individuals or populations (Oleksiak et al.,
2002).

Estuaries play a key role in coastal biodiversity as a nursery used by several
aquatic and terrestrial species as well as resident habitat for estuarine specialists (Beck et
al., 2001). These brackish environments are areas with high nutrient content that
experience a complete salinity gradient, significant fluctuations in temperature and
salinity, and daily pH oscillations. Because of these conditions, estuarine specialists must
be adapted to a broad range of abiotic perturbations, particularly aquatic benthic species.
Nematostella vectensis is a euryhaline, sessile sea anemone with a broad geographical
range (Hand and Uhlinger, 1994; Williams, 1983). The distribution of Nematostella
reflects their ability to survive extreme, with respect to typical open ocean conditions,
daily and seasonal temperature and salinity gradients, unpredictable food availability,
pollutants, and variation in oxygen. This exposure to large shifts in abiotic factors
positions Nematostella as an experimental model for investigating the molecular basis of
environmental stress response (Reitzel et al., 2013a).

A number of studies have taken traditional approaches to characterizing
Nematostella gene expression in normal and variable laboratory conditions (Elran et al.,

2014; Helm et al., 2013; Leach and Reitzel, 2019; Oren et al., 2015; Warner et al., 2018).
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While straightforward and valuable for understanding transcriptional changes in response
to environmental variables, transcript response profiles of animals exposed to simulated
stressors likely only reveal a subset of the behavioral and physiological responses
exhibited in natural ecological conditions. The position of this species in the thixotropic
sediments of tidally restricted estuarine pools makes it possible to study them ‘in-situ’.
We present here the first study to quantify temporal shifts in the transcriptome for
a cnidarian in the field over a high-density time series (hourly). Combining our
knowledge of molecular and organismal biology, these data contribute to our
understanding of how daily abiotic fluctuations drive specific molecular responses in this
species, and how gene expression among individuals varies in a natural population. We
collected anemones hourly for 10 hours from a tidal pool in Great Sippewissett Marsh on
Cape Cod in Massachusetts. This approach allowed us to identify genes that significantly
vary in expression over a fine time scale in a dynamic habitat, revealing that time-of-day

and sampling strategy impact the interpretation of gene expression analyses.

Methods
Animal culture: in the laboratory and in the field

Adult Nematostella originally collected from Great Sippewissett Marsh,
Massachusetts were maintained in the laboratory for several generations as described in
Hand and Uhlinger (1992). In preparation for the study, salinity was adjusted to mimic
field conditions (30 parts per thousand), and 200 anemones were transferred to marsh
sediments of a tidally restricted pool in Sippewissett, MA (41°58” N, 70°63° W), where a

native population of Nematostella is routinely collected (Hand and Uhlinger, 1994;
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Reitzel et al., 2013b) (Figure 1). To ensure recapture, anemones were housed in 10 small
pens constructed from mesh netting and open plastic cages designed for rearing aquarium
fish. Each pen was anchored into the sediment using steel tent stakes to ensure the pens
would remain fully submerged at each tidal stage (Figure S1). On June 18, 2018, the pens
were recovered hourly beginning at 0800, ZT = 3 and ending at 1700, ZT = 12. At each
time point, 10 individuals from each pen were removed from the pens with a transfer
pipette while still in the field and immediately placed in RNAlater. Four animals were
prepared for sequencing as individuals (A, B, C, D) and the remaining six were pooled in
groups of two (E, F, G) for each time point. Environmental conditions were monitored
using a HOBO logger which measured temperature and light (Onset Computer
Corporation, Borne MA) from 5/23/18 through 6/29/18 in 10-minute intervals.
TagSeq: library preparation, sequencing, and processing

Total RNA was isolated from 70 samples: single individuals (n = 4) and pools of
two anemones (n = 3) for 10 time points, using the RNAqueous kit (Ambion) according
to the manufacturer’s protocol followed by DNAse treatment with a DNA-free kit
(Invitrogen). RNA quantity was assessed using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific) and after normalization, RNA was sent to the University of
Texas at Austin’s Genomic Sequencing and Analysis Facility (GSAF) for tag-based
library preparation and sequencing with Illuminia HiSeq 2500. Four of 70 samples were
lost due to poor RNA quality prior to sequencing: three samples from time point 2 (T2A,
T2B, T2G) and one sample from time point 4 (T4E). Raw sequence data from the

remaining 66 libraries were delivered from the UT Austin GSAF (100 bp, SE).
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An average of 3,780,445 million raw reads were generated from TagSeq ranging
from 2,253,661 to 5,472,173 per sample resulting in a total of 255,449,390 raw reads.
Reads were trimmed of the 5’ [llumina leader sequence and reads without it were
discarded. Reads were then quality-filtered and trimmed immediately following the
adapter sequence or the degenerate tag using FastX-toolkit (Pearson et al., 1997) to retain
sequences with at least 20 bases. Trimmed and filtered reads were mapped to the Vienna
Nematostella transcriptome using Bowtie2 (Langmead and Salzberg, 2012). Reads
mapping to the reference at the same start position with 100% alignment identify of the
transcript were regarded as PCR duplicates and discarded from the dataset. Only reads
mapping to a single gene in the reference transcriptome were sorted into a read-counts-
per-gene table before import into the R environment for all downstream statistical
analysis (R3.5.0, R Core Team 2015).

Expression variation between individual and pooled samples

The raw count data were transformed and statistically compared using a Levene’s
test in order to test the homogeneity of variance between pooled and individual samples
(Levene, 1960). At each of the 10 time points, to calculate the dispersion statistic, one
replicate was removed from the individual samples (replicate D) to have an equal number
of samples in each group. An unequal sample size due to the loss of three samples
excluded time point 2 from this analysis. Transformed counts were rounded to the nearest
integer and arranged into a read-counts-per-gene table (Table S1). The Levene
transformed counts table was reduced to genes with at least three counts. DESeq2 (Love
et al., 2014) was then used to identify genes with significant differences in variation of

expression between each sampling strategy. The variance between replicates of pooled
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and individual samples was compared for each differentially variable gene at each of the
9 time points.
Gene expression analyses

The raw read-counts-per-gene table was filtered to contain only genes with at
least three counts. The filtered counts table was used to perform outlier detection with the
arrayQualityMetrics package (Kauffmann et al., 2009). Using the distance between arrays
method within arrayQualityMetrics, the distribution of all values was calculated and a
threshold of 25.8 was determined. All values exceeding this value (n=3) were discarded
from future analyses. The remaining 63 libraries’ count data were analyzed using the R
package DESeq2 (Love et al., 2014), which produced a normalized counts-per-gene
table, to be used in subsequent analyses. For principal component analyses (PCA), gene
ontology analyses (GO), and cluster analyses (WGCNA) the normalized count data was
regularized-logarithm transformed (rlog) using DESeq2 as in Leach & Reitzel (2019).

Transcriptional profiles in this field-based study were compared with a previous
laboratory-based study by Leach and Reitzel (2019) for similarities and differences in
gene expression over a similar period of daylight. In the laboratory study, a time series
experiment was performed by sequencing transcript profiles of anemones entrained to 12-
hour light: 12-hour dark cycles (LD) were in 4-hour intervals for a period of one day,
whereupon sampling continued for two additional days after the exogenous light cue was
removed. The light cycle was set to mimic natural light conditions, where Zeitgeber time,
or ZT = 0/ “lights on” was at 7:00 AM and ZT = 12/ “lights off” was at 7:00 PM. The
first sampling occurred at ZT = 2, or 9:00 AM and the second sampling point was

collected at ZT = 6, or 1:00 PM. In the current field-based study, the first sampling time
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point was at ZT =3 or 8:00 AM (ZT = 0, or sunrise, was at 5:08 AM, with 15 hours and
11 minutes of daylight hours). In order to make the most accurate (*potential section of
discussion*) comparison, differential gene expression between ZT = 2 and ZT = 6 of the

laboratory-based study was compared to ZT = 3 and ZT = 6 of the field-based study.

Results
Differentially variable genes between pooled and individual samples

Applying a Levene-test to transformed count data and subsequently analyzing
differently variable genes between single individual or pooled (two individuals per
sample) samples per time point revealed a total of 1,219 significantly differently variable
genes across all time points (excluding ZT = 4, see methods) after correction for multiple
testing (FDR 10%). Comparison of mean variances of individual and pooled samples at
each time point did not indicate a consistent direction of variance between the two
groups. Instead, larger variance was observed in either individual or pooled samples,
depending on the time point. At ZT =3, ZT =5, ZT = 6, and ZT = 12, the variance in
individual samples was greater, at ZT =7, ZT = 8, ZT =9, the variation was greater in
pooled samples, and at ZT = 10 and ZT = 11 the variance was equal between the two
groups; therefore, individual and pooled samples were treated as biological replicates for
gene expression analyses in later analyses. Broadly, the variation for samples early in the
day was greater than samples later in the afternoon. At ZT = 3, 222 genes were
differently variable between groups and of these, 80% were more variable among

individual samples. At ZT =9, 105 genes were differently variable between groups but
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79% were more variable in pooled samples. No genes were consistently variable between
groups at every time point.
Nematostella ‘in-situ’ gene expression is correlated with time-of-day

Of the ~12,000 genes remaining after outlier removal and filtering, 2,311
significantly differentially expressed genes (DEGs) between morning and afternoon time
points were identified (10% FDR correction, padj in DESeq2). Of these DEGs, 1,099
were up-regulated in the afternoon and 1,212 were up-regulated in the morning. Principle
component analysis of all significant DEGs (padj < 0.1) revealed that PC1 explains 24%
of the variation and PC2 explains 8% of the variation between morning (blue) and
afternoon samples (yellow) (Figure 2). Heat shock proteins (HSPs) are often up-regulated
in cnidarians as a thermal stress response, particularly HSP70s (Waller et al., 2018).
Interestingly, we measured up-regulation of several HSP40s (also referred to as DNAJ) in
the afternoon, with the highest expression at ZT = 9, approximately one hour after the
daily high temperature. These genes have been linked to protein folding in the coral
Stylophora pistillata during early heat stress (Maor-Landaw et al., 2014).

Functional enrichment of genes that differed between morning and afternoon
sampled Nematostella indicated temporal regulation of gene expression in-situ. Gene
ontology analysis (GO) for DEGs (2,311 genes; 10% FDR) found genes up-regulated in
the morning to be enriched for ‘G protein-coupled receptor’ (GO:0001664), ‘DNA-
binding transcription activator’ (GO:0001228; GO:0001216), and ‘signaling receptor’
(GO:0004888; GO:0038023) of the Molecular Function category (Figure S2). Genes up-
regulated in the afternoon were enriched for the Molecular Functions ‘HSP70 protein

binding’ (GO:0030544), ‘methylated histone binding’ (G0O:0035064; GO:0140034),
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‘transcription factor binding’ (GO:0008134), and ‘modification-dependent protein
binding’ (GO:0140030). In the Biological Processes category, genes of the GO terms
‘oxidation-reduction process’ (GO:0055114), ‘respiratory electron transport chain’
(GO:0022900; GO:0022904; GO:0006119), and ‘generation of precursor metabolites
and energy’ (GO:0006091; GO:0015980) were up-regulated in the morning, while genes
of the GO terms ‘DNA metabolic process’ (GO:0006259), and ‘histone modification’
(GO:0016570; GO:0016569) were up-regulated in the afternoon (Figure S3).

Of the 2,311 transcripts DESeq?2 identified as differentially expressed, 1,883 were
partitioned into six co-expression cluster eigengene, or modules. Each cluster was
assigned an arbitrary color name (Figure 3) and correlates with samples from either
morning or afternoon collected samples. The brown gene cluster (381 genes), blue gene
cluster (393 genes), and red gene clusters (93 genes) were significantly negatively
correlated with morning expression (Figure 3). The black gene cluster (68 genes), along
with the pink gene cluster (217 genes) and the turquoise gene cluster (731 genes) were
significantly positively correlated with morning expression at several time points (Figure
3). No clusters were significantly different between replicates (A-G, Figure 3). These
relationships were validated by calculating the absolute value of the correlation of each
gene within a cluster, or the gene significance, and the correlation of each gene’s
expression in the cluster to the entire clusters’ expression pattern, or module membership
(i.e., of all of the genes in a single cluster, the proportion with the same expression
pattern is significant). The strongest relationship was observed for genes in the turquoise
cluster at ZT = 5 (Pearson’s R? = 0.61, p-value = 1e-75; Figure S4A) and at 2PM

(Pearson’s R? = 0.66, p-value = 1.3¢-92; Figure S4B). Genes in this cluster were



185

significantly up-regulated in the morning (ZT =5, p-value = 8e-04) and significantly
down-regulated in the afternoon (ZT = 9, p-value = 3e-05) (Figure 3).

Functional analysis of gene clusters with up-regulation in the afternoon revealed
enrichment (blue, brown, red; Figure 4) for chromatin modifications [i.e., ‘chromatin
binding’ (GO:0003682), ‘helicase’ (GO:0004386; GO:0008026; GO:0070035), ‘histone
acetyltransferase’ (GO:0000123; GO:0031248; GO:1902493), ‘regulation of
chromosome organization’ (GO:0033044), ‘N-methyltransferase’ (GO:0008170;
G0:0008276)]; RNA modifications [i.e., ‘translation regulator’ (GO:0045182), ‘RNA
splicing’ (GO:0006397), ‘RNA processing’ (GO:0006396), ‘DNA-directed RNA
polymerase complex’ (GO:0000428)]; and protein regulation [i.e., ‘protein domain
specific binding’ (GO:0019904), ‘protein binding’ (GO:0030674), ‘positive regulation of
protein modification process’ (GO:0001934)].

Clusters with up-regulation in the morning (black, pink, turquoise; Figure 4) were
enriched for functions involving metabolism [i.e., ‘oxidation-reduction process’
(GO:0055114), ‘oxidative phosphorylation’ (GO:0006119), ‘ATP metabolic process’
(GO:0046034), ‘steroid metabolic process’ (GO:0008202), ‘glucose metabolic process’
(glucose metabolic process), ‘carbohydrate metabolic process’ (GO:0005975), ‘cellular
response to oxygen-containing compound’ (GO:1901701)]; immune function ( ‘regulation
of immune system process’ (G0O:0002682), ‘innate immune response’ (GO:0045087),

‘regulation of defense response’ (GO:0031347), ‘immune effector process’
(GO:0002252)]; and photo-response [i.e., ‘G protein-coupled receptor’ (G protein-
coupled receptor’), ‘signaling receptor’ (GO:0004888), ‘molecular transducer’

(GO:0004871), ‘regulation of response to external stimulus’ (GO:0032101),
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‘photoreceptor cell differentiation’ (GO:0046530), ‘sensory organ development’
(GO:0007423)].
Environmental conditions

Temperature and light monitoring of the pool where anemones were collected was
monitored before and after sampling occurred for > 1 month. The salinity was not
monitored continuously but was recorded at 31 PPT on the day of sampling. Light
intensity ranged from 0-200 lum/ft?, with peak intensity at ZT = 6 (11:10AM) on the day
of sampling. The temperature of the pool during the sampling period ranged from 18.9°C
—30.55°C, however the pool experienced temperature fluctuations of +/- 24.6°C between
5/23/18 and 6/29/18. The lowest temperature during monitoring was recorded as 12.4°C
on 6/5/18 at 4:30AM and the hottest temperature was recorded at 37°C on 6/17/18 (the
day prior to sampling) at 2:40 PM. During the sampling period, peak water temperature
occurred at ZT = 8 (1:00 PM).
Nematostella gene expression in-situ and in laboratory conditions

Differences in transcript expression between this field-based study and a
laboratory-based study by Leach and Reitzel (2019) revealed there were no genes
commonly differentially expressed when comparing morning vs afternoon samples from
each experiment. Six genes were significantly differentially expressed between ZT = 2
and ZT = 6 of the laboratory-based study (padj <0.1). In the field-based study, 57 genes
were significantly differentially expressed between ZT = 3 and ZT = 8§ (padj < 0.1) and
were enriched for metabolism- and energy-related GO terms [i.e., ‘glutathione
peroxidase’ (GO:0004602), ‘antioxidant’ (GO:0016209), ‘NADH dehydrogenase’

(GO:0003954), ‘electron transport chain’ (G0O:0022900), and ‘oxidation-reduction
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process’ (GO:0055114)]. In addition to evaluating gene expression between groupings of
early time points (ZT =3,ZT =4,ZT =5,ZT =6,ZT =7) and late time points (ZT = §,
ZT=9,ZT=10,ZT =11, ZT = 12), pairwise comparisons between ZT = 3 (time point
one; 0800) and later time points revealed that some genes are uniquely differentially
expressed at very specific times of the day in-situ. nvHSP70D was only up-regulated at
ZT =9 (1400; compared to ZT = 3) and nvHSP70E was only up-regulated at ZT =9 and
ZT =10 (1400 and 1500; compared to ZT = 3). Other genes, for example a universal
stress protein (NVE2579) was upregulated for a distinct period of time (ZT =7, §, 9, 10,
and 11 compared to ZT = 3). Together, considering these results, it is not surprising that
gene expression differs between lab- and field-based studies, but understanding the multi-
factors contribution to these disparities may help shed light on the underlying

mechanisms that drive organism-level phenotypic responses.

Discussion

Studies in molecular ecology often experimentally test the relationship between
gene expression and physiological or behavioral phenotypes in controlled laboratory
settings, but few studies are conducted in the field, where multiple stressors contribute to
organismal output despite being regarded as one of the most important questions in
marine ecology (Breitburg et al., 1998). Marine systems, particularly coastal habitats,
experience a range of environmental stressors that do not act in isolation (Crain et al.,
2008) and the response to numerous intrinsic and extrinsic factors may vary depending
on individual species, interacting communities or species, and/or the frequency and

duration of stress(ors) (Griffen et al., 2016). The study presented here is the first to
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provide insight into the transcriptomic response to combinatorial environmental factors
over a tight temporal time series for a marine invertebrate in the field. By using genomic
tools, these data highlight genes that have a potential ecological relevance under
fluctuating environmental conditions. Our results indicate that the response of this species
‘in-situ’ varied significantly over the course of our 10-hour sampling period, with
detection of temporal differences in gene expression, a response that could be missed if
the sampling strategy was to only collect at a single time point and would complicate
biological interpretation of results.

The transcriptomic responses of Nematostella can be broadly grouped into two
major categories: up-regulated in the morning and up-regulated in the afternoon.
Individual genes in each group exhibit significantly similar patterns of expression despite
the complexity of abiotic fluctuations during sampling. Temperature measurements
obtained every 10-minutes on the day of sampling appear to correlate with gene
expression patterns. While it should be noted that these observations are limited to a
single 10-hour period and likely do not provide the entire story because gene expression
is a complex response to multiple interacting factors that were not quantitatively
measured here, these data suggest that there was little overlap in gene expression between
lab- and field-based studies. Despite these limitations, our data do support the role of
certain genes or gene sets of cnidarians in response to environmental fluctuations,
including heat shock genes (Black et al., 1995; Brown et al., 2002; Waller et al., 2018)
and redox regulatory genes (Helm et al., 2018; Maor-Landaw and Levy, 2016).

Our study on estuarine sea anemones demonstrates the effectiveness and utility of

this species to investigate environmental gene expression responses using genomic tools.
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We cannot speculate on the synergy of unmeasured effects, such as oxygen availability,
predator-prey interactions, or nutrient and food abundance in this system but gene
expression clearly reflects environmental changes over the course of a day. The efficacy
of future studies investigating variation in gene expression in response to environmental
or ecosystem level changes would be significantly strengthened by an experimental
design that carefully considers time-of-day, particularly in studies that only collect a few
samples. In the lab or in the field, a proper approach to studies of molecular ecology will
offer a better understanding of the underlying molecular basis allowing organisms to

adapt to variable environments.
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Figure 1. Map of field sampling site (A) and study species, adult Nematostella vectensis
(B), at Great Sippewissett Marsh in Massachusetts (C).
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Figure 3. Weighted gene co-expression network analyses in this study. Gene dendrogram
of modules based on correlation calculations from rlog transformed count data generated
by DESeq2 and obtained by average linkage hierarchical clustering in WGCNA analysis.
Colors of the dynamic tree cut represent the modules assigned for each gene, and the
colors of the merged dynamic display the new modules after assigning a stringency
threshold of 0.25 (A). Average linkage hierarchal cluster tree shows module eigengenes
after clustering analysis. Each branch represents a meta-module that groups together the
eigengenes that are positively correlated (B). Module-trait relationship heatmap and
significance values of each module eigengene correlated to external traits from weighted
gene co-expression network analysis (C). Gene co-expression network and module-trait
relationships are represented by a heatmap of transcripts assigned to six modules
(arbitrary colors on the left of the heatmap). Eigengenes were calculated for each module.
The strength of the correlations between traits (time point and biological replicates) and
gene expression, is indicated by the intensity of the colored blocks with red and blue
indicting positive and negative correlations, respectively. The numbers in each block
represent the Pearson’s correlation between the module eigengene and the trait and
corresponding p-values.
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Figure 4. (A) Module eigengenes with up-regulation in the afternoon (blue, brown, red)
and (B) in the morning (black, pink, turquoise) with eigengene expression on the Y-axis
and time on the X-axis. Each bar represents a single replicate.
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Figure S1. Small pen used for Nematostella vectensis (A) deployment and recapture (B).
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Figure S2. Gene ontology (GO) enrichment analysis for differentially expressed genes
between morning and afternoon samples in the Molecular Function category. AM up-
regulated genes are shown in red. PM up-regulated genes are shown in blue.
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Figure S3. Gene ontology (GO) enrichment analysis for differentially expressed genes
between morning and afternoon samples in the Biological Processes category. AM up-
regulated genes are shown in red. PM up-regulated genes are shown in blue.
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Figure S4. Gene significance scatter plots for the turquoise module. The plots represent
gene significance (GS; y-axis) at t10AM (A) and t2PM (B) versus module membership
(MM; x-axis). Gene significance and module membership are significant correlations that
imply the genes of each module are highly correlated with the time of day sampled.
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CONCLUSIONS

This dissertation uses an integrative approach at dissecting behavior and gene
expression in the lab and in the field to better understand cyclic responses of the sea
anemone, Nematostella vectensis. The first four chapters explore behavior and gene
expression of Nematostella in laboratory conditions, where we manipulate light
conditions and measure organismal responses. The last chapter examines environmental
gene expression over time during the photoperiod of animals collected in-situ.

In chapter one, we hypothesized gene expression in Nematostella would dampen
following light cue removal after established entrainment in light:dark conditions. Our
results did not show a reduction in gene expression in the absence of diel light, but the
opposite. Upon light removal, we measured up-regulation in several hundred genes that
were not cycling in the presence of diel conditions. Several of these genes were identified
to be involved in stress responses. Many candidate cnidarian circadian clock genes turned
out to be rhythmically expressed in the presence of light:dark cycling, but as soon as the
light cue was removed, this pattern was no longer present in this gene set suggesting that
these ‘circadian’ genes are actually photoresponsive.

In chapter two, we hypothesized that Nematostella would show nocturnal
behavioral patterns in response to different portions of the light spectrum (red, green, and
blue) with gene expression patterns unique to each condition. Our results supported
circadian behavioral activity in response to green and blue light, however in red light and
constant dark conditions, Nematostella exhibited an activity pattern similar to circatidal
behavior in other tidal organisms. Transcriptional responses of anemones in each light

condition were similarly unique, but gene expression of animals under diel red light
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showed the greatest differential expression between day and night sampling points.
Together, these behavioral and transcriptomic data suggest that Nematostella is capable
of light entrainment in a broad range of wavelengths even without ocular photoreceptors.

In chapter three, we measure gene expression in three cell types of Nematostella
to identify spatial patterns and potential circadian regulation. These data support that in
Nematostella, neural cells contain the components of a complete clock that is capable of
light entrainment.

In chapter four, we identified diel oscillations in microbial abundance of
Nematostella under light:dark or dark:dark conditions. We identify specific bacterial
OTUs that are differentially abundant in each light regime and suggests that there is a
correlation between the photoperiod and bacterial partners within Nematostella.

In chapter five, Nematostella was sampled every hour for 10 hours in a natural
setting and gene expression results showed that time-of-day and sampling strategy impact
the interpretation of our transcriptomic results and that there is tremendous variability in
gene expression patterns over a fine time scale in a dynamic habitat. Further, we were
able to correlate transcriptional patterns to environmental data collected at the time of the

experiment.
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