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Abstract

Symbiosis is the sympatric living of multiple organisms and generally benefits both host and
symbiont. Photosymbiosis is broadly observed between various animals and algae which are
hosts and symbionts, respectively. The host is provided with the photosynthetic products by the
symbiont, and the symbiont receives from the host the supply of inorganic substances necessary
for photosynthesis and protection from external enemies. Some species of Hydra, which
belongs to Cnidaria, have endosymbiotic relationships with green algae. Hydra is a suitable
organism for studying symbiosis because information of Hydra as a model organism has been
accumulated due to rapid asexual proliferation by budding and because Hydra has
independently established two types of symbiotic systems. A symbiotic hydra, Hydra
viridissima, has a stable symbiotic relationship with a green alga, chlorella. On the other hand,
the other symbiotic hydra, some strains of H. vulgaris (J7, J10), has a symbiotic relationship
with the green alga, chlorococcum, but the H. vulgaris seems to have newly established
symbiosis and has been in an incipient evolutionary stage. I provided an overview of the
symbiotic mechanism in the two symbiotic systems and aimed to elucidate the evolutionary
mechanism of symbiosis by examining the intracellular processes in the hosts during symbiosis
with transcriptomic analyses.

Non-symbiotic H. vulgaris 105 can acquire the symbiotic chlorococcum by horizontal
transmission from the native symbiotic strains. The newly established symbiotic hydra (105G)
has shortened its interval of budding, which led to an increase in the proliferation rate and a
decrease in the polyp size. I confirmed the identity of symbiotic chlorococcum in 105G with
the algae in the surrounding water by DNA sequencing, then reconstructed the phylogenetic
tree of the green algae to determine the phylogenetic position of the symbiotic chlorococcum.
Next, I conducted a gene expression analysis of the newly established symbiotic polyps (105G)
and their non-symbiotic polyps to examine what changes would occur at the early stage of the
evolution of symbiosis. I found that both 105G and native symbiotic strain J7 showed

comparable expression patterns, exhibiting upregulation of lysosomal enzymes and



downregulation of genes related to nematocyte development and function. Meanwhile, genes
involved in translation, transcription factors belonging to homeobox genes and ones in the Wnt
signaling pathway, and genes involved in the respiratory chain were upregulated only in 105G.
Furthermore, genes in the TOR pathway, which regulates these cellular processes based on the
nutrient condition, were upregulated. I examined the effect of the expression change in
translation and electron transport chain by rapamycin treatment, which inhibits the TOR
pathway. Rapamycin stopped the budding of hydras and caused the symbiotic polyps (105G,
J7) to degenerate. The results suggested that evolving the ability to balance the cellular
metabolism between the host and the symbiont is a key requirement for adapting to
endosymbiosis with chlorococcum.

H. viridissima has been considered to co-speciate with the symbiotic alga Chlorella, and
there are unique combinations between the host hydras and the symbiotic algae. I attempted to
elucidate the mechanism of the specificity between host and symbiotic algae by removing and
replacing the symbiont from host hydras and examining the gene expression changes in these
hydras. In H. viridissima K10, symbiont removal and symbiont replacement showed similar
gene expression changes. The GO enrichment analysis showed that genes related to the electron
transport system were downregulated and that genes related to translation were upregulated
both for symbiont removal and symbiont replacement. On the other hand, H. viridissima M9
did not show such a gene expression pattern, suggesting that the regulation of energy balance
in the symbiotic hydras was different between the strains. In addition, I found similar changes
in expression patterns of genes such as glutamine synthetase and ammonium transporter, which
act in the metabolic process to supply glutamine to the symbiont as a nitrogen source, during
symbiont removal and symbiont replacement in K10, but these patterns were not observed in
M9. The differences in the gene expression changes between these strains would reflect the
differences in symbiotic mechanisms between the strains.

These results and the comparison of the gene expression changes between the two
symbiotic systems of Hydra allowed you to clarify the symbiotic mechanism in the early stage

of symbiosis and the mechanism of host-symbiont specificity.
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CHAPTER 1

General introduction

1.1 Backgrounds

1.1.1 Diversity of photosymbiotic systems and symbiosis in Cnidaria

Symbiosis is originally defined as living together of dissimilarly named organisms (de Bary,
1879). Since then, many researches have shown that symbiosis enables organisms to fill various
niches by helping to adapt environment (Moran, 2007; Lengyel et al., 2009; Joy, 2013).
Photosymbiosis is one of the most studied symbioses. Animals in various phyla are hosts of
photosymbiosis, Porifera, Cnidaria, Acoela, Mollusca, and Chordate, and algae in different
kinds of taxa, green algae, diatom, dinoflagellate, and cyanobacteria, become endosymbionts
by being incorporated into host cells (Melo Clavijo et al., 2018). Host and symbiont usually
derive mutual benefits from photosymbiosis. Symbiont provides nutrients produced by
photosynthesis for the host, and the nutrient supply allows the host to live in water with low
nutrient concentration and low prey density (Yellowlees et al., 2008). On the other hand, the
host provides the symbiont with inorganic compounds for photosynthesis and shelter, which
protects the symbiotic algae against predators, pathogens, in endosymbiosis (Melo Clavijo et
al., 2018). Photosymbiosis does not only benefit organisms constituting the symbiotic system
but also creates a diverse and productive ecosystem. As a major example, coral-Symbiodinium
symbiosis preserves the ecosystem in a coral reef by converting sunlight and carbon dioxide to
organic carbon and oxygen (Muscatine and Porter, 1977; Roth, 2014). In addition, the coral-
Symbiodinium symbiotic system circulates organic nitrogen in a coral reef under a nitrogen-
limited environment (Tanaka et al., 2018). However, disruption of the balance between host
and symbiont needs causes a breakdown of the symbiosis. The symbiont produces reactive
oxygen species (ROS) in photosynthesis, and ROS damages host cells under conditions with
increased temperature and light (Weis, 2008; Plass-Johnson et al., 2015). High temperature also

promotes proliferation of the symbiont, but the symbiont does not increase nutrient supplies to
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the host (Baker et al., 2018). These indicate a shift from a symbiotic to a parasitic relationship
depending on the conditions. Therefore, climate change influences the photosymbiotic

relationship in microscale and the ecosystem in macroscale (Hoegh-Guldberg, 2011).

Some other cnidarians also have a symbiotic relationship with algae. Sea anemones (e.g.,
Aiptasia, Anthopleura) and jellyfishes (Cassiopea, Mastigias papua) possess zooxanthellae as
symbiotic algae (Trench, 1971; Cates and McLaughlin, 1976; Muscatine and Marian, 1982;
Cook et al., 1988). In addition, some species in Anthopleura and Hydra have symbiotic green
algae in their cells (Muscatine and Lenhoff, 1963; Muscatine 1971). These cellular mechanisms
in symbiosis have been studied due to impacts on the ecosystems. Recently, the development
of genomics and transcriptomics has made it possible to understand cellular mechanisms
through genome sequence and gene expression analyses, and the mechanisms of symbiosis in
these symbiotic systems have been clarified (Hamada et al., 2018; Cui et al., 2019). However,
the evolutionary process of photosymbiosis and the causes of host-symbiont specificity are still

not well elucidated.

1.1.2 Two types of symbiotic systems in Hydra

Hydra is a freshwater cnidarian distributed almost all over the world (Jankowski et al., 2008).
Hydra captures plankton such as Artemia by detecting movement of the prey through a
mechanosensory cilium and discharging nematocysts in its tentacles and causes a feeding
response by detecting reduced glutathione released from the prey (Loomis, 1955). Since the
experiment by Trembley (Mémoires pour servir a I'histoire d'un genre de polypes d'eau douce,
1744), Hydra has been used as an important model system in various study areas:
developmental biology, neurogenesis, environmental study, etc (Galliot, 2012). For example,
in developmental biology, Hydra has brought a lot of insights into axis pattern formation in the
Metazoa through Wnt/B-catenin signaling (Hobmayer et al., 2000; Reddy et al., 2019). From
the morphology and the molecular data, Hydra is divided into four groups: viridissima group,

braueri group, oligactis group, and vulgaris group (Campbell, 1987a; Hemmrich et al., 2007;



Kawaida et al., 2010).

Hydra is a suitable model organism to study symbiosis because of rapid reproduction by
budding and accumulation of research on both hydra and symbiotic algae (Kovacevic, 2012).
There are two types of endosymbiosis with green algae in the genus Hydra. Hydra viridissima
(green hydra) has a symbiotic relationship with Chlorella, while some strains of H. vulgaris
(brown hydra) also have a symbiotic relationship with Chlorococcum (Rahat and Reich, 1985a;
Dunn 1987). H. viridissima and H. vulgaris belong to the viridissima group and the vulgaris
group respectively, and so the symbiotic hydra species have independently established
symbiotic relationships with their green algae (Kawaida et al., 2013; Ishikawa et al., 2016a).
All the green hydra has the symbiotic chlorella, and it is estimated that the lineage of the green
hydra diverged from the other group hydras 61-45 million (Martinez et al., 2010) or 149-241
million years ago (Schwentner and Bosch, 2015). It suggests that the green hydra has
established a stable symbiotic relationship with Chlorella for a long time. On the other hand,
only some strains of the brown hydra can establish the symbiotic relationship with
Chlorococcum, and the brown hydra acquired the ability to establish the symbiosis with the

alga more recently than the green hydra did (Kawaida et al., 2013; Ishikawa et al., 2016a).

Both symbiotic hydras can harbor non-native symbiotic algae acquired by the artificial
introduction (Huss et al., 1994; Kawaida et al., 2013; Ishikawa et al., 2016a). So, experiments
of removing and introducing the non-native symbionts can provide information on the
specificity of the combination between host hydras and symbiotic algae. The genomes of the
two symbiotic hydra species were sequenced (Chapman et al., 2010; Hamada et al., 2020). It
provides a tool kit for analyzing the mechanism of symbiosis. Therefore, the symbiotic hydras

are suited to study the evolutionary process of endosymbiosis and the host-symbiont specificity.



1.2 Description of Hydra species used in this study

1.2.1 The brown hydra symbiosis with the chlorococcum

H. vulgaris (brown hydra) inhabits fresh water in the Eurasian continent, and hydras from other
continents, which have been considered H. vulgaris (e.g. AEP strain), are classified as other
biological species (Martinez et al., 2010; Schwentner and Bosch, 2015). Three species of
hydras in the vulgaris group, H. maganipapillata, H. japonica, and H, paludicola, were
described in Japan (Ito, 1947a,b), but Kawaida et al. (2010) classify these three species into H.
vulgaris with molecular phylogenetic analyses. The existence of symbiotic polyps is mentioned
in the description of one of these species, H. magnipapillata: “greenish brown and green from
the symbiotic algae” in Ito (1947a). Rahat and Reich (1985a) reported the symbiosis between
H. vulgaris and Chlorococcum based on the symbiotic H. vulgaris collected in Aomori and
Ishikawa prefectures by Sugiyama. The two symbiotic strains (J7, J10) have been stored in the
National Institute of Genetics (NIG; Mishima, Japan). The symbiotic chlorococcum is
described as “Symbiococcum hydrae” (Rahat and Reich, 1989), and a recent phylogenetic
analysis of the symbiotic chlorococcum shows that the symbiotic chlorococcum is closely
related to other Chlorococcum algae (Ishikawa et al., 2016a). However, the phylogenetic
position remains unclear because the taxonomy of Chlorococcum has not been well organized

(Proschold et al., 2011; Kawasaki et al., 2015).

The symbiotic chlorococcum can be transmitted to non-symbiotic hydras by artificial
transmission. Rahat and Reich (1986) fed isolated symbiotic algae to Artemia larvae, and then
the larvae were fed to non-symbiotic hydras. Rahat and Sugiyama (1993) fed freshly hatched
Artemia larvae to non-symbiotic hydras, and then immediately gave the feeding polyps
concentrated suspensions of isolated symbiotic algae for the artificial transmission. Ishikawa
et al. (2016a) introduced isolated symbiotic algae into a gastric cavity of a hydra polyp using a
glass micro-capillary and also grafted an upper half of non-symbiotic polyp onto a symbiotic

polyp. These artificial transmissions reveal that some non-symbiotic hydra strains, but not all,



have the potential of endosymbiosis with the symbiotic chlorococcum. Ishikawa et al. (2016a)
show that H. vulgaris in three of four clades surveyed in the study can establish endosymbiosis
with the chlorococcum and that the native symbiotic strains J7 and J10 belong to different
clades (Fig. 1.1). In addition, hydras in groups other than the vulgaris group (H. oligactis, H.
viridissima) are also able to incorporate the chlorococcum in their cells, but the symbiotic
chlorococcum is transmitted to the next generation by budding only in H. vulgaris (Rahat and
Reich, 1986). These studies suggest that only H. vulgaris has sufficient potential for
endosymbiosis with the symbiotic chlorococcum. Miyokawa et al. (2018) found that the
symbiotic chlorococcum can be transmitted to a non-symbiotic polyp by horizontal
transmission through the culture solution without any artificial procedures. It reports that the
co-culture of a symbiotic polyp and a non-symbiotic polyp causes horizontal transmission from
the symbiotic polyp to the non-symbiotic polyp and that the chlorococcum is also transmitted
to hydras other than H. vulgaris by the horizontal transmission. These findings suggest that the
transmission of the symbiotic chlorococcum can happen in nature. However, H. vulgaris
having the symbiotic chlorococcum is extremely rare in nature constituting not more than 2%

of the population (Slobodkin et al. 1991).

The other symbiotic hydra, H. viridissima, which has the symbiotic relationship with
chlorellae, proliferates faster than the aposymbiotic (symbiont-removed) hydra by budding, but
the proliferation rate of the symbiotic H. vulgaris is not significantly different from that of the
aposymbiotic hydra (Ishikawa et al., 2016b). The symbiotic H. viridissima survives longer days
under starvation than the aposymbiotic hydra, while the symbiotic H. vulgaris survives shorter
days under starvation than the aposymbiotic hydra (Ishikawa et al., 2016b). H. vulgaris
acquired the ability of endosymbiosis more recently than H. viridissima (Ishikawa et al., 2016a).
Therefore, Ishikawa et al. (2016b) conclude that the symbiosis between the H. vulgaris and the
chlorococcum is not yet well established, and that lacks the mechanisms for stable
endosymbiosis. The symbiotic hydra acquired the chlorococcum by the horizontal transmission

proliferates faster than the non-symbiotic hydra, but the polyp size of the symbiotic hydra is
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shortened (Miyokawa et al., 2018). It is considered that the cellular process during the
symbiosis is different from the native symbiotic hydra and the symbiotic hydra by the

horizontal transmission.

1.2.2 The green hydra symbiosis with the chlorella

Hydra viridissima (green hydra) has long been studied for the symbiosis with green algae due
to its green polyp (Whitney, 1907; Muscatine and Lenhoff, 1965). Hydra viridissima has been
identified as one species because of its symbiotic association with chlorella, but it contains
genetically diverse lineages (Martinez et al., 2010; Schwentner and Bosch, 2015). In these
lineages, the topology of the host hydra phylogeny corresponds to that of the symbiotic
chlorella phylogeny (Kawaida et al., 2013). The authors consider that the green hydra and the
chlorella evolved the symbiosis only once and that the free-living state has been restored in
parts of symbiotic chlorellac. However, Rajevi¢ et al. (2015) found that symbiotic algae of the
green hydra belong to various taxa of green algae and proposed multiple origins of the

symbiosis between the green hydra and the algae.

The green hydra vertically transmits the symbiotic chlorella to buds and eggs (Habetha
and Bosch, 2005; Kawaida et al., 2013). On the other hand, it is difficult to culture the symbiotic
chlorellae for a long time, and the horizontal transmission has not been observed (Muscatine,
1965; Park et al., 1967). The symbiotic chlorella is inside a host endodermal epithelial cell
within a perialgal vacuole called symbiosome (Muscatine, 1965; Neckelmann and Muscatine,
1983; Rahat and Reich 1985b). The number of the symbiotic chlorellae in each cell is regulated
to a certain level (Douglas and Smith, 1984; Dunn, 1987). The regulation of the symbionts
requires release to the gastric cavity or digestion in lysosomes (Neckelmann and Muscatine,
1983; Fishman et al., 2008). In the symbiosome, there is a mutualistic interaction between the
host and the symbiotic algae in the exchange of nitrogen sources and photosynthetic products.
The green hydra provides glutamine to the symbiotic chlorella as a nitrogen source, and the

symbiont provides maltose produced by photosynthesis to the host (McAuley, 1995; Muscatine,



1965; Mews and Smith, 1982; Hamada et al., 2018). The symbiotic chlorella within the green
hydra cannot utilize ammonium and nitrate, and so the host hydra needs to synthesize glutamine,

which the symbiont can utilize as a nitrogen source (Hamada et al., 2018).

Experiments introducing various strains of chlorella into aposymbiotic green hydras
were conducted by injection of the chlorellae into the gastric cavity (Jolley and Smith 1980;
McAuley and Smith, 1982; Rahat and Reich, 1985b). In these experiments, the green hydra
can establish the symbiotic relationship with non-native symbiotic chlorellae and some free-
living chlorellae, and the chlorellae which can establish the symbiotic relationship is tolerant
to low pH and proliferate in eutrophic culture medium. Kawaida et al. (2013) grafted an
aposymbiotic polyp onto a symbiotic polyp. In the experiment, the symbiont in the symbiotic
polyp moved to the aposymbiotic polyp and established the symbiotic relationship with the
aposymbiotic polyp. Traits of the chlorella introduced into the green hydra will affect host
fitness. Introduction of the symbiotic chlorellae to aposymbiotic hydras alters tolerance to a
high temperature (Ye et al., 2019). Hamada et al. (2018) introduced the symbiotic chlorella of
Paramecium bursaria into aposymbiotic green hydras, and the proliferation rate of the
introduced hydra was decreased. Hanada (2020) conducted experiments removing and
reciprocally replacing the symbiont in two green hydra strains, K10 and M9. Both the
aposymbiotic strains are decreased in the proliferation rates by budding, but changes in the
proliferation rates of the hydras introduced with the non-native symbionts are altered by strain;
K10 strain is decreased in the proliferation rate, while M9 strain does not change. These results

support the existence of the specificity between the host and the symbiont.

1.3 Objectives in this study

The following contents in this thesis consist of three parts: In chapter 2, I compared gene
expression patterns in the native symbiotic hydra and the hydra acquiring the symbiont by
horizontal transmission to reveal the differences in symbiotic mechanisms between those H.

vulgaris strains. In chapter 3, I investigated the symbiotic mechanisms of two H. viridissima
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strains with gene expression changes in hydras with the symbiont removal and replacement to
know what kind of symbiotic mechanisms is responsible for the specificity between hydra and
symbionts. In chapter 4, I discussed the symbiotic relationships between the hydras and the
symbionts and compared the symbiotic mechanisms in Hydra with those in other symbiotic
systems to infer evolutionary processes of endosymbiosis based on the findings in chapter 2

and 3.
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CHAPTER 2

Symbiotic system between brown hydra and chlorococcum
2.1 Introduction

Symbiotic algae behave as mutualistic, parasitic, or free-living organisms, depending on host
and symbiont genotypes and environmental conditions (Douglas, 1998; Lesser et al., 2013).
Organisms with algal symbionts are widely distributed among various taxonomic groups. Hosts
can acquire photosynthates from symbionts, and the symbionts are supplied with nitrogen and
carbon sources from their hosts. Hosts also provide symbiotic algae with the benefit of host
shelters, which protect the symbionts from predators and environmental fluctuations
(Yellowlees et al., 2008; Melo Clavijo et al., 2018). Such algal endosymbiosis is inferred to
have evolved from predator-prey or host-parasite interactions, but the evolutionary processes

enabling symbiosis have not been elucidated to date (Weiblen and Treiber, 2015).

Many cnidarian species exhibit symbiotic relationships with algae. For instance, the
symbiosis of reef-building corals and sea anemones with zooxanthellae has been intensively
studied (Meyer and Weis, 2012). Additionally, some anemones and hydras are known to have
symbiotic relationships with green algae (Bates et al., 2010; Kawaida et al., 2013). A stable
symbiotic relationship between Hydra viridissima (known as green hydra) and Chlorella is
well-known, and molecular clock analysis has indicated that their symbiotic relationship first
appeared more than 77 million years ago (Schwentner and Bosch, 2015). Moreover, several
strains of brown hydra (H. vulgaris) collected in Japan exhibit Chloroocccum sp. as an
endosymbiont in their endodermal cells (Rahat and Reich, 1986; e.g., the J10 and J7 strains).
Only Chloroocccum sp. can establish the symbiotic relationship with brown hydra among algae
species in the genus Chlorococcum (Rahat and Reich, 1986). Interestingly, many strains of H.
vulgaris can incorporate the symbiotic algae by the artificial introduction to the gastral cavity
(Rahat and Reich, 1989; Ishikawa et al., 2016a), despite the rarity of symbiotic H. vulgaris

strains in the wild. However, most of the artificially introduced symbionts are not stable, and
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the tolerance to starvation of the host polyp is decreased in the symbiotic strains of H. vulgaris
compared with the non-symbiotic strains (Rahat and Reich, 1989; Ishikawa et al., 2016b). This
finding suggests that the symbiosis between H. vulgaris and Chloroocccum is less stable than
that between H. viridissima and Chlorella. Ishikawa et al. (2016a) suggested the “two-step
evolution” of endosymbiosis: the common ancestor had previously obtained endosymbiotic
potential with Chlorococcum, and the native symbiotic strains obtained symbiotic chlorococci
recently. The authors interpreted that the non-symbiotic strains with endosymbiotic potential
had not been fully adapted to the symbiosis. In this respect, the hydra-chlorococcum interaction
is considered to be a suitable system for elucidating the evolution of symbiosis at an early stage.
Miyokawa et al. (2018) showed that non-symbiotic hydras can acquire the symbiotic
chlorococci by horizontal transmission without artificial introduction. The symbiotic hydra
strain established by horizontal transmission exhibited notable changes, displaying decreased
polyp size, decreased number of cells per polyp, and elevated proliferation rate by budding.
These changes indicate that the reduction in the size of the symbiotic hydras is not due to a

change in cell size, but due to an increase in the frequency of budding.

In this study, I confirmed the identity of the symbiotic chlorococcum in the hydra cell
and the algae in the surrounding water and decided the phylogenetic position of the symbiotic
chlorococcum. Next, I analyzed the gene expression changes between the newly established
symbiotic polyps through horizontal transmission and the original non-symbiotic ones using
RNA-seq. I aimed to investigate the mechanisms of hydra-chlorococcum symbiosis, which is
still in progress, based on the gene expression observed in the acquired symbiotic strain. To
elucidate the mechanism of the hydra for adaptation to symbiosis in the wild, I compared gene
expression changes by symbiosis with the symbiotic chlorococcum between the acquired
symbiotic strain and the native symbiotic strain. I also observed the effects of interference in
cellular metabolism between the non-symbiotic strain and the symbiotic strains. These results

may help to characterize the early steps of symbiosis evolution.
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2.2 Materials and Methods
2.2.1 Materials

I employed four strains of H. vulgaris (formally described as H. magnipapillata): 105, 105G,
J7, and J7apo. Strain J7 is a native symbiotic strain, and strain J7apo is an aposymbiotic strain
whose symbiont was eliminated by keeping the polyp in a dark place (Ishikawa et al., 2016b).
Strain 105, J7, and J7apo were stored at the National Institute of Genetics (NIG; Mishima,
Japan). Strain 105G is a symbiotic strain that originated from strain 105, and strain 105G has
established a symbiotic relationship with Chlorococcum sp. in my laboratory by the horizontal
transmission of the symbionts from symbiotic polyps in the same vessel (Miyokawa et al.,
2018). The rbcL sequence of the symbiont in strain 105G is identical to that of the symbiont in
strain J7. All the strains were maintained in hydra culture solution (HCS; 1 mM NaCl, 1 mM
CaClz, 0.1 mM KCI, 0.1 mM MgSO4, 1 mM tris-(hydroxymethyl)-aminomethane; pH 7.4,
adjusted with HCI) in glass vessels at 20 °C under 14 h: 10 h light/dark illumination cycles (84
umol/m?/s light intensity). Polyps were fed newly hatched Artemia nauplii two times a week.

The day after feeding, the polyps were transferred into glass vessels with fresh HCS.
2.2.2 Observation of endosymbiotic and floating free-living algae

Two or three symbiotic polyps of strains J10 and 105G were homogenized with a BioMasher
IT (Nippi, Tokyo) in 100 uL of HCS to extract endosymbiotic algae, and the homogenates were
centrifuged at 2000 g for a few minutes. The extracted algae were precipitated at the bottom of
1.5-mL microtubes. The precipitates were re-suspended in 500 pL of HCS and were centrifuged
at 2000 g for a few minutes to wash the algae. After three washes, the precipitated algae were
re-suspended in 50puL of HCS and mounted on a glass slide, and I observed them with a
Nomarski differential interference microscope (Nikon). To correct for the free-swimming algae
from HCS that contained symbiotic hydras, J10 and 105G, 20-30 mL of HCS was centrifuged
at 2000 g for a few minutes. A small amount of precipitate was formed. I re-suspended it and

observed the algae with the microscope. The free-living algae were cultured in BBM+ medium
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(BBM medium with 0.5 % glucose, 0.5 % peptone, 0.1 % yeast extract, 0.01 % liver infusion;

Rahat and Reich, 1985b) with Smg/L gentamycin and 50mg/L ampicillin.

2.2.3 Nucleotide sequences of the symbiotic chlorococcum and algae in surrounding water

I determined the nucleotide sequences of the partial chloroplast genome-encoded gene,
ribulose-1, 5-bisphosphate carboxylase/oxygenase large subunit (rbcL), and the 18S
ribosomal RNA gene (18S rDNA). The polyps were homogenized with a BioMasher II
(Nippi) in a 50 pL buffer (50 mM KCl, 10 mM tris-(hydroxymethyl)-aminomethane HCI; pH
8.3, 0.1 % NP-40) and incubated with proteinase K (2mL of 20 mg/mL proteinase K stock
solution; Takara Bio, Shiga, Japan) at 55 °C for 15—-60 min until the polyps lost their shapes.
Then, I used the solution as a DNA template for PCR. I also obtained algal DNA from the
precipitated free-living algae collected from the HCS of the symbiotic polyps. DNA was
extracted with a DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions. The PCR amplification of the 18S rDNA of symbiotic
chlorococcum was performed with a primer pair 5’-GAGGATTGACAGATTGAGAGC-3’
and 5’-GAACACTTCACCAGCACACC-3’. For the chloroplast rbcL gene, I used a primer
pair 5~ AGGTCCTCCACACGGTATTCA-3’ and 5’-TCAATAACAGCGTGCATAGC-3".
The PCR conditions were as follows: an initial denaturation step at 94 °C for 1 min, followed
by 35 cycles of 30 s at 94°C, 1 min annealing at 50 °C, and 1 min elongation at 72 °C; and a
final elongation step of 5 min at 72 °C. The PCR products were directly sequenced using an
ABI3730 DNA Analyzer and BigDye Terminator v3.1 Cycle Sequencing Kits (Thermo Fisher
Scientific, Waltham, MA). To reconstruct the phylogenetic tree, I collected algal sequences
from National Center for Biotechnology Information (NCBI) database (Table 2.1). These
sequences were aligned using clustalW (Thompson et al., 1994). Phylogenetic trees were
reconstructed using MEGAT11 (Tamura et al., 2021) adopting the maximum-likelihood

method with Tamura-Nei model + gamma distribution.
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Table 2.1 NCBI accession numbers of 18S rDNA sequences of algal strains used in the

phylogenetic tree construction

Species Strain NCBI accession number
Chlamydomonad sp. Pic 9/21 P-2w AY220092
Chlamydomonas acidophila CCAP 11/137 AJ852427
Chlamydomonas moewusii CGC CC-1419 u41174
Chlamydomonas reinhardtii SAG 11-32a AB511835
Chlorella sorokiniana SM12-4 KX495086
Chlorella variabilis NC64A AY876294
Chlorella vulgaris SB44-3 KX495067
Chlorococcum aquaticum UTEX2222 AB983622
Chlorococcum ellipsoideum UTEX 972 CEU70586
Chlorococcum littorale MBIC10280 AB058336
Chlorococcum minutum SAG 213-7 KM020099
Chlorococcum nivale UTEX2225 AB983623
Chlorococcum oleofaciens SAG 30.93 AB983614
Chlorococcum sp. 51.3 KU521558
Chlorococcum sp. RK261 AB490286
Chlorococcum sp.* 17 AB713407
Chlorogonium capillatum SAG 12-2a AJ410441
Chloromonas reticulata SAG 32.86 JN904006
Dunaliella parva FACHB-815 KT355034
Dunaliella viridis CONCO002 DQO09776
Ettlia oleoabundans UTEX 1185 KM068042
Macrochloris radiosa SAG 213-2a KM020104
Micractinium pusillum SAG 7.93 AF499921
Oophila sp. LA2008 KJ635658
Oophila amblystomatis Suddent Tract KY091670

* The symbiotic chlorococcum with H. vulgaris.
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Library preparation and sequencing of the cultured free-living algae were performed by
Bioengineering Lab. Co., Ltd. The libraries of the algae were prepared using MGIEasy FS
DNA Library Prep Set and MGISP960, and DNA nanoballs were prepared using MGIEasy
Circularization Kit and DNBSEQ-G400RS High-throughput Sequencing Kit. The sequencing
of the 200 bp paired-end reads was performed on DNBSEQ-G400.

2.2.4 RNA extraction from Hydra and transcriptome sequencing

Hydra polyps, after being starved for three days, were used for RNA-seq analysis to remove
the effect of nutrient factors on the gene expression from the prey. Total RNA was extracted
from intact polyps (30 polyps of strain 105, 50 polyps of strain 105G) using the acid
guanidinium thiocyanate-phenol-chloroform (AGPC) method (Chomczynski and Sacchi,
1987). Three biological replicates were prepared for both strains. Total RNA was treated with
DNase I (Roche, Mannheim, Germany) to remove genomic DNA. The total RNA samples were
sent to Novogene Co., Ltd. (Beijing, China), and cDNA library preparation and sequencing of

150 bp paired-end reads on Illumina HiSeq 4000 were performed by Novogene.

2.2.5 Mapping and differential gene expression analysis

Quality trimming of reads was performed using cutadapt (Martin, 2011). Low-quality ends
(QV < 30) and adapter sequences were trimmed, and short reads (< 20 bp) were discarded, for
quality control. The trimmed reads were aligned to the Hydra genome reference
(GCA_000004095.1, Chapman et al., 2010) using TopHat2 version 2.1.1 (Kim et al., 2013). I
estimated gene expression levels based on fragments per kilobase of exon per million mapped
reads (FPKM) using the Cufflinks (version 2.2.1) pipeline (Trapnell et al., 2012). All
transcriptome samples were merged into contigs using Cuffmerge, and then Cuftdiff was used
to normalize the read counts of each sample and to analyze differential gene expression
between strains 105 and 105G. The contigs were considered differentially expressed if they
showed a false discovery rate (FDR) < 0.05. To compare strain 105G with native symbiotic

strain J7, T used RNA-seq data of strain J7 and J7apo (symbionts eliminated strain J7) analyzed
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by Ishikawa et al. (2016b). I obtained raw sequence data of J7 and J7apo strains (PRJIDB4331)
and carried out quality trimming for these data using the same criteria as for strains 105 and
105G described above. The trimmed reads were mapped to the Hydra genome reference in the
same way as those of 105 and 105G. I also performed differential gene expression analyses of
each strain with the -b/--frag-bias-correct Cuffdiff command-line option for comparison of
changes in expression patterns between 105G/105 and J7/J7apo to normalize read counts. The
-b/--frag-bias-correct command-line option is expected to improve the accuracy of expression

estimates across RNA-seq libraries (Roberts et al., 2011).
2.2.6 Gene Ontology (GO) enrichment analysis

The contigs were subjected to a similarity search against the UniProtKB Swiss-Prot and H.
vulgaris proteins in the UniProtKB TrEMBL using BLASTX with an e-value cutoff of le-5.
GO enrichment analysis was performed using the DAVID Functional Annotation tool (Huang
et al., 2009). UniProt accessions annotated to the contigs were entered into DAVID as queries.
I used GO Direct as GO categories in DAVID. GO terms were considered to be significantly
enriched if they showed adjusted P (Benjamini) < 0.05 by Fisher’s exact test. GOCircle plots,
which show expression levels and z-scores of the differentially expressed genes (DEGs) in
enriched GO terms, were drawn using the R package GOplot (Walter et al., 2015). The R
package pathview (Luo and Brouwer, 2013) was used to conduct a pathway analysis for several

KEGG pathways (https://www.genome.jp/kegg/pathway.html), including the DEGs.
2.2.7 Rapamycin treatment

Rapamycin (LC Laboratories, Woburn, MA) was dissolved in dimethyl sulfoxide (DMSO) to
I mM or 3 mM as a stock solution. Next, each rapamycin stock solution was dissolved in 6 mL
HCS to make 1 uM or 3 puM solutions. For the control condition, 0.1% DMSO in HCS was
used. Ten budless polyps for each condition were used at the start of the experiments and
cultured in plastic containers filled with rapamycin solutions at 20 °C under 14 h:10 h

light/dark illumination cycles (15 umol/m?/s light intensity) for two weeks. The numbers of
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live polyps under each condition were counted per day. The polyps were fed Artemia nauplii
on days 0, 4, 7, and 11. The polyps were observed with a stereomicroscope (MZ75, Leica,
Wetzlar, Germany) and photographed with a digital camera (Digital Sight DS-L1, Nikon,

Tokyo). The number of polyps in each condition or strain was tested by Tukey’s test.

2.3 Results

2.3.1 Morphology and phylogeny of the symbiotic chlorococcum

To confirm the identity between the green algae in the symbiotic polyps which acquired the
algae by horizontal transmission and the ones in the native symbiotic strain J10 polyps, I
compared the partial sequences of rbcL in the algae. The examined nucleotide sequences
(NCBI accession no. LC381699) were identical to those of the symbiotic Chlorococcum sp.,
whose partial 7bcL sequences are the same between the symbiotic J7 and J10 strains (accession
no. AB713414). I observed some algal cells, non-flagellate algae like the chlorococci in hydra
cells, slender flagellate zoospores, and large flagellate algae, in the HCS containing strain J10
and 105G polyps (Fig. 2.1a,b,c). The two flagellate algae had a pair of flagella (Fig. 2.1b,c,
arrows). The large flagellate algae often contained the chlorococcum-like algae in the cells. 1
confirmed the identity between the endosymbiotic algae and the algae in the HCS by
sequencing the rbcL and 18S rDNA genes (accession no. LC381698, rbcL; LC381701,
18SrDNA). These nucleotide sequences were identical to those of the symbiotic chlorococcum.
The morphology of the free-swimming zoospores corresponds to the flagellated motile
zoospores of the cultured symbiotic chlorococcum reported by Rahat and Reich (1991).
However, I cultured the algae in the HCS in the liquid medium, and then only large flagellate
algae proliferated. The 18S rDNA sequence of the cultured large flagellate algae was close to
Poterioochromonas malhamensis, and their morphology was also similar to P. malhamensis.
It indicated that the non-flagellate algae and the flagellate zoospores would be the symbiotic

chlorococci, but that the large flagellate algae would not be.
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Figure 2.1 Green algae in the HCS which the symbiotic hydra was in. (a) a non-flagellate
alga like the chlorococcum extracted from endodermal epithelial cell. (b) a slender

flagellate zoospore. (¢) a large flagellate alga. (b) and (c) are the same scale.
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I conducted a phylogenetic analysis of the symbiotic chlorococcum using the 18S rDNA
sequence. Among Chlorophytina, the symbiotic chlorococcum (Chlorococcum sp. J7) was
close to Oophila amblystomatis, which is known as a symbiotic alga of a salamander (Kerney
et al., 2011), and C. oleofaciens (Fig. 2.2a). Because C. oleofaciens belongs to
Stephanosphaerinia (Kawasaki et al., 2015), I reconstructed a phylogenetic tree only for the
species of Stephanosphaerinia (Fig. 2.2b). Chlorococcum sp. J7 was closely related to C.
aquaticum and C. minutam, which are free-living algae living in freshwater and soil,

respectively, although its bootstrap support was low (68 %).

2.3.2 Gene expression difference in the symbiotic and non-symbiotic 105G polyps

To analyze the changes in cellular mechanisms that were induced by horizontal transmission
in the symbiotic polyps, I compared the gene expression patterns of the symbiotic hydra strain
105G to those of the original non-symbiotic strain 105. I obtained 137 million paired-end
sequence reads after quality control was performed. The proportions of mapped reads of strains
105G and 105 were 69.5% and 79.3%, respectively, and GC content of the mapped reads was
35% for both strains. Green algae generally have higher GC content levels (e.g. Chlorococcum
sp. FFG039: 62%, Maeda et al., 2019), so the equivalent GC content suggested contaminated
reads of the chlorococci were correctly filtered from the mapped reads of the 105G samples.
Out of the total of 31,725 contigs in the reference, 26,696 contigs and 27,001 contigs were
expressed in 105G and 105, respectively, and 27,406 contigs were expressed in either or both
of strains. In strain 105G, 2,742 contigs were upregulated, and 2,971 contigs were
downregulated, compared to strain 105. In the expressed contigs, 11,467 contigs could be
annotated with descriptions of H. vulgaris genes in RefSeqGene, excluding uncharacterized
genes. In addition, I performed similarity searches using BLASTX to assign functional
annotations to the mapped genes. As a result, 6,080 contigs were matched with entries in
UniProtKB Swiss-Prot, and 807 contigs were matched with entries for H. vulgaris in

UniProtKB TrEMBL.
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Figure 2.2 Phylogenetic tree of the symbiotic chlorococcum constructed with the maximum
likelihood method inferred from the nucleotide sequences of the 18S rDNA of green algae. The
numbers along branches indicate the bootstrap value. (a) Phylogenetic position of the symbiotic
chlorococcum in Chlorophytina. (b) Phylogenetic position of the symbiotic chlorococcum in

Chlorococcum and the related algae.
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I performed Gene Ontology (GO) enrichment analysis using the DAVID Functional
Annotation tool and illustrated enriched Gene Ontology terms as GOCircle plots (Fig. 2.3).
Among the upregulated genes, 31 GO terms were significantly enriched, while 8 GO terms
were enriched among the downregulated genes (Tables 2.2,3). In the biological process (BP)
category, 8 GO terms were significantly enriched in the upregulated genes (Fig. 2.3a). In
particular, translation exhibited the highest z-score (Z = 8.20) and the lowest P-value (P =
1.18e-14) among the enriched categories. In cellular component (CC) categories, 22 GO terms
were significantly enriched (16 upregulated and 6 downregulated). I present the details for five
of the GO terms in the CC category with higher P-values in the upregulated and downregulated
genes, respectively, in Fig. 2.3b. Mitochondria had the highest z-score (Z = 10.27) and a lower
P-value (P = 2.24e-10). Differentially expressed genes (DEGs) in the GO term mitochondrion,
such as respiratory chain complexes, overlapped with DEGs in the GO term oxidation-

reduction process.

2.3.3 Comparison of gene expression changes by symbiosis with the chlorococci between

the acquired symbiotic strain and the native symbiotic strain

Ishikawa et al. (2016a) postulated that hydras that did not have “endosymbiotic potential” with
Chlorococcum evolved into native symbiotic hydras in a step-by-step process by first becoming
hydras with endosymbiotic potential. Some Hydra strains with endosymbiotic potential can
acquire symbionts by artificial or spontaneous transmission (Rahat and Reich, 1986; Rahat and
Reich, 1989; Ishikawa et al., 2016b). However, it is not clear what kind of step-by-step changes
in the cellular mechanisms are required to obtain the endosymbiotic potential. Therefore, I
investigated the difference in gene expression patterns between the acquired symbiotic strain
105G and the native symbiotic strain J7 to help elucidate the mechanism governing the

establishment of symbiosis.

I obtained RNA-seq data of J7 and J7apo strains sequenced by Ishikawa et al. (2016b).

Strain J7apo is a non-symbiotic strain of strain J7 from which the symbiont has been removed.
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Figure 2.3 Functionary characterization of differentially expressed genes (DEGs). The outer

circle shows scatter plots of the expression levels of DEGs in each enriched GO term. The inner

circle represents the z-scores (differences between the number of upregulated DEGs and

downregulated DEGs) by color and the adjusted P-values by height. (a) Top 8 enriched GO

terms in the BP category. (b) Top 5 enriched GO terms in each upregulated and downregulated

gene in the CC category.
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Table 2.2 Enriched GO terms in the upregulated genes in strain 105G.

Category Term Count Pop Hits Fold Enrichment g-value

MF structural constituent of ribosome 65 118 2.87 7.56E-15
BP translation 73 144 2.72 1.18E-14
MF poly(A) RNA binding 132 383 1.80 1.87E-10
cC mitochondrion 163 526 1.68 2.24E-10
cC mitochondrial inner membrane 69 164 2.28 8.86E-10
cC ribosome 39 77 2.74 1.05E-07
cC cytosolic small ribosomal subunit 16 20 4.33 7.63E-06
cC cytosolic large ribosomal subunit 20 31 3.50 1.61E-05
cC mitochondrial matrix 41 103 2.16 7.63E-05
MF RNA binding 93 300 1.62 2.09E-04
ccC extracellular exosome 173 691 1.36 3.29E-04
CcC proteasome complex 19 35 2.94 7.00E-04
MF translation initiation factor activity 23 44 2.72 9.55E-04
BP oxidation-reduction process 67 202 1.78 0.00107513
cC myelin sheath 26 61 2.31 0.00203143
BP cytoplasmic translation 15 22 3.65 0.00344199
BP protein folding 31 74 2.24 0.00560184
cC mitochondrial respiratory chain complex | 11 16 3.72 0.00663326
cC intracellular ribonucleoprotein complex 35 101 1.88 0.00852641
MF NADH dehydrogenase (ubiquinone) activity 12 17 3.68 0.00990423
cC eukaryotic translation initiation factor 3 complex 12 4,06 0.01480239
cC eukaryotic 43S preinitiation complex 12 4,06 0.01480239
BP translational initiation 16 28 3.06 0.01717476
MF translation elongation factor activity 12 18 3.47 0.01748915
BP formation of translation preinitiation complex 11 15 3.93 0.02471026
cC catalytic step 2 spliceosome 23 60 2.08 0.02680533
cC mitochondrial nucleoid 11 19 3.14 0.03149541
BP MRNA processing 39 113 1.85 0.0330599
BP mRNA splicing, via spliceosome 33 91 1.94 0.03956714
cC eukaryotic 48S preinitiation complex 8 11 3.94 0.04296427
MF oxidoreductase activity 39 116 1.75 0.04455639
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Table 2.3 Enriched GO terms in the downregulated genes in strain 105G.

Category Term Count Pop Hits Fold Enrichment qg-value

CC plasma membrane 150 912 2.01 6.20E-17
CcC integral component of membrane 185 1489 1.52 7.09E-09
CcC integral component of plasma membrane 51 324 1.92 7.17E-04
MF calcium ion binding 42 244 2.08 0.00408159
CcC Z disc 13 43 3.69 0.01026727
CC voltage-gated potassium channel complex 11 35 3.84 0.02461583
CC membrane 125 1160 1.32 0.02554138
MF calmodulin binding 18 76 2.86 0.03415116




The sequence data of each sample were analyzed with the frag-bias-correct option for
improving the accuracy of expression estimates. According to the bias correction method, there
were 7,279 DEGs between 105G and 105 and 1,787 DEGs between J7 and J7apo (Fig. 2.4a).
Although there was a significant power difference between the cases of 105G/105 and J7/J7apo
(105G and 105 strains: 3 replicates each; J7 and J7apo strains: 2 replicates each), the DEGs
exhibited a four-fold difference between the 105G/105 and J7/J7apo pairs. I found 673
overlapping DEGs between the 105G/105 and J7/J7apo (Fig. 2.4a). Among the overlapping
DEGs between the 105G/105 and J7/J7apo annotated from RefSeqGene, there were 15 DEGs
with log2 fold changes higher than 1 and 2 DEGs with log2 fold changes lower than -1 in both
105G/105 and J7/J7apo (Table 2.4). L-rhamnose-binding lectin CSL3-like showed the highest
FC in both strain pairs, and D-galactoside-specific lectin was one of the upregulated genes in
both strain pairs. Both lectins belong to the rhamnose-binding lectin (RBL) family according

to BLAST searches.

In strain J7, one GO term was enriched in the upregulated genes, namely, lysosome (P =
2.58e-7), and five GO terms were enriched in the downregulated genes (Table 2.5). The GO
term lysosome was also enriched in the upregulated genes in the symbiotic strain J7 in Ishikawa
et al. (2016b). I found 16 commonly upregulated genes encoding lysosomal enzymes in the
symbiotic strains 105G and J7 (Fig. 2.4b). These enzymes encode upregulated genes, except
for heparanase and sialate O-acetylesterase, which act as proteases. There were 73 upregulated
genes with the GO term translation in the 105G strain, while no genes with the GO term
translation were upregulated in strain J7. I compared the fold changes of genes related to
translation and respiratory chain complexes in the symbiotic state between the 105G and J7
strains. The upregulated genes in the 105G strain are shown in Fig. 2.4d. All the upregulated
genes in strain 105G with the GO term translation did not show significant expression changes
in strain J7 (Table 2.6). The plasma membrane exhibited the lowest P-value (P = 6.20e-17)
among the GO terms in the CC category (Fig. 2.3b, Table 2.3). Similarly, Ishikawa et al.

(2016b) reported that the GO term plasma membrane is enriched in downregulated genes in
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(Figure 2.4 continued)
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Figure 2.4 Comparison of the gene expression patterns in the 105G/105 and J7/J7apo pairs.
(a) Venn diagram showing the number of differentially expressed genes (DEGs) in both strain
pairs with the frag-bias-correct option (FDR < 0.05). The numbers of upregulated genes by
symbiosis are indicated in red, and the numbers of downregulated genes by symbiosis are
indicated in blue. (b) Heat map showing log2 fold change of the FPKMs (fragments per
kilobase of exon per million mapped reads) of the upregulated genes coding lysosomal
enzymes in both strain pairs. (¢) Heat map showing log2 fold change of the FPKMs of the
downregulated genes expressed in nematocytes or playing a role in nematocyte differentiation
in both strain pairs. (d) Heat map showing log2 fold change of the FPKMs of the upregulated
genes coding the genes related to translation and respiratory chain complex in the 105G/105

strain pair.
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Table 2.4 Enriched GO terms in the downregulated genes in strain J7.

Category Term Count Pop Hits Fold Enrichment g-value

CcC extracellular region 27 182 3.03 1.35E-04
MF calcium ion binding 31 227 2.74 2.20E-04
MF carbohydrate binding 13 60 4.35 0.0058629
CcC integral component of membrane 91 1282 1.45 0.00600012
CcC proteinaceous extracellular matrix 13 74 3.59 0.01747669
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Table 2.5 Common remarkably differentially expressed genes (DEGs) in 105G/105 and J7/J7apo pairs.

105G > 105 and J7 > J7Apo

Product Entrez geneid FPKM(105G) FPKM(105) log2(FC) 105G FPKM(J7) FPKM(J7Apo) log2(FC)J7
L-rhamnose-binding lectin CSL3-like 105848632 7226.29 29.88 7.92 120.56 0.96 6.97
melatonin receptor type 1C-like 105848483 31.23 11.09 1.49 8.88 0.43 4.36
ferric-chelate reductase 1-like 100199865 196.76 27.09 2.86 81.96 11.45 2.84
endochitinase 1-like 100197260 60.53 25.29 1.26 478.37 110.85 2.11
carbonic anhydrase 2-like 101238382 25.87 6.45 2.00 26.13 6.80 1.94
NEDD8-conjugating enzyme ubc12-like 100198375 317.73 83.44 1.93 109.03 31.74 1.78
arrestin domain-containing protein 3-like 100202511 15.57 3.12 2.32 27.16 7.98 1.77
probable G-protein coupled receptor 112 101237689 50.26 22.06 1.19 59.83 17.88 1.74
putative nuclease HARBI1 100200118 293.97 88.66 1.73 24.77 7.62 1.70
G-protein coupled receptor 64-like 101237777 54.59 22.83 1.26 57.20 17.74 1.69
probable caffeoyl-CoA O-methyltransferase 2 100213913 493.92 76.72 2.69 108.20 35.55 1.61
endochitinase 4-like 100199839 42.05 12.79 1.72 27.01 10.35 1.38
gastric triacylglycerol lipase-like 100208269 12.75 5.00 1.35 37.74 15.76 1.26
excitatory amino acid transporter-like 100201274 102.82 28.73 1.84 85.26 36.82 1.21
D-galactoside-specific lectin-like 100209558 757.25 287.99 1.39 639.57 291.22 1.14
105G < 105 and J7 <J7Apo

Product Entrez geneid FPKM(105G) FPKM(105) log2(FC) 105G FPKM(J7) FPKM(J7Apo) log2(FC)J7
carbonic anhydrase 7-like 100200368 51.65 121.30 -1.23 9.88 27.83 -1.49
fibrocystin-L-like 105847347 4.07 8.32 -1.03 2.66 5.60 -1.07




Table 2.6. The number of the upregulated genes with GO term translation in the symbiotic

strains 105G and J7. The numbers of upregulated genes in each strain were shown in UP

columns.

Gene group UP(105G) UP(J7) Total
Ribosomal protein 55 0 76
Translation initiation factor 24 0 51
NADH dehydrogenase 14 0 30
Cytochrome b-c1 complex 4 0 5
ATP synthase 0 12
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the symbiotic state of the native symbiotic strain J7. Calcium ion binding and integral
component of membrane appeared in the enriched GO term in the downregulated genes in both

105G and J7 strains (Tables 2.3 and 2.5, respectively).

2.3.4 Effect of translation inhibition with rapamycin treatment

I hypothesized that the upregulations of the genes related to translation and metabolism were
necessary to maintain the symbiotic system between strain 105G and the chlorococci.
Therefore, I treated polyps with rapamycin to inhibit TORC1 activity (Loewith et al., 2002),
which regulates translation and metabolism in host cells based on the nutrient input by
symbionts (Voss et al., 2019). Previous studies in Hydra reported that short-term exposure to
rapamycin (12 h, 10 uM) reduces polyp size (Buzgariu et al., 2008) and that long-term exposure
to rapamycin (>30 days, 0.8 uM) delays aging and improves epithelial proliferation in a strain
that senesces upon gametogenesis (Tomczyk et al., 2020). I exposed 10 non-symbiotic and
symbiotic polyps of the 105, 105G, J7apo, and J7 strains to rapamycin for two weeks with five
replicates. Most of the polyps exposed to rapamycin shrank and shortened their tentacles, and
some of the polyps totally contracted (Fig. 2.5a). Exposure to rapamycin largely inhibited
budding. In particular, budding of the polyps in 3 pM rapamycin was not observed in strains
other than J7apo. Fig. 2.5b shows the changes in the number of polyps for each experimental
condition two weeks after the start of the treatment, and transitions in the number of polyps for
each condition during the treatment are shown in Fig. 2.6. Polyps for each strain in the control
condition gradually proliferated by budding (105: 15.4 +1.91; 105G: 12.4 + 0.51; J7apo: 13.2
+ 0.58; J7: 10.4 £ 0.40, means = SEM). The J7 strain formed buds slowly due to its relatively
large polyps. The rapamycin treatment prevented the polyps of the 105 strain from budding
(105 [1 uM]: 9.4 £0.24; 105 [3 uM]: 9.0 + 0.45). The polyps of the J7apo strain could generate
their buds under the rapamycin treatment, but the increase in the polyps was still suppressed
(J7apo [1 uM]: 10.4 + 0.51; J7apo [3 uM]: 9.8 = 0.20). On the other hand, the polyps of the
105G strain were severely affected by rapamycin treatment. More than half of the polyps

degenerated under both 1 and 3 pM rapamycin (105G [1 uM]: 4.0 = 0.84; 105G [3 uM]: 3.2 +

34



0.86). The polyps of the J7 strain showed an intermediate-severe response to rapamycin
treatment, falling between the 105 and 105G strains. Rapamycin at I pM impeded budding in
the J7 strain, but most of the polyps survived during the treatment, similar to strain 105 (J7 [1
uM]: 8.2 + 0.73). More than half of the polyps of the J7 strain died, similar to the 105G strain
in 3 uM rapamycin (J7 [3 uM]: 4.4 + 1.17).
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Figure 2.5 Effect of translation inhibition with rapamycin treatment. (a) The polyp condition

two weeks after the start of rapamycin treatment. The symbiotic polyps (strain 105G, J7) shrank

in 3 uM rapamycin. Scale bars: 1 mm. (b) The number of polyps two weeks after the start of

rapamycin treatment. The error bars show the standard error in each condition. The red line

represents the number of polyps (n = 10) at the start of the treatment. The significant differences

were calculated by Tukey’s test among each condition (P < 0.05). The same letters onthe bars

represent no significant difference.
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Figure 2.6 Transition in the number of polyps in the rapamycin treatment. Markers represent

the average number of polyps, and filled areas represent standard errors. (a) strain 105. (b)

strain 105G. (¢) strain J7apo. (d) strain J7.
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2.4 Discussion

2.4.1 Endosymbiosis of the chlorococcum with the brown hydra

The rbcL and 18S rDNA sequences were identical between the endosymbiotic chlorococcum
and the alga in the HCS. It indicated that the symbiotic chlorococcum was released from hydra
cells to HCS. The chlorococcum may form the zoospores observed in the HCS, and ingestion
of the non-flagellated algae or zoospore by a non-symbiotic hydra enables to establish the new
symbiotic relationship between the hydra and the chlorococcum. This horizontal transmission
was confirmed by the observation that non-symbiotic polyps with co-cultured J10 strain polyps
acquired the symbiotic chlorococci (Miyokawa et al., 2018). The large flagellated algae were
also found in HCS. Culturing and sequencing these algae revealed that the ones were identical
to P. malhamensis. P. malhamensis is a universally distributed mixotrophic golden alga and so
the mixotrophic algae are a predator of small algae such as chlorellae (Ma et al., 2018), and so
the chlorococcum-like algae in the flagellated algae cells had been eaten by P. malhamensis.
In a small ecosystem around hydra in nature, it is suggested that some of the chlorococcum
escaped from the host hydra cells are preyed on by predators like P. malhamensis. The
endosymbiosis with the hydra can protect the chlorococcum from such a predator. The
symbiotic hydra is rarely seen in the wild (Slobodkin et al., 1991). The authors explain that this
is because the symbiosis between the brown hydra and the chlorococcum is not stable. However,
the finding of the existence of predators raised the probability that the predators may be a factor

preventing the horizontal transmission.

My phylogenetic analysis showed that the symbiotic chlorococcum was included in the
Stephanosphaerinia clade and that belonged to the same clade as Oophila spp., which are
symbiotic algae with salamanders. The phylogeny of Oophila was consistent with the previous
phylogenetic analysis in Nema et al. (2019) and Schultz (2016), and the chlorococcum and
Oophila spp. did not form a sister group. It suggests that these algae have independently

evolved the symbiosis with animals. Symbiotic chlorellae with H. viridissima have a common
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feature that can tolerate low pH, but the symbioses were evolved independently (Huss et al.,
1994; Kawaida et al., 2013). These phylogenetic analyses suggest that green algae which
include symbiotic algae in their group are considered to have the potential for symbiosis
beforehand. On the other hand, some strains of host Hydra, other than H. vulgaris, have a
potential for harboring the symbiotic chlorococcum (Miyokawa et al., 2018). This paper reports
that a part of strains in all four groups of Hydra maintained the symbiotic relationship with the
chlorococcum for more than two months. The genus Hydra also contains H. viridissima,
mutualistic hydra species with Chlorella. Hydra seems to widely have the potential for
establishing a symbiotic relationship with green algae. Interaction between such hosts and

symbionts having the potential for symbiosis might lead to establishing endosymbiosis.

2.4.2 Cellular mechanisms in Hydra-Chlorococcum symbiosis

The acquired symbiotic strain, 105G, exhibits a decreased polyp size compared with the
original strain, 105 (Miyokawa et al., 2018). A significant difference in the size of endodermal
epithelial cells was not observed between strains 105G and 105 (P = 0.789, Table 2.7).
Mortzfeld et al. (2019) suggested that the maximum polyp size of Hydra is primarily
determined by the number of cells, not the size of the cells, in a polyp. The authors showed that
Wnt signaling activates TGF- signaling, that TGF-J signaling initiates budding and that polyp
size growth stops when budding begins (Mortzfeld et al., 2019). In strain 105G, several genes
in the Wnt pathway were differentially expressed (Fig. 2.7). Downstream of the Wnt pathway,
transcription factor 7-like 2 (TCF/LEF) activates transcription by forming a complex that binds
to B-catenin (Molenaar et al., 1996). Wnt and TCF/LEF are co-expressed in hydra heads and
induce bud initiation and head formation (Hobmayer et al., 2000; Gee et al., 2010). Therefore,
an expression change of TCF/LEF can fluctuate the time of bud initiation and the
developmental time of a polyp. The serine/threonine-protein kinase NLK inhibits the binding
of TCF/LEF to DNA and suppresses transcription activation by TCF/LEF (Ishitani et al., 1999).
In the acquired symbiotic strain 105G, TCF/LEF was upregulated, and NLK was

downregulated (Fig. 2.7). This result indicates that transcription stimulated by TCF/LEF is
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Table 2.7 Sizes of endodermal epithelial cells in strains 105G and 105. Five polyps were
measured for both strains, and 100 cells were measured for each polyp. Cell sizes between the

strains were tested by Welch’s t-test.

105 105G

Polyp Mean S.E. Mean S.E.

1 60.56 1.16 57.22 1.00
2 58.07 0.91 60.33 0.86
3 61.67 0.53 55.37 0.56
4 57.11 0.76 60.19 0.84
5 56.96 0.69 63.44 0.80
6 59.89 0.93 58.52 1.02
Total 59.04 8.69 59.18 8.92
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Figure 2.7 Heat map showing gene expression patterns involved in the Wnt pathway and
homeobox genes in strains 105G and 105. The Z-scores are calculated from the FPKMs of each

gene. The displayed expressions are selected notable genes’ (FDR < 0.05).
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activated in the acquired symbiotic hydra. TGF-f signaling causes retinoblastoma-like protein
1 (p107) and transcription factor Dp-1 to regulate the transcription activity of transcription
factor E2F. E2F activity is inhibited by p107, and this protein is formed by the dimerization of
E2F and Dp-1 (Zhu et al., 1993; Helin et al., 1993). p107 was downregulated, and Dp-1 was
upregulated, in strain 105G (Fig. 2.7). This result indicates that transcription of E2F is also
activated in strain 105G. Furthermore, I investigated the upregulation of the homeobox genes,
which are also transcription factors, as other factors that may alter polyp size. DIx1 and NK-2
are homeobox genes that are expressed in the foot in Hydra. DIx1 is upregulated during foot
formation in ectodermal cells (Wenger et al., 2016; Wenger et al., 2019). NK-2 is expressed in
endodermal epithelial cells before foot formation (Grens et al., 1996). These homeobox genes
are activated by Wnt/B-catenin signaling, as well as TCF/LEF, and regulate targeted genes
(Reddy et al., 2019). Wnt signaling might activate the initiation and development of budding
via these transcription factors. Paired mesoderm homeobox protein 2 (OtxB) is another
homeobox gene that was observed to be upregulated in strain 105G (Fig. 2.7) and expressed in
endodermal cells according to single-cell RNA-seq data from Hydra (Siebert et al., 2019).
OtxB is a close homolog to three Otx genes in Nematostella vectensis. The Otx genes in N.
vectensis are expressed in the endoderm of the foot and pharynx and the ectoderm of the
tentacle and are involved in endodermal development and patterning (Mazza et al., 2007). OtxB
might be involved in endodermal development according to the function of homologous genes.
The upregulation of the transcription factors TCF/LEF, DIx1, and NK-2 suggests that the
horizontal transmission of chlorococci to hydra activates transcription by TCF/LEF and
homeobox genes, and the decrease in polyp sizes and the increase in asexual reproduction rates
in the acquired symbiotic strain 105G may depend on these expression changes. However, it

remains unclear how these transcription factors control bud development by Wnt signaling.

I looked for common DEGs in the symbiotic strains 105G and J7. The genes encoding
lysosomal enzymes were commonly upregulated in the symbiotic strains 105G and J7 (Fig.

2.4b). In H. viridissima, most of the symbiotic algae are digested in host lysosomes during

42



infection (McNeil and McAuley, 1984), and the symbiotic algae are digested in the host cells
to maintain the number of algal cells (Dunn, 1987). These algal cells can be digested inside
enveloped vacuoles by lysosomal enzymes. Similarly, the upregulation of the lysosomal
enzymes in the symbiotic H. vulgaris could be responsible for the digestion of the symbiotic
chlorococci, suggesting that symbiotic H. vulgaris may have the potential to employ their
lysosomes to digest the symbionts as a resource and/or to maintain a constant cell density of
the symbionts in the host cells. I found gene expression changes in strain 105G in the
endocytosis and phagocytosis pathways in the KEGG pathway (Fig. 2.8). The neural Wiskott-
Aldrich syndrome protein (N-WASP) and the actin-related protein 2/3 complex (Arp2/3)
complex play essential roles in the polymerization of actin filament in clathrin-coated
endocytosis and phagocytosis (May et al., 2000; Merrifield et al., 2004). Rab7 induces fusion
of late endosomes and phagosomes with lysosomes in the presence of damaged symbionts in
Aiptasia (Chen et al., 2003). The upregulation of N-WASP, Arp2/3, and Rab7 may be involved
in the uptake of symbionts by phagocytosis and the maintenance of the number of symbionts

in host cells.

The two RBL family genes were also largely upregulated in common in the
symbiotic strains 105G and J7 (Table 2.5). RBLs play a role in innate immune recognition to
bind L-rhamnose and D-galactose resides in polysaccharides and induce an increase in
phagocytic activity (Watanabe et al., 2009; Ogawa et al., 2011). In the stony coral Pocillopora
damicornis, RBL recognizes both pathogenic bacteria and symbiotic algae to bind
polysaccharides on cell wall surfaces (Zhou et al., 2017). Galactose is among the major
components of cell walls in Chlorococcum, and the cell walls also contain some rhamnose
(Miller, 1978), and the symbiotic Chlorococcum is agglutinated under the influence of a
galactose binding lectin (Reich and Greenblatt, 1992). If RBLs can bind to polysaccharides on
cell surfaces of the symbiotic chlorococci and be related to the recognition and uptake of the
endosymbionts in H. vulgaris, it is possible that the upregulation of the genes in the pathway

from phagocytosis to lysosome reflects host reactions to the presence of the symbionts.
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Figure 2.8 Heat map showing gene expression patterns involved in endocytosis and

phagocytosis pathways in strains 105G and 105. The Z-scores are calculated from the FPKMs
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Next, I found commonly downregulated genes in the symbiotic strains 105G and J7.
Polycystic kidney disease proteins (PKDLs) and voltage-dependent calcium channels
(VDCCs) were observed to be commonly downregulated in the 105G and J7 strains (Fig. 2.4c¢).
PKDLs are non-selective cation channels that have permeability to Ca?" (Chen et al., 1999),
while VDCCs are voltage-gated ion channels with selective permeability to Ca®" (Catterall,
2011), and these products are localized in the plasma membrane according to the Uniprot
annotation. PKDLs belong to the polycystin cation channel family and have sequences similar
to those of other polycystins. Ishikawa et al. (2016b) proposed the hypothesis of Ca®"
homeostasis disruption due to the inhibition of genes related to polycystin in endodermal cells
with symbionts. However, most DEGs coding VDCCs and related to polycystins, such as
PKDLs, are expressed in nematocytes according to single-cell RNA-seq data from Hydra
(Siebert et al., 2019). Polycystins and VDCCs were confirmed to be involved in nematocyst
discharge (McLaughlim, 2017; Gitter et al., 1994). The downregulation of these calcium ion
channel genes in symbiotic states is probably due to changes in nematocytes, rather than
disruption of calcium homeostasis, in endodermal cells containing symbionts. In fact, the
stenoteles, which are the largest types of nematocysts, in strain 105G are smaller than the
stenoteles in the original non-symbiotic strain 105, and the number of stenoteles per tentacle
and the length of tentacles were decreased in strain 105G (Miyokawa et al., 2018). In addition,
myosins and nematogalectins were downregulated in the 105G and J7 strains (Fig. 2.4c). These
myosins and nematogalectins were mainly expressed in nematocytes and battery cells and
nematoblasts, respectively, according to the single-cell RNA-seq data of Hydra (Siebert et al.,
2019). These proteins play important roles in nematocyst maturation (Beckmann and Ozbek,
2012; Beckmann, 2013). The downregulation of the genes expressed in nematoblasts and
nematocytes in the 105G strain is consistent with Miyokawa et al. (2018), which reported the
reduction in stenotele size and count in this strain. This inhibition of nematocyte development
and the reduction in stenotele size and count may cause a decrease in prey capture ability in the
105G strain. The report comparing the asexual reproduction rate and the polyp size between

strain 105G and 105 in Miyokawa et al. (2018) says that the 105G strain showed an increase
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in the asexual reproduction rate under the high-light condition and that the polyp size of strain
105G was observed to be reduced compared to that of strain 105. The increase in the asexual
reproduction rate suggests that the photosynthetic products of symbionts are transported to host
endodermal cells and are used as nutrients. The photosynthetic products may make up for the
decrease in the ability to catch prey. As the reduction of the polyp size, however, it has not been

determined whether the symbiotic chlorococcum could supply sufficient nutrients to their host.

Ishikawa et al. (2016b) proposed that the instability of the symbiosis in strain J7 was
derived from the downregulation of gene expression related to cell adhesion molecules. In this
study, coadhesin, zonadhesin, protocadherin (Fat cadherin), and protocadherin-like proteins
(Fat-like cadherin) were downregulated in the symbiotic strains 105G and J7 (Fig. 2.9). Fat and
Fat-like cadherin are transmembrane proteins with structures that are evolutionarily conserved
from cnidarians to mammals and are involved in tissue growth and planar cell polarity in the
adherens junctions (Magie and Martindale, 2008; Hulpiau and Van Roy, 2011). These cadherin
genes were mainly expressed in the battery cells according to the single-cell RNA-seq data of
Hydra (Siebert et al., 2019). Battery cells surround such nematocytes as stenoteles and play a
role in docking sites of nematocyst vesicles to anchor the nematocytes to the basement
membrane on tentacles (Hufnagel et al., 1985; Hobmayer et al., 1990). Nematocytes are bound
to battery cells by adherens junctions (Campbell, 1987b), where Fat and Fat-like cadherin are
located. The downregulation of Fat and Fat-like cadherin might reflect the reduction of

adherens junctions as a reduction in stenotele size and count due to symbiosis.

2.4.3 Difference in adaptation to symbiosis between 105G strain and J7 strain

In the differential gene expression analysis for 105G/105, the genes assigned to the GO
terms translation, mitochondrion, and oxidation-reduction process were upregulated. This
result was different from that of another symbiotic organism in the previous study. In host
organisms that have green algae as endosymbionts, namely, H. viridissima and Paramecium

bursaria, translation is the enriched GO term in downregulated genes in the symbiotic state
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Figure 2.9. Heat map showing fold changes of genes involved in cell adhesion in 105G/105
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displayed expressions are selected notable genes’ (FDR < 0.05).
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(Kodama et al., 2014; Ishikawa et al., 2016b). Ishikawa et al. (2016b) interpreted that the
respiratory chain process in H. viridissima cells is inactivated to suppress the generation of
harmful reactive oxygen species (ROS). Furthermore, Kodama et al. (2014) demonstrated that
protein biosynthesis in P. bursaria cells is controlled by substance exchange between the hosts
and the symbionts. In these well-established symbioses, it is suggested that cooperative
biosynthesis and/or substance exchange between the host cells and the symbiont algae have
been established. The increase in metabolic activity may be a physiological phenomenon due
to increased oxygen and/or nutrient supply by the symbionts, and the cooperative and adaptive
responses to the symbionts may not have yet occurred in the newly formed symbiotic strain

105G.

Translation and mitochondrial activity reciprocally interact and control energy balance
in cells through ATP production and consumption (Morita et al., 2013). The difference in the
patterns of expression changes of translation and respiratory chain complexes between the
105G and J7 strains may reflect different levels of cellular energy production and the changes
in substance exchanges between the hosts and the symbionts. Nutritional signals activate TOR
complex 1 (TORC1) via the TOR pathway, which is a pathway that is conserved from yeast to
mammals (Panchaud et al., 2013). In the 105G strain, some genes in the TOR pathway, such as
ras-related GTP-binding proteins (rag GTPases: ragA/B, ragC/D) and LAMTOR?2, were
upregulated (Fig. 2.10). LAMTOR?2 is a part of the regulator complex and composes a binding
platform to the rag GTPase (Su et al., 2017), and Rag GTPases bind to the regulator complex
and activate TORC1 in response to the amino acid signal from lysosomes (Bar-Peled et al.,
2012; Kim et al., 2008). TORC1 activation induces translation activity, including ribosome
biogenesis, and inhibits autophagy (Hay and Sonenberg, 2004). In the symbiotic sea anemone
Aiptasia, amino acids synthesized by symbiotic algae from photosynthetic products are
translocated to host cells (Wang and Douglas, 1999), and Voss et al. (2019) reported that
nutrients from symbionts activate TORCI signaling and that signaling prompts translation and

metabolism in the host cell. However, the authors reported that genes related to lysosomes and
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Figure 2.10. Gene expression changes involved in the TOR pathway. (a) Heat map showing
the expression patterns of the genes in strains 105G and 105. The Z-scores are calculated from
the FPKMs of each gene. The displayed expressions are selected notable genes’ (FDR < 0.05).
(b) Overview of the TOR pathway based on DEGs in strain 105G. Genes enclosed in squares

represent upregulated genes in strain 105G.
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translation are downregulated in symbiotic Aiptasia, similar to the symbiotic organisms
mentioned above, (H. viridissima: Ishikawa et al., 2016b; P. bursaria: Kodama et al., 2014).
This finding implies that there are other systems to inhibit translation and cellular metabolism
in stable symbiotic organisms, while H. vulgaris may not have these systems. Alternatively, the
symbiotic H. vulgaris might have a reason not to inhibit translation activity to maintain the
symbiosis. Chlorococcum can use peptone, which is an enzyme digest of animal protein
containing amino acids, as a nitrogen source, as well as other general nitrogen sources (Liu et
al., 2000). If the symbiotic chlorococci take up amino acids from the host cells, ignoring the
metabolic needs of the host, the host will have to pay the cost of synthesizing additional amino
acids. Several enzymes synthesizing amino acids and involved in the TCA cycle, which
generates precursors of amino acids, were upregulated in the 105G strain (Fig. 2.11). Thus, the
effect on cellular metabolism caused by endosymbiosis would be different between the 105G

and J7 strains and stable symbiotic organisms.

I conducted the rapamycin experiment to elucidate the upregulations of the genes related
to translation and metabolism were necessary to maintain the symbiotic system in the 105G
strain. This result is shown in Fig. 2.12. About half of the symbiotic polyps degenerated in 3
UM rapamycin, and it indicates that 3 uM rapamycin was more harmful to the symbiotic strains
(105G, J7) than the non-symbiotic strain (105, J7apo). The treatment with 1 uM rapamycin
showed that the threshold concentrations of rapamycin for definite mortality increase were
lower in the 105G strain than in the J7 strain. The results showed that symbiosis with
chlorococci alters the sensitivity to inhibitors of translation in the host cell. In addition, the
degree of sensitivity was greater in the 105G strain than in the J7 strain. These results suggested
that the J7 strain has an adaptive mechanism to balance the cellular metabolism of hosts and
chlorococci, which does not exist in the 105G strain. Indeed, the J7 strain did not show
significant expression changes in the genes related to translation between the non-symbiotic
and symbiotic strains, despite drastic changes in the host cell environment. The difference in

the sensitivity to rapamycin treatment between the acquired symbiotic strain 105G and the
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native symbiotic strain J7 may imply that the evolution of the ability to balance cellular
metabolism between the host and the symbiont is a key requirement for adaptation to

endosymbiosis with chlorococci.

This study provided an overview of the symbiotic system in H. vulgaris from the changes
in the gene expression patterns. In the symbiotic strains 105G and J7, similar gene expression
patterns were found in genes related to uptake and maintenance of the symbionts, nematocyte
differentiation, and development (Fig. 2.12a). These expression patterns indicate that these
processes are likely to be essential mechanisms of brown hydra-chlorococcum symbiosis. On
the other hand, the genes involved in translation and respiration were determined to be
upregulated only in the acquired symbiotic strain 105G (Fig. 2.12b). I also observed a
difference between the non-symbiotic strain and the symbiotic strains regarding mortality
caused by translation inhibition through rapamycin treatment. The difference in mortality
between the acquired symbiotic strain and the native symbiotic strain suggested that the native
symbiotic strain was more adapted to endosymbiosis with Chlorococcum than the symbiotic
strain acquired by horizontal transmission. Clarifying the unstable symbiotic mechanism may

provide a better understanding of the evolution of symbiosis.
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Figure 2.11. Expression changes in genes encoding enzymes that synthesize amino acids and

are involved in the TCA cycle. (a) Heat map showing fold changes of the genes in strains 105G
and 105. The Z-scores are calculated from the FPKMs of each gene (FDR < 0.05). (b)
Overview of the TCA cycle and the pathway of amino acid synthesis based on DEGs in strain

105G. Red arrows represent enzymes coded in upregulated genes in strain 105G, and black

arrows represent enzymes coded in genes not showing significant differences in strain 105G.
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CHAPTER 3

Gene expression patterns reveal specificity between green hydra and
symbiotic chlorella

3.1 Introduction

Symbiosis is a long-term, close, and reciprocal biological interaction between multiple
organisms (Douglas, 2015). Symbiosis enables organisms to adapt to new niches and diversify
their lifestyle (Moran, 2007; Lengyel et al., 2009; Joy, 2013). Animal-plant symbiosis is a
particular case of symbiosis: photosymbiosis. Photosymbiosis in animals is widespread across
multiple taxa. In the photosymbiosis, hosts protect their symbionts from the symbionts’
predators and environmental fluctuation, and the symbionts provide the hosts with nutrients
derived from photosynthetic products (Melo Clavijo et al., 2018). Among the photosymbiotic
systems in cnidaria (corals, sea anemones, and hydras) have been widely known to establish
symbiotic relationships with zooxanthellae or green algae, and their symbioses have profound
effects on their lifecycle and ecology (Muscatine and Lenhoff, 1963; Muscatine 1971;
Muscatine and Porter, 1977). Among these symbiotic organisms, green hydra (Hydra
viridissima) has an endosymbiotic relationship with green algae, Chlorella, and it is one of the
best-studied symbiotic systems (Kovacevic 2012). Hydra-Chlorella symbiosis has been used
as a suitable experimental organism for a long time because of its rapid reproduction time by
budding and regeneration potential. Recently whole-genome sequences of the green hydra and
its symbiotic chlorella have been determined (Hamada et al., 2018; Hamada et al., 2020). It
enables us to perform functional genomic analysis. Green hydras bear the symbiotic chlorellae
enveloped in membranes called symbiosome in the endodermal cells and provide the symbiotic
chlorellae with carbon and nitrogen sources for photosynthesis and receive maltose produced
by photosynthetic reactions (Muscatine and Lenhoff, 1963; Roffman and Lenhoff, 1969; Huss
et al., 1994). This symbiotic interaction allows the host hydra to increase the proliferation rate
by budding and tolerance to starvation (Ishikawa et al., 2016b). The symbiotic chlorella cannot

survive outside the host cell for a long time and is transmitted vertically to a hydra offspring
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by algal migration to a budding polyp and an egg (Habetha and Bosch, 2005; Kawaida et al.,
2013). The molecular phylogenetic analysis of the hydra species indicated that the green hydra
is a basal clade that diverged from other hydra species groups over 100 million years ago
(Schwentner and Bosch, 2015). The green hydra seems to have acquired symbiosis with the
chlorellaec at the early stage of its evolution because all green hydras have symbiotic
relationships with the chlorellae (Kawaida et al., 2013). On the other hand, the molecular
phylogenetic analysis of the chlorella species suggested that the establishment of symbiotic
relationships between free-living chlorellae and the green hydras have occurred multiple times
(Rajevi¢ et al., 2015). In this respect, the evolutionary process of the symbiosis between green

hydra and chlorella is still unclear.

The symbiont has a certain degree of host specificity, and the host hydra recognizes and
selects symbiotic chlorellae taken into the endoderm cells. Aposymbiotic (symbiont-removed)
green hydra can establish the symbiotic relationship with non-native chlorellae which are
symbiotic with other green hydra strains but cannot establish the symbiotic relationship with
some non-native chlorellae symbiotic with Paramecium bursaria and free-living chlorellae
(Jolley and Smith 1980; McAuley and Smith 1982). Although the green hydra can establish the
symbiotic relationship with NC64A chlorella, which is the symbiotic alga with P. bursaria, the
symbiotic hydra harboring NC64A chlorella shows a lower proliferation rate by budding than
the hydra harboring the native symbiotic chlorella (Hamada et al., 2018). It suggests that
changing the combination of green hydra and chlorella causes different interactions between
the host cells and the algae and affects the whole symbiotic system. Hanada (2020) conducted
symbiont exchange experiments using two green hydra strains, K10 and M9. The K10 and M9
strains belong to phylogenetically distinct clades, respectively (Fig. 3.1). In both strains, the
aposymbiotic strains (K10apo, M9apo) have lower proliferation rates by budding than the
symbiotic strains. Interestingly, the M9 strain harboring non-native symbionts (M9 polyps with
K10 chlorella, M9exc) does not change much with its proliferation rate from that of the original

M9, although the K10 strain with non-native symbionts (K10 polyps with M9 chlorella,
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K10exc) showed a lower proliferation rate than the original K10 strain. Furthermore, the
numbers of tentacles and stenoteles, a form of nematocyte, per tentacle have decreased in the

K10 hydras harboring the non-native symbionts.

This study aims to elucidate the difference in the symbiotic schemes of the green hydra
strains and identify what affects their symbiont specificity. I obtained transcriptome of the
green hydras, K10, M9, K10apo, M9apo, K10exc, and M9exc, with RNA-seq, and examined
the changes in the cellular metabolic system by differential gene expression analysis and Gene
Ontology enrichment analysis. The different gene expression patterns were found in translation,
respiratory chain, and nitrogen metabolism when the symbionts were removed and replaced.
Different gene expression patterns of the strains harboring non-native symbionts suggested the

strain-specific host-symbiont interactions that affected the cellular systems.
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3.2 Materials and Methods
3.2.1 Materials

In this study, two strains of H. viridissima: K10 (the Swiss strain) and M9 (the Israel strain)
were used (Fig. 3.1). Aposymbiotic hydras of these strains, K10apo and M9apo, were created
by the DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) treatment (Pardy, 1976). The hydras
harboring non-native symbionts were created by microinjection of non-native chlorellae into
gastric cavities in the aposymbiotic hydras (Hanada, 2020). M9 chlorellae were injected into
the K10apo polyp (K10exc), and K10 chlorellae were injected into an M9apo polyp (M9exc).
All the strains were cultured in hydra culture solution (HCS; 1 mM NaCl, 1 mM CaCl, 0.1
mM KCI, 0.1 mM MgSOs, 1 mM tris-(hydroxymethyl)-aminomethane; pH 7.4, adjusted with
HCI) in glass vessels at 20 °C under 14 h:10 h light/dark illumination cycles (84 pmol/m?/s
light intensity). Polyps were fed newly hatched Arfemia nauplii two times per week. The day

after feeding, the polyps were transferred into another glass vessel with fresh HCS.
3.2.2 RNA extraction and sequencing

Total RNA was extracted from 30 intact polyps starved for three days. The hydra polyps were
homogenized using BioMasher II (Nippi, Tokyo), and the total RNA was extracted using the
acid guanidinium thiocyanate-phenol-chloroform (AGPC) method (Chomczynski and Sacchi,
1987) and RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany). The extracted RNA was treated
with DNase I (Roche, Mannheim, Germany) to remove genomic DNA. The total RNA samples
for a differential gene expression analysis were sent to Novogene Co., Ltd. (Beijing, China) for
cDNA library construction and sequencing of 150 bp paired-end reads on Illumina HiSeq 4000.
Then, I conducted sequencing of total RNA samples of 300 bp paired-end reads for de novo
assembly. The mRNA was extracted from the total RNA samples using NEBNext Poly(A)
mRNA Magnetic Isolation Module (New England Biolabs, Ipswich, MA). cDNA libraries were
constructed using the TruSeq Stranded mRNA library prep (Illumina, San Diego, CA). The

cDNA libraries were purified using AMPure XP magnetic beads (Beckman Coulter, Brea, CA).
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These libraries were sequenced using Illumina MiSeq.

3.2.3 De novo assembly and annotation of Hydra contigs

Low-quality ends (QV < 30) and adapter sequences were trimmed, and short reads (<20 bp)
were discarded for quality control using cutadapt (Martin, 2011). The remaining rRNA was
filtered out using SortMeRNA 2 (Kopylova et al., 2012). De novo assembly was performed on
the reads generated from HiSeq and MiSeq using Trinity (Haas et al., 2013), and shorter contigs
(<200 bp) were discarded. Reads from Hiseq were mapped to the assembled contigs using
salmon (Patro et al., 2017). Clustering the assembled contigs and counting the reads were
performed with Corset (Davidson and Oshlack, 2014). A similarity search of the clustered
contigs against UniprotKB was conducted using BLASTX with an e-value cutoff of le-5 to
remove sequences from the symbiotic chlorellae and annotate the contigs. For each contig, 1
calculated e-values against homologous protein sequences of Opisthokonta and Viridiplantae
in UniprotKB and those of H. vulgaris in TrEMBL. Contigs whose e-value of the best hits
against Opisthokonta and Hydra sequences were smaller than those against Viridiplantae were
considered hydra’s contigs. These hydra’s contigs were annotated with the UniProtKB Swiss-
Prot, and the remaining unannotated contigs were annotated with entries of H. vulgaris, whose
whole genome was sequenced and annotated (Chapman et al., 2010), in the UniProtKB
TrEMBL to find hydra-specific genes. To find orthologs between K10 and M9, protein
sequences translated from the contigs were estimated using TransDecoder (https://github.com/
TransDecoder/TransDecoder), and an orthogroup, which is the set of genes that are descended
from a single gene in the last common ancestor, were inferred by Orthofinder (Emms and Kelly,
2015) using protein sequences of K10 and M9 estimated by TransDecoder, and H. vulgaris in

RefSeq database.

3.2.4 Differential gene expression analysis and GO enrichment analysis

Differential gene expression analyses were performed between the K10, K10apo, and K10exc

polyps and between the M9, M9apo, and M9exc polyps using edgeR (Robinson et al., 2010),
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and contigs with FDR < 0.05 were considered to be differentially expressed genes (DEGs).
Gene Ontology (GO) enrichment analysis was performed using the DAVID Functional
Annotation tool (Huang et al., 2009). Uniprot Accession Numbers of DEGs with any CPM
were used as the inputs in the GO enrichment analysis. GO Direct was used among GO
categories for the GO enrichment analysis. GO terms with Benjamini-Hochberg corrected P-
value < 0.05 by Fisher’s exact test were considered to be significantly enriched among the

differentially expressed genes.

3.2.5 The experiment of supplying glutamine for symbiotic hydra polyps

To investigate whether glutamine is responsible for the proliferation of hydras, I measured the
proliferation rates by budding of the original K10 and the K10exc polyps. Glutamine (Wako,
Osaka, Japan) was dissolved in 2 mL HCS in a 12-well plastic container to make 1, 10, or 100
UM solutions. One polyp of K10 or K10exc was put in each well. These polyps were cultured
at 20 °C under 14 h: 10 h light/dark illumination cycles (15 pmol/m?/s light intensity) for 28
days. Polyps were fed newly hatched Artemia nauplii two times per week. The day after feeding,
the polyps were transferred into another glass vessel with fresh HCS. The numbers of polyps
in a well under each condition were counted per week. The differences in the average number

of polyps were tested with Welch's #-test.

3.3 Results
3.3.1 De novo assembly, mapping, and annotation

I prepared the aposymbiotic polyps of the K10 and M9 strains, K10apo and M9apo, and the
polyps with the non-native symbionts, K10exc, M9exc. Transcriptomes of the original
symbiotic polyps, aposymbiotic polyps, and polyps harboring non-native symbiotic chlorellae
were compared to identify the genes responsible for the symbiotic mechanisms in two strains.
After the quality filtering, I obtained 144 million read pairs for the K10 strain and 138 million

for the M9 strain. The average mapping rates by salmon were 89.5 % in the K10 strain and
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89.2 % in the M9 strain (median K10 strain: 89.6 %; M9 strain: 89.1 %). De novo assembly
using Trinity yielded 161896 contigs in the K10 strain and 191536 contigs in the M9 strain.
Corset was used to cluster the homologous contigs and inferred the mRNA sequences. The
assembled contigs were clustered into 52384 contigs in the K10 strain and 58773 contigs in the
M9 strain by Corset. Then, I conducted a homology search using BLASTX to extract and
annotate hydra-derived contigs. The number of contigs annotated by UniProtKB Swiss-Prot
was 16202 in the K10 strain and 15430 in the M9 strain, and that annotated by Hydra entries
in UniProtKB TrEMBL is 6370 and 19899, respectively. These annotated contigs were
considered possible hydra-derived contigs, and the annotated contigs with counts per million
mapped reads (CPM) > 0 were used subsequent differential gene expression analyses. In the
following sections, the original symbiotic polyps were used as a control when I identified the
DEGs in the aposymbiotic polyps (K10Apo or M9Apo) and the polyps harboring non-native

symbionts (K10exc or M9exc).

3.3.2 Differential gene expression analysis of K10 strain

Among the annotated contigs of the K10 strain, 957 and 1293 genes were significantly
differentially expressed in the K10apo polyps and the K10exc polyps compared to the original
K10 polyps (Fig. 3.2a, q < 0.05). In these comparisons, 700 DEGs were commonly identified.
In addition, the fold changes of DEGs found in the K10apo polyps and/or the K10exc polyps
showed a significant positive correlation (R = 0.84, p < 0.001, Fig. 3.2b). It indicated the
K10apo and K10exc polyps have similar gene expression changes from the original symbiotic
ones. Next, I performed Gene Ontology enrichment analysis toward the DEGs with UniProtKB
Swiss-Prot annotation. Six GO terms were enriched in the upregulated DEGs and two GO terms
in the downregulated DEGs in the K10apo polyps (Table 3.1). Ten GO terms were enriched in
the upregulated DEGs and six GO terms in the downregulated DEGs in the K10exc polyps
(Table 3.2). Most of the enriched GOs were shared between the K10apo and the K10exc polyps.
GO translation was commonly enriched in the upregulated genes and includes seven ribosomal

proteins, two eukaryotic translation initiation factors, and one elongation factor (Table 3.3).
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Figure 3.2 Gene expression changes of the K10 strain with no symbiont and the non-native
symbiont compared to the K10 hydra with the native symbiont. (a) Venn diagram representing
the number of DEGs between K10-K10apo (yellow) and K10-K10exc (blue). (b) Bubble chart
of the fold changes of DEGs between K10-K10apo and K10-K10exc. The size of each bubble
represents its CPM value. Green bubbles are genes differentially expressed between both K10-
K10apo and K10-K10exc. Yellow bubbles are genes differentially expressed between only
K10-K10apo. Blue bubbles are genes differentially expressed in only K10-K10exc.
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Table 3.1 Enriched GO terms in the DEGs between K10-K10apo.

Upregulated genes in K10apo (K10apo > K10)

Category Term Count Pop Hits  Fold Enrichment  g-value
MF structural constituent of ribosome 36 285 426 1.31E-10
BP translation 35 309 3.83 1.74E-08
CC cytosolic large ribosomal subunit 17 108 5.45 1.54E-05
ofe ribosome 19 174 3.78 2.84E-04
ccC extracellular exosome 59 1135 1.80 4.49E-04
BP cytoplasmic translation 11 68 5.47 0.012697
Downregulated genes in K10apo (K10apo > K10)

Category Term Count Pop Hits  Fold Enrichment  g-value
MF cytochrome-c oxidase activity 8 26 12.88 5.79E-04
CC integral component of membrane 66 1962 1.52 0.035332

63



Table 3.2 Enriched GO terms in the DEGs between K10-K10exc.

Upregulated genes in K10exc (K10exc > K10)

Category Term Count Pop Hits  Fold Enrichment  g-value
MF structural constituent of ribosome 57 285 5.15 1.31E-22
BP translation 56 309 478 4.80E-20
CC ribosome 32 174 491 6.02E-11
CC cytosolic small ribosomal subunit 20 62 8.62 6.19E-11
CC cytosolic large ribosomal subunit 25 108 6.18 8.09E-11
CC cytosolic ribosome 12 30 10.69 3.45E-07
BP cytoplasmic translation 15 68 5.82 9.47E-05
cc extracellular exosome 72 1135 1.69 2.81E-04
BP ribosomal large subunit assembly 10 34 7.76 0.001144
BP ribosomal small subunit assembly 7 21 8.79 0.025099
Downregulated genes in K10exc (K10exc > K10)

Category Term Count Pop Hits  Fold Enrichment  g-value
CC integral component of membrane 119 1962 1.65 4.96E-07
MF cytochrome-c oxidase activity 12 26 11.77 5.75E-07
CcC respiratory chain 12 41 7.94 2.34E-05
CC respiratory chain complex IV 7 10 19.00 4.17E-05
BP homophilic cell adhesion* 11 40 7.60 0.001352
MF calcium ion binding 32 340 2.40 0.001928

* homophilic cell adhesion via plasma membrane adhesion molecules
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Table 3.3 Common upregulated genes with GO translation between K10-K10apo and K10-K10exc.

id logFC(K10_K10apo) logFC(K10_M9exc) logCPM  Protein name

Cluster-20290.1 3.32 3.55 1.26 39S ribosomal protein L43,mitochondrial
Cluster-8816.10269 1.77 2.06 9.40 60S ribosomal protein L12

Cluster-16162.4 2.01 2.17 8.55 Ribosomal protein L35

Cluster-8816.558 3.92 4.02 6.89 Elongation factor 1-gamma

Cluster-8816.560 2.70 2.77 7.31 Elongation factor 1-gamma

Cluster-8816.559 1.74 1.79 8.15 Elongation factor 1-gamma

Cluster-8816.6445 2.20 2.47 8.63 Eukaryotic translation initiation factor 3 subunit D
Cluster-9766.1 2.33 2.33 3.31 Eukaryotic translation initiation factor 4 gamma 1
Cluster-4042.0 1.71 2.11 3.47 Mitochondrial carnitine/acylcarnitine carrier protein
Cluster-8816.7653 5.32 5.20 2.71 Phosphate carrier protein,mitochondrial




On the other hand, GO integral component of membrane was commonly enriched in the
downregulated genes and includes five cytochrome c¢ oxidases, three NADH-ubiquinone

oxidoreductases, and one ammonium transporter (Table 3.4).

Next, I examined the DEGs found only in the K10apo (257 DEGs) or the K10exc (593
DEGs) polyps to identify changes in the symbiosis system caused by removing the symbiont
and changes caused by the introduction of the non-native symbiont (Fig. 3.3). In order to
exclude genes which were not determined to be the common DEGs due to the low power of a
test, DEGs with the difference in those fold changes is greater than 1 were considered to be
DEGs between only K10-K10apo or K10-K10exc. With this method, I filtered the DEGs only
in the K10apo (248 DEGs) or the K10exc (465 DEGs) polyps. The DEGs unique to the K10apo
polyps contained the genes for ribosomal proteins and products constituting the TCA cycle and
the electron transport chain (Table 3.5), which were downregulated in the K10apo polyps. The
DEGs unique to the K10exc polyps contained 2-oxoglutarate dehydrogenase and NADH-
ubiquinone oxidoreductase, constituting the TCA cycle and the electron transport chain,
respectively. Both were downregulated in the K10exc polyps. In addition, downregulation of
ion channels related to nematocyte discharge and factors promoting nematocyte differentiation

were found only in the K10exc polyps (Table 3.6).

3.3.3 Differential gene expression analysis of M9 strain

There were 85 significant DEGs in the M9apo polyps and 973 in the M9exc polyps in the
comparison with the original symbiotic M9 polyps (Fig. 3.4a, q < 0.05). Only 10 common
DEGs were found between the two above comparisons, and 75 DEGs were unique to the
MO9apo polyps; 963 DEGs were unique to the M9exc polyps. The fold changes of the DEGs in
the M9apo and the M9exc polyps had no correlation (R = -0.086, Fig. 3.4b), suggesting that
the changes in gene expression pattern from the original symbiotic polyps were quite different

between the M9apo strain and the M9exc strain (cf. Fig. 3.5a,b).
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Table 3.4 Common downregulated genes with GO integral component of membrane between

K10-K10apo and K10-K10exc

id logFC(K10-K10apo) logFC(K10-K10exc) logCPM Protein name

Cluster-8148.1 -6.16 -5.28 0.55464 C-type lectin domain family 17, member A
Cluster-14692.10 -4.09 -5.22 1.97808 Protocadherin Fat4-like

Cluster-21630.0 -2.31 -3.79 5.30785 Cytochrome c oxidase subunit 1

Cluster-1196.0 -9.84 -9.84 0.86666 Cytochrome c oxidase subunit 1

Cluster-1209.0 -9.62 -9.62 0.66162 Cytochrome c oxidase subunit 1
Cluster-8816.7050 -2.21 -3.50 4.3592 Cytochrome c oxidase subunit 2
Cluster-8816.3900 -2.38 -3.63 4.40209 Cytochrome c oxidase subunit 3

Cluster-9479.0 -1.56 -1.82  3.2012 Galactose-3-O-sulfotransferase 3
Cluster-8816.2367 -4.70 -4.72 4.34392 Mitochondrial pyruvate carrier
Cluster-8816.2364 -4.05 -3.77  4.6733 Mitochondrial pyruvate carrier
Cluster-15272.0 -2.07 -3.71  2.8988 NADH-ubiquinone oxidoreductase chain 1
Cluster-8816.6125 -2.72 -3.61 1.71853 NADH:ubiquinone reductase

Cluster-18612.0 -2.52 -3.54 4.44252 NADH-ubiquinone oxidoreductase chain 5
Cluster-14692.5 -2.99 -3.24 2.63175 Cadherin EGF LAG seven-pass G-type receptor 2
Cluster-14692.4 -1.72 -1.59 2.97394 Cadherin EGF LAG seven-pass G-type receptor 2
Cluster-14692.7 -2.20 -2.33  2.20792 Cadherin EGF LAG seven-pass G-type receptor 2
Cluster-14692.6 -5.51 -5.92 1.9183 Cadherin protein

Cluster-14692.9 -2.26 -2.44 3.47362 Cadherin EGF LAG seven-pass G-type receptor 2
Cluster-13351.8 -3.06 -2.42 4.79247 Putative ammonium transporter 3
Cluster-13351.4 -1.84 -1.72 5.33015 Putative ammonium transporter 3
Cluster-2083.9 -2.96 -3.96 1.31145 Sodium-independent sulfate anion transporter
Cluster-18103.1 -3.09 -3.37 0.82979 Sugar phosphate exchanger 3
Cluster-8816.5206 -4.79 -4.13 1.87594 V-type proton ATPase proteolipid subunit
Cluster-6696.4 -5.71 -4.37 0.61719 V-type proton ATPase 21 kDa proteolipid subunit
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Figure 3.3 Bubble chart of the fold changes of DEGs between only K10-K10apo or K10-
K10exc. Yellow: the fold changes of genes differentially expressed between only K10-K10apo.
Blue: the fold changes of genes differentially expressed between only K10-K10exc. In order to
exclude genes which were not determined to be the common DEGs due to low power of test,
DEGs with the difference in those fold changes is greater than 1 were considered to be DEGs

between only K10-K10apo or K10-K10exc.

68



Table 3.5a Genes differentially expressed between only K10-K10apo. (a) Upregulated genes

in K10apo related to translation.

id logFC(K10-K10apo) logFC(K10-K10exc) logCPM Protein name
Cluster-8816.9595 4.35 0.85 0.65 40S ribosomal protein S10
Cluster-23251.17 4.43 1.30 2.70 40S ribosomal protein S12
Cluster-8816.3635 3.47 -0.16 1.95 40S ribosomal protein S14
Cluster-2768.6 4.73 1.16 2.40 40S ribosomal protein S15
Cluster-8816.5466 4.28 1.20 2.48 40S ribosomal protein S20
Cluster-8816.2933 4.02 0.64 2.21 40S ribosomal protein S23
Cluster-8816.4654 4.38 1.05 2.24 40S ribosomal protein S24
Cluster-8816.151 4.07 0.64 2.71 40S ribosomal protein 526
Cluster-20650.7 5.48 2.04 0.85 40S ribosomal protein S29
Cluster-8816.4837 3.80 0.04 1.51 40S ribosomal protein S3
Cluster-8816.5043 4.18 0.76 2.77 60S ribosomal protein L40
Cluster-8816.8433 5.51 1.87 0.86 40S ribosomal protein S5
Cluster-8816.8722 4.61 1.92 1.15 40S ribosomal protein S8
Cluster-8816.2072 3.59 0.18 2.41 40S ribosomal protein S9
Cluster-4790.4 4.22 0.81 2.18 60S ribosomal protein L10a
Cluster-8816.6247 3.73 0.86 2.27 60S ribosomal protein L11
Cluster-8816.10268 448 1.23 2.15 60S ribosomal protein L12
Cluster-2025.25 4.17 1.10 2.34 60S ribosomal protein L14
Cluster-16429.9 4.69 0.58 0.82 60S ribosomal protein L17
Cluster-10845.0 5.01 1.75 1.11 60S ribosomal protein L21
Cluster-8816.6834 4.45 1.76 0.88 60S ribosomal protein L22
Cluster-12445.38 3.11 0.42 2.76 60S ribosomal protein L23
Cluster-8816.2767 4.23 1.09 3.32 60S ribosomal protein L27a
Cluster-15371.1 3.36 1.30 2.27 60S ribosomal protein L28
Cluster-8816.10111 4.48 1.00 2.72 60S ribosomal protein L3
Cluster-8816.8399 3.97 0.86 1.68 60S ribosomal protein L30
Cluster-8816.8311 4,90 1.80 1.78 60S ribosomal protein L32
Cluster-8816.5556 434 1.41 2.14 60S ribosomal protein L35
Cluster-19710.5 4.30 1.17 2.39 60S ribosomal protein L36
Cluster-8816.1873 4,98 1.24 1.67 Ribosomal protein L37
Cluster-8816.4574 3.73 0.70 2.19 60S ribosomal protein L36a
Cluster-8816.1565 3.80 0.70 1.99 60S ribosomal protein L6
Cluster-8816.7068 3.12 0.67 3.54 60S ribosomal protein L8
Cluster-8816.4387 3.84 0.61 3.18 Elongation factor 1-alpha
Cluster-8816.5574 3.71 0.54 2.82 40S ribosomal protein S27a
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Table 3.5b Genes differentially expressed between only K10-K10apo. (b) Upregulated genes

related to respiration and others.

id

logFC(K10-K10apo)

logFC(K10-K10exc)

logCPM

Protein name

(respiration)
Cluster-17174.1
Cluster-8816.4530
Cluster-8816.863
Cluster-8816.1822
Cluster-8816.1815
Cluster-22050.0
Cluster-8546.1
Cluster-8816.3904
Cluster-18868.1
Cluster-8816.1684
Cluster-8816.1676
Cluster-8816.6174
Cluster-8816.6173
(other)
Cluster-22899.0
Cluster-8816.5208
Cluster-8816.1064
Cluster-8816.2800
Cluster-8816.6978
Cluster-8816.6977
Cluster-14123.3
Cluster-3829.0
Cluster-8816.5266
Cluster-8816.8810
Cluster-11168.1
Cluster-3217.4
Cluster-11504.0
Cluster-5581.15

4.78
3.57
4.15
4.27
3.74
5.20
5.60
4.62
431
4.74
4.54
4.24
3.87

4.94
4.25
5.45
4.26
4.32
4.17
4.79
4.69
4.98
5.31
4.63
3.91
4.83
4.27

0.82
0.97
1.77
0.84
1.74
1.84
3.08
1.59
1.55
1.19
0.97
1.40
1.23

1.04
0.96
2.13
1.79
0.88
0.96
1.32
0.55
2.29
2.02
1.61
043
141
0.77

0.41
434
1.58
1.46
0.98
1.32
0.13
1.89
1.30
1.86
2.50
0.68
0.89

2.61
3.30
0.79
2.42
2.65
2.20
1.12
1.45
1.22
0.31
0.34
2.04
1.16
1.12

Acyl-CoA dehydrogenase family member 10
ADP/ATP translocase 3

Ornithine decarboxylase

ATPase protein 9

ATPase protein 9

Cytochrome c

NADH dehydrogenase 1 alpha subcomplex subunit 4

Malate dehydrogenase

Malate dehydrogenase
Phosphoenolpyruvate carboxykinase
Phosphoenolpyruvate carboxykinase
Citrate synthase

Citrate synthase

Acidic mammalian chitinase

Antistasin

Cathepsin B

Cathepsin L1

Chymotrypsin-like elastase family member 3A
Chymotrypsin-like elastase family member 3A
Cathepsin D

Chymotrypsin-like elastase family member 2A
Myosin regulatory light chain 12B
Nematoblast-specific protein nb039a-sv9
Protocadherin Fat4-like

Spinalin

Dickkopf-like protein Dlp-1

VEGF
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Table 3.6a Genes differentially expressed between only K10-K10exc. (a) Upregulated genes

in K10exc

id logFC(K10-K10apo) logFC(K10-K10exc) logCPM Protein name

Cluster-363.0 0.00 6.51 0.09 40S ribosomal protein S12

Cluster-1057.0 4.24 5.30 0.64 40S ribosomal protein S2

Cluster-1113.0 3.30 6.28 0.65 40S ribosomal protein S6

Cluster-1037.0 3.85 5.12 0.10 40S ribosomal protein SA

Cluster-1096.0 3.30 6.19 0.57 Ribosomal protein L10

Cluster-1017.0 3.29 6.45 0.81 60S ribosomal protein L3

Cluster-8816.6706 -1.07 2.81 10.27 60S ribosomal protein L34

Cluster-1681.0 4.21 5.69 0.97 60S ribosomal protein L5

Cluster-136.0 2.42 7.03 0.53 60S ribosomal protein L8

Cluster-19043.0 1.68 432 1.62 Glutamate decarboxylase 2

Cluster-8816.4814 0.31 1.40 6.48 Glutamine--fructose-6-phosphate transaminase
Cluster-8816.6856 0.01 1.02 6.50 Glutamine--fructose-6-phosphate transaminase
Cluster-8816.4940 2.16 3.16 0.35 Histidine ammonia-lyase

Cluster-993.0 3.84 5.50 0.45 ATP synthase subunit alpha

Cluster-7536.5 0.00 6.50 0.87 Elongation factor 1-alpha

Cluster-397.0 -1.47 6.46 0.01 Elongation factor 2

Cluster-19171.0 -0.63 2.77 5.83 Acyl-CoA synthetase family member 4
Cluster-8816.8592 -0.85 2.31 4.54 Glutamine synthetase

Cluster-16467.0 0.36 1.66 3.51 Dickkopf-3 related protein

Cluster-21999.0 0.75 1.82 6.14 Facilitated glucose transporter member 8
Cluster-8816.650 0.68 1.74 3.81 Collagen alpha-6(VI) chain

Cluster-4325.0 2.07 4.54 1.26 NLRtypel

Cluster-8816.7122 -0.87 3.50 1.69 Proton-coupled folate transporter
Cluster-8816.7123 -0.78 2.63 3.02 Proton-coupled folate transporter
Cluster-7339.8 -0.51 2.42 4.09 ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase
Cluster-7339.1 0.05 1.70 4.06 ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase
Cluster-10150.1 -0.04 1.53 5.75 Caspase D

Cluster-8816.4451 -0.81 3.27 10.93 Dynein heavy chain 2, axonemal

Cluster-5063.0 0.74 455 3.69 Thrombospondin type 1 repeat-containing protein 2
Cluster-5063.1 -0.67 4.60 2.84 Thrombospondin type 1 repeat-containing protein 2
Cluster-4325.2 -0.05 2.25 2.74 NACHT, LRR and PYD domains-containing protein 12
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Table 3.6b Genes differentially expressed between only K10-K10exc. (b) Downregulated

genes in K10exc.

id logFC(K10-K10apo) logFC(K10-K10exc) logCPM Protein name

Cluster-15315.2 -1.05 -3.62 0.51 2-oxoglutarate dehydrogenase,mitochondrial
Cluster-17197.0 -0.05 -1.43 491 Galactose-3-O-sulfotransferase 3

Cluster-23546.0 -0.70 -1.84 3.70 Folate gamma-glutamyl hydrolase

Cluster-7258.0 -1.97 -4.09 1.34 NADH-ubiquinone oxidoreductase chain 3
Cluster-8816.1970 -2.38 -4.67 1.25 NADH-ubiquinone oxidoreductase chain 6
Cluster-15446.6 -0.12 -1.90 3.94 Pyruvate kinase

Cluster-23260.1 -0.34 -1.45 5.58 Vesicular glutamate transporter 3
Cluster-8816.6295 -0.14 -1.24 6.00 Vesicular glutamate transporter 3

Cluster-19419.4 -0.33 -1.51 3.71 Vesicular inhibitory amino acid transporter
Cluster-5392.1 0.67 -2.45 3.29 Vesicular inhibitory amino acid transporter
Cluster-8816.6708 -0.34 -1.94 3.72 Myosin regulatory light chain 12B

Cluster-18436.0 -0.02 -1.42 3.51 Nematocilin A

Cluster-9495.0 -0.27 -1.44 3.40 Polycystic kidney disease protein 1-like 2
Cluster-21183.0 -0.21 -1.86 2.59 Transcriptional activator GLI3

Cluster-21618.0 0.15 -1.32 3.68 Potassium voltage-gated channel subfamily A member 2
Cluster-8816.9413 -0.32 -1.76 4,08 Transcriptional activator GLI3

Cluster-8816.7350 -1.63 -2.97 2.07 Potassium voltage-gated channel subfamily H member 2
Cluster-8816.5487 0.00 -1.48 3.34 Voltage-dependent calcium channel subunit alpha-2/delta-4
Cluster-8816.3788 -0.52 -1.54 4.75 Minicollagen 17

Cluster-8816.8819 -1.13 -2.76 2.68 Nematoblast-specific protein nb039a-sv15
Cluster-8816.1717 -0.48 -1.48 3.08 Calcium-activated potassium channel subunit alpha-1
Cluster-8816.1719 -0.13 -1.71 4.49 Calcium-activated potassium channel subunit alpha-1
Cluster-3166.5 -0.40 -1.23 3.83 Polycystic kidney disease protein 1-like 2
Cluster-8816.3463 0.12 -2.12 5.78 Polycystin-2

Cluster-12833.0 0.28 -1.95 3.47 Transcriptional activator GLI3

Cluster-23114.9 0.17 -1.74 3.89 Voltage-dependent N-type calcium channel subunit alpha-1B
Cluster-3158.3 0.24 -1.93 5.49 Nematocilin A

Cluster-8816.3502 -0.40 -1.08 6.10 Nematocyst outer wall antigen

Cluster-14669.0 0.04 -1.41 4.66 Transcription factor jun-D

Cluster-3217.0 -0.18 -1.35 6.36 Nematoblast-specific protein nb054-sv9
Cluster-22044.0 -0.39 -2.68 1.66 Aristaless-like protein

Cluster-3837.8 -0.11 -1.29 4.94 Dynein heavy chain 10, axonemal

Cluster-8816.8222 -2.28 -4.24 0.86 Dynein heavy chain 7, axonemal

Cluster-8816.8224 -1.27 -3.32 1.37 Dynein heavy chain 7, axonemal

Cluster-8816.1158 -0.27 -1.57 3.26 Dynein intermediate chain 2,axonemal
Cluster-8816.892 -0.41 -1.66 3.10 Kinesin-like protein

Cluster-3837.5 0.07 -1.53 4.71 Dynein heavy chain 10, axonemal

Cluster-8816.8223 -0.22 -2.33 3.08 Dynein heavy chain 7, axonemal

Cluster-8816.8225 -0.10 -2.41 3.53 Dynein heavy chain 7, axonemal

Cluster-19333.0 0.14 -2.89 2.34 Dynein regulatory complex protein 10
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Figure 3.4 Gene expression changes of the M9 strain with no symbiont and the non-native
symbiont compared to the M9 hydra with the native symbiont. (a) Venn diagram representing
the number of DEGs between M9-M9apo (yellow) and M9-M9exc (blue). (b) Bubble chart of
the fold changes of DEGs between M9-M9apo and M9-M9exc. The size of each bubble
represents its CPM value. Green bubbles are genes differentially expressed between both M9-
M9apo and M9-M9exc. Yellow bubbles are genes differentially expressed between only M9-
MO9apo. Blue bubbles are genes differentially expressed in only M9-M9exc.
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Figure 3.5 Bubble charts of the fold changes of
DEGs between only M9-M9apo or M9-M9exc.
(a) Bubble chart of the fold changes of genes
differentially expressed between only MO9-
MO9apo. (b) Bubble chart of the fold changes of
genes differentially expressed between only
M9-M9exc. In order to exclude genes which
were not determined to be the common DEGs
due to low power of test, DEGs with the
difference in those fold changes is greater than
1 were considered to be DEGs between only
K10-K10apo or K10-K10exc.
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Then, I conducted a GO enrichment analysis for these DEGs. No GO terms were
significantly enriched in both upregulated and downregulated DEGs in the M9apo polyps.
Removal of symbionts did not significantly change the gene expression pattern in the M9 strain,
but the genes encoding ammonium transporters and ascorbate peroxidases, which are related
to nutrient exchange between symbiont and hosts or active oxygen scavenging, were

downregulated in the M9apo polyps (Table 3.7).

When the symbionts were replaced with the non-native symbiont, GO voltage-gated
calcium channel complex was only enriched in the upregulated genes, and five GO terms, e.g.
extracellular matrix and calcium ion binding, were enriched in the downregulated genes (Table
3.8). The downregulated genes with the exemplified enriched GO terms contained collagens,
which constitute mesoglea, and cadherins, which function in cell adhesion. The
downregulations of cadherin genes in the M9apo polyps were reported in Ishikawa et al.
(2016b). The upregulated genes with GO voltage-gated calcium channel complex were four
calcium channels, while the downregulated genes included polycystins, which function
calcium-regulated cation channel (Chen et al, 1999). Voltage-gated calcium channel and
polycystin were related to nematocyte discharge (Gitter et al., 1994; McLaughlin, 2017), and
these genes tend to downregulate in symbiotic hydras of H. vulgaris (Chapter 2). The genes for
ion channels related to nematocyst discharge, factors promoting nematocyte differentiation
were downregulated in the M9exc polyps (Table 3.9). These genes were also downregulated in
the K10exc polyps. The genes of ribosomal proteins and those constituting the TCA cycle and
the electron transport chain were downregulated in the M9exc polyps but upregulated in

K10exc polyps.
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Table 3.7 Genes related to symbiosis which were differentially expressed between only M9-

MO9apo.

M9 < M9apo

id logFC(M9-M9apo)  logFC(M9-M9exc) logCPM  Protein name

Cluster-15475.4977 1.94 -0.40 6.10 Acyl-CoA synthetase family member 4
Cluster-15475.11855 1.28 0.01 4.81 Succinate-semialdehyde dehydrogenase
M9 > M9apo

id logFC(M9-M9apo)  logFC(M9-M9exc) logCPM  Protein name

Cluster-909.0 -6.80 2.39 0.61 Elongation factor 2
Cluster-15475.10258 -3.29 -0.36 0.92 Acyl-coenzyme A thioesterase 1
Cluster-25226.0 -2.94 -1.06 1.24 Acyl-coenzyme A thioesterase 1
Cluster-15475.7057 -1.73 0.00 8.16 Glutamine synthetase

Cluster-7111.0 -5.90 0.64 0.85 Vesicular inhibitory amino acid transporter
Cluster-9863.5 -4.74 0.54 5.93 Putative ammonium transporter 3
Cluster-9863.3 -3.19 0.51 6.04 Putative ammonium transporter 3
Cluster-15475.8989 -3.70 -0.42 4.45 Putative ascorbate peroxidase
Cluster-7581.0 -1.85 -0.29 4.27 Putative ascorbate peroxidase
Cluster-4626.26 -9.76 0.64 6.74 Hydralysin

Cluster-3438.0 -10.40 0.12 4.99 Periculin 2b
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Table 3.8 Enriched GO terms in the DEGs between M9-M9exc.

Upregulated genes in K10C (M9exc > M9)

Category Term Count Pop Hits  Fold Enrichment  g-value
CcC voltage-gated calcium channel complex 4 23 26.92 0.039995
Downregulated genes in K10C (M9exc< M9)

Category Term Count Pop Hits  Fold Enrichment  g-value
ccC extracellular matrix 18 93 3.69 0.001915
ccC extracellular exosome 84 1024 1.56 0.003694
MF calcium ion binding 40 343 2.12 0.005426
CcC proteinaceous extracellular matrix 16 93 3.28 0.010482
CcC extracellular region 30 275 2.08 0.021195
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Table 3.9a Genes differentially expressed between only M9-M9exc. (a) DEGs related to

translation

id logFC(M9-M9apo) logFC(M9-M9exc) logCPM  Protein name

Cluster-23815.1 -0.17 -2.90 2.82 28S ribosomal protein $S16,mitochondrial
Cluster-7018.11 0.04 -1.18 5.31 28S ribosomal protein S5,mitochondrial
Cluster-22278.1 0.05 -1.07 4.43 39S ribosomal protein L27,mitochondrial
Cluster-4672.4 -0.07 -1.04 5.21 39S ribosomal protein L43,mitochondrial
Cluster-15475.3990 0.08 -1.25 7.71 39S ribosomal protein L9, mitochondrial
Cluster-15475.3947 -0.14 -1.20 4.86 40S ribosomal protein S10
Cluster-15475.1662 0.07 -3.04 4.67 40S ribosomal protein S11
Cluster-15475.535 -0.02 -1.13 6.34 40S ribosomal protein S14
Cluster-15475.3772 0.10 -1.21 4.20 40S ribosomal protein S15a
Cluster-15475.2191 -0.09 -1.38 3.56 40S ribosomal protein S17
Cluster-15475.2193 -0.10 -1.54 3.00 40S ribosomal protein S17
Cluster-15475.7002 -0.13 -1.14 7.17 40S ribosomal protein S4
Cluster-15475.4285 -0.07 -1.45 7.20 40S ribosomal protein S5
Cluster-15475.4234 -0.24 -1.15 7.43 40S ribosomal protein S7
Cluster-15475.4235 -0.19 -1.26 6.61 40S ribosomal protein S7
Cluster-15475.5758 -0.08 -1.22 4.83 60S ribosomal protein L13
Cluster-15475.5930 0.19 -3.91 4.83 60S ribosomal protein L21
Cluster-15475.6366 -0.26 -1.27 5.99 60S ribosomal protein L23
Cluster-15475.8599 0.10 -5.29 7.47 60S ribosomal protein L36
Cluster-15475.8598 0.05 -6.21 4.13 60S ribosomal protein L36
Cluster-15475.7173 -0.09 -1.15 5.13 60S ribosomal protein L6
Cluster-4626.20 -0.26 -2.78 3.61 60S ribosomal protein L7a
Cluster-15475.6385 -0.01 -1.10 6.13 Eukaryotic translation initiation factor 3 subunit G
Cluster-15475.5624 0.09 -2.24 5.95 Eukaryotic translation initiation factor 3 subunit G
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Table 3.9b Genes differentially expressed between only M9-M9exc. (b) DEGs related to

respiration.

id

logFC(M9-M9apo) logFC(M9-M9exc)

logCPM

Protein name

Cluster-15475.1712
Cluster-21127.0
Cluster-15475.6328

Cluster-15475.1008.

Cluster-26097.0
Cluster-16888.0
Cluster-9174.0
Cluster-20893.1
Cluster-22564.0
Cluster-13923.1
Cluster-15475.2847
Cluster-15475.6268
Cluster-15475.7345
Cluster-15475.92
Cluster-19524.1
Cluster-19524.2

0.00
-1.91
-0.29
-0.55
-1.73
-2.04
-2.11
-0.28

0.05

0.01
-1.89
-2.12
-2.01
-0.39
-0.16
-0.06

-1.08
-5.92
-1.90
-1.34
-7.33
-6.35
-6.05
-2.30
-1.48
-1.40
-6.43
-6.17
-6.04
-1.04
-1.09
-1.22

7.95
3.98
251
4.33
0.85
4.36
443
5.97
2.85
5.78
10.43
3.96
3.72
6.88
4.52
5.78

2-oxoglutarate dehydrogenase

ATP synthase subunit a

ATP synthase subunit O

Cytochrome b(558) alpha chain

Cytochrome c oxidase subunit 1

Cytochrome c oxidase subunit 2

Cytochrome c oxidase subunit 3

Glutamate decarboxylase 2
Glutamine--fructose-6-phosphate transaminase

NADH dehydrogenase [ubiquinone] iron-sulfur protein 7
NADH-ubiquinone oxidoreductase chain 1
NADH-ubiquinone oxidoreductase chain 4
NADH-ubiquinone oxidoreductase chain 5
Succinate--CoA ligase [ADP/GDP-forming] subunit alpha
Succinate-CoA ligase subunit beta
Succinate-C+B199:M2130A ligase subunit beta
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Table 3.9¢ Genes differentially expressed between only M9-M9exc. (¢) DEGs related to

nematocyte.

id logFC(M9-M9apo) logFC(M9-M9exc) logCPM  Protein name

Cluster-15475.3603 0.07 -2.89 4.23 Minicollagen 10

Cluster-15475.3600 0.03 -2.21 7.33 Minicollagen 10

Cluster-15475.3599 0.03 -2.45 7.67 Minicollagen 10

Cluster-15475.3602 0.02 -2.47 6.42 Minicollagen 10

Cluster-15475.4750 -0.06 -2.09 3.23 Minicollagen 12

Cluster-25387.1 0.07 -2.63 7.40 Minicollagen 16

Cluster-25387.2 0.23 -2.45 7.64 Minicollagen 17

Cluster-25387.0 -0.04 -2.42 1.58 Minicollagen 17

Cluster-15475.5466 0.10 -3.31 8.43 Minicollagen 5

Cluster-15475.6228 0.21 -3.29 7.35 Minicollagen 6

Cluster-15475.5060 0.15 -2.99 7.95 Minicollagen 6

Cluster-15475.5045 0.14 -2.36 7.30 Minicollagen 8

Cluster-15475.5048 0.03 -2.06 8.03 Minicollagen 8

Cluster-15475.5509 -0.14 -2.21 6.69 Minicollagen 9

Cluster-15475.5515 -0.06 -2.00 5.63 Minicollagen 9

Cluster-15475.8089 0.37 -1.56 7.78 Nematoblast specific protein
Cluster-15475.8090 0.35 -1.46 8.61 Nematoblast specific protein
Cluster-15475.7543 0.01 -1.50 4.85 Nematoblast specific protein
Cluster-15475.8091 0.30 -1.23 7.77 Nematoblast-specific protein nb035-sv2
Cluster-15475.10129 0.18 -2.73 6.65 Nematoblast-specific protein nb039a-sv15
Cluster-15475.6565 -0.03 -1.77 4.39 Nematoblast-specific protein nb039a-sv15
Cluster-15475.10131 0.13 -2.45 8.63 Nematoblast-specific protein nb039a-sv9
Cluster-15475.10137 0.11 -2.52 6.57 Nematoblast-specific protein nb039a-sv9
Cluster-15475.10136 0.09 -1.52 5.46 Nematoblast-specific protein nb039a-sv9
Cluster-15475.10135 0.08 -2.12 7.14 Nematoblast-specific protein nb039a-sv9
Cluster-15475.2189 -0.20 -1.26 8.41 Nematocilin B

Cluster-16736.3 0.34 -1.29 7.59 Nematocyst outer wall antigen
Cluster-18736.2 0.01 -1.48 6.76 Nematocyst outer wall antigen
Cluster-15475.6764 -0.59 -0.98 5.47 Polycystic kidney disease protein 1-like 2
Cluster-15475.5452 -0.53 -1.18 5.38 Polycystic kidney disease protein 1-like 2
Cluster-15475.5450 -0.26 -1.48 5.39 Polycystic kidney disease protein 1-like 2
Cluster-715.0 -0.19 -1.27 4.57 Polycystic kidney disease protein 1-like 2
Cluster-8616.3 -0.29 -2.12 3.02 Polycystic kidney disease protein 1-like 2
Cluster-15475.5454 -0.21 -1.07 4.40 Polycystic kidney disease protein 1-like 2
Cluster-15475.6949 -0.16 -1.71 5.55 Polycystic kidney disease protein 1-like 2
Cluster-15475.5451 -0.16 -1.15 5.17 Polycystic kidney disease protein 1-like 2
Cluster-8616.6 -0.11 -2.06 2.48 Polycystic kidney disease protein 1-like 2

(Table 3.9¢ continued on next page)
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(Table 3.9c continued)

id logFC(M9-M9apo) logFC(M9-M9exc) logCPM  Protein name

Cluster-8616.1 0.13 -3.95 1.76 Polycystic kidney disease protein 1-like 2
Cluster-15475.5456 -0.06 -2.55 5.11 Polycystic kidney disease protein 1-like 2
Cluster-7195.4 -0.63 -1.28 5.98 K+ voltage-gated channel subfamily A member 2
Cluster-13889.2 -0.19 -3.87 0.74 Protocadherin Fat 1

Cluster-7986.3 -0.08 -2.48 2.80 Protocadherin Fat4-like

Cluster-7986.1 -0.05 -2.14 4.74 Protocadherin Fat4-like

81



3.3.4 Comparison of the proliferation rates of symbiotic hydra polyps in providing

glutamine

I examined whether the proliferation rates changed in the original symbiotic K10 polyps and
the K10exc polyps when glutamine was supplied to the HCS (1, 10, or 100 uM). The number
of polyps 28 days after the start of glutamine supplementation were shown in Fig. 3.6. In the
original symbiotic polyps, the number of polyps was 12.7 + 3.6 (mean + SD, control), 6.5 +
2.8 (1uM), 7.8 £ 1.8 (10 uM), 12.2 £ 2.4 (100 uM). In the K10exc polyps, the number of
polyps was 2.5 + 0.67 (mean £ SD, control), 3.0 = 1.0 (1 uM), 4.2 £ 1.5 (10 uM), 2.0 + 0.58
(100 uM). The proliferation rates between K10 and K10exc in control and 100 uM were
significantly different (P = 0.036, 0.0067). However, the proliferation of the polyps was not

dependent on the concentration of glutamine.
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Figure 3.6 Proliferation rate of K10 (blue) and K10exc (green) polyps with glutamine (1, 10,
100 uM) in the HCS. The number of polyps in each of K10 and K10exc was counted every

seven days (n = 6).
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3.4 Discussion

3.4.1 Cellular energy balance in H. viridissima K10, M9, and other host organisms

having endosymbiotic relationships with algae

In the K10apo and K10exc strain, the upregulation of genes with GO translation and the
downregulation of genes of electron transport chain complexes were commonly observed.
Translation is one of the most ATP-consuming cellular processes (Buttgereit and Brand, 1995;
Rolfe and Brown, 1997) and is energy-balanced with the ATP-producing system, electron
transport chain (Vander Heiden et al., 2009). In marine invertebrates, the activity of the electron
transport chain is regulated by oxygen partial pressure in the cell (Abele et al., 2007). The
removal and replacement of symbionts caused the loss of oxygen production by photosynthesis,
which can result in suppression of the function of the electron transport chain, and change in
the energy balance. If the hydras which replaced the symbiont caused the same thing, it might
suppress the function of the electron transport chain too. ATP production by the respiratory
chain and photosynthesis generates ROS (Reactive oxygen species) (Lee et al., 2011; Mittler
et al., 2004). When the host is supplied with photosynthetic products from the symbiont, ROS
from photosynthesis damage the host cells. In coral-Symbiodinium symbiosis, ROS generated
by the symbiont at a high temperature can cause coral bleaching, which expels symbiont
necessary for coral survival from the coral cells, due to cellular damage by ROS (Weis, 2008;
Plass-Johnson et al., 2015). Among the enzymes which degrade ROS, ascorbate peroxidase
(APX) was downregulated in the K10 strain when the symbionts were removed and replaced,
while, in the M9 strain, the ascorbate peroxidase was downregulated only in the hydras whose
symbionts were removed (Fig. 3.7). Ascorbate peroxidase is an enzyme degrading H2O2, which
is a kind of ROS, to H>O in plants (Caverzan et al., 2012). The green hydra also possesses the
ascorbate peroxidase, but it has not been found in other animals (Habetha and Bosch, 2005).
These ascorbate peroxidase genes did not belong to the same orthogroup and therefore did not
be considered as orthologs. The production of ROS and its degradation by the peroxidase can

be balanced in the symbiotic hydra cells with the native chlorella. When the removal and
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Figure 3.7 Relative gene expression amount of ascorbate peroxidases calculated from their
fold changes. (a) Ascorbate peroxidases differentially expressed between K10-K10apo and

K10-K10exc. (b) An ascorbate peroxidase differentially expressed between M9-M9apo.
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replacement of the symbionts in the K10 strain, the production of ROS by the electron transport
chain was reduced, but the expression of ascorbate peroxidase (Cluster-1911.0) was also
reduced. It implied the downregulation of the ascorbate peroxidase damaged to the host cells.
In the hydras which replaced the symbiont in the M9 strain, the expression of the ascorbate
peroxidase did not reduce, although the function of the electron transport chain was suppressed.
Those changes in the intracellular energy balance and the gene expression changes of the
ascorbate peroxidase may represent effects in the hydra cells from the host specificity of the
symbiotic chlorellae and influence the changes of the hydras in proliferation and morphology

during symbiosis with the non-native symbionts.

Table 3.10 shows trends of the expression changes of genes related to translation and
electron transport chain compared to other endosymbiotic hosts with algae. Ishikawa et al.
(2016b) analyzed GO enrichment in H. viridissima M9 strain between the symbiotic and
aposymbiotic hydras. The authors report GO terms such as translation and respiratory chain
were enriched in the upregulated genes in M9apo. Unlike the enrichment in the M9 strain in
Ishikawa et al. (2016b), regulation of genes related to translation and respiratory chain in the
K10 strain did not correspond to each other (Table 3.1). When the symbionts were removed in
the MO strain, the enrichment of GO translation and GO respiratory chain was not observed in
this study. It may be because few replicates in RNA-seq brought little statistical power in the
analyses. Hamada et al. (2018) conducted an experiment replacing the symbiont of H.
viridissima A99 with Chlorella variabilis NC64A. In the experiment, the aposymbiotic A99
hydras and the A99 hydras whose symbiont was replaced to NC64A are decreased in the
proliferation rates like K10apo and K10exc in this study. However, the number of genes
commonly differentially expressed in the aposymbiotic A99 hydras and the A99 hydras which
were replaced the symbiont is as low as 1.7% of all the DEGs, and there are few DEGs related
to translation and electron transport chain in these common DEGs (Hamada et al., 2018).
Yuyama et al. (2018) infected sea anemone Aiptasia tenuis with zooxanthella Symbiodinium

trenchii and observed the expression changes of the anemones after 10, 20 days. In the non-
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Table 3.10 Expression patterns of genes with GO translation and electron transport chain
(respiratory chain) in host organisms having endosymbiotic relationships with algae. Columns
Translation and Electron transport chain show whether each GO term was enriched in
upregulated or downregulated genes (UP: enriched in upregulated genes, DOWN: enriched in

downregulated genes, NONE: not enriched).

Host organism Translation Electron transport chain  Reference

Hydra vulgaris 105G UP uP Chapter 2

H. viridissima K10 DOWN up This study

H. viridissima M9 DOWN DOWN Ishikawa et al., (2016b)
H. viridissima A99 NONE NONE Hamada et al., (2018)
Aiptasia tenuis DOWN upP Yuyama et al., (2018)
Paramecium bursaria DOWN DOWN* Kodama et al., (2014)

*oxidation-reduction process
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symbiotic anemone, the genes with GO translation are upregulated compared with the
symbiotic one after 10 days, and the genes with GO electron transport chain are downregulated
compared with the symbiotic one after 10, 20 days. In P. bursaria, which is a symbiotic protist,
the genes with GO translation and GO oxidation-reduction process, which includes electron
transport chain, are upregulated in the aposymbiotic host (Kodama et al., 2014). The gene
expression patterns in this study were compared with those of the previous studies (Table 3.10).
The expression patterns in the aposymbiotic hydras and the hydras which replaced the symbiont
in the K10 strain coincided with those in the non-symbiotic A. fenuis, and it suggests that
similar cellular processes worked in these symbiotic hydras and anemones. On the other hand,
in the M9 strain, ribosomal proteins and genes involved in the electron transport chain were
downregulated in the hydras which replaced the symbiont, but the proliferation rate of the
hydras did not change. It might be affected by the following two factors. The efficiency of
photosynthesis depends on the combination of hosts and Chlorella (Serensen et al., 2020), and
the amount of maltose released by symbiotic chlorellae varies with strains (Mews and Smith,
1982; Rees, 1989). The expression changes of the genes related to translationand electron
transport chain in the K10 hydra were different from other H. viridissima strains and P. bursaria,
and it implies that irregular cellular metabolism occurred in the aposymbiotic hydras and the

hydras which replaced the symbiont.
3.4.2 Effects of specificity between the host and the symbiont on nitrogen metabolism

The substances exchanged between hosts and symbiotic algae are nitrogen sources
required by the symbionts and photosynthetic products provided by the symbionts. Nitrogen
sources used by symbionts are different between symbiotic systems. For example, the coral
symbiont zooxanthellae utilize NO3™ and NH4" taken up by the host from seawater as a nitrogen
source (Lipschultz and Cook, 2002; Grover et al., 2003; Tanaka et al., 2006), while P. bursaria
has a low ability to utilize NHs4" due to low activity of glutamine synthetase and glutamate
dehydrogenase and is dependent on host amino acid synthesis (Kato et al., 2006). The chlorella

symbiotic with the green hydra has lost the ability to utilize NOs” and NH4" as nitrogen sources,
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and the host hydra needs to convert these substances into glutamine (Hamada et al., 2018).
Nitrogen assimilation in the host is shown in Fig. 3.8. Ammonium is the source of glutamine
which the host synthesizes as a nitrogen source for the symbiont, and glutamine is synthesized
from glutamate by glutamine synthetase (McAuley, 1995; Hamada et al., 2018). The expression
changes in the genes involved in the metabolic pathway of glutamine are shown in Table 3.11.
In the aposymbiotic K10 hydra, glutamine synthetase, glutamate dehydrogenase, which
synthesizes glutamate in cnidarians, and ammonium transporter were downregulated. When
the symbiont was replaced in the K10 strain, one glutamine synthetase, glutamate
dehydrogenase, and ammonium transporter were commonly downregulated, and glutamate
decarboxylase and glutamine--fructose-6-phosphate transaminase, which degrades glutamate,
were upregulated. In the aposymbiotic M9 hydra, glutamine synthetase and ammonium
transporter were also downregulated, but glutamate decarboxylase and glutamine--fructose-6-
phosphate transaminase were downregulated in the hydra which replaced the symbiont.
Symbiotic polyps of the green hydra release little ammonium in the light, while aposymbiotic
polyps release ammonium, and it indicates that ammonium is assimilated by glutamine
synthetase and glutamate dehydrogenase in the symbiotic hydra (Rees, 1986). In both K10 and
M9 aposymbiotic hydras, glutamine synthetase and ammonium transporter were
downregulated, and it suggests that the absence of the symbionts inhibits the synthesis of
glutamine and ammonium, the nitrogen source of the symbiotic chlorellae. The K10 hydra
which replaced the symbiont restrained glutamine synthesis due to reduction in glutamate
supply by decreases in ammonium transport and glutamate degradation. There were no such
gene expression changes which suppress the glutamate supply in the M9 hydra which replaced
the symbiont. These expression patterns made me suspect that the supply of glutamine to the
symbiotic chlorella was suppressed and that it was involved in the reduction of the proliferation
rate in the K10 hydra which replaced the symbiont. However, there were no changes in the
proliferation rates depending on the concentration when I provided glutamine directly to the
symbiotic polyps (Fig. 3.6). It indicates that glutamine taken up by the hydra cell was not

directly utilized by the symbiotic chlorella and that the supply of glutamine was not a
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Figure 3.8 Schematic overview of the metabolite exchange between the green hydra and the

symbiotic chlorella. The ammonium is taken up by the hydra cells and utilized for glutamine
synthesis. GDH, Glutamate dehydrogenase; GAD, Glutamate decarboxylase; GS, Glutamine
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Table 3.11 DEGs related to glutamine and glutamate metabolism in K10 and M9 strains.

K10 strain

K10-K10apo K10-K10exc
id logFC UP/DOWN logFC UP/DOWN logCPM Protein name Function
Cluster-1117.10 -7.60 DOWN -10.86 DOWN 1.86 Glutamate dehydrogenase (+/-)glutamate
Cluster-11916.1 -2.16 DOWN -1.58 DOWN 5.18 Glutamine synthetase (+)glutamine
Cluster-11916.2 -1.31 DOWN -0.83 NONE 5.74 Glutamine synthetase (+)glutamine
Cluster-11916.3 -1.09 DOWN -0.70 NONE 6.09 Glutamine synthetase (+)glutamine
Cluster-19043.0 1.68 NONE 432 UP 1.62 Glutamate decarboxylase 2 (-)glutamate
Cluster-8816.8592 0.85 NONE 231 UP 4.54 Glutamine synthetase (+)glutamine
Cluster-8816.6856 0.01 NONE 1.02 UP 6.50 Glutamine--fructose-6-phosphate transaminase (-)glutamine
Cluster-8816.4814 0.31 NONE 1.40 UP 6.48 Glutamine--fructose-6-phosphate transaminase (-)glutamine
Cluster-22230.1 0.07 NONE -1.36 DOWN 5.24 Amino acid transporter Glu transporter
Cluster-23260.1 -0.34 NONE -1.45 DOWN 5.58 Vesicular glutamate transporter 3 Glu transporter
Cluster-8816.6295 0.14 NONE -1.24 DOWN 6.00 Vesicular glutamate transporter 3 Glu transporter
Cluster-13351.8 -3.06 DOWN -2.42 DOWN 4.79 Putative ammonium transporter 3 NH4+ transporter
Cluster-13351.4 -1.84 DOWN -1.72 DOWN 5.33 Putative ammonium transporter 3 NH4+ transporter
MO strain

M9-M9apo M9-M9exc
id logFC UP/DOWN logFC UP/DOWN logCPM Protein name
Cluster-15475.7057 -1.73 DOWN 0.00 NONE 8.16 Glutamine synthetase (+)glutamine
Cluster-20893.1 -0.28 NONE -2.30 DOWN 5.97 Glutamate decarboxylase 2 (-)glutamate
Cluster-22564.0 0.05 NONE -1.48 DOWN 2.85 Glutamine--fructose-6-phosphate transaminase (-)glutamine
Cluster-9863.6 -5.37 DOWN 0.94 UP 4.51 Putative ammonium transporter 3 NH4+ transporter
Cluster-9863.5 -4.74 DOWN 0.54 NONE 5.93 Putative ammonium transporter 3 NH4+ transporter
Cluster-9863.3 -3.19 DOWN 0.51 NONE 6.04 Putative ammonium transporter 3 NH4+ transporter

In Function, (+) means the synthesis of glutamine or glutamate, and (-) means the degradation of glutamine or glutamate.



bottleneck as a nitrogen source in the photosynthesis of the symbiont. There are some previous
researches on green hydras which replaced the symbiotic chlorellae with Chlorella NC64A.
Chlorella NC64A is a symbiotic alga with P. bursaria and has less ability to release maltose
than the symbiotic chlorella with green hydra (Mews and Smith, 1982; Rees, 1989). The
activity of glutamine synthetase is decreased, and the activity of glutamate dehydrogenase is
increased in the aposymbiotic green hydra and the hydra which replace the symbiont with
NC64A (Rees, 1986). When the H. viridissima A99 aposymbiotic hydras are introduced with
NC64A, the proliferation rate of the hydras is decreased such as that of K10exc (Hamada et al.,
2018). Considering these reports, the gene expression patterns in nitrogen assimilation were
linked to the supply of photosynthetic products from the symbiotic chlorella and probably

affected the proliferation rate.

3.4.3 Cellular differentiation by Wnt signaling in the hydra with the non-symbiotic algae

In K10exc, the number of stenoteles per tentacle and the number of Artemia which can
be preyed upon at one time are decreased (Hanada, 2020). In the differential gene expression
analysis, I found downregulation of the genes promoting differentiation into nematocyte and
coding products constituting nematocyst (Table 3.6b, Fig. 3.9). Wnt signaling is a factor in the
differentiation of interstitial cells such as nematoblast, a precursor of nematocyte. The Wnt
signaling is known to be a pathway regulating head development and budding in Hydra
(Hobmayer et al., 2000; Mortzfeld et al., 2019) and also activated in nematoblasts and interacts
with nematoblast-specific proteins to differentiate nematoblasts (Khalturin et al., 2007). Wnt
protein was downregulated in K10exc (Fig. 3.9a). It suggests that the Wnt signal, the upstream
differentiation factor, was suppressed and that it causes the downregulation of the downstream
genes differentiating nematoblast and constituting nematocyst. These gene expression changes
could inhibit nematoblast differentiation and reduce the number of stenoteles. In M9exc, there
were also downregulations of the genes promoting differentiation into nematocyte and coding
products constituting nematocyst (Fig 3.9a). The reductions in the number of the stenoteles and

predatory ability are not observed in M9exc unlike K10exc (Hanada, 2020). GSK-3p was
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Figure 3.9 Relative gene expression amounts of genes related to Wnt signaling calculated from
their fold changes. (a) Wnt gene was downregulated in K10exc compared with K10 and

K10apo. (b) GSK-3B gene was downregulated in M9exc compared with M9.
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downregulated in M9exc (Fig 3.9b). GSK-3p represses -catenin in the Wnt pathway, and thus
the downregulation of GSK-3f3 promotes differentiation of interstitial cells (Bosch, 2009). It is
possible that the downregulation of GSK-3 was balanced with the downregulation of other
genes related to nematoblast and nematocyte and did not decrease the number of stenoteles.
However, Wnt signaling also controls the growth of hydra polyps (Mortzfeld et al., 2019), so

it is necessary to examine what these gene expression changes directly affect.

The symbiont removal and replacement experiments and the differential gene expression
analyses in the K10 and M9 strains provided insight into the effects of the symbiont existence
and their host specificity. In the K10 strain, the general trend was similar between removal and
replacement of the symbionts, while no such trend was observed in the M9 strain. It was linked
to the proliferation rate changes (Hanada, 2020). The expression changes in the genes related
to translation and electron transport chain also coincided between the removal and replacement
of the symbionts in the K10 strain. It suggests that changes in cellular metabolism and energy
balance in the aposymbiotic K10 hydra did not recover in the hydra introduced with the non-
native symbiont. The expression changes of the genes involved in glutamine synthesis reveal
the changes in nitrogen assimilation in the host when the symbionts were removed and were
replaced. Comparison of the gene expression patterns by symbiont removal and exchange
experiments has made it possible to figure out how the host specificity of the symbiont
functions at the cellular level. It will provide an insight into the evolutionary process and

origins of symbiosis.
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CHAPTER 4

General Discussion

There are two types of symbiosis with green algae in Hydra: the stable symbiosis with a long
evolutionary history in H. viridissima, the immature symbiosis developed recently in H.
vulgaris. It seems that different symbiotic mechanisms act between H. viridissima and H.
vulgaris, and so a hydra is a suitable organism to study evolutionary processes of symbiosis.
In this study, newly established combinations of host-symbiont systems by conducting two
different procedures, horizontal transmission of symbionts into non-symbiotic brown hydras
and artificial introduction of non-native symbionts into aposymbiotic green hydras, were used
to compare the changes in cellular metabolisms and symbiotic mechanisms through gene

expression.

In Chapter 2, I demonstrated the horizontal transmission of the symbiotic chlorococcum
in H. vulgaris and compared the changes in gene expressions of the brown hydras whose
symbionts acquired by the horizontal transmission with those of the native symbiotic hydra. I
collected the symbiotic chlorococcum in host cells and the chlorococcum in HCS, and rbcL
and 18S rDNA sequences were determined to identify the algae in HCS as the symbiont. The
sequences of Chlorococcum in hydra cells and HCS were the same, and these algae were found
to be identical. It indicated that the symbiotic chlorococcum had escaped from the hydra cells
and transferred to the non-symbiotic hydra via the surrounding water. From the phylogenetic
analysis, it was found that the symbiotic chlorococcum belonged to Stephanosphaerinia, which

contains some algae in the genera Chlorococcum and Oophila, the salamander symbiont.

In order to investigate the changes in the cellular metabolism when the hydra acquires a
symbiont by horizontal transmission, I conducted a differential gene expression analysis by
RNA-seq. In the 105G strain, which had been obtained as a symbiont by horizontal propagation,
3803 genes were upregulated and 3476 genes were downregulated compared to the original

non-symbiotic strain, 105 strain. Strain 105G was decreased in the polyp size and increased in
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the proliferation rate, and TCF/LEF and Dp-1, which are transcription factors promoting
budding, were upregulated in the symbiotic strain. These suggest that faster budding decreased
the polyp size in 105G strain. In Gene Ontology enrichment analysis, 31 GO terms were
enriched in the upregulated genes, and 8 GO terms were enriched in the downregulated genes.
The GO terms enriched in the upregulated genes included translation and respiratory chain
complex. Compared with the aposymbiotic hydra, 484 genes were upregulated, and 1303 genes
were downregulated in the native symbiotic strain J7. GO term: lysosome was enriched in the
upregulated genes, and the lysosomal enzymes such as cathepsin were also upregulated in the
105G strain. It suggests that symbiotic algae were digested in the host cell. GO terms: integral
component of membrane and calcium ion binding were enriched in the downregulated genes,
and it was consistent with the 105G strain. Polycystin and protocadherin have these GO terms
and were expressed in nematocyte and battery cells. These expressions coordinated with the
reduction of the stenotele size and number in the 105G strain. In the 105G strain, genes
constituting the TOR pathway, which regulates energy balance between translation and
respiration in response to amino acids, were upregulated, but the expressions of these genes
did not change in the J7 strain. Then, I performed the rapamycin treatment experiments, which
inhibited the TOR pathway. Rapamycin treatments prevented polyps in all the strains budding
and degenerated polyps in the symbiotic hydra (105G, J7). The effect of rapamycin was
stronger in the 105G strain than in the J7 strain. This suggests that the native symbiotic hydra
has already obtained the ability to adapt even if its energy balance is affected by the symbiotic
algae or external factors, but that the hydra which acquired the symbiont through horizontal
transmission does not yet have such ability. Adaptation of the symbiosis in H. vulgaris may

have been evolving in stages.

In Chapter 3, I mentioned the changes in host-symbiont interaction by differential gene
expression analysis with RNA-seq when the symbiont was removed from H. viridissima and
replaced with the non-native symbiont. Comparing the gene expression with the original

symbiotic hydra K10, I found 957 DEGs when the symbiont was removed and 1293 DEGs
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when the symbiont was replaced with the non-native one. GO enrichment analysis showed that
six GO terms, including translation, were enriched in the upregulated genes in the K10 hydra
from which the symbiont was removed, while cytochrome-c oxidase activity and integral
component of membrane were enriched in the downregulated genes. These GO terms were
commonly enriched in the hydra whose symbiont was replaced. There are 700 common DEGs
between the hydras whose symbionts were removed and replaced, and these fold changes
showed a strong correlation. These gene expression changes in the K10 strain indicate that the
translation and electron transfer systems, which are major components of the cellular energy
balance, were regulated conversely by removing the symbiont and are not restored by the
introduction of the non-native symbiont. In the M9 strain, 75 genes were differentially
expressed when the symbiont was removed, and 65 of those 75 genes were not differentially
expressed when the symbiont was replaced. When the symbiont was replaced, 756 genes were
differentially expressed, and 746 of those 756 genes were not differentially expressed when the
symbiont was removed. The genes related to the differentiation of nematoblasts and the
structure of nematocyte were downregulated in the symbiont-replaced M9 strain. Genes having
these functions were also downregulated in the hydra whose symbiont was replaced in the K10
strains, but a clear morphological change in nematocyte (decreased number of stenoteles) was
found only in the K10 strain. This could be explained by balanced regulation of genes in the
Wnt signaling pathway, which regulates the differentiation of nematoblasts upstream, during
symbiont replacement. Ammonium transporter and glutamate synthetase were downregulated
in both K10 and M9 strains upon removal of the symbiont. The downregulations of these genes
were observed only in the K10 strain when the symbiont was replaced. The downregulations
coordinated with the decrease in the asexual proliferation rate. It suggests that the absence and
replacement of the symbionts affected nitrogen assimilation in the host cells and that the effects

of symbiont replacement on nitrogen assimilation differed between the strains.

Summarizing the above, I investigated the evolutionary processes from symbiosis in the

early stage to stable symbiosis based on gene expression changes between the symbiotic hydras
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and the non-symbiotic hydras in H. vulgaris and H. viridissima. In H. vulgaris, which is likely
to be at the early stage of symbiosis evolution, the results suggested that a balanced cellular
metabolic system would be a key factor for stabilizing and adapting to symbiosis (Chapter 2).
Ishikawa et al. (2016a) proposed the two-step evolutionary process: H. vulgaris evolved the
capability for symbiosis with the chlorococcum from the non-symbiotic hydras (the first step),
and then the native symbiotic strains have established the relatively stable symbiosis (the
second step). From the viewpoint of gene expression patterns, my results seem to trace the
second step symbiosis evolution of H. vulgaris from these non-symbiotic hydras to a relatively
stable symbiotic system in the native symbiotic strain. The other symbiotic hydra, H.
viridissima, has established an advanced and stable symbiotic relationship with the chlorella
and co-evolved with the symbiont (Kawaida et al., 2013). My results suggested that an
incompatible combination between a host and a symbiont in H. viridissima leads to a reversion
to an unstable state of the symbiont relationship due to an unbalanced cellular metabolic system
(chapter 3). The evolution of stabilization of symbiotic systems may be followed by the
lineage-specific co-evolution of host and symbiont interactions that would be adaptive to
various environments. Further comparative analysis with omics techniques (proteome,
metabolome) between 105G and J7 strains in H. vulgaris and between K10 and MO strains in

H. viridissima will provide an overview of the evolution of the symbiotic system.

The differential gene expression pattern in H. vulgaris during symbiosis is different from
those of hosts which have stable symbiotic relationships with their symbiotic algae, including
H. viridissima (Ishikawa et al, 2016b). It indicates that there may be a similar symbiotic
association with their symbionts across taxonomic groups and that the host in the early stage
of symbiosis has a different symbiotic association with the symbiotic algae. The evolution
toward stable symbiosis with algae may acquire analogous symbiotic mechanisms which
exhibit a common pattern of gene expression changes during symbiosis. The expression
changes of H. vulgaris and H. viridissima during symbiosis were compared with those of other

host organisms which have endosymbiosis with algae. GO enrichment analysis showed that
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during symbiosis, genes with GO translation and electron transport system were upregulated
in H. vulgaris 105G strain, while the genes having GO translation were downregulated and
ones with GO electron transport chain were upregulated in H. viridissima K10 strain. In the
previous studies, genes in translation and electron transport chain tended to be downregulated
during symbiosis in P. bursaria (Kodama et al., 2014) and H. viridissima M9 (Ishikawa et al.,
2016b). In A. tenuis (Yuyama et al., 2018), genes related to translation were downregulated
during symbiosis, and ones related to the electron transport chain were upregulated as well as
in H. viridissima K10. Unlike P. bursaria, which has a stable one-to-one symbiotic relationship,
H. vulgaris 105G and A. tenuis, which acquired the symbiont by horizontal transmission,
showed the upregulation of genes related to the electron transport chain. In the 105G strain,
which is the natively non-symbiotic strain, genes related to translation were also upregulated.
Cellular metabolism in the hosts during symbiosis may be adjusted depending on the process

for the symbiont transmission and adaptation to symbiosis.

This study provided new insights into the establishment and evolution of symbiotic
relationships between the cnidarian and green algae. Comparison of gene expression changes
between two symbiotic strains of H. vulgaris, the strain acquired the symbiont by horizontal
transmission (105G) and native symbiotic one (J7) revealed how differences in the ability to
adapt to the symbiotic relationship affect the host-symbiont interaction in the early stage of
symbiosis. Furthermore, I investigated the differences in the symbiosis mechanism of H.
viridissima strains with different host-symbiont specificity when the symbionts were replaced
and found differences in the metabolism of glutamine, a nitrogen source for photosynthesis of
the symbionts, between the host strains. Further research focusing on the photosynthetic
metabolism of the symbionts is required to identify the properties of the symbionts which affect

the host.
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