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ABSTRACT 
Endosymbiosis is defined as a phenomenon in which one organism lives inside the cells of 

another organism. Clearly, endosymbiosis has played a monumental role in the evolution of 

organisms, such as the generation of mitochondria and chloroplasts. Therefore, it is quite 

important to understand how endosymbiotic interactions are established. 

Hydra is a freshwater cnidarian animal that has been used as a model organism for 300 

years. In genus Hydra, two groups of species (H. vulgaris and H. viridissima groups) show 

endosymbiosis with green algae. In culture collection of Hydra at the National Institute of 

Genetics, all of the six H. viridissima strains show endosymbiosis, and the endosymbiosis has 

been considered as a key characteristic of this species. In H. vulgaris group, on the other hand, 

only two of twenty-five strains show endosymbiosis. These two Hydra groups with different 

endosymbiotic status could be useful to understand evolutionary process of endosymbiotic 

interaction. However, the evolution of the endosymbiosis is not fully understood. A previous 

study suggested that the endosymbiosis in H. viridissima group occurred in the ancestor of H. 

viridissima group strains, but it remains obscure about evolution of the endosymbiosis in H. 

vulgaris group. It is possible that the twenty-three non-symbiotic H. vulgaris group strains are 

also able to harbor the algae, therefore H. vulgaris group may have acquired the potential for 

harboring algae before or during radiation of H. vulgaris group strains. In order to understand 

evolution of endosymbiosis in H. vulgaris group, I examined the endosymbiotic potential of the 

H. vulgaris group strains by artificially introducing the algae. As a result, twelve of the twenty-

three non-symbiotic H. vulgaris group strains were also able to harbor the algae. Moreover, my 

phylogenetic analysis by sequencing these mitochondrial genomes of the twenty-five H. vulgaris 

group strains showed that the strains with endosymbiotic potential were grouped into one of the 

three clusters. These results suggest that the endosymbiotic potential obtained once during 

radiation of the H. vulgaris group strains, but most of H. vulgaris group strains remains non-
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symbiotic. This implies that the endosymbiosis in H. vulgaris group is not stable compared with 

that in H. viridissima. Therefore, I next examined whether the endosymbiotic interaction with 

algae is different between the two Hydra species or not. 

As typical cases for investigating the endosymbiotic interaction, I compared survival rates 

between symbiotic polyps and aposymbiotic polyps in which algae were removed. The result 

showed that symbiotic H. viridissima group was more tolerant to starvation than aposymbiotic 

polyp, whereas symbiotic H. vulgaris group was less tolerant than aposymbiotic polyp, which is 

in contrast to H. viridissima group. To understand the interaction at molecular level, I compared 

gene expression profiles between symbiotic and aposymbiotic polyps by using RNA-seq method. 

The analysis showed that the differential gene expression pattern in H. viridissima group was 

extensively different from that in H. vulgaris group, even though the differential gene expression 

pattern in H. viridissima group is similar to that in other endosymbiotic organisms such as 

Paramecium bursaria and Ciona varians. Considering oxidative stress response, H. viridissima 

group seems to have the mechanisms to manage the oxidative stress, such as down-regulation of 

the respiratory chain genes and up-regulation of calcium ion binding genes, whereas these 

mechanisms seem unlikely to exist in H. vulgaris group. These results suggest that H. viridissima 

group has already established stable endosymbiotic relationships with green algae, whereas the 

mechanisms of stable endosymbiosis in H. vulgaris group still seem to be immature.  

Through the present studies, I found that although both hydra groups (H. vulgaris and H. 

viridissima) show endosymbiosis with algae, the interaction with algae was substantially 

different between the two Hydra groups. H. viridissima group showed a mutualistic relationship 

with the algae, whereas H. vulgaris group did not show. These results suggest that the 

endosymbiosis in H. vulgaris group is still in the course of an evolutionary process toward stable 

endosymbiosis compared with H. viridissima group. The endosymbiosis of hydras with different 
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stages of evolution will therefore provide deeper insight into the evolutionary process of 

endosymbiosis, from non-symbiotic to stable endosymbiosis. 
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1.1  Endosymbiosis 

Symbiosis is defined as a long-term, intimate physical association between differently 

named organisms (Margulis and Sagan, 2002). In the case of endosymbiosis, one of the 

organisms lives inside the cells of the other organism (Kovacevic, 2012). The idea that several 

organelles, such as mitochondria and chloroplasts evolved from free-living bacteria via 

endosymbiosis within a eukaryotic host cell was first proposed by Schimper (1883), and revived 

by Lynn Margulis (1971), who published an influential book “Origin of Eukaryotic Cells”. Over 

the past several decades, numerous reviews have documented in detail the biochemical, 

molecular and cell biological data bearing on the endosymbiotic hypothesis of organelle origins 

(Bhattacharya et al., 2003; Bullerwell and Gray, 2004; McFadden, 2001; Timmis et al., 2004). 

Nowadays, there is no doubt that mitochondria and chloroplasts were obtained by the 

endosymbiosis. These endosymbiotic events enabled the eukaryotes to utilize oxygen as an 

electron receptor and to generate carbohydrates from water and carbon-dioxide.  

Endosymbiosis also contributes to the genome modification of both hosts and symbionts. 

For example, the endosymbiotic bacterial symbiont, Buchnera lacks genes for the biosynthesis of 

cell-surface components and the genome size of Buchnera is only one-seventh of that of 

Escherichia coli, which is a close relative (Shigenobu et al., 2000). It is suggested that this odd 

gene repertoire of the Buchnera genome is specialized to the endosymbiotic life. Moreover, at 

least 22 expressed genes of the mealybug, Planococcus citri, are known to be transferred from 

multiple endosymbiotic bacteria. Thus, endosymbiosis can be considered as an enormous impact 

on evolution of organisms. 
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1.2  Endosymbiotic relationships between cnidarians and 

algae 

It is widely known that many cnidarian species show endosymbiosis with algae (Hofmann 

and Kremer, 1981; Meyer and Weis, 2012; Muscatine and Lenhoff, 1963). One of the most 

popular cases is the endosymbiosis between stony corals and dinoflagellates. Coral reefs are 

among the richest and most diverse ecosystems on Earth, and are founded by the calcium 

carbonate secreted by corals (Odum HT and Odum EP, 1955). Corals show endosymbiosis with 

photosynthetic dinoflagellates (genus Symbiodinium) in a relationship centered around nutrient 

exchange, whereby the dinoflagellates provide high amounts of photosynthetic products in return 

for CO2 and NH4
+ (Muller-Parker and D’Elia, 1997; also see Figure 1.1). Globally, coral reefs 

are facing to an increasing amount of environmental stress, especially from global warming, 

which has resulted in widespread bleaching of corals (Weis, 2008). The coral bleaching greatly 

decreases the carbon available for translocation to the host and is becoming increasingly 

significant cause of the mortality and degradation of coral reefs on a global scale. Therefore, the 

disruption of the endosymbiotic relationships could also induce the disruption of oceanic 

ecosystems on a global scale. 

The endosymbiosis affects not only the survival of cnidarians host but also their lifecycles. 

Evidence from both the laboratory and the field studies suggest that transitions between 

developmental stages within an cnidarian individual, so called checkpoints, were controlled by 

specific factors (Hofmann et al., 1996). Cassiopea andromeda is a jellyfish which lives upside-

down on the bottom, and this jellyfish also harbors Symbiodinium (Hofmann and Kremer, 1981). 

Surprisingly, this jellyfish can never strobilate without harboring the algae (Rahat and Adar, 

1980, see also Figure 1.2). This means that the endosymbiosis with algae is a key factor of the 

development of the jellyfish. Thus, the endosymbiosis has had a massive impact on the survival 

and lifecycle of cnidarian hosts. 
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Although the endosymbiosis is quite important to cnidarian animals, it is still unclear how 

the stable endosymbiotic relationships have evolved. For understanding the evolutionary process 

of endosymbiotic relationships, endosymbioses in cnidarians such as corals, sea anemone, and 

jellyfish face several major limitations. For example, (i) it is difficult or impossible to maintain 

and culture these animals in the laboratory condition, (ii) it is almost impossible to keep the 

animals alive while they are rendered fully aposymbiotic, (iii) it is difficult to focus on the 

endosymbiosis in the early stage, because the stable endosymbiotic relationships have already 

been established. 

 

1.3  Hydra and its endosymbiosis 

Genus Hydra is a fresh water cnidarian animal that has no medusa stage and usually 

reproduces by budding asexually (Chapman et al., 2010). It is organized along a single oral-

aboral axis that is divided into three parts: the foot region, the body column corresponding to the 

gastric cavity, and the apical head region with the mouth opening surrounded by a ring of 

tentacles (Amimoto et al., 2006). Because of the simplicity of its composition and structure 

(Campbell and Bode, 1983), its remarkable powers of regeneration (Holstein et al., 2003; 

Hemmrich et al., 2007), and its accessibility to a variety of experimental manipulations (Lenhoff, 

1983), Hydra has widely been used as a model organism for 300 years. The molecular 

phylogenetic analysis has shown that genus Hydra comprises four species groups, H. vulgaris 

group, H. oligactis group, H. braueri group, and H. viridissima group (Kawaida et al., 2010; 

Martínez et al., 2010; also see the phylogenetic tree of genus Hydra in Figure 1.3).  

Among the four species group of genus Hydra, two groups (H. viridissima and H. vulgaris) 

show endosymbiotic associations with algae. The algae harbored by H. viridissima group is 

defined as Chlorella sp., whereas the algae harbored by the H. vulgaris group is defined as 
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Chlorococcum sp. (Kawaida et al., 2013). The endosymbiotic algae were located in the 

endodermal epithelial cells (Figure 1.4), enclosed within a membrane structure called 

“symbiosome” (Kovacević et al., 2005). In a hydra’s endodermal epithelial cell, several dozens 

of algal cells exist (Figure 1.5). Endosymbiotic algae are stably transmitted over generations. In 

asexual conditions of reproduction (budding), algae are transferred through buds from generation 

to generation (Figure 1.6). During sexual development, algae are incorporated in the oocyte 

(Kawaida et al., 2013). In addition, both endosymbiotic Hydra species also can expel them and 

continue surviving without endosymbionts (Figure 1.7). Such Hydra is named “aposymbiotic”.  

The National Institute of Genetics (NIG, Mishima, Japan) maintains the world’s largest 

collection of hydra strains that were collected from all over the world 

(http://www.nig.ac.jp/labs/OntoGen/keitou.html). In the NIG collection, all six of the H. 

viridissima group strains show endosymbiosis. In fact, the endosymbiosis has been considered to 

be a key characteristic of this species. On the other hand, among twenty-five H. vulgaris group 

strains maintained in NIG, only two H. vulgaris group strains (J7 and J10) show endosymbiosis 

with green algae. In addition to the simplicity of maintenance and control of Hydra’s 

endosymbiosis, therefore, these two kinds of the endosymbiotic Hydra species with apparently 

different status of the endosymbiosis would be useful to understand the endosymbiosis.  

Despite the importance of the endosymbiosis in Hydra, little is known about the 

relationships between the two endosymbiosis in terms of evolutionary and physiological aspects. 

Kawaida et al. (2013) conducted phylogenetic analysis among H. viridissima group strains and 

suggested that H. viridissima group obtained the endosymbiotic algae before the radiation of the 

H. viridissima group strains (Figure 1.8). On the other hand, it remains obscure about the 

evolution of the endosymbiosis in H. vulgaris group. Although only two among twenty-five H. 

vulgaris group strains currently show endosymbiosis with algae, it is possible that the other 

aposymbiotic H. vulgaris group strains have the potential to harbor the algae, and therefore the 
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evolution of the endosymbiotic potential for harboring endosymbiotic Chlorococcum may have 

occurred earlier than we expect based on only phenotypic observation. 

Moreover, it is also unknown whether the interaction with algae is different between the two 

Hydra species or not. It is suggested that the endosymbiosis between H. viridissima group and 

the algae is mutualistic (Muscatine and Lenhoff, 1963), but the effect of the endosymbiosis on 

the survival of H. vulgaris group is so far completely unknown. Furthermore, the molecular 

mechanisms to respond to or control the endosymbiotic algae in both Hydra species are also 

unknown. Habetha and Bosch (2005) conducted cDNA representational difference analysis of H. 

viridissima group by suppressive subtractive hybridization, but they found only a few genes 

which were differentially expressed between symbiotic and aposymbiotic states. It is suggested 

the few of the differentially expressed genes are mainly because of the technical limitation. 

Because only portion of the animal is symbiotic, profile of the transcriptome of an entire animal 

becomes very low signal-to-noise ratio. (Meyer and Weis, 2012). As Hydra is an excellent 

organism in which to study endosymbiosis, it is important to understand its endosymbiosis on a 

physiological and evolutionary basis. 

 

1.4  The aim of the study  

As mentioned above, the interaction and evolution of endosymbiosis between hydra and 

algae are still poorly understood. In the doctoral thesis, I therefore aim to gain a comprehensive 

insight into the evolution and interaction of the endosymbiotic relationship between hydra and 

algae. 

In Chapter 2 of this thesis, in order to understand the evolution of the endosymbiosis 

between H. vulgaris group and algae, I first examined the endosymbiotic potential of the H. 

vulgaris group strains maintained in the NIG culture collection. Next, I conducted phylogenetic 
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analysis of the H. vulgaris group strains by sequencing the mitochondrial genomes of the H. 

vulgaris group strains. I then discuss the evolution of the endosymbiosis between H. vulgaris 

group and algae.  

In Chapter 3, in order to understand the endosymbiotic interaction with algae, I examined 

the interaction of the endosymbiosis on the survival of the two Hydra species. I then compared 

the differential gene expression pattern of the two hydra species. The recent development of 

RNA sequencing (RNA-seq) could help to overcome the limitations of a low signal-to-noise 

ratio that exist in the conventional methods. Thus, I conducted the differential gene expression 

analysis between aposymbiotic and symbiotic states of polyps by using an RNA-seq method. I 

then discussed possible molecular mechanisms of hydra-algae relationships.  

In Chapter 4, I summarized the results of the Chapters 2 and 3 and made several 

conclusions. 

 



Dinoflagellate (Symbiont)

Coral	  (Host)

CO2,	  NH4
+Fixed	  carbon

Figure 1.1. Endosymbiotic relationship between coral and 
dinoflagellate.
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Strobilation

Adult
Ephyra

Egg

Planula

PolypStrobila

Figure 1.2. Lifecycle of a jellyfish. Cassiopea andromeda,which 
lives upside-down on the bottom, can never strobilate without 
harboring the endosymbiotic dinoflagellate (Rahat and Adar, 1980).
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H.	  viridissima

H.	  braueri

H.	  oligactis

H.	  vulgaris

41	  – 61	  mya

33	  – 43	  mya

21-‐ 28	  mya

Figure 1.3. Phylogenetic tree of the genus Hydra. Estimated 
times by Martinez et al. (2010) in millions of years ago (mya) for 
the divergences of the various clades are indicated.  
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Figure 1.4. A simplified schematic diagram of a section of hydra 
body wall. Hydra has a bilayered cellular organization. Ectoderm 
and endoderm are separated by a cellular matrix called the 
mesogrea. Hydra consists of 6 type of cells, and each cell is 
represented by different colors. (A) interstitial stem cell, (B) nerve 
cell, (C) ectodrmal epithelial cell, (D) nematocyte, (E) endodermal 
epithelial cell, (F) grand cell. The endosymbiotic algae exist in the 
endodermal epithelial cells enclosed in called symbiosome
membrane. 
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Figure 1.5. Photograpshs of one hydra’s cell. (A) Light microscope, 
(B) fluorescent microscope. Red dots in Figure 3B represent 
endosymbiotic algae.

A B
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Figure 1.6. Photograph of basal part hydra polyp using 
fluorescent microscope.  The budding offspring is indicated by an 
arrow.
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H. vulgaris H. viridissima

Figure 1.7. Photograph of  H. vulgaris and H. viridissima
groups. Left side of each species are symbiotic state, and right side 
is aposymbiotic state.
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Non-‐symbiotic Symbiotic

Algae

Figure 1.8. A plausible model of the history of symbiosis 
between H. viridissima group and the symbiont. The idea is 
based on Kawaida et al., 2013. The authors showed that the 
topology of the phylogenetic tree between H. vulgaris group strains 
and their symbionts was congruent, therefore the authors suggested 
that the ancestor of the H. viridissima group obtained the symbiont, 
and the hydra and symbiont then cospeciate.

22
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2.1  Introduction 

It is widely known that many cnidarian animals show endosymbiosis with algae, and the 

endosymbioses play important roles for growth and life cycles of the cnidarian hosts (Hofmann 

et al., 1996; Muscatine and Lenhoff, 1963; Muscatine and Porter, 1977, see also Figure 1.1 and 

1.2). Despite the importance of the endosymbiosis, little is known about how these 

endosymbiotic relationships have evolved. As these endosymbioses have already been present in 

ancient time (Holland et al., 2004; Kawaida et al., 2013; Stanley and Swart, 1995), it is difficult 

to clarify the evolutionary process of the endosymbiotic relationships. 

Genus Hydra is a freshwater animal which belongs to phylum cnidaria (Chapman et al., 

2010). A molecular phylogenetic analysis of the genus Hydra showed that the species can be 

classified into four monophyletic groups, i.e., H. vulgaris, H. oligactis, H. braueri, and H. 

viridissima (Hemmrich et al., 2007; Martínez et al., 2010). Among the four species groups of 

genus Hydra, endosymbiosis is observed in H. viridissima and H. vulgaris groups (Kawaida et 

al. 2013). The National Institute of Genetics (Mishima, Japan) maintains the world’s largest 

collection of hydra strains, which are collected worldwide. In this collection, all strains of H. 

viridissima group harbor Chlorella, and the previous study suggested that this endosymbiosis 

occurred before the divergence of the H. viridissima group strains, and then the hydra and algae 

then continued to cospeciate (Figure 1.8). 

On the other hand, only two H. vulgaris group strains (J7 and J10) harbor green algae, and 

the alga that resides in J7 was identified as Chlorococcum (Kawaida et al., 2012). Other H. 

vulgaris group strains except for J7 and J10 survive without harboring the alga (non-symbiotic) 

(Kawaida et al., 2010). This implies that the evolution of the endosymbiosis in H. vulgaris  

group occurred more recently than H. viridissima group, therefore these two Hydra groups 

would be useful to study the evolutionary process of endosymbiosis establishment. However, it 
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is unknown whether the other non-symbiotic H. vulgaris group strains also have the potential to 

harbor the algae or not. It is possible that non-symbiotic strains also are able to harbor the 

endosymbiotic Chlorococcum, because even the symbiotic strains are also able to survive and 

proliferate without harboring the algae. Thus, the evolution of endosymbiotic potential for 

harboring endosymbiotic Chlorococcum may have occurred before or during the radiation of the 

H. vulgaris group strains, which is more ancient than I expect from the phenotypic observation. 

Alternatively, endosymbiotic potential is present only in the currently endosymbiotic strains, and 

therefore non-symbiotic lineages can never be endosymbiotic. 

Thus, the aim of this chapter is to test these hypotheses and clarify the evolutionary process 

of the endosymbiosis between H. vulgaris group and the endosymbiotic algae. First, I examined 

whether non-symbiotic strains have the potential for endosymbiosis by introducing 

endosymbiotic algae into them. Second, to determine the evolutionary timing of the 

endosymbiotic events, I sequenced the mitochondrial genomes of the twenty-five strains of the 

H. vulgaris group in the NIG collection and conducted phylogenetic analyses based on these 

sequences. On the basis of these experiments and data analysis, I discuss the evolutionary 

process of endosymbiosis between Hydra and green algae. 
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2.2  Materials and methods 
 

2.2.1   Hydra strains 

Twenty-five strains of H. vulgaris group maintained at the National Institute of Genetics 

were used in the present study (Table 2.1). Polyps were kept in a plastic dish filled with 

“modified ‘M’ solution” (1 mM NaCl, 1mM CaCl2, 0.1 mM KCl, 0.1 mM MgSO4, 1mM tris-

(hydroxymethyl)-aminomethane; pH7.4, adjusted with HCl) (Takano and Sugiyama, 1988) at 

18°C and fed newly hatched Artemia nauplii three times a week under 12 hr dark/light condition 

with 2,500 lux illumination as the light condition. 

 

2.2.2   Introducing endosymbiotic algae into non-symbiotic 

strains 

To examine whether the non-symbiotic strains had endosymbiotic potential or not, the 

endosymbiotic algae were introduced into each of the strains as follows. First, the hydra polyps 

with the endosymbiotic algae were disrupted using a crusher (µT-12, TITEC, Saitama, Japan) 

without beads in the hydra culture solution. The suspension was centrifuged at 10,000 g for 5 

min and was washed several times with the culture medium. In the process, the algae were 

compacted and purified at the bottom of the tube. The purified algae were re-suspended in the 

hydra culture solution and were introduced into the gastric cavity of individual hydra through the 

mouth opening using a microglass capillary. The increase of the algae in new hydra cells was 

periodically checked under a fluorescent microscope (Axiophot, Zeiss); the algae inside the 

hydra cells appeared as red dots (Figure 2.1). The polyps were maintained for more than 2 weeks 

in each generation. During the 2 weeks, the polyps budded asexually, and the offspring also 
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budded, which resulted in grand offspring polyps in the 2-week period. When the algae were 

fully proliferated in the grand offspring polyps (Figure 2.2), I considered that the host hydra 

strain had the potential for endosymbiosis with the algae. 

I also examined the endosymbiotic potential by grafting the symbiotic J7 polyp to an non-

symbiotic polyp using an axial transplantation procedure (Kawaida et al., 2013). The half polyps 

of a symbiotic J7 and an non-symbiotic polyp were axially grafted to each other. After 2 weeks 

of the graft, the transfer of the symbiotic Chlorococcum from the J7 tissue into the non-

symbiotic tissue was observed using the fluorescent microscope. 

 

2.2.3   Determining the mitochondrial genome sequences of 

the H. vulgaris group strains 

To conduct the phylogenetic analyses of the hydras, I extracted the genomic DNA from a 

single polyp of each of the H. vulgaris group strains using a DNeasy Blood & Tissue Kit 

(Qiagen). My PCR experiments were designed to cover the entire mitochondrial genome as 

much as possible. Because the hydra mitochondrial genome consists of two mitochondrial 

chromosomes, I designed the primers for the ends of each of the mitochondrial chromosomes 

based on the mitochondrial genome sequence of H. magnipapillata (Accession no. NC_011221). 

For chromosome 1, the primers used were Hydra-mt-first-F 5’-

TGGCTCATGACCAGAATATAAGGG-3’ and Hydra-mt-first-R 5’-

AAGCTATCTGGAAAGTCTGCA-3’. For chromosome 2, the primers were Hydra-mt-second-

F 5’-TGGCTCATGACCAGAATATAAGGG-3’ and Hydra-mt-second-R 5’-

AAGCTATCTGGAAAGTCTGCA-3’. The amplified fragments with the expected length were 

extracted after gel electrophoresis and were purified using a MiniElute Gel Extraction Kit 

(Qiagen). Using the products obtained as the starting materials, DNA libraries were constructed 
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with NEBNext Fast DNA Fragmentation & Library Prep Set for Ion Torrent (NEB, Ipswich, 

MA). The constructed libraries were enriched and loaded onto the Ion 316 chips, and the 

sequencing was conducted by the Ion PGM system with the Ion Sequencing 200 kit (Life 

Technologies). 

The raw reads from the Ion PGM system were preprocessed using the scripts in the FASTX-

Toolkit (http://cancan.cshl.edu/labmembers/gordon/fastx_toolkit/). In each read, the first 30 

nucleotides, the nucleotides after the 250 nt position, and the nucleotide tails with quality scores 

≤ 20 were discarded. After the trimming, the reads with lengths shorter than 50 nucleotides were 

also discarded. The remaining reads were mapped onto the complete mitochondrial genome 

sequence of H. magnipapillata using BWA (Li and Durbin, 2010) implemented in the DNA 

Database Japan pipeline (Kaminuma et al., 2010; Nagasaki et al., 2013). Through these 

procedures, I obtained the mitochondrial genome sequences of the 25 strains, although some 

gaps remained. 

 

2.2.4   Determining the 18S rRNA nucleotide sequence from 

J10 alga  

To conduct the phylogenetic analyses of the endosymbiotic alga, I extracted the 

genomic DNA of the algae in strain J10 using a genomic DNA extraction kit (DNeasy Plant 

Mini Kit, Qiagen). To selectively obtain the extract of the DNA of the algae, the algae were 

compacted and purified as described in the previous section. The DNA was then extracted from 

the collected algae using the DNeasy Plant Kit (Qiagen). Using the extracted DNA as a template, 

a genomic region of a partial 18S rRNA gene was amplified. We used the primers that were 

reported previously (Kawaida et al., 2013). The primer sequences were 5’-

AACCTGGTTGATCCTGCCAGT-3’ and 5’-TTGATCCTTCTGCAGGTTCACCTACG-3’. 
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The PCR products were sequenced with an ABI 3130 Avant Genetic Analyzer (Applied 

Biosystems). A BigDye Terminator v3. 1 Cycle Sequencing Kit (Applied Biosystems) was used 

for the sequencing reactions. 

 

2.2.5   Phylogenetic analysis 

The sequences were aligned using the Clustal omega algorithm (Sievers et al., 2011). The 

sequence alignment was further optimized by manual inspection on the Alignment Explorer in 

MEGA 6 (Tamura et al., 2013). I used the maximum likelihood (ML) method using RAxML 

v.8.1.0 (Stamatakis, 2006) and the Bayesian inference (BI) method using MrBayes5D (Ronquist 

and Huelsenbeck, 2003) (http://www.fifthdimension.jp/products/molphypack/) to infer the 

phylogenetic relationships. The best-fit substitution models at each nucleotide partition were 

estimated using Akaike’s information criteria for the ML analyses and the Bayesian information 

criterion for the BI analyses implemented in Kakusan4 

(http://www.fifthdimension.jp/products/molphypack/). For the BI, the settings were applied as 

follows: number of Markov chain Monte Carlo generations, 50 million; sampling frequency, 

1,000; and burn-in, 1,001. The support for internal branches was evaluated using bootstrap 

percentages from 1,000 nonparametric replicates for the ML method and using Bayesian 

posterior probabilities for the BI. The divergence time between H. oligactis and H. vulgaris 

groups (21-28 million years ago, Mya) that was estimated by Martínez et al. (2010) was used as 

the calibration for estimating the divergence time of the clusters. The analysis was conducted 

using the RelTime method (Tamura et al., 2012).  
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2.3  Results 
 

2.3.1   More than half of the non-symbiotic strains of H. 

vulgaris group possess the potential to harbor the 

endosymbiotic algae 

To investigate the evolutionary process of the endosymbiosis between the H. vulgaris group 

strains and the algae, I examined the endosymbiotic potential of the H. vulgaris group strains by 

introducing endosymbiotic algae. 

The alga that resides in the strain J7 (hereafter J7-alga) is in the genus Chlorococcum 

(Kawaida et al., 2013). However, the alga that resides in the strain J10 (J10-alga) has not been 

identified. To determine which algae were introduced, I examined the phylogenetic relationships 

between the algae in the J7 and the J10 strains. I sequenced the 18S rRNA gene from the J10-

alga, and the phylogenetic analysis was conducted with sequences from other Chlorococcum 

species and included the J7-alga. The ML tree based on the 18S rRNA gene clearly showed that 

the J10-alga was genetically closely related to the J7-alga (Figure 2.3), and therefore I used only 

the J7-alga in this experiment. 

To validate the reintroduction experiment, I removed the endosymbiotic algae from strain J7 

and reintroduced the endosymbiotic algae into strain J7 by injection into the gastric cavity. If my 

experiment is reliable, I should be able to remove the endosymbiotic Chlorococcum from strain 

J7 and reestablish the endosymbiotic relationship by injecting the algae into the gastric cavity of 

J7. As a result, the algae were fully incorporated into the endodermal epithelial cells of the hydra 

within 2 weeks. Figure 2.4 shows a typical example of spreading of tissue that contains algae in a 

new host polyp. On the day of the introduction (0 d; Figure 2.4A), the algae were observed in the 
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body column as a small number of red dots because of auto fluorescence (arrowheads in Figure 

2.4A). Four days after the introduction (Figure 2.4B), the red dots were observed throughout the 

body column in the endodermal epithelium. Moreover, the algae were transmitted into the 

offspring (arrow, Figure 2.4B - D). Two weeks after the introduction (Figure 2.4D), the red dots 

of algae in the hydra body column were highly abundant. Therefore, the endosymbiotic 

relationship was clearly re-established between the artificially introduced algae and strain J7 

with algae removed, and the reintroduction experiment was validated. 

For the other 23 strains, excluding the endosymbiotic strains, 12 strains (105, A1, B4, B6, 

B10, B11, D1, D7, J6, L2, K7, and K9) established stable endosymbiosis, and there were no 

differences in the incorporation of the algae among individuals. In the 11 other strains, the algal 

cells were completely absent in the body of the hydra, even after the introduction of the algae 

(Figure 2.5).  

In addition to the artificial introduction of Chlorococcum cells, I also confirmed the 

endosymbiotic potential by grafting polyps of the endosymbiotic J7 and some non-symbiotic 

strains (B12, K5, K7, L4) to continuously migrate the Chlorococcum into non-symbiotic tissues. 

I observed that the algae spread from the symbiotic J7 into non-symbiotic K7, which also 

harbored the Chlorococcum in the artificial introduction (Figure 2.6A). On the other hand, the 

algae were not observed in the grafted polyps which did not establish the endosymbiosis in the 

artificial introduction (B12, K5, L4) (Figure 2.6B - D). 

Thus, more than half of the strains retain the endosymbiotic potential to harbor the algae, 

and therefore the absence of the symbiont do not always indicate the lack of endosymbiotic 

potential.  
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2.3.2   Strains with the endosymbiotic potential were 

grouped into a single phylogenetic cluster  

Kawaida et al. (2010) sequenced several genes of Hydra that include mitochondrial COI and 

nuclear CnNOS1 genes and constructed the phylogenetic tree of genus Hydra. However, these 

genes are known to evolve at slow rates and their sequence divergence among species were not 

sufficient to resolve the phylogenetic relationships among the H. vulgaris group strains (Kayal et 

al., 2012). In this study, in order to show clearer phylogenetic relationships among H. vulgaris 

group strains, mitochondrial genomes that generally evolve at a faster rate were sequenced and 

the molecular phylogenetic tree was constructed. The mitochondrial genome of the H. vulgaris 

group consists of two chromosomes (Voigt et al., 2008). Both chromosomes in each strain were 

amplified, and the amplified regions were sequenced using the Ion Torrent platform. The raw 

sequencing reads of the mitochondrial genome are deposited in the DNA Database of Japan 

Sequence Read Archive (DRA) (accession number DRA003539, 

https://trace.ddbj.nig.ac.jp/DRASearch/submission?acc=DRA003539). After trimming the 

generated reads, approximately 40,000-206,000 reads were obtained for each sample (Table 2.2). 

These reads were aligned to the reference mitochondrial genome of H. magnipapillata using the 

BWA algorithm in the DNA Database of Japan pipeline. As a result, more than 80% of the reads 

were successfully mapped to the reference genome. The scaffolds of more than 12,000 bp in 

each strain were obtained. The accession numbers are listed in Table 2.2. 

I conducted the phylogenetic analysis of the H. vulgaris group strains based on the aligned 

mitochondrial genome sequences. The maximum likelihood tree based on the mitochondrial 

genome is shown in Figure 2.7. The sequence of H. oligactis (NC_010214) was used as the 

outgroup. The BI tree showed the topology identical with that of the maximum likelihood tree. 

Based on my results, I classified the strains of H. vulgaris group into three clusters. The first 

cluster consisted of strains L4, M2, and M5 (cluster α) that were collected in the United States. 
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The second cluster consisted of strains K5 and K6 (cluster β), with origins in Europe. The strains 

in the third cluster (cluster γ) were primarily of Japanese origin, although strains B6, K7, K9, and 

L2 were collected in Europe. I further classified cluster γ into four subclusters (γ-1, γ-2, γ-3, and 

γ-4) with high bootstrap values. All strains that were identified with endosymbiotic potential in 

the algal introduction experiment were in cluster γ (indicated by asterisks in Fig. 4). All strains in 

the subclusters γ-1, γ-2, and γ-3 showed endosymbiosis, whereas only one strain (K7) in cluster 

γ-4 showed endosymbiosis. These results suggest that the endosymbiotic potential evolved in the 

common ancestor of the γ-cluster and that the potential was lost in the γ-4 cluster lineage after 

the divergence from strain K7 under a parsimony principle.  

 

2.3.3   Evolution of the endosymbiotic potential in H. vulgaris 

group occurred more recently than that in H. viridissima  

Martínez et al. (2010) estimated the divergence time of H. viridissima group and other three 

groups to be 46-61 Mya. Based on their data, the radiation of H. viridissima group strains was 

estimated to be 27-36 Mya. All the H. viridissima group strains show endosymbiosis. Therefore, 

H. viridissima group gained endosymbiotic potential at 27-61 Mya. In H. vulgaris group, the 

phylogenetic analysis showed that the H. vulgaris group strains were grouped into three clusters, 

and cluster α diverged first, followed by β and γ. Among the clusters, only cluster γ strains have 

endosymbiotic potential. It suggests that H. vulgaris group gained the endosymbiotic potential 

after divergence of clusters β and γ; therefore, I estimated the divergence time between clusters β 

and γ to be 8.2-11.0 Mya (Table 2.3). In addition, the divergence time between γ-1 and γ-2 was 

estimated to be 1.3-1.7 Mya. These results suggest that H. vulgaris group gained endosymbiotic 

potential between 1.3 and 11 Mya, which is more recent than that of H. viridissima group. 

Moreover, my study also showed that cluster γ-4 strains other than K7 do not have 
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endosymbiotic potential. It suggests that endosymbiotic potential was lost after divergence of K7 

and the other γ-4 strains. The divergence time between strain K7 and other γ-4 strains was 

estimated to be 0.1-0.2 Mya (Table 2.3). These results suggest that the evolution of 

endosymbiotic potential to harbor the Chlorococcum took place during radiation of the H. 

vulgaris strains between 1.3 and 11 Mya, and the potential was lost more recently than 0.2 Mya. 

Although the timing of both events was recent, I was able to clearly distinguish these events. 
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2.4  Discussion 
 

2.4.1   H. vulgaris group gained endosymbiotic potential 

through radiation of H. vulgaris group strains 

The algal introduction experiment and the phylogenetic study of H. vulgaris showed that the 

H. vulgaris group strains are grouped into three clusters, (α, β, and γ), and cluster α diverged 

first, followed by β and γ. Among these clusters, only the cluster γ strains, which included the 

endosymbiotic strains, had endosymbiotic potential (strains indicated by asterisks in Figure 4). 

This suggests the endosymbiotic potential was gained in the γ lineages during divergence of the 

H. vulgaris group strains (indicated by the star in the orange-colored background, Figure 2.8), 

and the endosymbiotic potential was lost after the divergence of K7 and the other γ-4 strains 

(indicated by the cross in the orange-colored background, Figure 2.8). Moreover, the 

phylogenetic relationship between J7 and J10 was relatively distant (indicated by the solid circles 

in the orange-colored background, Figure 2.8). Parsimoniously, it is reasonable that J7 and J10 

obtained the symbiont independently than that the algae were obtained once in the ancestor of γ 

lineages after that the strains except for J7 and J10 lost the Chlorococcum (indicated by the 

dashed arrows in the orange-colored background, Figure 2.8). 

However, I cannot completely deny the possibility that evolution of the endosymbiotic 

potential was gained before the γ lineages, but the endosymbiotic Chlorococcum changed the 

host specificity, and therefore the current endosymbiotic Chlorococcum that resides in J7 may 

not show endosymbiosis with the α and β lineages. Yet, note that in the case of H. viridissima 

group, a non-symbiotic strain is also able to harbor the symbiont derived from a different strain, 

even though the divergence time between the strains was estimated to be 27-36 Mya. If this time 
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scale is applied to H. vulgaris group, it is quite unlikely for H. vulgaris group to have 

experienced such changes of the host specificity among strains. 

What types of molecular mechanisms were involved in the gain and the loss of 

endosymbiotic potential in H. vulgaris group? Pattern recognition is a possible candidate for a 

molecular mechanism; when a host encounters microbes in the environment, the host recognizes 

the microbes using pattern recognition receptors (PRRs) (Crosnier et al., 2011; Fujita et al., 

2004; Jimbo et al., 2000; Meyer and Weis, 2012; Weis et al., 1998; Wood-Charlson et al., 2006). 

For example, lectins are a ubiquitous and diverse group of PRRs that bind glycans, and in 

parasitic interactions, lectins play an important role in the innate immune response that leads to 

the destruction of the pathogens (Fujita et al., 2004). Lectin/glycan interactions are also 

implicated as an interpartner signaling mechanism during the onset of symbiosis in 

anthozoan/Symbiodinium associations (Jimbo et al., 2000). I have not identified the genes for the 

PRRs in hydra, but similar molecular mechanisms may be used in acquiring endosymbiotic 

algae. Moreover, this function might have been lost after the divergence of K7 and the other γ-4 

strains. In my study, I used strain K7 and the other cluster γ-4 strains that were genetically 

closely related to one another, and therefore I could compare the genomes of these strains and 

identify the genetic differences responsible for the endosymbiotic potential. 

 

2.4.2   Most of the strains which have the endosymbiotic 

potential survive without harboring the algae 

I found that most of the H. vulgaris group strains with endosymbiotic potential survived 

without harboring the endosymbiotic algae. This result suggests that the absence of the 

symbionts does not always indicate the absence of endosymbiotic potential. Although many 

strains gained endosymbiotic potential, why do only two strains naturally harbor the symbiont at 
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present? One possible reason why the J7 and J10 strains acquired the algae was that the hydras or 

algae were transported to the location of the partner. In a previous study, the phylogenetic 

relationships of several hydra did not match their geographic origins (Martínez et al., 2010), 

which suggests that hydra are often transported. My phylogenetic analysis demonstrated that 

strains with Japanese and European origins both were part of cluster γ. This result also provided 

support for the frequent transport of hydra. Many animals and plants are transported worldwide 

by humans and migratory birds (Heck et al., 2008; Mack and Lonsdale, 2001), and it is possible 

that the hydra or the alga attaches to objects and is transported. As another possible explanation, 

H. vulgaris group has not yet adapted to endosymbiosis. Recent studies reveal that evolutionary 

patterns of mutualism are similar to those of parasitism (Sachs et al., 2011), and Toft and 

Andersson, (2010) suggest that bacterial mutualism evolves from parasitic lineages. I 

demonstrated that the evolution of endosymbiotic potential in H. vulgaris group was more recent 

than that in H. viridissima group (Figure 2.8). Moreover, H. viridissima group use the 

photosynthetic products from the endosymbiotic algae (Douglas and Smith, 1984) and are more 

tolerant of starvation (Muscatine and Lenhoff, 1963). Thus, H. viridissima group has apparently 

established a mutualistic endosymbiotic relationship with the algae. Based on this study, 

however, I found that H. vulgaris group gained endosymbiotic potential much more recently than 

did H. viridissima group, and therefore, it is possible that the mechanisms for stable 

endosymbiosis in H. vulgaris group would not be as well established as those in H. viridissima 

group. In the future, to understand the mechanisms of the tolerance for endosymbiosis in H. 

vulgaris group, analyses of the gene expression or the protein profile of endosymbiotic H. 

vulgaris group should be conducted. 
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2.5  Conclusion 

I propose that the endosymbiotic potential was gained during radiation of the H. vulgaris 

group strains, but most of the strains remain non-symbiotic. This feature is in contrast with H. 

vidirissima group, in which all strains harbor symbionts. This difference implies that the 

endosymbiotic relationship between H. vulgaris group and Chlorococcum has not well 

established compared to H. viridissima group. As the gain of the endosymbiotic potential in H. 

vulgaris group were more recent than in H. viridissima group, the mechanisms for stable 

endosymbiosis would not be established well in H. vulgaris group. The difference between H. 

vulgaris and H. viridissima groups about the evolution of endosymbiosis would be useful to 

understand the evolutionary process of endosymbiosis.  

 

 

 



Table 2. 1. List of the analyzed strains of H. vulgaris
No. Strain code Old species name Origin of strain Remarks
1 105 H. magnipapillata Japan Reference genome determined
2 A1 H. magnipapillata Japan Lacking holotrichous isorhiza
3 A9 H. magnipapillata Japan Another code; sf-1
4 B4 H. magnipapillata Tokyo, Japan
5 B10 H. japonica Fukuoka, Japan
6 B11 H. magnipapillata Akita, Japan
7 B12 H. magnipapillata Akita, Japan
8 D1 H. magnipapillata Japan Another code; mini-1
9 D7 H. magnipapillata Japan Another code; maxi-1
10 E4 H. magnipapillata Japan
11 F2 H. magnipapillata Japan Another code; Reg16 
12 J1 H. magnipapillata Japan
13 J2 H. magnipapillata Japan
14 J6 H. magnipapillata Japan
15 J7 H. magnipapillata Japan Green algae symbiont 
16 J10 H. magnipapillata Japan Green algae symbiont
17 B6 H. attenuata Basel, Switzerland
18 K5 H. attenuata Basel, Switzerland
19 K6 H. attenuata Basel, Switzerland
20 K9 H. vulgaris Basel, Switzerland
21 L2 H. attenuata Basel, Switzerland
22 K7 H. attenuata Basel, Switzerland
23 L4 H. carnea USA
24 M2 Not yet determined CA, USA
25 M5 H. vulgaris CA, USA
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Figure 2.1. Hydra harboring endosymbiotic algae. This 
photograph was taken under a fluorescent microscope. The small 
bright red particles inside the hydra body are the endosymbiotic 
algae.

1	  mm
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Figure 2.2. Photographs of grand offspring of a polyp in which the 
algae were introduced. Figure 2.2A is the polyp with endosymbiotic 
potential, and the algae are fully proliferated in the polyp. Figure 2.2B 
is the polyp without endosymbiotic potential, and the algae are not seen.

.
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AF514407 C.	  cf. tatrense

J10	  symbiont

AB713407	  J7	  symbiont

KM020106 C.	  isabeliense

KM020100	  C.	  citriforme

AJ628976 C.	  elkhartiense

AB058336 C.	  littorale

100/1.0

100/1.0

92/0.99
99/1.0

100/1.0
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Figure  2.3. Maximum likelihood tree inferred from the 
nucleotide sequences of the 18S rRNAgene of Chlorococcum. 
The Bayesian tree also showed the topology identical to that of the 
maximum likelihood tree. The numbers along branches indicate the 
bootstrap probability (left) and the Bayesian posterior probability 
(right). The 18S rRNAsequence (X16077) from Arabidopsis 
thaliana was used as the outgroup sequence.
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Figure 2.4. Increases in the introduced algae extracted from 
strain J7 injected into J7 strain polyps after prior algae 
removal. The pictures show the hydra polyp on day 0 (A), 4 (B), 7 
(C), and 14 (D) after the introduction of the algae. Living samples 
were photographed under a fluorescent microscope. The 
arrowheads in Figure 2.4A show the endosymbiotic algae as small, 
bright red small particles in the endodermal epithelium of the 
polyp. The arrows indicate its offspring. 
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Figure 2.5. Photographs of strain E4 using a fluorescent microscope. 
Figure 2.5A is an individual 2 hour after the introduction of algae. Figure 
2.4B is the same individual 14 day after the introduction, and the algae are 
absent. 

44



A B

C D

K7

J7

J7

2mm

B12

L4

J7

K5J7

Figure 2.6. Axial graft of a symbiotic J7 and an aposymbiotic 
polyp. Half of the aposymbiotic polyp was transplanted onto half 
of the symbiotic J7 polyp. Living samples were photographed 
under a fluorescent microscope after 2 weeks of the 
transplantation. Grafted parts were represented as dotted lines.
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Table 2.2 Overview of sequence reads.

Strain name Read 
number

Map ratio 
(%)

Total 
length 
(bp)

Chromosome 1

Accession 
no.

Length (bp)

lsu-rRNA lsu-rRNA 
- trnW trnW

trnW -
COX2 COX2

COX2 -
ATP8 ATP8 ATP6 COX3

COX3 -
ND2 ND2

ND2 -
ND5 ND5

105 76,585 95.7 13,438 LC053784 1603 0 69 3 756 1 207 702 786 52 1271 1 1256

A1 81,500 96.0 13,462 LC053785 1603 0 69 3 756 1 207 702 786 52 1304 1 1246

A9 57,871 94.6 13,349 LC053792 1603 0 69 3 756 1 207 702 786 52 1261 1 1246

B4 145,086 96.2 13,445 LC053774 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

B6 81,981 95.3 13,306 LC053779 1604 1 69 3 756 2 208 702 786 52 1250 1 1246

B10 92,193 96.0 13,434 LC053781 1603 0 69 3 756 1 207 702 786 52 1278 1 1246

B11 206,102 96.2 13,466 LC053778 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

B12 99,846 94.9 13,269 LC053776 1602 0 69 3 756 2 207 702 786 52 1271 1 1246

D1 110,362 92.9 13,438 LC053793 1603 0 69 3 756 1 207 702 786 52 1280 1 1246

D7 79,896 95.6 13,462 LC053777 1603 0 69 3 756 1 207 702 786 52 1304 1 1246

E4 58,159 95.4 13,466 LC053786 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

F2 112,223 95.3 13,213 LC053789 1603 0 69 3 756 1 207 702 786 52 1293 1 1246

J1 41,421 95.6 13,437 LC053791 1603 0 69 3 756 1 207 702 786 52 1285 1 1246

J2 47,399 95.7 13,466 LC053790 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

J6 169,919 96.1 13,466 LC053788 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

J7 55,496 96.2 13,408 LC053775 1603 0 69 3 756 1 207 702 786 52 1250 1 1246

K5 53,848 83.7 12,925 LC053797 1600 3 69 3 756 1 207 702 786 65 1106 1 1054

K6 84,544 84.3 13,057 LC053798 1600 3 69 3 756 1 207 702 786 52 1025 1 1208

K7 54,044 96.2 13,466 LC053782 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

K9 107,736 95.0 13,465 LC053787 1603 0 69 3 756 1 207 702 786 52 1308 1 1245

L2 163,839 95.6 13,465 LC053783 1603 0 69 3 756 1 207 702 786 52 1308 1 1245

L4 112,674 84.7 13,429 LC053796 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

M2 60,963 83.0 13,334 LC053794 1603 0 69 3 756 1 207 702 786 52 1308 1 1246

M5 81,325 82.5 13,466 LC053795 1603 0 69 3 756 1 207 702 786 52 1308 1 1246
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Table 2.2(continued). Overview of sequence reads .

Strain name

chromosome 2

Accession no.
Length (bp)

s-rRNA ND6 ND6 - ND3 ND3
ND3 -
ND4L ND4L

ND4L -
ND1 ND1 ND1 -ND4 ND4

ND4 -
CYTB CYTB

CYTB -
COX1 COX1

105 LC053809 759 558 -10 348 0 300 0 990 0 1454 0 1149 0 1183

A1 LC053810 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

A9 LC053817 759 558 -10 348 0 300 0 920 0 1455 0 1149 0 1183

B4 LC053801 759 558 -10 348 -1 300 -1 990 -10 1455 -1 1149 -8 1183

B6 LC053818 759 558 -10 348 0 300 0 990 0 1349 0 1149 0 1183

B10 LC053799 759 558 -10 348 0 300 0 988 0 1455 0 1149 0 1183

B11 LC053806 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

B12 LC053803 759 558 -10 348 0 300 0 935 0 1350 0 1149 0 1183

D1 LC053802 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

D7 LC053811 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

E4 LC053814 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

F2 LC053816 759 558 -10 348 0 300 0 909 0 1298 0 1149 0 1183

J1 LC053815 759 558 -10 348 0 300 0 990 0 1449 0 1149 0 1183

J2 LC053800 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

J6 LC053805 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

J7 LC053804 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

K5 LC053822 759 558 -10 348 0 300 0 990 0 1295 0 1149 0 1183

K6 LC053823 759 558 -10 348 0 300 0 990 0 1367 0 1149 0 1183

K7 LC053812 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

K9 LC053808 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

L2 LC053807 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183

L4 LC053821 759 558 -10 348 0 300 0 990 0 1418 0 1149 0 1183

M2 LC053819 759 558 -10 348 0 300 0 990 0 1323 0 1149 0 1183

M5 LC053820 759 558 -10 348 0 300 0 990 0 1455 0 1149 0 1183
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Figure 2.7. Maximum likelihood tree inferred from nucleotide 
sequences of the mitochondrial genomes of the H. vulgaris strains. 
The Bayesian tree also shows topology identical to that of the maximum 
likelihood tree. The numbers along branches indicate the bootstrap value 
(left) and the Bayesian posterior probability (right). The orthologous 
sequences (NC_010214) from H. oligactis were used as the outgroup 
sequences. The strains that established endosymbiosis with the algae in 
the introduction experiment are indicated by asterisks.

L4

M2
M5

K5
K6

K7*

J2

J1

F2

A9
B12

E4

B10*
D1*

J10*
B11*
B4*
J6*

B6*
L2*

J7*
K9*

A1*
105*
D7*82/1.0

100/1.0

100/1.0

100/1.0

98/1.0

100/1.0

100/1.0

94/1.0

99/1.0

100/1.0

100/1.0

0.05

α
β

γ

γ -‐ 1

γ -‐ 2

γ -‐ 3

γ -‐ 4

48



Table 2.3. Divergence times among the clusters of H. vulgaris strains estimated using the 

RelTime method.

Groups Time of divergence (Mya) 

α and β 10.3-11.3 

β and γ 8.2-8.9 

γ-1 and γ-2 1.3-1.6 

γ-2 and γ-3 0.9-1.5 

γ-3 and γ-4 0.7-0.9 

K7 and other γ-4 strains 0.1-0.36 
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Figure 2.8. A plausible scenario for the origin and evolutionary 
process of endosymbiosis in Hydras. Gray and open circles 
represent the strains with and without endosymbiotic potential, 
respectively. Solid circles indicate the strains that currently harbor 
the algae. The length of the line is not correlated with the actual 
divergence time. Numbers of several nodes indicate the divergence 
times estimated by the RelTime method (Tamura et al., 2012). The 
bold line shows the divergence of the strains with endosymbiotic 
potential. The yellow stars show the origins of the endosymbiotic 
potential in Hydras, whereas the red cross indicates the loss of the 
potential. 50



 51 

 

3   Chapter 3 

Endosymbiotic 
interaction between  

hydra and algae 
  



 52 

3.1  Introduction 

As endosymbiosis affects the survival and life cycle of cnidarians, elucidating the 

interactions between cnidarian hosts and symbionts is one of the most popular topics in 

endosymbiosis studies. However, the establishment of these stable endosymbiotic relationships 

remain unclear. Because most of the endosymbioses currently known were established at ancient 

time (Hofmann and Kremer, 1981; Holland et al., 2004; Muscatine and Porter, 1977; Stanley and 

Swart, 1995), these endosymbioses are not suitable for elucidating the endosymbiotic interaction 

in the stage of an evolution toward stable endosymbiotic interaction. 

Hydra is one of the most suitable taxa for studying the evolutionary process of 

endosymbiosis. Among the four groups of genus Hydra, H. vulgaris and H. viridissima groups 

show endosymbiosis with green algae. In chapter 2, I suggest that the evolution of the 

endosymbiosis in H. vulgaris group is much more recent than that in H. viridissima group. In 

addition, I also showed that many H. vulgaris group strains survive without harboring the algae 

although they have the potential to harbor the algae. These imply that the endosymbiosis in H. 

vulgaris group is still in the middle of the stable endosymbiosis, and therefore it can be 

hypothesized that the interaction with algae is different between the two hydra groups. However, 

little is known whether interaction with the symbiont is different between the two hydra groups 

or not. The previous studies showed that the interaction between H. viridissima group and the 

algae was mutualistic (Muscatine and Lenhoff, 1963), but almost nothing is known about the 

interaction between H. vulgaris group and the algae. Moreover, little is known about the 

molecular mechanisms maintaining the two Hydra groups - green algae relationships. Habetha 

and Bosch (2005) conducted gene expression analysis of symbiotic H. viridissima by suppressive 

subtractive hybridization. However, they were able to find only a few genes that were 

differentially expressed by endosymbiosis, probably because of technical limitation (Meyer and 

Weis, 2012). This problem can be overcome by the recent next-generation sequencing (NGS) 
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techniques. Whole transcriptome shotgun sequencing (RNA-seq) allows to estimate the 

expression level of almost all genes with an unbiased way (Wang et al., 2009), and this 

technology offers to discern aspects of host–symbiont interactions while identifying the genes 

and pathways regulating those relationships (Meyer and Weis, 2012). Therefore, I would be able 

to find more genes that were differentially expressed by endosymbiosis by RNA-seq method. 

Thus, the aim of this chapter is to evaluate the endosymbiotic interactions of the two Hydra 

groups with the algae. As the typical cases for investigating the endosymbiotic interaction, I first 

compared the growth and tolerance for starvation between aposymbiotic and symbiotic polyps. 

Next, in order to know the differences of interaction at the molecular level, I compared gene 

expression levels between aposymbiotic and symbiotic polyps by RNA-seq method. I then 

discuss possible mechanisms underlying the stable endosymbiosis. 
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3.2  Materials and methods 
 

3.2.1   Hydra strains and estimation of growth and tolerance 

to starvation in symbiotic and aposymbiotic polyps 

Endosymbiotic strains of H. viridissima group (strain M9) and H. vulgaris group (strain 

J7), stored in the NIG, were used in this study. Polyps were kept in a plastic container filled with 

Hydra-culture solution (Kawaida et al., 2013) at 18°C, and growth was estimated by feeding with 

newly hatched Artemia sp. nauplii three times a week, under a 12 h dark/light cycle (illumination 

= 2,500 lx). Tolerance to starvation was estimated in non-fed polyps kept in plastic containers; 

when non-budding polyps were unable to keep their shape, as observed under the 

stereomicroscope, they were determined to be dead. All polyps were kept under a 12 h dark/light 

condition (illumination = 2,500 lx) at 18 ˚C, and the solution within each container was changed 

three times per week in both conditions. 

 

3.2.2   RNA isolation and sequencing  

Total RNA was extracted from complete Hydra individuals after they were starved for 

seven days, using a PureLink® RNA Mini Kit (Thermo Fisher Scientific Inc., Madison, USA) 

and following the manufacturer’s instructions. Individuals bearing endosymbiotic alga were 

disrupted using the µT-12 beads crusher (TAITEC Co., Saitama, Japan). The RNA-integrity 

number (RIN) of each sample was determined using an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, USA), and only samples with RIN ≥ 9 were used. Total RNA was 

processed using the TruSeq RNA Library Prep Kit (Illumina® Inc., San Diego, USA), following 

the manufacturer’s instructions, and including a poly-A+ selection step. The indexed libraries 
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produced were then pooled, based on their indices and clustering, and sequenced in an Illumina® 

HiSeq 2000. 

 

3.2.3   De novo assembly, functional annotation, and 

reciprocal best hit (RBH) analysis  

The de novo assembly of the resulting 101 bp paired-end reads was performed using 

Trinity (Haas et al., 2013) as implemented in the DNA Data Bank of Japan (DDBJ) Read 

Annotation Pipeline (Kaminuma et al., 2010; Nagasaki et al., 2013). After removing the de novo 

assembled contigs shorter than 200 bp, contigs were compared to those deposited in the 

UniProtKB/Swiss-Prot 

(ftp://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/complete/uniprot_spr

ot.fasta.gz) and in the nonredundant National Centre for Biotechnology (NCBInr, 

ftp://ftp.ncbi.nlm.nih.gov/blast/db/nr.**.tar.gz) databases, using the basic local alignment search 

tool (BLAST) with an E-value cutoff equal of 10-5. Gene ontology (GO) terms were then 

assigned to each contig using the authors’ scripts and a UniProt-GOA file 

(ftp://ftp.ebi.ac.uk/pub/databases/GO/goa/UNIPROT/gene_association.goa_uniprot.gz).  

To identify orthologous genes of H. vulgaris group, H. viridissima group, Paramecium 

bursaria, and Ciona varians, RBH analysis (Moreno-Hagelsieb and Latimer, 2008) was 

conducted using the representative contigs remaining after discarding the low expressed contigs 

of these organisms. The contigs of P. bursaria (accession: DRA000907) and C. varians 

(accession: PRJNA214560) were generated by the method used in this study from the raw reads 

deposited in the DDBJ database. 
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3.2.4   Differential gene expression analysis  

Raw reads were mapped to the de novo assembled transcripts of each species using 

Bowtie2 (Langmead and Salzberg, 2012). Transcript abundance was estimated using eXpress 

(Roberts and Pachter, 2013) and eff_count values were used to determine differential expression 

(DE). Two biological replicates (1 and 2) were used for each Hydra species condition (symbiotic 

and aposymbiotic); normalization and differential gene expression analysis between conditions 

were performed using the iDEGES/edgeR method comprised in TCC R package ver. 1.0.0 (Sun 

et al., 2013) and a false discovery rate (FDR) ≤	 0.1. Cluster analysis of the organisms was done 

referenced by Waring et al. (2001). The clustering was performed using R-package pvclust. 

Fold-changes in gene expression (determined as log2 (symbiotic) -log2 (aposymbiotic)) were used 

as the clustering data. The nearest neighbor method was used in the clustering, and the clustering 

was hierarchical using correlation as the distance. 

 

3.2.5   Gene Ontology (GO) enrichment analysis  

GO enrichment analysis was performed for the de novo assembled transcripts of H. 

vulgaris and H. viridissima using the Database for Annotation, Visualization, and Integrated 

Discovery (DAVID) version 6.7 (Dennis et al., 2003). This program performs Fisher’s exact 

tests to determine the GO terms that are significantly enriched among the differentially expressed 

transcripts compared with the entire transcriptome. Queries were based on the UniProt ID of de 

novo annotated assembled references. 
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3.2.6   Phylogenetic analysis of ascorbate peroxidase gene in 

hydra 

In my gene expression analysis, ascorbate peroxidase was up-regulated in both symbiotic 

hydra species, and the previous study suggested that this gene is transferred from plants or algae 

to hydra (Habetha and Bosch, 2005). In order to validate whether other non-symbiotic hydra 

species also have this gene, I extracted the genomic DNA of the H. vulgaris group strains J7 and 

M2, H. oligactis group strain Q12, and H. viridissima group strain M9, which has been 

maintained in NIG, using a genomic DNA extraction kit (DNeasy Plant Mini Kit, Qiagen). Using 

the extracted DNA as a template, a genomic region of a partial ascorbate gene was amplified. 

The primer sequences were 5’-TATTCATTTCGATCATGCGGTT-3’ and 5’-

AGAGACTTACCGATGATTGCTGG -3’. The PCR products were sequenced with an ABI 

3130 Avant Genetic Analyzer (Applied Biosystems). A BigDye Terminator v3. 1 Cycle 

Sequencing Kit (Applied Biosystems) was used in the sequencing reactions. The sequences and 

other peroxidase genes were aligned using the ClustalW algorithm on the Alignment Explorer in 

MEGA 6 (Tamura et al., 2013). I used the maximum likelihood (ML) method to infer the 

phylogenetic relationships. The support for internal branches was evaluated using bootstrap 

percentages based on 1,000 nonparametric replicates. 

 

3.2.7   Data Access.  

Whole Genome Shotgun projects have been deposited in the DNA Data Bank of Japan 

(DDBJ)/European Molecular Biology Laboratory (EMBL)/GenBank databases (BioProject 

Accession; PRJDB4331).  
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3.3  Results and discussion 

 

3.3.1   Change in growth and tolerance to starvation of the 

hydras 

The comparison of growth rates and tolerance to starvation in symbiotic and aposymbiotic 

polyps of H. viridissima and H. vulgaris groups, revealed that the growth rate of symbiotic H. 

viridissima group was significantly higher than that of the aposymbiotic state (Figure 3.1). The 

number of polyps doubled at approximately four days of incubation in the symbiotic state and at 

approximately 28 days of incubation in the aposymbiotic state, the number of polyps was 8.3 ± 

4.3 in the symbiotic state and 2.2 ± 0.8 in the aposymbiotic state after 27 days of incubation. On 

the other hand, the growth rates between symbiotic and aposymbiotic H. vulgaris group were 

almost identical (Figure 3.1), with the number of individuals (polyps) in both conditions 

doubling after approximately 10 days. For the symbiotic state, the number of polyps was 3.8 ± 

0.8 after 32 days of incubation, and for the aposymbiotic state, it was 3.5 ± 0.8 after 29 days of 

incubation. 

Considering the tolerance to starvation, symbiotic H. viridissima survived for a significantly 

longer period than aposymbiotic polyps (nearly seven weeks vs. nearly 33 days, Fig. 2, p < 10-6 

by Student’s t-test). In H. vulgaris group, on the other hand, aposymbiotic H. vulgaris group 

survived for nearly 25 days, whereas symbiotic H. vulgaris group survived for a significantly 

shorter time (nearly two weeks, Fig. 2, p < 10-12 by Student’s t-test). Thus, these results support 

the idea that the endosymbiosis in H. vulgaris group is not as stable as in H. viridissima group.  
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3.3.2   Sequencing, de novo assembly, and functional 

annotation of Hydra spp transcriptomes. 

The previous result showed that the symbiotic H. viridissima group was more tolerant 

to starvation than aposymbiotic polyp, whereas symbiotic H. vulgaris group was less tolerant to 

starvation. In order to understand the differences of interaction at molecular level, I isolated the 

RNA of Hydra species after 7 days’ starvation, and gene expression levels between symbiotic 

and aposymbiotic states were compared. The total RNA isolated from symbiotic and 

aposymbiotic polyps and analyzed by RNA-seq yielded a total of ~60.7 million pairs of reads 

containing ~12.6 Gb of H. viridissima group sequences, and a total of ~110 million pairs of reads 

containing ~20 Gb of H. vulgaris group sequences. All reads were assembled using Trinity and 

yielded over 100,000 contigs for each species (Table 3.1). In order to choose a representative 

contig for each isoform, the longest transcripts of H. viridissima group (72,018 contigs) and H. 

vulgaris group (122,330 contigs) were selected for. 

Figure 3.3 shows the distribution of representative contigs within each species; red dots 

indicate representative contigs annotated as Cnidaria and green dots representative contigs 

annotated as Chlorophyta. As can be depicted from Figures 3.3A and C, the de novo assembled 

H. vulgaris and H. viridissima representative contigs also contain endosymbiotic algae contigs. 

To exclude endosymbiotic algae contigs, only the representative contigs with fragments per 

kilobase of representative contigs per million mapped fragments of greater than 1 (FPKM ≥ 1) 

were selected resulting in 15,144 and 18,469 H. viridissima and H. vulgaris contigs, respectively 

(Table 3.1). As shown in Figures 3B and D, the representative contigs belonging to the 

endosymbiotic algae were able to be almost completely eliminated. After discarding low 

expressed contigs, the map ratio decreased only 1% in the aposymbiotic state, suggesting that 

most of the hydra contigs were conserved in the process (Table 3.2). Thus, the representative 

contigs remaining after discarding the low expressed contigs were used as the contig set of 
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“Hydra genes”. In addition, the proportion of representative contigs in the symbiotic state 

decreased about 5%, suggesting that the reads belonging to the endosymbiotic algae were 

discarded. 

The contigs were searched for homology against the NCBI-NR database (non-redundant 

protein sequences) (Benson, 2004) and the UniProtKB/Swiss-Prot protein database (Magrane 

and Consortium, 2011) using blastx (Camacho et al., 2009) (E-value cutoff = 10-5) and 

functionally annotated according to protein sequence similarity. A total of 8,970 (59%) H. 

viridissima reference genes were matched to the annotated sequences in the UniProtKB/Swiss-

Prot database and 11,380 (75%) were matched to those in the NCBI-NR database. In the H. 

vulgaris, 9,757 (53%) and 13,467 (73%) reference genes were matched to the annotated protein 

sequences in the UniProtKB/Swiss-Prot and NCBI-NR databases, respectively (Table 3.1). 

 

3.3.3   Comparison of differential gene expression patterns 

between the two Hydra species 

In H. viridissima group, 1,890 contigs were up-regulated and 2,261 were down-regulated in 

the symbiotic state, while H.vulgaris group symbiotic state had 1,092 up-regulated and 1,775 

down-regulated genes. Based on these differentially expressed genes within each species, and 

using DAVID to analyze Gene Ontology (GO) enrichment, a total of 97 GO terms in H. 

viridissima group (42 up-regulated and 55 down-regulated) and 28 in H. vulgaris group (11 up-

regulated and 17 down-regulated) were detected as enriched, according to their false discovery 

rates (FDR ≤ 0.05, Tables 3.3 and 3.4). No enriched GO terms corresponded to up- or down-

regulated genes in both species. 
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The reciprocal best hits (RBH) analysis (Moreno-Hegelsieb and Latimer, 2008) conducted 

between the Hydra genes of the two groups yielded 9,934 contigs (Table 3.5). Fisher’s exact test 

revealed that the up-regulated genes in H. viridissima tend to be down-regulated in H. vulgaris 

group rather than up-regulated (p = 8.3e-0.6), and the down-regulated genes in H. vulgaris tend 

to be up-regulated in H. viridissima group rather than up-regulated (p = 2.2e-16). These results 

suggested H. viridissima and H. vulgaris groups have a distinct molecular interaction with 

endosymbiotic algae. 

 

3.3.4   Comparison of differential gene expression patterns 

with other endosymbiotic organisms. 

In order to validate whether the differential gene expression patterns between the two Hydra 

spp. reflect a stability of the endosymbiotic relationship, the differential gene expression patterns 

obtained in this study were also compared with those of Paramecium bursaria and Cliona 

varians. Both species show mutualistic relationships with their symbionts (Hill, 1996; Kamako 

and Imamura, 2006), and gne expression levels between symbiotic and aposymbiotic states 

obtained from RNA-seq using an Illumina® HiSeq 2000 platform were compared in previous 

studies (Kodama et al., 2014; Riesgo et al., 2014). Reads assembly and RBH analysis for each of 

the four organisms resulted in 1,111 orthologous genes. Using the fold change of these 

orthologous genes, hierarchical cluster analysis of the organisms was done (Figure 3.4): P. 

bursaria, H. viridissima, and C. varians were grouped into a single cluster. Thus, the differential 

gene expression patterns observed in symbiotic H. viridissima group were similar to those of 

other endosymbiotic hosts, but different from those observed in H. vulgaris group. This result 

suggests that a similar stable association with their endosymbionts seems to exist in these three 

organisms, but not in H. vulgaris group. 
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3.3.5   Possible mechanisms of endosymbiosis 
 

3.3.5.1   Response to oxidative stress 

During photosynthesis, endosymbionts generate reactive oxygen species (ROS) that 

cause major cellular damages including membrane oxidation, protein denaturing, and nucleic 

acids damaging (Lesser, 2006). Therefore, ROS response is one of hosts’ major challenges. The 

RBH genes annotated as ascorbate peroxidase in the present study were up-regulated in the 

symbiotic state of both species but this gene was more extensively up-regulated in H. viridissima 

group than in H. vulgaris group (Figure 3.5). Four enzymes (superoxide dismutase, ascorbate 

peroxidase, catalase, and glutathione peroxidase) are responsible for ROS scavenging (Apel and 

Hirt, 2004). Although ascorbate peroxidase only exists in plants (Apel and Hirt, 2004), Habetha 

and Bosch, (2005) showed that H. viridissima has a plant-related ascorbate peroxidase, which 

was possibly laterally transferred. The presence of an ascorbate peroxidase gene in symbiotic 

and aposymbiotic H. vulgaris revealed in this study (Figure 3.6), suggested that this gene was 

present in the common ancestor of Hydra species. As this gene was more extensively up-

regulated in H. viridissima group than in H. vulgaris group, H. viridissima group would 

scavenge ROS more than H. vulgaris group. 

In H. viridissima down-regulated genes, mitochondrion-related GO terms were 

enriched (Table 3.4). Furthermore, almost all genes involved in the respiratory chain were down-

regulated in symbiotic H. viridissima group (Table 3.6). Mitochondria generate ROS during the 

respiratory process (Lee et al., 2011; Marchi et al., 2012) and the ROS generated by symbiont 

and mitochondria have been shown to play a central role in host damages causing coral 

bleaching (Weis, 2008). In addition, it has been demonstrated that hyperthermic stress induces 



 63 

the degradation of cnidarian hosts mitochondria (Dunn et al., 2012), which might limit 

cnidarians’ capacity to mitigate ROS generation. Therefore, H. viridissima group might respond 

to ROS by inactivating the respiratory chain process. 

“Calcium ion binding” GO terms were enriched in down-regulated H. vulgaris genes 

and upregulated H. viridissima genes (Tables 3.3 and 3.4). Oxidative stress can disrupt Ca2+ 

homeostasis, resulting elevation in intracellular Ca2+ (Desalvo et al., 2008; Orrenius et al., 2003). 

One of the characteristic genes in this study is polycystin (Table 3.7). Polycystin is known to be 

an intracellular calcium release channel (Koulen et al., 2002), and a previous study showed that 

this gene was inhibited by ROS (Montalbetti et al., 2008). In H. vulgaris group, the genes related 

to polycystin tended to be down-regulated in symbiotic state. Therefore, intracellular Ca2
+ 

concentration would increase because of oxidative stress in H. vulgaris group. On the other hand, 

H. viridissima group would manage to keep intracellular Ca2
+ homeostasis by up-regulation of 

the polycystin. 

Disruption of Ca2
+ homeostasis affects cell adhesion (Hirano et al., 1987). In fact, my study 

showed that “Cell adhesion” GO term was also enriched in down-regulated H. vulgaris genes, 

and upregulated H. viridissima genes (Tables 3.3 and 3.4). One of the abundant genes was 

cadherin (Table 3.8). Cadherin is responsible for adhesion of the cell, and it was protected from 

proteinase in presence of Ca+ ion, and the previous genome study suggests that Hydra has classic 

cadherins exhibiting a highly conserved, bilaterian-type cytoplasmic (CCD) domain (Chapman et 

al., 2010). Steinhusen et al (2001) showed that cytoplasmic cadherin cleavage by caspase 3 and 

metalloproteinase in apoptotic cell (Steinhusen et al., 2001), and some of the caspase 3 and 

metalloproteinase genes were up-regulated (Table 3.9) in H. vulgaris group, therefore, the 

endosymbiosis would cause cell death in H. vulgaris group. Although some of the caspase 3 and 

metalloproteinase were also up-regulated in H. viridissima group (Table 3.9), H. viridissima 

group would prevent cell death by up-regulation of cadherin genes. 
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3.3.5.2   Metabolic interaction 

Carbonic anhydrase and carbonate co-transporter were up-regulated in symbiotic H. 

viridissima group but not in H. vulgaris group (Table 3.10). Several -omics studies have reported 

carbonic anhydrase up-regulation (Grasso et al., 2008; Weis et al., 1989, 1996). Symbionts 

generally uptake inorganic carbon for photosynthesis, and carbonic anhydrase and carbonate 

cotransporter have been suggested to be involved in inorganic carbon uptake from water and 

supply to the symbiont (Furla et al., 2000). Therefore, the results obtained here suggest that H. 

viridissima group might uptake CO2 from water and provide it to the symbiont using a 

chloroplast-like system, but H. vulgaris group is unable to do so. 

The GO term “ATP binding” was enriched in up-regulated H. viridissima group genes 

suggesting that symbiotic H. viridissima group use more ATP than aposymbiotic H. viridissima 

group. As mentioned above, however, the genes related to the respiratory chain were 

downregulated in symbiotic H. viridissima group. Therefore, ATP synthesis seems to be less 

active in symbiotic than in aposymbiotic H. viridissima group albeit the higher ATP usage in 

symbiotic than in aposymbiotic polyps. This difference might be due to H. viridissima group 

directly utilizing the ATP or sugar-phosphate produced by the endosymbiont. 

In H. vulgaris group, GO terms related to endopeptidase were enriched in up-regulated 

genes (Table 3.3). One of the characteristic genes was cathepsin (Table 3.11). Cathepsins are 

lysosomal acidic proteases ubiquitously found in animals and other organisms (Chwieralski et 

al., 2006), and most of the cathepsin genes were up-regulated in H. vulgaris genes, but not in H. 

viriddisima (Table 3.11). Futahashi et al., (2013) conducted transcriptome analysis of Stink bug 

(Riptortus pedestris), and showed that many cathepsin related genes were upregulated by 

symbiosis with extracellular symbionts of the genus Burkholderia. In addition, Byeon et al., 
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(2015) showed that cathepsin-L protease has antibacterial activity against host gut symbiont, 

suggesting that cathepsin-L protease regulates the gut symbiont. In my study, as cathepsin 

related genes were up-reguted in H. vulgaris group, H. vulgaris group might have anti-algal 

activity by up-regulating cathepsin. 

These evidences suggest that H. viridissima group has already established the mechanisms 

for stable endosymbiotic relationship with algae; H. viridissima group responds to the oxidative 

stress from the endosymbiotic algae, and provide the symbiont with CO2 from outside. On the 

other hand, H. vulgaris group seems to have damaged by the oxidative stress, resulting the 

Hydra’s cell death (Figure 3.9). 
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3.4  Conclusion 

My study showed that endosymbiotic interaction with algae was significantly different 

between H. viridissima and H. vulgaris groups. This difference was evidenced at the 

physiological and molecular levels: whereas endosymbiosis seems to be advantageous for the 

survival of H. viridissima group, and its mechanisms are well established, in H. vulgaris group 

endosymbiosis seems to be disadvantageous and polyps might in fact be death of the hydra’s cell 

through apoptosis. These results support that the endosymbiosis between H. vulgaris group and 

the algae is still in the middle of the stable endosymbiosis establishment, and it therefore lacks 

the mechanisms for stable endosymbiosis. Recent studies revealed that mutualism and parasitism 

have similar evolutionary patterns (Steinhusen et al., 2001) and that bacterial mutualism evolved 

from parasitic lineages (Sachs et al., 2011). As the evolution of the endosymbiosis in H. vulgaris 

group was more recent than in H. viridissima group, the endosymbiotic interaction between H. 

vulgaris group and its algae may still be immature given its recent evolution. Thus, 

understanding the immature endosymbiotic relationship between H. vulgaris group and the algae 

will provide a significant insight into the evolutionary process of endosymbiotic relationships 

establishment. 
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Figure 3.1. Population growth rate of H. viridissima and H. vulgaris. 
The hydras were fed three times a week. Open circles correspond to the 
symbiotic state, and closed circles to the aposymbiotic state. The bars 
represent standard deviation.
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Figure 3.2. H. viridissima and H. vulgaris survival under starvation.
The white column represents the symbiotic state and the black column 
the aposymbiotic state; the bar indicates the standard deviation.
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Table 3.1. Distributions and annotation summary of the de novo assembled contigs

Organism Contig set type No. of contigs N50 Average GC 
content (%)

Contigs aligned to 

UniprotKB NCBI-NR 
(E-value ≤ 1e-5)

Hydra 
viridissima 

Whole 104,912 1,621 41 38,109 (36.3%) 58,368 (55.6%) 

Representative 72,018 1,120 43 22,933 (31.8%) 34,083 (47.3%) 

Hydra 15,114 2,166 34 8,970 (59.3%) 11,380 (75.3%) 

Hydra vulgaris 

Whole 175,342 1,718 40 42,937 (24.5%) 78,938 (45.0%) 

Representative 122,330 1,102 40 23,657 (19.3%) 42,625 (34.8%) 

Hydra 18,469 2,210 31 9,757 (52.8%) 13,467 (72.9%) 
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Figure 3.3. Contigs distribution in (A) representative contigs of H. 
viridissima, (B) H. viridissima reference genes, (C) representative 
contigs of H. vulgaris, (D) H. vulgaris reference genes. Cnidaria are 
represented in red, Chlorophyta in green, Prokaryote in blue, and other 
organisms in black.
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Table 3.2. Reads proportion obtained in symbiotic and aposymbiotic Hydra species.

Contig set 
type

H. viridissima H. vulgaris

symbiotic aposymbiotic symbiotic aposymbiotic

1 2 1 2 1 2 1 2

Whole 92.15 92.47 92.93 93.44 94.76 94.66 94.68 95.18

Unigenes 86.97 87.45 88.46 89.07 88.95 88.7 88.69 89.29

Hydra 83.96 82.71 87.7 88.27 82.58 81.62 87.69 88.59
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Table 3.3. Enrichment of GO terms in H. viridissima genes (FDR ≤ 0.05).
GO term GO id P-value FDR

Upregulation
MF GTPase regulator activity GO:0030695 3.10E-14 4.78E-11
MF nucleoside-triphosphatase regulator activity GO:0060589 9.08E-14 1.40E-10
CC plasma membrane GO:0005886 2.69E-13 3.84E-10
BP regulation of small GTPase mediated signal transduction GO:0051056 1.11E-12 1.99E-09
MF small GTPase regulator activity GO:0005083 1.21E-12 1.86E-09
BP protein amino acid phosphorylation GO:0006468 8.94E-12 1.60E-08
MF motor activity GO:0003774 2.02E-11 3.11E-08
MF microtubule motor activity GO:0003777 6.47E-11 9.98E-08
MF ATP binding GO:0005524 7.27E-11 1.12E-07
MF adenyl ribonucleotide binding GO:0032559 1.37E-10 2.11E-07
MF protein kinase activity GO:0004672 2.58E-10 3.98E-07
BP regulation of Ras protein signal transduction GO:0046578 2.77E-10 4.95E-07
CC cytoskeleton GO:0005856 4.14E-10 5.93E-07
CC cytoskeletal part GO:0044430 1.25E-09 1.79E-06
MF adenyl nucleotide binding GO:0030554 3.53E-09 5.44E-06
MF purine nucleoside binding GO:0001883 4.41E-09 6.81E-06
BP phosphate metabolic process GO:0006796 4.73E-09 8.44E-06
MF nucleoside binding GO:0001882 4.86E-09 7.49E-06
BP phosphorus metabolic process GO:0006793 5.47E-09 9.77E-06
CC plasma membrane part GO:0044459 1.38E-08 1.97E-05
BP biological adhesion GO:0022610 1.96E-08 3.50E-05
BP cell adhesion GO:0007155 1.96E-08 3.50E-05
BP Phosphorylation GO:0016310 1.97E-08 3.51E-05
BP microtubule-based movement GO:0007018 2.07E-08 3.70E-05
MF guanyl-nucleotide exchange factor activity GO:0005085 3.90E-08 6.02E-05
MF GTPase activator activity GO:0005096 9.13E-08 1.41E-04
MF purine ribonucleotide binding GO:0032555 5.52E-07 8.51E-04
MF ribonucleotide binding GO:0032553 5.52E-07 8.51E-04
MF Rho guanyl-nucleotide exchange factor activity GO:0005089 5.59E-07 8.62E-04
MF protein serine/threonine kinase activity GO:0004674 6.59E-07 1.02E-03
BP regulation of Rho protein signal transduction GO:0035023 1.34E-06 2.40E-03
MF enzyme activator activity GO:0008047 1.88E-06 2.90E-03
MF Ras guanyl-nucleotide exchange factor activity GO:0005088 2.02E-06 3.12E-03
CC cell junction GO:0030054 2.50E-06 3.58E-03
MF purine nucleotide binding GO:0017076 4.05E-06 6.25E-03
MF calcium ion binding GO:0005509 1.00E-05 1.54E-02
CC microtubule cytoskeleton GO:0015630 1.05E-05 1.50E-02
BP homophilic cell adhesion GO:0007156 1.58E-05 2.83E-02
MF RNA-directed DNA polymerase activity GO:0003964 2.00E-05 3.08E-02
CC synapse GO:0045202 2.40E-05 3.44E-02
BP Transposition GO:0032196 2.53E-05 4.51E-02
CC microtubule GO:0005874 2.57E-05 3.68E-02
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Table 3.3 (continued). Enrichment of GO terms in H. viridissima genes (FDR ≤ 0.05).
GO term GO id P-value FDR

Downregulation
MF structural constituent of ribosome GO:0003735 3.18E-82 4.80E-79
CC ribosome GO:0005840 9.07E-75 1.27E-71
BP translation GO:0006412 6.20E-64 1.06E-60
MF structural molecule activity GO:0005198 8.46E-57 1.27E-53
CC ribonucleoprotein complex GO:0030529 1.24E-50 1.73E-47
CC ribosomal subunit GO:0033279 1.42E-41 1.98E-38
CC large ribosomal subunit GO:0015934 1.59E-23 2.22E-20
CC mitochondrion GO:0005739 2.41E-22 3.37E-19
CC cytosolic ribosome GO:0022626 6.00E-19 8.37E-16
BP translational elongation GO:0006414 1.93E-18 3.31E-15
CC small ribosomal subunit GO:0015935 2.99E-18 4.17E-15
BP generation of precursor metabolites and energy GO:0006091 4.11E-18 7.03E-15
CC mitochondrial inner membrane GO:0005743 2.83E-16 4.66E-13
CC organelle inner membrane GO:0019866 3.58E-16 4.66E-13
BP electron transport chain GO:0022900 7.43E-16 1.33E-12
CC mitochondrial part GO:0044429 7.67E-16 1.09E-12
CC respiratory chain GO:0070469 4.11E-15 5.73E-12
CC cytosolic part GO:0044445 2.05E-13 2.85E-10
CC mitochondrial envelope GO:0005740 4.56E-13 6.37E-10
CC mitochondrial membrane GO:0031966 5.87E-13 8.20E-10
BP oxidative phosphorylation GO:0006119 2.60E-12 4.44E-09
MF monovalent inorganic cation transmembrane transporter activity GO:0015077 2.69E-12 4.06E-09
MF hydrogen ion transmembrane transporter activity GO:0015078 1.08E-11 1.63E-08
CC cytosolic large ribosomal subunit GO:0022625 1.49E-10 2.09E-07
CC cytosolic small ribosomal subunit GO:0022627 4.92E-10 6.86E-07
CC envelope GO:0031975 1.06E-09 1.49E-06
CC mitochondrial ribosome GO:0005761 1.45E-09 2.02E-06
CC organellar ribosome GO:0000313 1.45E-09 2.02E-06
MF rRNA binding GO:0019843 1.70E-09 2.56E-06
CC organelle envelope GO:0031967 2.09E-09 2.92E-06
MF inorganic cation transmembrane transporter activity GO:0022890 8.44E-09 1.27E-05
BP oxidation reduction GO:0055114 8.78E-09 1.50E-05
CC mitochondrial large ribosomal subunit GO:0005762 4.54E-08 6.33E-05
CC organellar large ribosomal subunit GO:0000315 4.54E-08 6.33E-05
CC non-membrane-bounded organelle GO:0043228 1.15E-07 1.61E-04
CC intracellular non-membrane-bounded organelle GO:0043232 1.15E-07 1.61E-04
CC mitochondrial membrane part GO:0044455 2.33E-07 3.25E-04
BP energy coupled proton transport, down electrochemical gradient GO:0015985 3.15E-07 5.38E-04
BP ATP synthesis coupled proton transport GO:0015986 3.15E-07 5.38E-04
CC proton-transporting ATP synthase complex GO:0045259 4.57E-07 6.38E-04
BP ion transmembrane transport GO:0034220 1.30E-06 2.22E-03
CC proton-transporting two-sector ATPase complex GO:0016469 1.54E-06 2.15E-03
CC lipid particle GO:0005811 2.14E-06 2.99E-03
BP nucleoside triphosphate biosynthetic process GO:0009142 2.32E-06 3.96E-03
BP spindle elongation GO:0051231 5.18E-06 8.86E-03
BP mitotic spindle elongation GO:0000022 5.18E-06 8.86E-03
BP purine ribonucleoside triphosphate biosynthetic process GO:0009206 6.88E-06 1.18E-02
BP purine nucleoside triphosphate biosynthetic process GO:0009145 6.88E-06 1.18E-02
BP ribonucleoside triphosphate biosynthetic process GO:0009201 6.88E-06 1.18E-02
MF ubiquinol-cytochrome-c reductase activity GO:0008121 8.45E-06 1.27E-02

MF oxidoreductase activity, acting on diphenols and related 
substances as donors, cytochrome as acceptor GO:0016681 8.45E-06 1.27E-02

BP mitotic spindle organization GO:0007052 9.40E-06 1.61E-02
CC mitochondrial proton-transporting ATP synthase complex GO:0005753 9.97E-06 1.39E-02
BP proton transport GO:0015992 1.29E-05 2.20E-02
BP hydrogen transport GO:0006818 2.10E-05 3.60E-02
FDR, false discovery rate; MF, molecular function; CC, cellular component; BP, biological process
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Table 3.4. Enrichment of GO terms in H. vulgaris genes (FDR ≤ 0.05). 
GO term GO id P-value FDR

Up-regulation
MF peptidase activity, acting on L-amino acid peptides GO:0070011 1.20E-10 1.76E-07
MF peptidase activity GO:0008233 1.69E-10 2.49E-07
MF endopeptidase activity GO:0004175 1.43E-09 2.09E-06
CC lysosome GO:0005764 4.15E-08 5.66E-05
MF cysteine-type endopeptidase activity GO:0004197 4.52E-08 6.64E-05
CC vacuole GO:0005773 4.84E-08 6.60E-05
CC lytic vacuole GO:0000323 7.50E-08 1.02E-04
CC extracellular region GO:0005576 3.08E-07 4.19E-04
MF aspartic-type endopeptidase activity GO:0004190 9.09E-06 1.34E-02
MF aspartic-type peptidase activity GO:0070001 9.09E-06 1.34E-02
CC cytosol GO:0005829 3.18E-05 4.34E-02

Down-regulation
CC extracellular region GO:0005576 3.03E-18 4.32E-15
BP cell adhesion GO:0007155 2.90E-11 5.11E-08
BP biological adhesion GO:0022610 2.90E-11 5.11E-08
MF calcium ion binding GO:0005509 1.05E-09 1.59E-06
CC extracellular matrix GO:0031012 1.50E-09 2.13E-06
CC extracellular region part GO:0044421 3.28E-09 4.68E-06
CC proteinaceous extracellular matrix GO:0005578 4.62E-09 6.59E-06
MF carbohydrate binding GO:0030246 5.04E-09 7.63E-06
CC extracellular matrix part GO:0044420 1.64E-07 2.33E-04
CC actin cytoskeleton GO:0015629 6.72E-07 9.57E-04
MF sugar binding GO:0005529 8.25E-07 1.25E-03
MF extracellular matrix structural constituent GO:0005201 2.51E-06 3.79E-03
MF ion binding GO:0043167 5.24E-06 7.92E-03
BP neurological system process GO:0050877 9.89E-06 1.74E-02
MF cation binding GO:0043169 1.14E-05 1.72E-02
CC plasma membrane GO:0005886 2.16E-05 3.08E-02
MF metal ion binding GO:0046872 2.47E-05 3.73E-02
FDR, false discovery rate; MF, molecular function; CC, cellular component; BP, biological process
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Table 3.5. Number of orthologous genes found between Hydra viridissima and Hydra vulgaris and 
their regulation in symbiotic polyps relative to aposymbiotic polyps
        

Total number of 

orthologous genes!

H. viridissima!

 

H. vulgaris 

Regulation*,†!
Number of  

genes!

 

Regulation!
Number of !

genes 

9,934!

Up! 1,553!

 Up! 65 

 Non! 1,124 

 Down! 364 

Non! 6,993!

 Up! 390 

 Non! 5,935 

 Down! 668 

Down! 1,388!

 Up! 126 

 Non! 1,150 

 Down! 112 

*In all cases, differential gene expression was significant at a false discovery rate (FDR) ≤ 0.1.!

†“Up,” significantly upregulated in the symbiotic state; “Non,” not significantly up- or downregulated in  

the symbiotic state; “Down,” significantly downregulated in the symbiotic state 
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Figure 3.4. Dendrogram evidencing endosymbiotic hosts 
clustering. The analysis was conducted in the R package “pvclust” 
using the nearest neighbor as the agglomerative method and 
correlations as the distance measure. Numbers along branches 
indicate the AU (Approximately Unbiased) p-value (left) and the 
bootstrap probability. 

He
ig
ht

0.
75

0.
80

0.
85

0.
90

0.
95

H
.  v
ul
ga
ris

P.
  b
ur
sa
ria

H
.  v
iri
di
ss
im
a

C
.  v
ar
ia
ns

82/100
61/60

76



0 2 4 6 8 10

Peroxinectin	   A

Putative	   ascorbate	  peroxidase

0 2 4 6 8 10

Epididymal	   secretory	   glutathione	   peroxidase

Phospholipid	  hydroperoxide	   glutathione	   peroxidase,	  
mitochondrial

Putative	   ascorbate	  peroxidasePutative   ascorbate  peroxidase  

Phospholipid   hydroperoxide
glutathione  peroxidase  

Epididymal secretory  
glutathione  peroxidase  

Peroxinectin A

Putative   ascorbate  peroxidase

H.  vulgaris

Fig. 3.5. Peroxidase activity (GO:0004601) related genes 
significantly upregulated in H. vulgaris and H. viridissima
symbiotic states. 
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Figure 3.8. Maximum likelihood tree inferred from nucleotide 
sequences of the peroxidase genes. Hydras and symbionts of hydras 
were indicated as bold type. 
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fold change

(log2 sym/apo) ID Name E-value ID Name E-value

ENTRYcomp9430_c0_seq2 -1.10 P56556 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 6 2.00E-43 gi|449671533|ref|XP_002161890.2| PREDICTED: NADH dehydrogenase  ubiquinone 1 alpha subcomplex subunit 6-like 3.00E-79

ENTRYcomp26828_c0_seq1 -1.00 Q8K3J1 NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, mitochondrial 3.00E-98 gi|449665790|ref|XP_002155312.2| PREDICTED: NADH dehydrogenase  ubiquinone iron-sulfur protein 8, mitochondrial-like 3.00E-124

ENTRYcomp8420_c0_seq1 -1.00 Q62425 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4 9.00E-17 gi|221116401|ref|XP_002164791.1| PREDICTED: NADH dehydrogenase  ubiquinone 1 alpha subcomplex subunit 4-like 6.00E-35

ENTRYcomp38311_c0_seq1 -1.00 Q02375 NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial 9.00E-46 gi|221120275|ref|XP_002157726.1| PREDICTED: NADH dehydrogenase  ubiquinone iron-sulfur protein 4, mitochondrial-like 8.00E-82

ENTRYcomp26723_c0_seq1 -0.80 P52505 Acyl carrier protein, mitochondrial 1.00E-21 gi|449688855|ref|XP_002170625.2| PREDICTED: acyl carrier protein, mitochondrial-like 9.00E-60

ENTRYcomp8093_c0_seq1 -0.90 P42029 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8 2.00E-24 gi|221128469|ref|XP_002157365.1| PREDICTED: NADH dehydrogenase  ubiquinone 1 alpha subcomplex subunit 8-like 2.00E-76

ENTRYcomp8078_c0_seq1 -0.70 Q9CR61 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7 1.00E-17 gi|449669778|ref|XP_002159029.2| PREDICTED: NADH dehydrogenase  ubiquinone 1 beta subcomplex subunit 7-like 6.00E-53

ENTRYcomp35898_c0_seq1 -0.70 P52503 NADH dehydrogenase [ubiquinone] iron-sulfur protein 6, mitochondrial 6.00E-31 gi|221120828|ref|XP_002155877.1| PREDICTED: NADH dehydrogenase  ubiquinone iron-sulfur protein 6, mitochondrial-like 4.00E-62

ENTRYcomp18684_c0_seq1 -0.60 P0CB84 NADH dehydrogenase [ubiquinone] iron-sulfur protein 7, mitochondrial 9.00E-91 gi|449673668|ref|XP_002170450.2| PREDICTED: NADH dehydrogenase  ubiquinone iron-sulfur protein 7, mitochondrial-like, partial 1.00E-116

ENTRYcomp19044_c0_seq1 -0.60 P0CB86 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8, mitochondrial 6.00E-15 gi|221112960|ref|XP_002163865.1| PREDICTED: NADH dehydrogenase  ubiquinone 1 beta subcomplex subunit 8, mitochondrial-like 2.00E-98

ENTRYcomp38022_c0_seq1 -0.60 P04394 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial 0 gi|221127644|ref|XP_002160547.1| PREDICTED: NADH dehydrogenase  ubiquinone flavoprotein 2, mitochondrial-like 3.00E-158

ENTRYcomp7722_c0_seq1 -0.40 Q0MQG8 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial 0 gi|449679475|ref|XP_002163056.2| PREDICTED: NADH dehydrogenase  ubiquinone iron-sulfur protein 3, mitochondrial-like 1.00E-174

ENTRYcomp44257_c0_seq1 -0.20 Q9VAI1 Probable complex I intermediate-associated protein 30, mitochondrial 1.00E-29 gi|221126604|ref|XP_002154845.1| PREDICTED: probable complex I intermediate-associated protein 30, mitochondrial-like 1.00E-135

ENTRYcomp7907_c0_seq1 -0.90 Q9CXV1 Succinate dehydrogenase [ubiquinone] cytochrome b small subunit, mitochondrial 2.00E-18 gi|221132919|ref|XP_002160472.1| PREDICTED: succinate dehydrogenase  ubiquinone cytochrome b small subunit, mitochondrial-like 1.00E-84

ENTRYcomp35911_c0_seq1 -0.70 P70097 Succinate dehydrogenase cytochrome b560 subunit, mitochondrial 5.00E-35 gi|221129025|ref|XP_002164804.1| PREDICTED: succinate dehydrogenase cytochrome b560 subunit, mitochondrial-like 7.00E-97

ENTRYcomp10620_c0_seq1 -0.60 Q9YHT2 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit, mitochondrial 0 gi|221128855|ref|XP_002165357.1| PREDICTED: succinate dehydrogenase  ubiquinone iron-sulfur subunit, mitochondrial-like 5.00E-180

ENTRYcomp24492_c0_seq1 -2.10 Q5M9I5 Cytochrome b-c1 complex subunit 6, mitochondrial 3.00E-17 gi|169657226|gb|ACA62955.1| mitochondrial ubiquinol-cytochrome c reductase complex 11 kDa protein 1.00E-37

ENTRYcomp23831_c0_seq1 -0.70 Q9D855 Cytochrome b-c1 complex subunit 7 8.00E-28 gi|221129750|ref|XP_002160238.1| PREDICTED: cytochrome b-c1 complex subunit 7-like 5.00E-60

ENTRYcomp8116_c0_seq1 -0.60 P23004 Cytochrome b-c1 complex subunit 2, mitochondrial 1.00E-82 gi|449672203|ref|XP_004207658.1| PREDICTED: cytochrome b-c1 complex subunit 2, mitochondrial-like 0

ENTRYcomp134233_c0_seq
1 -1.60 Q8R1I1 Cytochrome b-c1 complex subunit 9 6.00E-18 gi|675384101|gb|KFM76998.1| Cytochrome b-c1 complex subunit 9, partial 2.00E-18

ENTRYcomp35554_c0_seq1 -5.00 Q6PBH5 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4 2.00E-07 gi|449688913|ref|XP_002156075.2| PREDICTED: NADH dehydrogenase  ubiquinone 1 alpha subcomplex subunit 4-like 2-like 1.00E-34

ENTRYcomp8420_c0_seq1 -1.00 Q62425 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4 9.00E-17 gi|221116401|ref|XP_002164791.1| PREDICTED: NADH dehydrogenase  ubiquinone 1 alpha subcomplex subunit 4-like 6.00E-35

ENTRYcomp26856_c0_seq1 -0.80 O94581 Cytochrome c oxidase subunit 6B 1.00E-25 gi|221113796|ref|XP_002165950.1| PREDICTED: cytochrome c oxidase subunit 6B-like 1.00E-43

ENTRYcomp7892_c0_seq1 -0.30 Q9TTT7 Cytochrome c oxidase subunit 6A1, mitochondrial 3.00E-22 gi|221102584|ref|XP_002153881.1| PREDICTED: cytochrome c oxidase subunit 6A1, mitochondrial-like 7.00E-63

ENTRYcomp35727_c0_seq1 -1.00 Q96253 ATP synthase subunit epsilon, mitochondrial 7.00E-11 gi|221125157|ref|XP_002159727.1| PREDICTED: ATP synthase subunit epsilon, mitochondrial 3.00E-30

ENTRYcomp23780_c0_seq1 -1.10 Q9CPQ8 ATP synthase subunit g, mitochondrial 8.00E-12 gi|221101640|ref|XP_002161310.1| PREDICTED: ATP synthase subunit g, mitochondrial-like isoform 1 2.00E-67

ENTRYcomp23074_c0_seq2 -1.00 P31399 ATP synthase subunit d, mitochondrial 8.00E-12 gi|221116237|ref|XP_002153970.1| PREDICTED: ATP synthase subunit d, mitochondrial-like 4.00E-51

ENTRYcomp35811_c0_seq1 -1.00 P21571 ATP synthase-coupling factor 6, mitochondrial 3.00E-10 gi|221107089|ref|XP_002156219.1| PREDICTED: ATP synthase-coupling factor 6, mitochondrial-like 2.00E-46

ENTRYcomp7968_c0_seq1 -0.90 Q06055 ATP synthase lipid-binding protein, mitochondrial 8.00E-34 gi|221130316|ref|XP_002162613.1| PREDICTED: ATP synthase lipid-binding protein, mitochondrial-like 3.00E-59

ENTRYcomp8355_c0_seq1 -0.80 Q9D3D9 ATP synthase subunit delta, mitochondrial 1.00E-35 gi|221115652|ref|XP_002167886.1| PREDICTED: ATP synthase subunit delta, mitochondrial-like 4.00E-86

ENTRYcomp29209_c0_seq1 -1.90 Q06055 ATP synthase lipid-binding protein, mitochondrial 2.00E-20 gi|197260868|gb|ACH56931.1| mitochondrial F1F0-ATP synthase subunit c/ATP9/proteolipid 9.00E-27

ENTRYcomp7878_c0_seq1 -0.60 P05631 ATP synthase subunit gamma, mitochondrial 0 gi|221122232|ref|XP_002167247.1| PREDICTED: ATP synthase subunit gamma, mitochondrial-like 0

ENTRYcomp35752_c0_seq1 -0.50 P13619 ATP synthase subunit b, mitochondrial 2.00E-30 gi|449668088|ref|XP_002155042.2| PREDICTED: ATP synthase subunit b, mitochondrial-like 4.00E-127

ENTRYcomp8533_c0_seq1 -0.20 Q5R546 ATP synthase subunit alpha, mitochondrial 0 gi|221131162|ref|XP_002163780.1| PREDICTED: ATP synthase subunit alpha, mitochondrial 0

Complex II

Complex III

Complex IV

ATP synthase 
complex

Blue; significantly (FDR ≤ 0.1) down-regulated in symbiotic state; light blue; down-regulated but not significant; orange, up-regultated but not significant. We selected the genes which are annotated as respiratory chain related both in Uniprot and NCBI-NR (E-value <=1e-5).

Table 3.6. Respiratory chain contigs in H. viridissima .

Respiratory 
chain complex Contig ID

Uniprot NCBI-NR

Complex I
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Fold change

(log2 sym/apo) ID Name E-value ID Name E-value

ENTRYcomp31703_c4_seq1 -0.44 O35245 PKD2 MOUSE Polycystin-2 3.00E-27 gi|449672554|ref|XP_002166908.2| PREDICTED: polycystin-2-like 4.00E-49

ENTRYcomp31703_c2_seq1 -0.09 O35245 PKD2 MOUSE Polycystin-2 4.00E-20 gi|449672554|ref|XP_002166908.2| PREDICTED: polycystin-2-like 3.00E-49

ENTRYcomp31703_c1_seq1 -0.73 O35245 PKD2 MOUSE Polycystin-2 1.00E-11 gi|449672554|ref|XP_002166908.2| PREDICTED: polycystin-2-like 6.00E-18

ENTRYcomp28838_c0_seq1 0.51 Q13563 PKD2 HUMAN Polycystin-2 1.00E-09 gi|449677155|ref|XP_002160618.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 3.00E-49

ENTRYcomp32200_c0_seq10 0.25 Q4GZT3 PKD2 BOVIN Polycystin-2 0 gi|449672554|ref|XP_002166908.2| PREDICTED: polycystin-2-like 0

ENTRYcomp35061_c0_seq2 0.5 Q4GZT3 PKD2 BOVIN Polycystin-2 1.00E-43 gi|449686628|ref|XP_002168699.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-175

ENTRYcomp34688_c0_seq2 0.55 Q4GZT3 PKD2 BOVIN Polycystin-2 1.00E-14 gi|449686628|ref|XP_002168699.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 1.00E-60

ENTRYcomp32064_c2_seq1 -0.3 Q7TN88
PK1L2 MOUSE Polycystic kidney disease

protein 1-like 2
9.00E-67 gi|449678409|ref|XP_002166423.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 0

ENTRYcomp34786_c1_seq24 1.43 Q7TN88
PK1L2 MOUSE Polycystic kidney disease

protein 1-like 2
1.00E-64 gi|449685473|ref|XP_004210903.1| PREDICTED: uncharacterized protein LOC101241810 0

ENTRYcomp35135_c0_seq20 1.54 Q7TN88
PK1L2 MOUSE Polycystic kidney disease

protein 1-like 2
2.00E-59 gi|449677155|ref|XP_002160618.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 0

ENTRYcomp35374_c0_seq8 0.91 Q7TN88
PK1L2 MOUSE Polycystic kidney disease

protein 1-like 2
1.00E-56 gi|449677155|ref|XP_002160618.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 0

ENTRYcomp31811_c0_seq1 1.05 Q7Z442
PK1L2 HUMAN Polycystic kidney disease

protein 1-like 2
3.00E-70 gi|449663418|ref|XP_002155453.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-165

ENTRYcomp25885_c1_seq1 1.16 Q7Z442
PK1L2 HUMAN Polycystic kidney disease

protein 1-like 2
3.00E-45 gi|449680581|ref|XP_002153790.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 0

ENTRYcomp58735_c5_seq1 -0.22 O35245 Polycystin-2 5.00E-07 gi|449674915|ref|XP_002166482.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 1.00E-130

ENTRYcomp61166_c0_seq2 -0.32 Q13563 Polycystin-2 5.00E-30 gi|449691116|ref|XP_002162996.2| PREDICTED: polycystic kidney disease protein 1-like 2-like, partial 8.00E-155

ENTRYcomp59373_c4_seq10 -0.3 Q13563 Polycystin-2 4.00E-37 gi|449679575|ref|XP_002154072.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 6.00E-139

ENTRYcomp45557_c0_seq2 -0.13 Q13563 Polycystin-2 1.00E-18 gi|449672554|ref|XP_002166908.2| PREDICTED: polycystin-2-like 4.00E-50

ENTRYcomp59373_c7_seq1 -0.51 Q13563 Polycystin-2 1.00E-15 gi|449686628|ref|XP_002168699.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-70

ENTRYcomp50584_c0_seq1 -0.64 Q2EG98 Polycystic kidney disease protein 1-like 3 3.00E-11 gi|449680581|ref|XP_002153790.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 4.00E-61

ENTRYcomp56996_c2_seq1 0.9 Q2EG98 Polycystic kidney disease protein 1-like 3 5.00E-11 gi|449671291|ref|XP_004207464.1| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-33

ENTRYcomp44572_c0_seq1 -0.56 Q4GZT3 Polycystin-2 7.00E-14 gi|449680581|ref|XP_002153790.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-98

ENTRYcomp53544_c0_seq3 -0.13 Q4GZT3 Polycystin-2 0 gi|449672554|ref|XP_002166908.2| PREDICTED: polycystin-2-like 0

ENTRYcomp61253_c1_seq16 -0.11 Q4GZT3 Polycystin-2 6.00E-40 gi|449680581|ref|XP_002153790.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-177

ENTRYcomp58009_c1_seq1 -0.5 Q4GZT3 Polycystin-2 8.00E-27 gi|449663935|ref|XP_002163133.2| PREDICTED: polycystic kidney disease 2-like 1 protein-like 5.00E-66

ENTRYcomp59803_c1_seq1 0 Q4GZT3 Polycystin-2 1.00E-26 gi|449680581|ref|XP_002153790.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 6.00E-123

ENTRYcomp58735_c3_seq1 -0.68 Q7TN88 Polycystic kidney disease protein 1-like 2 1.00E-30 gi|449677305|ref|XP_002169574.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-126

ENTRYcomp56996_c0_seq1 1.23 Q7TN88 Polycystic kidney disease protein 1-like 2 3.00E-07 gi|449680581|ref|XP_002153790.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 1.00E-33

ENTRYcomp60486_c0_seq2 -0.22 Q7TN88 Polycystic kidney disease protein 1-like 2 4.00E-58 gi|449677155|ref|XP_002160618.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 0

ENTRYcomp58751_c3_seq1 -0.46 Q7TN88 Polycystic kidney disease protein 1-like 2 1.00E-24 gi|449691715|ref|XP_004212772.1| PREDICTED: polycystic kidney disease protein 1-like 2-like, partial 1.00E-71

ENTRYcomp59373_c1_seq2 -0.35 Q7TN88 Polycystic kidney disease protein 1-like 2 8.00E-23 gi|449671291|ref|XP_004207464.1| PREDICTED: polycystic kidney disease protein 1-like 2-like 6.00E-142

ENTRYcomp58735_c2_seq1 -0.2 Q7TN88 Polycystic kidney disease protein 1-like 2 4.00E-07 gi|449674915|ref|XP_002166482.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 6.00E-93

ENTRYcomp61253_c2_seq1 0.25 Q7TN88 Polycystic kidney disease protein 1-like 2 8.00E-06 gi|449671291|ref|XP_004207464.1| PREDICTED: polycystic kidney disease protein 1-like 2-like 6.00E-44

ENTRYcomp62057_c0_seq1 -0.48 Q7Z442 Polycystic kidney disease protein 1-like 2 2.00E-60 gi|449685473|ref|XP_004210903.1| PREDICTED: uncharacterized protein LOC101241810 0

ENTRYcomp61735_c0_seq4 -0.24 Q7Z442 Polycystic kidney disease protein 1-like 2 8.00E-77 gi|449663418|ref|XP_002155453.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 0

ENTRYcomp60748_c2_seq1 -0.46 Q7Z442 Polycystic kidney disease protein 1-like 2 3.00E-54 gi|449678409|ref|XP_002166423.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 0

ENTRYcomp61253_c0_seq1 -0.32 Q7Z442 Polycystic kidney disease protein 1-like 2 3.00E-11 gi|449672980|ref|XP_002158569.2| PREDICTED: polycystic kidney disease protein 1-like 2-like, partial 2.00E-151

ENTRYcomp59373_c5_seq1 0.02 Q7Z443 Polycystic kidney disease protein 1-like 3 2.00E-18 gi|449671291|ref|XP_004207464.1| PREDICTED: polycystic kidney disease protein 1-like 2-like 3.00E-70

ENTRYcomp58009_c0_seq2 -0.55 Q9P0L9 Polycystic kidney disease 2-like 1 protein 1.00E-161 gi|449663933|ref|XP_002159199.2| PREDICTED: polycystin-2-like 0

ENTRYcomp58009_c2_seq1 -0.64 Q9P0L9 Polycystic kidney disease 2-like 1 protein 8.00E-23 gi|449663935|ref|XP_002163133.2| PREDICTED: polycystic kidney disease 2-like 1 protein-like 2.00E-39

ENTRYcomp45557_c3_seq1 0.01 Q9P0L9 Polycystic kidney disease 2-like 1 protein 1.00E-80 gi|449663931|ref|XP_004205835.1| PREDICTED: polycystic kidney disease 2-like 1 protein-like 1.00E-178

ENTRYcomp45557_c1_seq1 0.04 Q9P0L9 Polycystic kidney disease 2-like 1 protein 5.00E-71 gi|449663931|ref|XP_004205835.1| PREDICTED: polycystic kidney disease 2-like 1 protein-like 5.00E-131

ENTRYcomp45557_c2_seq1 -0.35 Q9P0L9 Polycystic kidney disease 2-like 1 protein 3.00E-16 gi|449672554|ref|XP_002166908.2| PREDICTED: polycystin-2-like 5.00E-24

ENTRYcomp59373_c2_seq1 -0.31 Q9P0L9 Polycystic kidney disease 2-like 1 protein 8.00E-07 gi|449680581|ref|XP_002153790.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 2.00E-39

ENTRYcomp59803_c0_seq1 -0.04 Q9U1S7 Polycystin-2 1.00E-07 gi|449674915|ref|XP_002166482.2| PREDICTED: polycystic kidney disease protein 1-like 2-like 8.00E-39

H. viridissima

Table 3.7. Polycystin related contigs.

Contig ID
Uniprot NCBI-NR

H. vulgaris

Blue; significantly (FDR ≤ 0.1) down-regulated in symbiotic state; light blue; down-regulated but not significant; orange, up-regultated but not significant. We selected the genes which are annotated as polycystin related both in uniprot and NCBI-NR with E-value

<=1e-5
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fold change

(log2 sym/apo) ID Name E-value ID Name E-value

1.30 O15943 Neural-cadherin 0 gi|449691455|ref|XP_004212679.1| PREDICTED: fat-like cadherin-related tumor suppressor homolog, partial 0

1.40 Q9HCU4 Cadherin EGF LAG seven-pass G-type receptor 2 0 gi|386118337|gb|AFI99116.1| seven transmembrane protocadherin flamingo 0

1.30 Q9HCU4 Cadherin EGF LAG seven-pass G-type receptor 2 3.00E-63 gi|449667390|ref|XP_004206556.1| PREDICTED: protocadherin Fat 1-like 1.00E-96

0.40 Q9HCU4 Cadherin EGF LAG seven-pass G-type receptor 2 4.00E-69 gi|449671473|ref|XP_002161598.2| PREDICTED: protocadherin Fat 3-like 0

0.40 Q14517 Protocadherin Fat 1 0 gi|449676476|ref|XP_002167194.2| PREDICTED: protocadherin Fat 3-like 0

-0.10 Q9VW71 Fat-like cadherin-related tumor suppressor homolog 3.00E-39 gi|449669313|ref|XP_004206990.1| PREDICTED: cadherin-related tumor suppressor-like 0

0.20 Q6V0I7 Protocadherin Fat 4 0 gi|449679036|ref|XP_002161856.2| PREDICTED: protocadherin Fat 4-like 0

1.00 Q2PZL6 Protocadherin Fat 4 2.00E-43 gi|449672938|ref|XP_002154309.2| PREDICTED: protocadherin Fat 4-like, partial 0

0.50 Q2PZL6 Protocadherin Fat 4 0 gi|449691444|ref|XP_004212674.1| PREDICTED: protocadherin Fat 4-like, partial 0

0.80 Q6V1P9 Protocadherin-23 8.00E-140 gi|386118331|gb|AFI99113.1| dachsous protocadherin 0

-0.80 P33450 Cadherin-related tumor suppressor 0 gi|449691444|ref|XP_004212674.1| PREDICTED: protocadherin Fat 4-like, partial 0

0.00 Q2PZL6 Protocadherin Fat 4 5.00E-160 gi|449679036|ref|XP_002161856.2| PREDICTED: protocadherin Fat 4-like 0

0.20 Q2PZL6 Protocadherin Fat 4 1.00E-76 gi|449672938|ref|XP_002154309.2| PREDICTED: protocadherin Fat 4-like, partial 0

-0.30 Q8BNA6 Protocadherin Fat 3 0 gi|449676476|ref|XP_002167194.2| PREDICTED: protocadherin Fat 3-like 0

-0.40 Q8BNA6 Protocadherin Fat 3 5.00E-59 gi|449671473|ref|XP_002161598.2| PREDICTED: protocadherin Fat 3-like 0

-0.60 Q8R508 Protocadherin Fat 3 0 gi|449677345|ref|XP_002162352.2| PREDICTED: protocadherin Fat 1-like 0

-0.40 Q8R508 Protocadherin Fat 3 5.00E-16 gi|449667390|ref|XP_004206556.1| PREDICTED: protocadherin Fat 1-like 0

-0.60 Q9HCU4 Cadherin EGF LAG seven-pass G-type receptor 2 6.00E-51 gi|449663411|ref|XP_004205742.1| PREDICTED: protocadherin Fat 3-like 0

-0.40 Q9HCU4 Cadherin EGF LAG seven-pass G-type receptor 2 5.00E-39 gi|449663411|ref|XP_004205742.1| PREDICTED: protocadherin Fat 3-like 2.00E-83

-0.50 Q9HCU4 Cadherin EGF LAG seven-pass G-type receptor 2 4.00E-10 gi|449667390|ref|XP_004206556.1| PREDICTED: protocadherin Fat 1-like 3.00E-132

0.00 Q9HCU4 Cadherin EGF LAG seven-pass G-type receptor 2 2.00E-87 gi|449679036|ref|XP_002161856.2| PREDICTED: protocadherin Fat 4-like 0

0.20 Q9NYQ6 Cadherin EGF LAG seven-pass G-type receptor 1 2.00E-12 gi|449683117|ref|XP_002170720.2| PREDICTED: cadherin EGF LAG seven-pass G-type receptor 1-like 0

-0.10 Q9VW71 Fat-like cadherin-related tumor suppressor homolog 5.00E-44 gi|449669313|ref|XP_004206990.1| PREDICTED: cadherin-related tumor suppressor-like 0

Table 3.8. Cadherin related contigs.

Uniprot NCBI-NR

H. vulgaris

ENTRYcomp64062_c0_seq1

ENTRYcomp62511_c0_seq1

ENTRYcomp59247_c0_seq1

ENTRYcomp53617_c0_seq1

ENTRYcomp51174_c0_seq1

ENTRYcomp59247_c1_seq2

ENTRYcomp61537_c2_seq3

ENTRYcomp61674_c0_seq1

ENTRYcomp63679_c0_seq1

ENTRYcomp45180_c0_seq1

Blue; significantly (FDR ≤ 0.1) down-regulated in symbiotic state; light blue; down-regulated but not significant; orange, up-regultated but not significant; red, significantly (FDR ≤ 0.1) up-regulated in symbiotic state.  We selected the genes which are annotated as cadherin
related both in uniprot and NCBI-NR with E-value <=1e-5

Contig ID

ENTRYcomp34179_c0_seq1

ENTRYcomp32654_c0_seq1

ENTRYcomp20341_c0_seq1

ENTRYcomp34652_c0_seq3

ENTRYcomp34762_c0_seq1

ENTRYcomp32926_c4_seq1

ENTRYcomp55131_c0_seq1

H. viridissima

ENTRYcomp33485_c0_seq1

ENTRYcomp23103_c1_seq1

ENTRYcomp31845_c0_seq2

ENTRYcomp33798_c0_seq1

ENTRYcomp56690_c0_seq1

ENTRYcomp44500_c0_seq1
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Fold
change
(log2

sym/apo)
ID Name E-value ID Name E-value

Caspase

ENTRYcomp33819_c1_seq2 0.87 Q95ND5 Caspase-3 ####### gi|567757471|ref|NP_001274721.1| caspase-3-like__Hydra_vulgaris 3.00E-109

ENTRYcomp29937_c0_seq1 -0.06 Q8MKI5 Caspase-3 ####### gi|449679433|ref|XP_002159783.2| PREDICTED:_caspase-3-like__Hydra_vulgaris 6.00E-150

ENTRYcomp32332_c0_seq1 0.29 Q5IS99 Caspase-3 ####### gi|449672311|ref|XP_002165630.2| PREDICTED:_caspase-3-like__Hydra_vulgaris 3.00E-177

Metalloproteinase

ENTRYcomp32506_c0_seq9 1.17 P51512 Matrix metalloproteinase-16 ####### gi|449664771|ref|XP_002168334.2| PREDICTED:_matrix_metalloproteinase-19-like__Hydra_vulgaris 4.00E-77

ENTRYcomp17324_c0_seq1 -0.56 O13065 Matrix metalloproteinase-18 ####### gi|449671383|ref|XP_004207480.1| PREDICTED:_matrix_metalloproteinase-24-like__Hydra_vulgaris 0

ENTRYcomp20374_c0_seq1 -1.01 Q99542 Matrix metalloproteinase-19 ####### gi|5616492|gb|AAD45804.1|AF162688_1 matrix_metalloproteinase__Hydra_vulgaris 7.00E-47

ENTRYcomp36671_c0_seq1 -0.68 Q9NPA2 Matrix metalloproteinase-25 ####### gi|5616492|gb|AAD45804.1|AF162688_1 matrix_metalloproteinase__Hydra_vulgaris 0

ENTRYcomp7185_c0_seq1 -0.49 Q9NPA2 Matrix metalloproteinase-25 ####### gi|449686980|ref|XP_004211314.1| PREDICTED:_matrix_metalloproteinase-24-like__Hydra_vulgaris 2.00E-108

Caspase

ENTRYcomp49733_c0_seq1 0.07 Q60431 Caspase-3 ####### gi|449679433|ref|XP_002159783.2| PREDICTED:_caspase-3-like__Hydra_vulgaris 0

ENTRYcomp67559_c0_seq1 -0.34 P70677 Caspase-3 ####### gi|567757471|ref|NP_001274721.1| caspase-3-like__Hydra_vulgaris 0

ENTRYcomp23875_c0_seq1 -0.30 Q8MJC3 Caspase-3 ####### gi|449687876|ref|XP_002169866.2| PREDICTED:_caspase-3-like__Hydra_vulgaris 4.00E-55

ENTRYcomp36793_c0_seq1 0.33 Q5IS99 Caspase-3 ####### gi|221118431|ref|XP_002158718.1| PREDICTED:_caspase-3-like__Hydra_vulgaris 0

ENTRYcomp58730_c0_seq1 0.31 Q5IS99 Caspase-3 ####### gi|449687876|ref|XP_002169866.2| PREDICTED:_caspase-3-like__Hydra_vulgaris 0

ENTRYcomp64314_c0_seq1 -0.29 Q5IS99 Caspase-3 ####### gi|449672311|ref|XP_002165630.2| PREDICTED:_caspase-3-like__Hydra_vulgaris 0

Metalloproteinase

ENTRYcomp60007_c0_seq1 0.47 P51512 Matrix metalloproteinase-16 ####### gi|391330624|ref|XP_003739756.1| PREDICTED:_matrix_metalloproteinase-16-like__Metaseiulus_occidentalis 3.00E-59

ENTRYcomp48054_c0_seq1 -0.45 Q99542 Matrix metalloproteinase-19 ####### gi|221115658|ref|XP_002168462.1| PREDICTED:_matrix_metalloproteinase-25-like__Hydra_vulgaris 1.00E-176

ENTRYcomp49371_c0_seq3 -0.18 Q9Y5R2 Matrix metalloproteinase-24 ####### gi|449692030|ref|XP_002155089.2| PREDICTED:_matrix_metalloproteinase-24-like,_partial__Hydra_vulgaris 0

ENTRYcomp54811_c0_seq1 0.39 Q9R0S2 Matrix metalloproteinase-24 ####### gi|449664773|ref|XP_004205997.1| PREDICTED:_matrix_metalloproteinase-24-like__Hydra_vulgaris 4.00E-176

ENTRYcomp62865_c0_seq1 0.67 Q99PW6 Matrix metalloproteinase-24 ####### gi|5616492|gb|AAD45804.1|AF162688_1 matrix_metalloproteinase__Hydra_vulgaris 0

ENTRYcomp23775_c0_seq1 -0.15 Q9H306 Matrix metalloproteinase-27 ####### gi|449682739|ref|XP_002164557.2| PREDICTED:_matrix_metalloproteinase-27-like__Hydra_vulgaris 0

Blue; significantly (FDR ≤ 0.1) down-regulated in symbiotic state; Red, significantly (FDR ≤ 0.1) up-regulated in symbiotic state. We selected the genes which are annotated as polycystin related both in uniprot and NCBI-NR with E-value <=1e-5

Table 3.9. Caspase 3 and metalloproteinase related contigs.

Contig ID
Uniprot NCBI-NR

H. vulgaris

H. viridissima
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Fold
change

(log2
sym/ap

ID Name E-value E-value

ENTRYcomp315
93_c0_seq1

0.75 O88343 Electrogenic sodium
bicarbonate cotransporter 1

###### 0
ENTRYcomp205
39_c0_seq1

0.65 P43166 Carbonic anhydrase 7 ###### ######

ENTRYcomp575
79_c1_seq2

-1.18 P23280 Carbonic anhydrase 6 ###### ######
ENTRYcomp597
07_c1_seq1

0.22 Q02094 Ammonium transporter Rh
type A

###### ######
ENTRYcomp554
04_c0_seq1

0.41 P43166 Carbonic anhydrase 7 ###### ######
ENTRYcomp598
91_c0_seq2

0.01 Q02094 Ammonium transporter Rh
type A

0 0

Table 3.10. Bicarbonate related contigs

Contig ID
Uniprot NCBI-NR

ID

Blue; significantly (FDR ≤ 0.1) down-regulated in symbiotic state; light blue; down-regulated but not significant; orange, up-regultated but not
significant; red, significantly (FDR ≤ 0.1) up-regulated in symbiotic state.  We selected the genes which are annotated as bicarbonate transport

Name

gi|449669287|ref|X
P_002167946.2|

PREDICTED: ammonium transporter
Rh type A-like

H. viridissima

gi|449677655|ref|X
P_002158749.2|

PREDICTED: electrogenic sodium
bicarbonate cotransporter 1-like

gi|449680380|ref|X
P_002162005.2|

PREDICTED: carbonic anhydrase 13-
like, partial

H. vulgaris

gi|449688943|ref|X
P_002167592.2|

PREDICTED: carbonic anhydrase-like,
partial

gi|221114395|ref|X
P_002166094.1|

PREDICTED: ammonium transporter
Rh type C-like 2-like

gi|449676974|ref|X
P_002168775.2|

PREDICTED: putative carbonic
anhydrase 5-like
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Table 3.11. Cathepsin related contigs

Contig ID
Fold change Uniprot NCBI-NR

(log2 sym/apo) ID Name E-value ID Name E-value

H. viridissima   

ENTRYcomp7886_c0_seq1 -0.37 Q95029 Cathepsin L  3 .00E-131 gi|449673497|ref|XP_002169904.2 | PREDICTED: cathepsin L-like  0

ENTRYcomp7953_c0_seq1 -0.22 Q26636 Cathepsin L  8 .00E-127 gi|221090861|ref|XP_002167224.1 | PREDICTED: cathepsin L-like  0

ENTRYcomp23095_c0_seq1 0.14 P07858 Cathepsin B  5 .00E-127 gi|449667614|ref|XP_002166962.2 | PREDICTED: cathepsin B-like  0

ENTRYcomp28005_c1_seq1 -0.12 Q26636 Cathepsin L  1 .00E-118 gi|449681105|ref|XP_002158608.2 | PREDICTED: cathepsin L-like  0

ENTRYcomp19450_c0_seq1 -0.14 Q9R1T3 Cathepsin Z  1 .00E-128 gi|449671115|ref|XP_002154535.2 | PREDICTED: cathepsin Z-like  0

ENTRYcomp23151_c0_seq1 -0.12 P00787 Cathepsin B  1 .00E-120 gi|221107055|ref|XP_002166984.1 | PREDICTED: cathepsin B-like  0

ENTRYcomp29001_c0_seq1 -0.04 Q9R1T3 Cathepsin Z  1 .00E-124 gi|449671113|ref|XP_002154692.2 | PREDICTED: cathepsin Z-like  0

ENTRYcomp19260_c0_seq1 -0.03 P43234 Cathepsin O  5 .00E-61 gi|449668436|ref|XP_002162416.2 | PREDICTED: cathepsin O-like  6 .00E-170

H. vulgaris

ENTRYcomp57356_c0_seq1 0.81 Q95029 Cathepsin L  5 .00E-134 gi|221090861|ref|XP_002167224.1 | PREDICTED: cathepsin L-like  0

ENTRYcomp62387_c0_seq1 0.78 P07688 Cathepsin B  5 .00E-116 gi|221107055|ref|XP_002166984.1 | PREDICTED: cathepsin B-like  0

ENTRYcomp62470_c0_seq1 0.65 Q9R1T3 Cathepsin Z  8 .00E-126 gi|449671115|ref|XP_002154535.2 | PREDICTED: cathepsin Z-like  0

ENTRYcomp23657_c0_seq1 0.56 Q26636 Cathepsin L  5 .00E-115 gi|449681105|ref|XP_002158608.2 | PREDICTED: cathepsin L-like  0

ENTRYcomp62403_c0_seq1 0.57 Q9R1T3 Cathepsin Z  2 .00E-124 gi|449671113|ref|XP_002154692.2 | PREDICTED: cathepsin Z-like  0

ENTRYcomp23363_c0_seq1 1.39 P43509 Cathepsin B-like 
cysteine proteinase 2.00E-88 gi|585112317|gb |EWM29737.1| cathepsin b 1.00E-110

ENTRYcomp62116_c0_seq1 0.40 Q95029 Cathepsin L  4 .00E-133 gi|449673497|ref|XP_002169904.2 | PREDICTED: cathepsin L-like  0

ENTRYcomp49428_c0_seq1 0.39 P00787 Cathepsin B  6 .00E-126 gi|449667614|ref|XP_002166962.2 | PREDICTED: cathepsin B-like  0

ENTRYcomp57444_c0_seq1 0.36 Q26636 Cathepsin L  8 .00E-106 gi|221117518|ref|XP_002157675.1 | PREDICTED: cathepsin L-like  0

ENTRYcomp23300_c0_seq1 0.24 P43234 Cathepsin O  3 .00E-62 gi|449668436|ref|XP_002162416.2 | PREDICTED: cathepsin O-like  0

ENTRYcomp101169_c0_seq1 0.82 P05689 Cathepsin Z  6 .00E-51 gi|585107161|gb |EWM25400.1| cathepsin z 2.00E-90

ENTRYcomp56144_c1_seq1 0.33 Q26636 Cathepsin L  1 .00E-47 gi|449679414|ref|XP_002161570.2 | PREDICTED: cathepsin L-like  1 .00E-93

Blue; significantly  (FDR ≤ 0 .1) down-regulated in  symbiotic state; light blue; down-regulated but not significant; orange, up-regultated but not significant; red, significantly  (FDR ≤ 0 .1) up-regulated in  symbiotic state.  We selected the genes 
which are annotated as cathepsint related both in  uniprot and NCBI-NR with E-value <=1e-5
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Figure 3.9. A proposed model of the endosymbiotic interaction between the two Hydra species 
and algae. The endosymbiotic hydra is exposed to reactive oxygen species (ROS) extracted from 
both mitochondria (Mt) and the symbiont (Sy). ROS cause oxidative stress in the hydra cell, and 
both species respond to the stress by up-regulating ascorbate peroxidase. However, H. vulgaris still 
suffers the oxidative stress, and the stress induces disruption of the Ca2

+ homeostasis, which 
contributes to the cell death. In addition, H. vulgaris tries to remove the algae by up-regulation of 
the endopeptidase genes. On the other hand, H. viridissima represses ROS by down-regulation of 
respiratory chain genes of mitochondria, and the disruption of Ca2

+ homeostasis is repressed by the 
up-regulation of Ca2

+ binding and cell adhesion genes. H. viridissima supplies CO2 to the algae by 
up-regulation of bicarbonate transporter and receive ATP from the symbiont. The Genes/systems are 
shown as up-regulated (red), down-regulated (blue). 
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4   Chapter 4 

General discussion 
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In my doctoral thesis, I have aimed to provide an insight into the endosymbiosis between 

hydra and green algae in terms of both evolutionary (Chapter 2) and physiological (Chapter 3) 

aspects. As a result of investigating the endosymbiosis of H. vulgaris and H. viridissima groups, 

I have reached the following conclusions: 

1) Many H. vulgaris group strains survive without harboring the algae, even though they 

have the potential to harbor them. 

2) The evolution of endosymbiosis in H. vulgaris group is more recent than those in other 

cnidarian cases. 

3) The interaction with algae is extensively different between H. vulgaris and H. viridissima 

groups; the endosymbiosis is advantageous for H. viridissima group on starvation tolerance and 

growth, whereas it is not advantageous or may even be disadvantageous to the survival of H. 

vulgaris group. 

4) The differential gene expression pattern of H. viridissima group is more similar to those 

of other endosymbiotic hosts, such as Paramecium and Ciona than that of H. vulgaris group. 

I discuss about my studies based on these conclusions. In the culture collection of hydra 

species, all six of the H. viridissima group strains harbor the algae. On the other hand, only two 

among twenty-five H. vulgaris group strains harbor the algae. However, it was unknown whether 

other twenty-three aposymbiotic H. vulgaris group strains have the potential to harbor the algae. 

In Chapter 2, I examined the endosymbiotic potential of the aposymbiotic strains by artificially 

introducing the endosymbiotic algae and found that 12 among 23 aposymbiotic strains are able 

to harbor them. Based on the result, I conclude that the strategies for the endosymbiosis are 

different between both hydra species. H. viridissima group have the endosymbiotic potential, and 

all of them actually harbor the algae. On the other hand, many H. vulgaris group strains have the 
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potential to harbor the algae, but most of them survive without harboring the algae (conclusion 

No. 1). 

In addition to my experiment of artificial introduction of the endosymbiotic algae into non-

symbiotic H. vulgaris group strains as well as my phylogenetic analysis, I showed that the 

evolution of the endosymbiotic potential occurred only once during the radiation of the H. 

vulgaris group strains, which is estimated to be 3.1 - 11 million years ago. On the other hand, a 

previous study suggested that the endosymbiosis in H. viridissima group took place before 

radiation of the H. viridissima group strains, which is estimated to have occurred 27 - 36 million 

years ago (Martínez et al., 2010). In another study, the fossil record suggests that the evolution of 

the coral zooxanthellae symbiosis has occurred in the Triassic period (201 - 252 million years 

ago, Stanley and Swart, 2014). Taking into account these results, the evolution of the 

endosymbiosis in H. vulgaris group was more recent than that of other cnidarian species 

(conclusion No. 2). 

  In the experiment measuring growth and tolerance for starvation, symbiotic H. 

viridissima group shows a higher growth rate and greater tolerance for starvation than 

aposymbiotic H. viridissima group. On the other hand, the growth of the symbiotic H. vulgaris 

group were almost identical to the aposymbiotic H. vulgaris group, and the tolerance for 

starvation in the symbiotic H. vulgaris group was lower than that in aposymbiotic one. 

Moreover, the change of the gene expression pattern by the endosymbiosis was also extensively 

different between H. vulgaris and H. viridissima groups. H. viridissima group have the molecular 

mechanisms to repress oxidative stress and suppression apoptosis. On the other hand, H. vulgaris 

group does not have such systems to repress the oxidative stress caused by endosymbiotic algae 

and mitochondria, and genes that are related to calcium ion binding and cell adhesion were 

down-regulated by the endosymbiosis, which implies that intracellular calcium ion homeostasis 

was disrupted by the oxidative stress and induced apoptosis. Taking these facts into account, the 
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endosymbiosis was advantageous for the survival of H. viridissima, group and H. viridissima 

group has established the molecular mechanisms for forming stable endosymbiotic relationships 

with the algae. Consequently, the endosymbiosis was not advantageous for survival of H. 

vulgaris group, and H. vulgaris group might try to remove the endosymbiotic algae from the 

hydra’s cell (conclusion No. 3). 

Moreover, I compared the pattern of the gene expression changes among the hydras which 

were used in my study, and Paramecium bursaria and Ciona varians. P. bursaria harbors 

several dozens of green algae, which are identified as genus Chlorella, and C. varians harbors 

dinoflagellate called Symbiodinium. Both species are also able to survive without endosymbiosis 

(aposymbiotic), and the differential gene expression analysis of those species were conducted in 

the previous studies (Kodama et al., 2014; Riesgo et al., 2014). I conducted the differential gene 

expression analysis of these species, using the same methods as were used with the hydras, and 

compared the differential gene expression pattern among these species. The results showed that 

the differential gene expression pattern in H. viridissima group was more similar to P. bursaria 

and C. varians than H. vulgaris group (Figure 3.4). I therefore concluded that the molecular 

mechanisms of H. viridissima group are more similar to the other existing endosymbiotic 

organisms than that of H. vulgaris group (conclusion No. 4). 

Here, the following questions are suggested by this research: It is possible for the 

endosymbiotic relationships between H. vulgaris group and the algae really proceed to a stable 

endosymbiotic relationship, such as the endosymbiosis between H. viridissima group and the 

algae? It is also possible that the endosymbiotic relationships between the two hydra species 

were totally distinct phenomena, and therefore, the endosymbiotic relationship with H. vulgaris 

group and the algae might never become stable such as H. viridissima group. Evolutionary 

theory predicts that the symbiotic relationships should be unstable owing to conflict of interest 

between the host and symbiont (Toft and Andersson, 2010). For this reason, many authors have 
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suggested that mutualism should eventually be evolved from parasitism (Ewald, 1987; Ishikawa, 

1988). Recent genomic studies also support the idea that mutualism could evolve from 

parasitism (Sachs et al., 2011; Toft and Andersson, 2010). In order to reduce the burden on the 

host, Eward (1987) suggests that vertical transmission, defined as the direct transfer of a 

symbiont from a parent host to its offspring is a key factor. In Hydra, the transmission from a 

parent to its offspring easily occurs than sexual reproduction, because a parent produces its 

offspring mainly by budding (Figure 1.4). Moreover, growth of the symbiotic H. vulgaris group 

is equal to aposymbiotic H. vulgaris group when feeding three times per a week (Figure 3.1), 

suggesting that long-term endosymbiotic relationships can manage to be kept through 

generations. As a long-term endosymbiotic relationship has been established between H. vulgaris 

group and the algae, selection for functions that benefit the host could lead to mutualism (Toft 

and Andersson, 2010). 

From my studies of the endosymbiosis of hydra, I showed that both H. viridissima and H. 

vulgaris groups show endosymbiosis with green algae, but the effects of the endosymbiosis at 

the phenotypic levels and molecular levels, and the strategy against the endosymbiosis are 

extensively different between the two species. These differences are due to the time after gaining 

the endosymbiotic potential. The evolution of the endosymbiosis in H. vulgaris group is more 

recent than in H. viridissima group and other cnidarian species. Thus, I suggest that the 

evolutionary stages of the endosymbiosis for two hydra species (Figure 4.1): The relationship 

between H. vulgaris group and the algae was immature; on the other hand, the relationship 

between H. viridissima group and the algae has already been established. As endosymbiosis is 

one of the major driving forces in evolution of life, it is quite important to understand how the 

stable endosymbiotic relationships between host and symbiont are established. As hydra is one 

of the model organisms, H. vulgaris group, which shows immature endosymbiosis, and H. 

viridissima group, which shows matured endosymbiosis, are among the best organisms to 
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elucidate the evolution of the endosymbiosis, both in terms of how endosymbiotic potential is 

acquired to how stable endosymbiotic relationships are formed. 

 



1.	  Non-‐symbiotic 2.	  Aposymbiotic 3.	  Symbiotic
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4.	  Symbiotic
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5.	  Symbiotic
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Gain	  the	  endosymbiotic	  potential

Obtainment	  of	  the	  symbiont

Establishment	  of	  mechanisms
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Figure 4.1. A plausible evolutionary stage of endosymbiosis in 
the two Hydra species. 
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