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General introduction 

  

Marine annelids are segmented worms found in all marine environments from 

shallow estuaries to rocky shores and to deep-sea sediments, and even swimming in the 

water column [1]. To date, more than 11,000 species have been described (World 

Polychaeta Database, http://www.marinespecies.org/polychaeta/) and 25,000 species have 

been estimated to be exist [2]. Marine annelids are typically existing in great numbers and 

represented by many species in almost all marine environment [3]. The most of them dwell 

sediments to make their habitat and to seek their foods. This activity promotes bioturbation 

and circulation of carbon source and nutrients as well as oxygenation of the sediments. 

Thus, they play an important role in maintaining marine ecosystems. But, how could 

marine annelids adapt to various environments? 

Environmental adaptation is achieved with the combination of three types of 

adaptation, morphological, physiological and behavioral adaptation. Morphological 

adaptation is the process that organisms modify their structure to improve fitness in the 

environment they inhabit. For example, Tomopteridae, marine annelids swimming in the 

water column throughout their life, alter their parapodia to achaetous paddle-like shape to 

improve their ability for swimming [4]. Morphological adaptation is also observed in 

commensal marine annelids. They modify their appendages to stick on their hosts, i.e. they 

have hooked setae, sucker-like arching body or host-like appearance [5]. Physiological 

adaptation is the process of optimization of body chemistry for living in particular 

environment. The deep-sea hydrothermal vent-endemic worm, alvinellids, are capable of 

withstanding hot water of more than 50°C [6]. It is an example for physiological adaptation 

that the temperature of denaturation of alvinellids’ collagen fiber is hotter than that of other 

species [7]. Most of marine annelids confront the threat of seasonal or chronic hypoxia. 

Marine annelids living in severe hypoxic condition have more enzymes of consuming 

pyruvate to facilitate anaerobic metabolism [8]. Behavioral adaptation is the process of 

modification in the behavior that organisms naturally act. The commensal scale worm, 
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Hesperenoe adventor, lives inside the burrow of fat innkeeper worm, Urechis caupo. This 

scale worm moves back and forth to avoid the peristaltic swelling of the host [9].  

As mentioned above, various cases of environmental adaptation of marine annelids 

have been investigated. However, there is little explanation of their environmental 

adaptation mechanisms from the molecular biological aspects. In this study, I intend to 

elucidate the environmental adaptation mechanism of marine annelids focusing on the two 

species, deep-sea hydrothermal vent-endemic worm, Paralvinella hessleri and organically 

polluted area-endemic worm, Capitella teleta. Here, I showed that P. hessleri has high 

chemical sensitivity mediated by transient receptor potential (TRP) channels to minimize 

the exposure of toxic hydrothermal fluid, and C. teleta escapes from their burrow in 

hypoxia via detection of it by TRPA homologue with improving ability to acquire oxygen 

by changing molecular species of globin genes. 
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Chapter 1 

High chemical sensitivity of deep-sea hydrothermal vent-

endemic annelid, Paralvinella hessleri.  
 

 

Introduction 

The environments around deep-sea hydrothermal vents are very harsh for 

organisms. The vents spout seawater heated by the mantle at temperatures that often reach 

more than one hundred degrees Centigrade. Moreover, this water is typically acidic, and 

contains toxic compounds such as heavy metals, hydrogen sulfide and reactive oxygen 

species [1, 2]. Precipitates of minerals transported by the hydrothermal fluid can form large 

edifices called chimneys. A large number of invertebrates live on the chimney walls, where 

they depend on chemosynthetic microbes as a food source or as symbionts [3]. 

The Annelida worms, Alvinellidae occupy niches near hydrothermal vents. The 

family Alvinellidae is categorized into two genera, Alvinella and Paralvinella. They are 

mainly found in tubes on chimney walls near the blowout ports of vents [4]. Recently, 

improvements of study methods and tools have made it possible to investigate the physico-

chemical conditions of their habitats [5]. These investigations have revealed that the 

physico-chemical conditions of these habitats are highly fluctuating. In situ measurements 

at an Alvinellidae colony revealed that pH there ranged from 4.4 to 7.5, and temperature 

from 10ºC to 90ºC [6]. Another survey showed that the temperature inside the tubes on the 

chimney fluctuated from 28.6ºC to 84.0ºC, while that above the tube openings ranged from 

7.5ºC to 40.0ºC [7]. Thus, dealing with the fluctuating physico-chemical conditions in their 

habitats is key to the survival of Alvinellidae species ("alvinellids"). Several studies have 

demonstrated behaviors and molecular defenses that contribute to the remarkable thermal 

tolerance of alvinellids [8-11].  However, little is known about how these worms tolerate 

the harsh chemical conditions in their environment. 

Animals respond to toxic compounds after detecting them with specialized 
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sensors. Transient receptor potential (TRP) channels are known to be molecular sensors 

used for such detection by animals ranging from nematodes to mammals [12-14]. TRP 

channels have been reported to detect various stimuli such as acids, temperature and 

reactive oxygen species [15-17]. In the environment of hydrothermal vents, many other 

stimuli exist in addition to these stimuli. For instance, hydrogen sulfide is found there, and 

is also an activator of TRP channels [18]. These facts suggest that alvinellids may utilize 

TRP channels for sensing the surrounding chemical environment. 

In chapter 1, to reveal the characteristic features of chemical detection in an 

alvinellid, Paralvinella hessleri, the responses of P. hessleri to two chemicals, acetic acid 

and hydrogen peroxide were examined. The low pH of hydrothermal fluid was mainly due 

to carbonic acid, but hydrochloric acid was also an acid source at some types of 

hydrothermal vents [19, 20]. I attempted to examine the effect of these acids on the 

behavior of P. hessleri, but it was difficult to prepare acid solutions containing precise 

concentrations of these acid components because of their volatile nature in addition to the 

difficulty of handling hydrochloric acid on board research vessels due to its corrosiveness. 

H+ sensor involved in acid perception in P. hessleri are supposed to respond to various 

acids, because the sensor would probably recognize H+ irrespective of the type of acid. 

Acetic acid was therefore used as a representative acid because acetic acid is often used in 

nociception tests in crustaceans and mice [21, 22]. Hydrogen peroxide was used as a 

representative reactive oxygen species (ROS) because it was found at hydrothermal vents. 

The responses of P. hessleri to acetic acid and hydrogen peroxide were compared with 

those of a related species, Thelepus sp., living in the intertidal zone. Finally, I used 

ruthenium red (RR), a nonselective blocker of TRP channels, to test the involvement of 

TRP channels in these responses [23, 24]. The findings of this study revealed that P. 

hessleri was highly sensitive to acetic acid and hydrogen peroxide, and TRP channels 

contributed to the detection of these chemicals. 

 

Materials and methods 

Animal collection 
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Field sampling areas were not protected areas. The study did not involve collecting 

any endangered or protected species. Paralvinella hessleri were collected onboard the 

research vessel “Natsushima” during research cruise NT12-10 (31°53.05′ N, 139°58.10′ E, 

907 m depth, off Myojin-sho submarine caldera, onboard ID 1374–9; or 32°06.21′ N, 

139°52.05′ E, 1294 m depth, off Myojin Knoll, onboard ID 1377–4), in the Izu-Ogasawara 

Arc, Japan. Samples were collected on the 25th or 29th of April 2012 with a remotely 

operated Hyper-Dolphin 3000 vehicle (HPD#1374 or #1377). A suction sampler was used 

for collection of P. hessleri residing on vent chimneys. The live animals were kept in non-

aerated cold deep-sea water collected with the animals. Thelepus sp. was collected at the 

intertidal zone in Osaka prefecture of Japan on the 14th of June 2014. The genus of 

Thelepus sp. was identified according to Fauchald [25]. 

Chemical avoidance test of Paralvinella hessleri 

Two glass slides were arranged in parallel with a space of 2-3 millimeters between 

them. Then another glass slide was put on top of these two slides to cover the space 

between them, thus creating a tube-like structure imitating the tube that these worms 

normally inhabit. One individual P. hessleri was inserted into “the tube” using its 

spontaneous backward movement. Ten microliters of inducer (0.01-1% acetic acid, or 

0.003-0.3% hydrogen peroxide) were dropped at the opening of the tube (Fig. 1-1). The 

chemical avoidance behavior was then recorded for 1 min after this induction using a video 

camera (Panasonic, HX-WA10). Ruthenium red treatment was performed as follows. 

Paralvinella hessleri was submerged in deep-sea water containing 1 mM RR for more than 

10 min. Then, the treated worm was moved to a tube for the chemical avoidance test, which 

was performed as described above.  

Chemical avoidance test of Thelepus sp.  

Thelepus sp. was placed on a plastic Petri dish (AU3100, Eiken Chemical, Tokyo, 

Japan), and artificial seawater (Rei-sea marine II, Iwaki, Tokyo, Japan) was added to such 

an extent that the body of the Thelepus sp. was partially, but not completely, submerged in 

seawater. This experimental design was adopted in order to expose the worms directly to 

inducers. After at least 1 min, recording using a video camera (HX-WA30, Panasonic,  
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Osaka, Japan) was started. The worm's behavior without any treatment was recorded for 

more than 30 sec, and then 10 µL of inducer (0.01-10% acetic acid or 0.03-30% hydrogen 

peroxide) was dropped on the worm’s head, and its behavior was video-recorded for 1 min. 

The design of this assay and that performed on P. hessleri differed because of the long body 

size and long tentacles of Thelepus sp. For RR treatment, Thelepus sp. was submerged in 

sea water containing 1 mM RR for more than 10 min. Then the treated worm was moved to 

Fig. 1-1. Chemical avoidance test of Paralvinella hessleri 
(A) Live worms together with the chimney wall they inhabited viewed onboard the research 

vessel after collection. 

(B) A snapshot of the chemical avoidance test of Paralvinella hessleri. 

(C) A schematic drawing of the chemical avoidance test. A worm was inserted into an artificial 

tube made of three glass slides imitating a worm’s mucous tube. Inducers were dropped at the 

opening of the tube using a pipette. 
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a Petri dish and subjected to the chemical avoidance test.  

 Image analysis 

The video images recording the chemical avoidance test of P. hessleri were 

converted from mp4 into AVI format. The coordinates of the head at the start point and 10 

sec after induction were determined using DippMotionPro 2D software (DITECT, Tokyo, 

Japan). The migration distance of each of these head coordinates was calculated as the 

distance between these two points. The video images of Thelepus sp. were also converted 

from mp4 into AVI format. The coordinates of the head were determined every half-second 

during the recording using DippMotionPro 2D software. Their migration distances every 

half-second were calculated using the coordinates' data obtained from the software. The 

post-induction migration distance minus the pre-induction migration distance was defined 

as the "avoidance index". The data without RR treatment were analyzed statistically using 

GraphPad Prism (MDF, Tokyo, Japan) by performing one-way ANOVA followed by 

Dunnett’s multiple comparisons (p < 0.1). The statistical significance of the difference 

between the results obtained with and without RR treatment was determined using 

Student’s t-test (p < 0.1). 

 

Results 

Chemical avoidance test of Paralvinella hessleri 

To determine the concentrations of acetic acid and hydrogen peroxide that induced 

chemical avoidance behavior of P. hessleri, chemical avoidance tests was conducted. These 

tests revealed that the avoidance distances of the worm at 0.1% and 1% acetic acid were 

significantly longer than that for water, while that at 0.01% acetic acid was not (Table 1-1). 

The avoidance distances of the worm at 0.03% and 0.3% hydrogen peroxide were 

significantly longer than that for water, while that at 0.003% was not (Table 1-2). 

Ruthenium red were then used to examine whether TRP channels were involved in the 

avoidance behavior toward these chemicals. The RR treatment significantly decreased the 

avoidance distance induced by 0.1% acetic acid and 0.03% hydrogen peroxide (p < 0.1) 

(Tables 1-1 and 1-2). 
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Values are mean ± SD; ND: not determined. An asterisk indicates a significant difference between the 

avoidance distance in the "0" control condition without acetic acid and the avoidance distance with 

addition of the indicated concentration of acetic acid, as determined by one-way ANOVA with Dunnett's 

post hoc test (p < 0.1). A dagger indicates a significant difference between the avoidance distance with 

ruthenium red treatment as compared to that without ruthenium red treatment, as determined by 

Student's t-test (p < 0.1). 

 

 

 

 

 

 

 

 

Table 1-2. Chemical avoidance test of Paralvinella hessleri against hydrogen peroxide 

 Concentration (%) 

- RR treatment   + RR treatment 

Number of 

samples 

Avoidance distance 

(mm) 
 

Number of 

samples 

Avoidance distance 

(mm) 

0 3 3.19 ± 2.21  ND ND 

0.003 3 1.99 ± 0.40  ND ND 

0.03 3 18.16 ± 8.05*  3 3.84 ± 3.51† 

0.3 3 28.07 ± 10.60*   6 22.16 ± 12.07 

Values are mean ± SD; ND: not determined. An asterisk indicates a significant difference between the 

avoidance distance in the "0" control condition without hydrogen peroxide and the avoidance distance 

with addition of the indicated concentration of hydrogen peroxide, as determined by one-way ANOVA 

with Dunnett's post hoc test (p < 0.1). A dagger indicates a significant difference between the avoidance 

distance with ruthenium red treatment as compared to that without ruthenium red treatment, as 

determined by Student's t-test (p < 0.1). 

 

 

 

 

Table 1-1. Chemical avoidance test of Paralvinella hessleri against acetic acid 

Concentration (%) 

- RR treatment   + RR treatment 

Number of 

samples 

Avoidance distance 

(mm) 
 

Number of 

samples 

Avoidance distance 

(mm) 

0 3 3.19 ± 2.21  ND ND 

0.01 3 0.66 ± 0.66  ND ND 

0.1 3 24.51 ± 12.97*  3 4.93 ± 3.11† 

1 3 26.75 ± 6.62*   3 19.81 ± 14.94 
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Chemical avoidance test of Thelepus sp. 

To compare the sensitivity of P. hessleri to chemicals with the sensitivity of related 

species inhabiting the intertidal zone, chemical avoidance tests on Thelepus sp. was 

conducted. At first, I tried to adopt the method I had used for P. hessleri, but this method 

did not work properly due to the larger body size and longer tentacles of this species. To 

avoid the difficulty of using the tube-like structure test, I instead measured the movement 

of the head to evaluate the effects of various chemicals. In this test, I made an effort to drop 

the chemicals directly on the head in order to apply the same inducing stimulus as that 

applied in the test for P. hessleri as far as possible. The avoidance index of this worm 

against 10% acetic acid was significantly higher than that against water, while acetic acid at 

lower concentrations did not affect the avoidance behavior compared to that against water 

(Table 1-3). The avoidance index of the worm at 30% hydrogen peroxide was significantly 

higher than that against water, while hydrogen peroxide at lower concentrations did not 

cause a higher avoidance index compared to water (Table 1-4). To test the possible 

involvement of TRP channels in the avoidance behavior, the avoidance index of Thelepus 

sp. after RR treatment was examined. RR treatment did not decrease the avoidance index at 

any concentration of acetic acid tested, but increased the avoidance index at 0.1% acetic 

acid (p < 0.1, Table 1-3). Ruthenium red treatment significantly decreased the avoidance 

index at 30% hydrogen peroxide (p < 0.1, Table 1-4).  

 

Discussion 

In chemical avoidance test against acetic acid, P. hessleri showed significantly 

greater avoidance distance at concentrations of 0.1% (pH 3.2) and 1% (pH 2.7) acetic acid 

(Table 1-1). The hydrothermal fluids released from hydrothermal vents are acidic (around 

pH 3), while the surrounding water has a stable, slightly alkaline pH (pH 7.8) [26]. These 

features cause a steep gradient of proton concentration at the boundary between the 

hydrothermal fluids and surrounding water, namely, at the habitat of P. hessleri. 

Environmental acids cause toxic effects in aquatic animals by disturbing ionic or/and 

osmotic regulation [27, 28]. Therefore, it seems reasonable to expect that P. hessleri 
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Table 1-3. Chemical avoidance test of Thelepus sp. against acetic acid  

 Concentration (%) 

- RR treatment   + RR treatment 

Number of 

samples 

Avoidance index 

(mm) 
 

Number of 

samples 

Avoidance index 

(mm) 

0 5 4.96 ± 5.09  5 3.75 ± 6.16 

0.01 5 -0.54 ± 6.13  ND ND 

0.1 5 -1.87 ± 1.36  4 6.21 ± 1.74† 

1 5 10.93 ± 10.30  5 18.41 ± 7.02 

10 5 28.22 ± 20.94*  5 29.63 ± 16.14 

Avoidance index was calculated as the post-induction migration distance during 30 sec minus the pre-

induction migration distance during 30 sec. Values are mean ± SD; ND: not determined. An asterisk 

indicates a significant difference between the avoidance index in the "0" control condition without acetic 

acid and the avoidance index at the indicated concentration of acetic acid without RR treatment, as 

determined by one-way ANOVA with Dunnett's post hoc test (p < 0.1). A dagger indicates a significant 

difference between the avoidance index with ruthenium red treatment as compared to that without 

ruthenium red treatment, as determined by Student's t-test (p < 0.1). 

 

 

 

 

 

Table 1-4. Chemical avoidance test of Thelepus sp. against hydrogen peroxide 

 Concentration (%) 

- RR treatment   + RR treatment 

Number of 

samples 

Avoidance index 

(mm) 
  

Number of 

samples 

Avoidance index 

(mm) 

0 5 4.96 ± 5.09  5 3.75 ± 6.16 

0.03 4 -5.23 ± 6.16  ND ND 

0.3 5 6.98 ± 5.25  5 2.41 ± 2.89 

3 7 11.52 ± 9.08  5 19.50 ± 4.57  

30 4 32.46 ± 19.20*  4 6.86 ± 13.07† 

Avoidance index was calculated as the post-induction migration distance travelled during 30 sec minus 

the pre-induction migration distance travelled during 30 sec. Values are mean ± SD; ND: not 

determined. An asterisk indicates a significant difference between the avoidance index in the "0" control 

condition without hydrogen peroxide and the avoidance index with the indicated concentration of 

hydrogen peroxide without RR treatment, as determined by one-way ANOVA with Dunnett's post hoc 

test (p < 0.1). A dagger indicates a significant difference between the avoidance index with ruthenium 

red treatment as compared to that without ruthenium red treatment, as determined by Student's t-test (p < 

0.1). 
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might monitor environmental protons in order to detect the approach of hazardous 

hydrothermal fluids. In contrast, the pH of the water which Thelepus sp. inhabits is stable 

and slightly alkaline. Therefore, it is not necessary for Thelepus sp. to respond to 

environmental pH. This is in agreement with the finding that Thelepus sp. did not display 

avoidance behavior over the physiological pH range (Table 1-3). 

In the chemical avoidance test against hydrogen peroxide, P. hessleri showed 

significantly increased avoidance distances at 0.03% and 0.3% hydrogen peroxide (Table 1-

2). Hydrothermal fluid itself contains no oxygen or ROS such as hydrogen peroxide [26]. 

However, ROS can be produced when both sulfide and molecular oxygen are present in the 

surrounding water, suggesting that ROS might be produced at the boundary between 

hydrothermal fluids and surrounding water [29]. In fact, hydrogen peroxide has been 

reported to exist in the environment of hydrothermal vents [2]. Because ROS, including 

hydrogen peroxide, can damage biomolecules [30], it is advantageous for organisms such 

as P. hessleri to be able to sense hydrogen peroxide in order to avoid exposure to it. In the 

intertidal zone, hydrogen peroxide is produced photochemically, and ranges in 

concentration from low nM levels to 440 nM in surface seawater [31]. Thelepus sp. showed 

avoidance behavior only toward 30% hydrogen peroxide (Table 1-4). Hydrogen peroxide is 

not known to be present at such a high concentration in the natural environment of 

Thelepus sp., and hence it is not necessary for Thelepus sp. to respond behaviorally to 

environmental ROS. 

Behavioral responses of aquatic animals to environmental acids have been reported 

so far for fishes [32, 33], crustaceans [34, 35] and mollusks [36, 37]. The contribution of TRP 

channels to behavioral responses toward low pH was shown in nematode [15], suggesting 

the possible involvement of TRP channels in the behavioral response to acids in other aquatic 

animals as well. In contrast, behavioral responses of aquatic animals toward environmental 

ROS have never been reported. However, TRP channels were shown to be involved in the 

detection of hydrogen peroxide in mouse [38], suggesting the possibility that TRP channels 

might be involved in the behavioral response to hydrogen peroxide in aquatic animals. In the 

chemical avoidance test in the present study, P. hessleri and Thelepus sp. responded to acids 
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and hydrogen peroxide. To test the involvement of TRP channels in the behavioral response 

to acids and hydrogen peroxide, chemical avoidance tests were conducted after the 

administration of a non-selective TRP channel blocker, ruthenium red. 

Ruthenium red treatment significantly decreased the avoidance distance of P. 

hessleri against 0.1% acetic acid and 0.03% hydrogen peroxide but not against higher 

concentrations (Tables 1-1 and 1-2), indicating that TRP channels mediated the detection by 

P. hessleri of toxic chemicals at low, but not high, concentrations. These results imply that 

receptors other rather than TRP channels are involved in the detection of acetic acid and 

hydrogen peroxide at such higher concentrations. TRP channels and ryanodine receptors 

(RyRs) are Ca2+ channel proteins that may be involved in animal behavior, and RR is 

known to be an antagonist against these Ca2+ channels [39, 40]. RyRs function to release 

Ca2+ from the sarcoplasmic reticulum and to induce muscle contraction [41], suggesting 

that muscle contraction would be suppressed in an animal if RR inhibited the animal’s Ca2+ 

transport through RyRs. In the present study, however, RR showed no inhibitory effect on 

the body movement associated with muscle contraction on either species examined, which 

suggests that RR does not have an antagonistic effect against RyRs of either species. This 

might be because the rate of permeation of RR into the animals was so slow [40] that RR 

did not reach RyRs in muscle and only reacted with Ca2+ channels localized in the skin 

during the experimental period. 

The TRP channel family consists of many members and is divided into several 

subfamilies [23]. In mammals, TRPV1, TRPA1 and some other members of the TRP 

channel family have been reported to be activated by protons [42, 43]. Caenorhabditis 

elegans shows avoidance behavior against acidic pH (pH 3-5), which is detected in this 

animal by OSM-9, a member of the TRPV subfamily [15]. Interestingly, this pH is close to 

that which induces avoidance behavior of P. hessleri, which implies that similar TRP 

channels may be involved in the acid avoidance of P. hessleri. Reactive oxygen species, 

including hydrogen peroxide, are detected by mammals via TRPA1 [17, 38], TRPM2 [44] 

and some other members of the TRP family [45]. I speculate that homologue of these TRP 

channels are possible candidates for the hydrogen peroxide sensor of P. hessleri. Further 
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studies will be needed to identify the particular TRP channels that act as chemical sensors 

in P. hessleri and to clarify their functions.  

 This newly developed assay reported here can easily evaluate the avoidance 

behavior of a deep-sea hydrothermal vent animal, P. hessleri, onboard a research vessel. 

The findings here using this assay revealed that P. hessleri showed avoidance behavior 

against two environmentally relevant inducers with high sensitivity. Its ability to escape 

from toxic chemicals even at low concentrations should contribute to its ability to occupy a 

niche in the vicinity of hydrothermal vents. In addition, our results suggested that TRP 

channels act as sensors of these chemicals. Further studies are needed to identify the 

particular TRP channels that act as chemical sensors and clarify their functions in 

hydrothermal vent animals, which will lead to unraveling the chemical sensing mechanisms 

of these animals. 
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Chapter 2  

Exploration of the hypoxia sensor for behavioral 

response in marine annelid, Capitella teleta. 

 

 

Introduction 

Hypoxic zones are expanding in open oceans and coastal waters due to global 

warming and high nutrient inputs, and have influences on ecosystems and biodiversity [1-

3].  This expansion is considered likely to continue, and to have unpredictable impacts on 

marine animals, including species commercially important for fishing. Hypoxia is 

conventionally defined as dissolved oxygen concentration (DO) < 2 mg/L. The effects of 

hypoxia vary depending on the species, although they are roughly similar within a 

particular taxonomic group, and reflect differences in animals’ behavioral and 

physiological adaptability to hypoxia [4, 5]. It is important to clearly understand the 

influence of hypoxia on marine benthic animals, because these animals have important 

roles in supporting marine ecology. 

Marine annelids of the genus Capitella are small, thread-like worms with hypoxia 

tolerance [6]. They inhabit organically polluted sediment in coastal water, where severe 

hypoxia occurs in summer [7, 8]. Their population shows rapid growth prior to other 

species in autumn as DO rises [8, 9]. Therefore, they are thought to respond sensitively to 

the fluctuation of DO and to return to the habitat rapidly as DO rises. 

 Responses of marine invertebrates to hypoxia can be simply categorized into 

physiological and behavioral responses [1, 10]. The physiological responses are promotion 

of hemoglobin synthesis [11] and enhancement of the anaerobic metabolism [12-14]. 

Hypoxia inducible factors (HIFs) play regulatory functions in these responses, and their 

mechanism of regulation is well understood in terrestrial organisms [15-17]. The regulation 

of physiological responses by HIFs are also observed in marine animals such as bivalves, 

crustaceans and fish [18-21]. On the other hand, the behavioral responses include avoidance 
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of hypoxic water [22, 23] and suppression of heartbeat rates [24]. However, there is little 

knowledge about the hypoxia sensing system that regulates behavioral responses in marine 

invertebrates.  

Recently, in mammals, one member of the transient receptor potential channel 

family, TRPA1, was reported to be involved in the hypoxia detection system and to 

regulate hypoxia-triggered behavioral responses [25, 26]. In this chapter, I showed that 

TRPA homologue possibly contributes to the hypoxia-detection system of marine 

invertebrates, as indicated by the experiments on hypoxia-avoidance behavior of C. teleta. 

 

Materials and methods 

Rearing of Capitella teleta 

Stock cultures of C. teleta were kindly provided by Dr. H. Tsutsumi of Prefectural 

University of Kumamoto and Dr. N. Ueda of the University of Kitakyushu, and reared in 

mud with artificial sea water (ASW) (Rei-sea marine II, Iwaki, Tokyo, Japan) of 33 psu 

salinity at 18°C. The worms were originally collected from the sediment below a fish farm 

(32°23’52 N, 130°13’40 E) or Dokai Bay (33°52’34 N, 130°45’3 E). Worms were fed 

commercial fish food. 

Hypoxia avoidance assay 

Ten mL of glass beads (BZ-01, AS ONE Corporation, Osaka, Japan) and 50 mL of 

ASW were poured into glass vials (No.7L, AS ONE Corporation). Ten bare worms were 

transferred into the vials and kept for more than 3 h at room temperature. Stock solutions of 

100 mM A-967079 (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were made in 

DMSO and stored at -30°C until use. Five μL of A-967079 stock solution was added to the 

ASW in each glass vial containing worms, making a final concentration of 10 μM, while in 

control treatments, DMSO alone was added. To ensure the inhibitory effect of A-967079, 

these vials were kept for 10 min. Hypoxia was achieved by blowing nitrogen gas into the 

solution for 10 min. Then the cap was closed and vials were allowed to stand for 8 h, during 

which photographs were taken every 30 min. Hypoxia-avoidance behavior was evaluated 

by the number of worms of which part protruded from the glass beads. This experiment was 
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repeated 10 times. Real-time monitoring of DO could not be done to avoid disturbing the 

environmental condition in the vial. Therefore, the same experiments as above without A-

967079 treatment were conducted only to measure DO. Dissolved oxygen concentrations at 

0 h, 4 h and 8 h were measured using a Seven2Go DO meter (METTLER TOLEDO, 

Columbus, USA). The measurements were repeated three times. 

Effect of A-967079 on worm locomotor activity 

The bare worms were rinsed with ASW and transferred to a dish with diameter 8.75 

cm containing 25 mL ASW supplemented with 0.01% 100 mM A-967079 dissolved in 

DMSO (final 10 µM A-967069) or 0.01% DMSO as mock control. Photographs were taken 

with a WG-5 GPS camera (RICOH, Tokyo, Japan) at the rate of one photograph/min for 42 

min immediately after transfer. The coordinates of the head of worms were estimated using 

ImageJ [27]. Their migration distance during 30 min was calculated to determine the effect 

of A-967079 on their locomotor activity. This analysis was done using the 11th to 41st 

photograph because the first 10 min was taken as the time to ensure the inhibitory effect of 

A-9670679. The number of replications of A-967079 treatment was 12, while that of the 

mock control was 13. 

Cloning, domain structure and phylogenetic analysis of CtTRPAbasal  

 A part of the TRPA gene sequence from C. teleta was acquired by BLAST search 

using the human TRPA1 protein sequence (NP_0015628.2) as query. The Sequence ID of 

the most similar protein sequence is ELT91340.1. The sequence of full-length 

CtTRPAbasal was determined by the rapid amplification of cDNA ends method, and the 

open reading frame with flanking regions was cloned with two primers containing 

restriction enzyme sites at the 5’ends; Fw: ACTAAAGCTTTAACGCTGCATCAGTGCG 

CTCG, Rv; ACTAGGATCCTAACCAGACAACGGCTTGAAAC. This was amplified 

using KOD Plus Neo (TOYOBO, Osaka, Japan) with the following program; initial 

incubation at 94°C for 2 min; 35 cycles of denaturation at 98°C for 10 sec, annealing at 

60°C for 30 sec and amplification at 68°C for 3.5 min, and final incubation at 68°C for 5 

min. Amplified products were cut with BamHI and HindIII and inserted into pBluescript 

KS(-).  
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The domain structure of CtTRPAbasal was analyzed using InterProScan [28]. 

Phylogenic analysis was performed using MEGA7 [29]. Gene IDs used for phylogenic 

analysis of CtTRPAbasal are listed in Table 2-1. Transmembrane regions in the deduced 

amino acid sequence of these genes were determined using Pfam search [30] and aligned by 

using MUSCLE [31]. A phylogenic tree was constructed by the maximum likelihood 

method using the LG model. A discrete gamma distribution was used to model 

evolutionary rate differences among sites (5 categories (+G, parameter = 1.3532)). The 

gaps were completely deleted. The oxygen-dependent degradation domain (ODD) of 

CtTRPAbasal was deduced by alignment with the ODD from human HIF-1α and HIF-2α 

[32] using ClustalW [33]. Analysis of the alignment was performed using Jalview [34]. 

 

 

Table 2-1. Gene accession number used for phylogenic analysis 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence name in the tree Accession number 

Caenorhabditis elegans NP_502249.3 

Drosophila melanogaster painless NP_611979 

Drosophila melanogaster pyrexia NP_612015 

Drosophila melanogaster water witch NP_731193 

Drosophila melanogaster TRPA1 NP_648263 

Danio rerio XP_009296845 

Gallus gallus BAO51998 

Homo sapiens NP_015628 

Mus musculus NP_808449 

Python regius ADD82928 

Xenopus tropicalis NP_001121434 

Anopheles gambiae ACC86138 

Patiria pectinifera TRPA basal BAX76613.1 

Patiria pectinifera TRPA1 BAX76612.1 
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Whole-mount in situ hybridization 

Worms were kept in a 0.5% agar plate buffered with ASW for 2 days to remove 

the mud inside the gut. Then, the worms were relaxed in 1:1 0.37 M MgCl2:ASW for more 

than 10 min. Relaxed worms were fixed with 4% paraformaldehyde (PFA)/PBS overnight 

at 4°C. Dehydration was achieved as follows: incubation in 25% methanol/75% PBS for 5 

min, 50% methanol/50% PBS for 5 min, 75% methanol/25% PBS for 5 min, 100% 

methanol twice for 10 min each, and the dehydrated samples were then stored at -20°C 

until experiments. 

Samples were rehydrated with 75% methanol/25% PBST (PBS, 0.1 % Tween 20) 

for 5 min, 50% methanol/50% PBST for 5 min, 25% methanol/75% PBST for 5 min and 3 

times with PBST for 5 min each, and then digested with protease K (10 μg/mL) in PBST 

for 30 min at room temperature. After washing with PBST, samples were soaked in 0.1 M 

triethanolamine (pH 7-8) for 5 min to inactivate endogenous alkaline phosphatase. Then the 

samples were transferred to fresh 0.1 M triethanolamine and 1/400 volume of acetic 

anhydride was added to block the nonspecific binding of probes. Five minutes later, another 

1/400 volume of acetic anhydride was added and the samples were incubated for 5 min. 

Then, samples were washed two times with PBST for 5 min and fixed with 4% PFA for 1 h 

followed by three washes with PBST for 5 min. Samples were washed with hybridization 

buffer (Hyb; 50% formamide, 5×SSC, 50 μg/mL heparin, 0.1% Tween 20, 1% SDS, 100 

μg/mL ribonucleic acid from torula yeast), and then prehybridized with fresh hybridization 

buffer for 2 h at 65°C. Digoxigenin-labeled RNA probes were synthesized using a DIG 

RNA Labeling Kit (Roche, Basel, Switzerland) (with T3 for antisense probe and T7 for 

sense probe). The template was 521 bp from 1945 to 2466 bp in the open reading frame of 

CtTRPAbasal cloned into pBluescript KS (-). Hybridization was carried out using probes at 

0.1 ng/μL overnight at 65°C. After hybridization, worms were washed with Hyb for 5 min 

and then for 20 min, 2 times with 75% Hyb/25% PBST for 20 min, 2 times with 50% 

Hyb/50% PBST for 20 min and 2 times with 25% Hyb/75% PBST for 20 min at 65°C, and 

then 3 times with PBST for 5 min and 5 times with PBT (1 × PBS, 0.2% TritonX-100, 

0.1% BSA). Riboprobes were visualized as follows: samples were incubated for 1 h with 
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blocking buffer (10 × blocking buffer (Roche) diluted to 1 × conc. by PBS), then overnight 

with anti-Digoxygenin Fab Fragment (Roche) diluted 1:5000 in blocking buffer at 4°C, and 

then washed 3 times with PBT for 5 min. Color development was carried out using BM-

Purple (Roche). Colored samples were then equilibrated in 80% glycerol/PBS and images 

were captured with VB-7000 (KEYENCE, Osaka, Japan) mounted on MZFLIII (Leica 

Microsystems, Wetzlar, Germany). Image stacking of multiple focal planes was performed 

with ImageJ. 

 

Results 

Hypoxia avoidance assay 

To examine the involvement of TRPA1 in hypoxia detection by C. teleta, the effects 

of a TRPA1-specific inhibitor, A-967079, on the hypoxia-induced response were examined 

(Fig. 2-1). The worms exposed to severe hypoxic conditions crawled out of the sediment, 

and the number of worms showing this behavior in severe hypoxia treatment was 

significantly larger than that in normoxia treatment at every time point examined except for 

2.0 and 3.0 h. This behavior was suppressed by 10 µM A-967079 at 0.5, 1.0, 1.5, 6.0, and 

7.5 h.  

To determine the concentration of DO in the hypoxia avoidance assay, the same 

experiment as above without A-967079 treatment was conducted three times for measuring 

DO concentrations. The concentrations of DO in the normoxia treatment were 5.80, 5.91, 

5.95 mg/L at 0 h, 2.95, 3.46, 3.60 mg/L at 4 h and 3.57, 3.68, 4.26, mg/L at 8h. In the 

hypoxia treatment, the concentrations of DO were 0.39, 0.41, 0.46 mg/L at 0 h, 1.24, 1.66, 

1.82 mg/L at 4 h and 1.71, 1.80, 1.87 mg/L at 8 h. Throughout this experiment, the 

temperature was in the range of 24.0 - 24.9°C. 

Effect of A-967079 on the locomotor activity 

 To ensure that A-967079 has no side effect on the worms’ locomotor activity, the 

migration distances (measured at the tip of their head) with or without A-967079 were 

evaluated (Fig. 2-2). The average migration distance (mm) ± S.D. with A-967079 treatment  
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Fig. 2-1. Hypoxia avoidance assay 
Values are shown as mean ± SEM of the number of worms that protruded from the glass beads (n 

= 10). Symbols within this figure indicates the statistically significant differences determined by 

ANOVA followed by Tukey’s test (p < 0.05) as follows: *, Hypoxia vs Normoxia or Hypoxia + 

A-967079; †, Normoxia vs Hypoxia or Hypoxia + A-967079; ‡, Normoxia vs Hypoxia + A-

967079; §, Hypoxia vs Normoxia. 

 

Fig. 2-2. Effect of A-967079 on locomotor 
activity 
Migration distance of the head of Capitella 

teleta for 30 min is shown when they were 

immersed in artificial seawater with or without 

10 μM A-967079. Data are shown as mean ± 

SD. The data of the two groups were statistically 

analyzed by Student’s t-test. 
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was 103.6 ± 48.7, while that with the mock treatment was 131.0 ± 56.0. The p-value 

between the two treatments evaluated by Student’s t-test was 0.22. 

Domain structure and phylogenic analysis of CtTRPAbasal 

To speculate about the function of CtTRPAbasal, its domain structure and 

phylogeny were examined. The phylogenic relationship of CtTRPAbasal with TRPA from 

various species from nematode to man was analyzed (Fig. 2-3). This analysis showed that 

CtTRPAbasal belongs to the same clade as nematode’s TRPA [35] and TRPAbasal found 

in the starfish Patiria pectinifera [36]. Many ankyrin repeats in the N-terminal cytosolic 

region are a typical feature of TRPA, and CtTRPAbasal is speculated to have 16 ankyrin 

repeats there. The ODD has an important role in the detection of hypoxia in mammalian 

TRPA1 [25]. To confirm the presence of ODD in CtTRPAbasal, amino acid sequences of 

ODDs in human HIF-1α and HIF-2α were aligned with CtTRPAbasal, and ODD was found 

in the N-terminal cytosolic region of CtTRPAbasal (Fig. 2-4). 

Whole-mount in situ hybridization 

 To identify where in the worm CtTRPAbasal works, in situ hybridization analysis 

were performed. A strong, sharply defined signal was observed at the prostomium, and a 

vague signal was observed in the posterior region (Fig. 2-5). However, a sense probe used 

as a negative control also produced a signal in the posterior region. Therefore, the true 

signal was concluded to be at the prostomium. The signal in the prostomium was located on 

both sides as seen from the ventral view. 

 

Discussion 

Hypoxia treatment induced escape behavior of C. teleta, and this behavior was 

suppressed by the administration of A-967079 (Fig. 2-1), while the locomotor activity was 

not suppressed by A-967079 (Fig. 2-2). The suppression of escape behavior in C. teleta was 

prominent at the beginning of the experiment, which suggests that A-967079 influenced a 

rapid response to hypoxia. In mice, TRPA1 is the key regulator of the hypoxia ventilatory 

response, i.e., of the increase in ventilation during hypoxia [26]. When mice breathe   
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Fig. 2-3. Phylogenic position of CtTRPAbasal 
Phylogenic tree of known TRPA channels was constructed by the Maximum likelihood method. 

Only transmembrane domains were used for constructing the tree. Bootstrap values calculated using 

1000 replications are shown near the nodes. Gene accession numbers of the amino acid sequences 

used in this analysis are shown in Table 2-1. 
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hypoxic air, their respiratory rate increases rapidly, but that of TRPA1-inhibited mice does 

not. This is in accord with our results, which implied that TRPA1 was involved in the rapid 

behavioral response to hypoxia. At later time points, A-967079 also suppressed the 

hypoxia-escaping behavior. Hatano et al. (2012) showed that human TRPA1 was 

upregulated within several hours by activated HIF-1α, a hypoxia-responsive transcription 

factor [37]. This suggests that the input of sensing hypoxia via the TRPA1 homologue 

could gradually increase as the time of exposure to hypoxia increased. This might explain 

our observation that the suppression of the escape behavior reemerged in the late part of 

this experiment. In the middle part of this experiment, this suppression was not observed. 

This might be because other hypoxia-sensing mechanisms, such as soluble guanylyl cyclase 

(sGC) or HIF pathways, overwhelmed the A-967079-induced TRPA1 inhibition. 

Similar hypoxia-induced evacuation from sediment is observed in infaunal benthic 

species. The burrowing marine annelids Hediste diversicolor and Alitta virens expose 

themselves on the sediment in response to hypoxia [38]. Lomia medusa, a tubicolous  

Fig. 2-4. Alignment of oxygen-dependent degradation domain of human HIFα with that 
of CtTRPAbasal 
The amino acid sequences of HIF-1α and 2α were acquired from NCBI, and the gene accession 

numbers were Q16665.1 and Q99814.3, respectively. Alignment was done using ClustalW services 

and the result was analyzed using Jalview. Coloring of amino acids was performed according to 

ClustalX. Arrowhead indicates the hydroxylation site.  
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Fig. 2-5. Whole-mount in situ hybridization 
The probe consisted of 521bp from bp 1945 to bp 2466 in the open reading frame of CtTRPA. 

Signals were developed using BM-Purple (blue color). Arrowheads indicate the signals at the 

prostomium. (A) Whole body from lateral side with anti-sense probe. (B) Lateral side of the head 

with anti-sense probe. (C) Ventral side of the head with anti-sense probe (D) Dorsal side of the head 

with anti-sense probe. (E) Whole body from lateral side with sense probe. (F) Lateral side of the 

head with sense probe. 
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marine annelid, escapes from its tubes in hypoxic conditions [39]. The brittle stars 

Amphiura filiformis and A. chiajei, the deposit-feeding bivalves Abra alba and A. nitida, 

and the suspension-feeding bivalve Cerastoderma edule come out from sediment in 

response to hypoxic stimuli [40]. In this study, C. teleta climbed on the sides of glass vials 

with their mucous in response to hypoxia. I infer that when they are confronted by hypoxia 

in their natural habitat, they would crawl out of their burrow and migrate on the surface of 

sediment to find a more suitable condition. Terrestrial model organisms also show similar 

hypoxia-induced behaviors. The larvae of Drosophila melanogaster evacuate from their 

food, yeast paste, in response to hypoxia [41]. Caenorhabditis elegans migrates to an 

environment with a preferred oxygen availability to avoid hypoxia and hyperoxia [42, 43]. 

These behavioral responses are thought to be regulated by the nitric oxide (NO)/ cyclic 

guanosine monophosphate (cGMP) signaling pathway. In this pathway, soluble guanylyl 

cyclases play a key role in sensing oxygen via NO production [44, 45]. These cyclases 

produce cGMP in response to oxygen deprivation, and cGMP in turn activates cyclic 

nucleotide-gated ion channel (CNG). Activation of CNG allows calcium ions to pass 

through the plasma membrane, resulting in depolarization, which leads to the behavioral 

responses to hypoxia. Hypoxia-induced activation of TRPA1 homologue also increases 

calcium permeability. TRPA1 homologue as a hypoxia sensor may cooperate with sGC to 

promote escape from the sediment in hypoxic conditions. 

The phylogenic analysis of the TRPA1 homologue gene suggested that the cloned 

TRPA gene from C. teleta was classified as a TRPAbasal gene, similar to nematode’s 

TRPA-1 (Fig. 2-3). The known agonists of nematode’s TRPA-1 are cold [46] and 

mechanical stimuli [35]. A starfish, Patiria pectinifera, has two TRPAs, TRPA1 and TRPA 

basal [36]. PpTRPA1 is thermosensitive and involved in thermotaxis, but PpTRPA basal is 

not activated by heat or several pungent chemicals. The oxygen dependent degradation 

domain is important for activation of TRPA1 by hypoxia. In the normoxic condition, a 

proline residue in the ODD is hydroxylated by the PHD family, which are oxygen-

dependent prolyl hydroxylases [25]. Under hypoxic conditions, that  

proline is not hydroxylated, leading to activation of TRPA1. This oxygen-dependent 
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hydroxylation was first found in the regulation of HIFα, which mediates the physiological  

response to hypoxia [47]. Therefore, the ODDs from HIF-1α and 2α were aligned with 

CtTRPAbasal to examine whether CtTRPAbasal possesses an ODD (Fig. 2-4). The results 

of alignment showed that CtTRPAbasal has an ODD in the N-terminal cytosolic region, 

like mammalian TRPA1. This result suggested that CtTRPAbasal can be activated by 

hypoxia. On the other hand, online transcriptome data indicate the existence of a gene 

homologous to CtTRPAbasal, ELU03480.1, in C. teleta. This gene is also categorized into 

TRPAbasal (Fig. 2-3) but the proline residue in ODD is substituted by glutamine, which 

suggests that this gene is not involved in hypoxia detection (Fig. 2-6).  

The whole-mount in situ hybridization analysis showed that CtTRPAbasal was 

transcribed precisely in the segment anterior to mouth called the prostomium (Fig. 2-5). In 

annelids, sensory cells for sensing environmental stimuli such as amino acids and pH are 

specifically localized in the prostomium [48-50]. Observation of the ventral view revealed 

that signals were observed in both sides of the prostomium. In the tip of the prostomium, 

nerve fibers are concentrated on both lateral sides [51]. Since the arrangement of nerve 

fibers is similar to the location of the CtTRPAbasal transcript signal there, CtTRPAbasal 

may function as a hypoxia sensor at the sensory cells in the prostomium. Therefore, C. 

Fig. 2-6. Alignment of two CtTRPAbasal genes with ODDs in human HIFα 
Alignment was performed using ClustalW. Jalview was used for analysis of this alignment. 

Coloring of amino acids was performed according to ClustalX. Arrowhead indicates hydroxylation 

site. 
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teleta might sense DO in its direction of movement and effectively avoid hypoxic zones. To 

specify more precisely the localization of CtTRPAbasal protein, immunohistochemical 

analyses will be needed. 

A-967079 antagonizes mammalian TRPA1 with high specificity. Nakatsuka et al. 

(2013) and Banzawa et al. (2014) showed that A-967079 does not antagonize, but instead 

activates, chicken and frog TRPA1 [52, 53]. This difference of antagonistic or agonistic 

effects of A-967079 depends on several amino acids present in the 5th transmembrane 

region. The region containing these amino acids in CtTRPAbasal does not have high 

similarity with that in mammalian TRPA1. Therefore, there is a possibility that C. teleta 

has some other TRPA1 homologue with higher homology to mammalian TRPA1, and A-

967079 has no antagonistic effect on CtTRPAbasal. On the other hand, CtTRPA1 contains 

an ODD, a key domain for hypoxia-activation, suggesting that CtTRPAbasal would 

regulate the hypoxia-induced response of C. teleta. The suppression of hypoxia-avoidance 

behavior of C. teleta by A-967079 supports the notion that A-967079 antagonizes 

CtTRPAbasal activation by hypoxia. Functional analyses of CtTRPAbasal itself will be 

needed to verify the hypoxia-sensing ability of CtTRPAbasal and the antagonistic effect of 

A-967079 on it. 

 To expand their habitats, it is important for organisms to sense the limit of their 

tolerance to physicochemical conditions for their survival. Organisms belonging to the 

Capitella capitata complex, including several capitellids of which C. teleta is one, can 

endure several days or more in severe hypoxic conditions [54]. Capitella teleta is thought 

to decrease its aerobic metabolism to below approximately 1.5 mg/L to endure hypoxic 

conditions, based on the results of its oxygen uptake rate [55]. These reports showed the 

high tolerance of C. teleta to hypoxia. In this study, C. teleta exhibited avoidance from 

severe hypoxia, possibly mediated by CtTRPAbasal, within one hour, and hence they could 

migrate to an area with higher DO before the time limit for their survival in severely 

hypoxic conditions. Their behavioral response and tolerance to hypoxia led them to survive 

in niches in organically enriched sediments where hypoxia often occurs. However, whether 
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CtTRPAbasal itself is activated by hypoxia needs to be clarified by loss-of-function 

methods or analysis of the ion channel function. 
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Chapter 3 

Transcriptomic analyses reveal hypoxia-inducing 

responses in marine annelid, Capitella teleta. 

 

 

Introduction 

In previous chapter, I demonstrated that the hypoxia-escaping behavior of C. teleta, 

however, the mechanism that they can survive even in hypoxic condition remains unclear. 

Marine annelids have relatively high tolerance to hypoxia among marine invertebrates since 

they are capable of withstanding hypoxia for several days [1-3]. Marine annelids improve 

their tolerance to chronic hypoxia in various ways. Morphological changes to expand 

surface contact with environmental water are reported in Spionidae species living in oxygen 

minimum zone [4]. The empowerments of energy productivity by increasing the number of 

pyruvate oxidoreductase involving anaerobic metabolism also play a key role for the 

adaptation on hypoxic conditions [5]. To survive longer in hypoxia, marine annelids 

ameliorate oxygen acquirements by rise in hemoglobin concentration [6] and gain energy 

from anaerobic metabolism [7-9]. However, there is little knowledge about the molecular 

basis of these responses. 

Recent advances in genomic and transcriptomic analysis are revealing molecular 

basis of hypoxia-inducing responses of marine invertebrates, especially fishery important 

species such as river prawn [10, 11], pacific oyster [12] and sea cucumber [13]. There is 

quite a few study about transcriptomic response to deprivation of oxygen in marine 

annelids. In 2012, the draft genomic sequence of C. teleta became available [14]. This 

advance helps us to understand the response of marine annelids to environmental stresses. 

In this chapter, to reveal the molecular basis supporting their adaptability to hypoxic 

condition, RNA-seq analysis were conducted. Here, I showed that C. teleta scavenges 

oxidative stress produced by hypoxia and reoxygenation and changes the set of globin 

genes to optimize oxygen availability in hypoxic condition in response to hypoxia.  
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Materials and Methods 

Rearing of Capitella teleta 

Stock cultures of C. teleta were kindly spared from Dr. Hiroaki Tsutsumi and Dr. 

Naoko Ueda, and reared in the mud with the artificial sea water (ASW) (Rei-sea marine II, 

Iwaki, Tokyo, Japan) of 33 psu salinity at 18°C The worms were originally collected at the 

sediment below the fish farm (32°23’52 N, 130°13’40 E) or Dokai Bay (33°52’34 N, 

130°45’3 E). Worms were fed with commercial fish food. 

Hypoxia challenge 

  After worms were relaxed in half mixture of ASW and 0.37 M MgCl2, worms with 

0.4-0.6 cm in length were collected as “Small” and female worms with more than 1.2 cm in 

length as “Large”. Recovering from relaxing by soaked in ASW for 1 h, worms were 

transferred into reagent bottle filled with hypoxic ASW or normoxic one and the caps were 

closed tightly. The volume capacity of this bottle is nearly 250 mL. Dissolved oxygen 

concentration in hypoxia was set roughly at 1 mg/L (precisely 0.88 mg /L). Hypoxia was 

achieved by blowing N2 gas. In normoxia, DO was set more than 6 mg/L. Dissolved 

oxygen concentrations were measured with InLab OptiOx connected to Seven 2 GO Pro 

(METTLER TOLEDO, Columbus, USA). The worms within the bottle were kept for 24 h 

at 18°C. 

RNA extraction and RNA-seq 

 Total RNA of samples were extracted from whole-body of the worms by using 

RNeasy Mini Kit (QIAGEN, Hilden, Germany) with the option of on-column digestion of 

genomic DNA. Five small worms were pooled into one sample as small group, because 

total RNA amount from one small worm was not enough for RNA-seq analysis. Libraries 

were constructed by TruSeq RNA Sample Prep Kit v2 (Illumina, CA, USA) following the 

protocol TruSeq RNA Sample Preparation v2 Guide, Part # 15026495 Rev. F. 100 bp, pair 

end sequencing were done with NovaSeq 6000 (Illumina). Library construction and RNA 

sequencing were performed at Macrogen (Seoul, South Korea). 
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Data analysis 

The quality of the sequences was checked and the sequence reads with Phred 

quality score < 20, length < 80 bp were trimmed by TrimGalore!-0.45 (https://github.com/ 

FelixKrueger/TrimGalore). The adaptor sequence was also trimmed by TrimGalore!-0.45. 

The trimmed sequences were mapped to transcripts of C. teleta deposited in Ensembl 

Metazoa (https://metazoa.ensembl.org/index.html) then quantified with Salmon v0.11.4 

[15]. The quantified data sets were exported by tximport 1.8.0 [16]. The exported data sets 

were imported to R 3.5.1 and analyzed as follows. The imported data was normalized by 

iDEGS/edgeR methods in TCC 1.20.1 package [17]. Normalization was separately done in 

two groups: Large normoxia and Large hypoxia, Small normoxia and Small hypoxia. 

Differentially expressed genes (DEGs) were defined as a.value > 0, m.value > 1 or < -1, 

q.value < 0.05. The list of Gene IDs, GO term and GO description were acquired Ensembl 

Metazoa Biomart. The enriched GO were statistically determined by Fisher’s exact test. 

Annotation of DEGs were done with Blast2GO 5.2.5 [18]. The E-value cutoff was set as 

1.0E-5 and gene description was determined by BLAST Description Annotator in 

Blast2GO. 

Phylogenic analysis of globin genes 

 The amino acid sequences of globin genes were acquired from Ensembl Metazoa 

Biomart. These globin genes were annotated by Blast2GO and two sequences (Table 3-6) 

CapteG189648 and CapteG60954 were omitted in this analysis because CapteG189648 was 

not annotated and CapteG60954 have high similarity to flavohemoprotein, which is 

involved in NO detoxification. These sequences and the amino acid sequences of known 

annelid globins, crustacean neuroglobin and cytoglobin, pacific oyster neuroglobin, and 

vertebrates’ glonbins listed in Table 3-1 were aligned with MUCLE in MEGA7 [19]. The 

site under 80% coverage were trimmed. The number of sites used in phylogenic analysis 

was 134. The best model estimation was carried out in MEGA7. The trimmed alignment 

data were exported as nexus format. Then, Bayesian tree was generated from 2×106 

generation with 4 chains in MrBayes 3.2.6 [20], estimating posterior probability from 

Markov chain Monte Carlo method. The LG + G model was applied to this analysis.  
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Table 3-1. The list of globin genes used for phylogenic analysis 

 

 

 

Trees were sampled in each 100 and the value of burn-in was set to 2×105. The average 

standard deviation of split frequencies was 0.00979. 

Clustering analysis of globin genes 

 Quantified transcripts data of all groups from Salmon were normalized by 

iDEGS/edgeR methods in TCC package. The normalized data sets of globins were 

extracted and z-scored by genefileter 1.62.0. Then, heatmap was constructed by 

Name in tree Accession Species   Name in tree Accession Species 

Aa_NMb Q93101 Aphrodite aculeata  Hs_Cb NP_599030.1 Homo sapiens 

Am_HbA2 Q53I65 Arenicola marina  Hs_HbA P69905.2 Homo sapiens 

Am_HbB2 Q53I64 Arenicola marina  Hs_HbB P68871.2 Homo sapiens 
Ap_HbInt Q53I62 Alvinella pompejana  Hs_Mb NP_001349775.1 Homo sapiens 

Bc_Hb1 ADO63770.1 Branchiplicatus cupreus  Hs_Nb NP_067080.1 Homo sapiens 

Bc_Hb2 ADO63771.1 Branchiplicatus cupreus  Lsp_GB1 Q7Z1R4 Lamellibrachia sp. 
Bns_Hb ADO63769.1 Branchinotogluma segonzaci  Lsp_HbAIII P15469.1 Lamellibrachia sp. 

Bnt_Hb ADO63768.1 Branchinotogluma trifurcus  Lsp_HbB2 Q86BV3 Lamellibrachia sp. 

Bpse_Gex1 ACU21600.1 Branchipolynoe seepensis  Lt_GEx1 P08924.1 Lumbricus terrestris 

Bpse_Gex2 ACU21601.1 Branchipolynoe seepensis  Lt_GEx2 P02218.2 Lumbricus terrestris 

Bpse_Gex3 ACU21602.1 Branchipolynoe seepensis  Lt_GEx3 P11069.3 Lumbricus terrestris 

Bpse_Gex4 ACU21603.1 Branchipolynoe seepensis  Lt_GEx4 P13579.1 Lumbricus terrestris 
Bpse_Gex5 ACU21605.1 Branchipolynoe seepensis  Lt_Hbd2 AAC14536.1 Lumbricus terrestris 

Bpsy_Gex1 ACU21596.1 Branchipolynoe symmytilida  Lw_Hb ADO63772.1 Lepidonotopodium williamsae 

Bpsy_Gex2 ACU21597.1 Branchipolynoe symmytilida  Ob_Mb Q56JK7 Ophelia bicornis 
Bpsy_Gex3 ACU21598.1 Branchipolynoe symmytilida  Pv_Cb ASN74468.1 Penaeus vannamei 

Bpsy_Gex4 ACU21599.1 Branchipolynoe symmytilida  Rp_HbA1 Q8IFK4 Riftia pachyptila  

Bpsy_Gex5 ACU21604.1 Branchipolynoe symmytilida  Rp_HbB P80592.1 Riftia pachyptila  
Cg_Nb1 EKC29694.1 Crassostrea gigas  Rp_HbB1b Q8IFK1 Riftia pachyptila  

Cg_Nb2 EKC32095.1 Crassostrea gigas  Rp_HbB2 Q8IFJ9 Riftia pachyptila  

Cg_Nb3 EKC33472.1 Crassostrea gigas  Ss_G Q9BHK3 Sabella spallanzanii 
Dm_Nb1 KZS06152.1 Daphnia magna  Ss_G2 CAC37411.1 Sabella spallanzanii 

Dm_Nb2 KZS17126.1 Daphnia magna  Ss_G3 Q9BHK1 Sabella spallanzanii 

Dm_Nb3 KZS21721.1 Daphnia magna  Th_GEx1 P02219.1 Tylorrhynchus heterochaetus 
Dr_Cb NP_694484.1 Danio rerio  Th_GEx2A P09966.1 Tylorrhynchus heterochaetus 

Dr_GX CAG25723.1 Danio rerio  Th_GEx2B P13578.1 Tylorrhynchus heterochaetus 

Dr_HbA NP_571332.3 Danio rerio  Th_GEx2C P02220.1 Tylorrhynchus heterochaetus 
Dr_HbB NP_571095.1 Danio rerio  Tt_GEx P18202.1 Tubifex tubifex  

Dr_Mb NP_001349318.1 Danio rerio  Uc_HbA 1ITH_A Urechis caupo 

Dr_Nb NP_571928.1 Danio rerio  Uc_HbB 1ITH_B Urechis caupo 
Ev_HbA1 Q9BKE9 Eudistylia vancouveri  Uu_Hb AIN56733.1 Urechis unicinctus 

Gd_G P02216.2 Glycera dibranchiata  Xt_Cb AAH76983.1 Xenopus tropicalis 

Gd_GP1 P23216.1 Glycera dibranchiata  Xt_GX CAG25551.1 Xenopus tropicalis 
Gd_GP2 AAA29160.1 Glycera dibranchiata  Xt_HbA NP_988860.1 Xenopus tropicalis 

Gd_GP3 AAA29161.1 Glycera dibranchiata  Xt_HbB NP_988859.1 Xenopus tropicalis 

Gg_Cb NP_001008789.1 Gallus gallus  Xt_Nb AAI61728.1 Xenopus tropicalis 
Gg_HbA NP_001004376.1 Danio rerio     

Gg_HbB NP_990820.1 Gallus gallus     

Gg_Mb NP_001161224.1 Gallus gallus     
Gg_Nb CAG25721.1 Gallus gallus     
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ComplexHeatmap 1.18.1 [21]. Clustering of the globin genes was done using Ward’s 

method with Euclidean distance. The globin genes were divided into 4 clusters. 

 

Results 

Sequencing and alignment results 

RNA-seq produced 4,120,235,410 bp - 5,482,101,634 bp with 40,794,410 - 

54,278,234 reads (Table 3-2). The sequences trimmed by TrimGalore! was 0.22% - 0.27% 

of all sequences. The 70.38 - 72.88% trimmed sequences were successfully mapped to 

cDNA library of C. teleta by Salmon. 

To know the hypoxia-inducing response of C. teleta, differentially expressed genes 

in response to hypoxia were estimated in both large and small groups. The number of DEGs 

were 938 in large group and 769 in small group (Fig. 3-1). The number of commonly 

upregulated genes in both groups were 299 genes. The number of upregulated genes 

specific in large group were 376, while that in small group were 251. 57 genes were 

commonly downregulated in the both, 205 were specific to large group and 162 were 

specific to small group. The highly upregulated genes in both groups by hypoxia were heat 

shock proteins (Tables 3-3 and 3-4). Some globin genes were highly upregulated but other 

ones highly downregulated in small groups. In large group, only downregulation of some 

globin genes was prominent, while some globins were slightly upregulated.  

Gene Ontology enrichment analysis 

 To speculate the functional responses to hypoxia of C. teleta, gene ontology 

enrichment analysis was conducted (Table 3-5). Hypoxia treatment altered the frequency of 

GO involving oxygen uptake and storage, such as GO:0005344, oxygen carrier activity; 

GO:0019825, oxygen binding; GO:0020037, heme binding. GO:0004867, serine-type 

endopeptidase inhibitor activity was also enriched in both groups. 
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Table 3-2. Summary of sequencing and alignment 

 
 

 

 

 

 

 

 

 

  

 

 

 

Group Treatment Sample Total read bases (bp) Total reads Q20(%) Trimmed reads Mapping rate (%) 

Large Normoxia LN1 4,486,185,882 44,417,682 98.36 50,572 (0.23%) 72.88  

  LN2 4,713,469,010 46,668,010 98.42 53,038 (0.23%) 71.60  

  LN3 5,056,371,484 50,063,084 98.42 63,505 (0.25%) 71.03  

 Hypoxia LH1 4,395,127,918 43,516,118 98.21 53,858 (0.25%) 72.68  

  LH2 4,120,235,410 40,794,410 98.41 52,973 (0.26%) 72.46  

  LH3 4,343,131,502 43,001,302 98.42 57,621 (0.27%) 70.38  

Small Normoxia SN1 4,988,795,414 49,394,014 98.34 59,439 (0.24%) 71.32  

  SN2 4,495,985,912 44,514,712 98.37 54,048 (0.24%) 71.32  

  SN3 5,220,889,576 51,691,976 98.47 64,699 (0.25%) 70.94  

 Hypoxia SH1 4,870,404,426 48,221,826 98.31 53,730 (0.22%) 72.35  

  SH2 5,482,101,634 54,278,234 98.51 64,930 (0.24%) 71.11  

    SH3 4,782,130,628 47,347,828 98.20 61,404 (0.26%) 71.61  

Fig. 3-1. Venn diagram of differentially expressed genes (DEGs) by hypoxia 

DEGs were filtered with the threshold as follows, A-value > 1; M-value <-1 (down regulate) or >1 

(upregulate); q-value < 0.05. 
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Table 3-3. The list of genes with highly differential expression by hypoxia in large group  
Up- or Down- 

regulation 
Gene ID Description E-value A-value M-value q-value 

Up CapteG220370 vascular endothelial growth factor A-like isoform X1 1.9E-32 5.58 9.03 9.9.E-04 

 CapteG31498 tetraspanin-7-like 3.1E-39 3.93 8.60 7.1.E-31 

 CapteG139354 
sushi, von Willebrand factor type A, EGF and 

pentraxin domain-containing protein 1-like 
1.2E-25 3.81 6.58 8.9.E-11 

 CapteG219425 Protein lethal(2)essential for life 3.9E-08 8.21 6.55 5.1.E-08 

 CapteG21898 Heat shock protein 70 B2 0.0E+00 7.31 6.38 1.2.E-31 

 CapteG155585 heat shock protein 70 0.0E+00 8.00 6.30 6.0.E-39 

 CapteG149823 heat shock protein 70 B2-like 0.0E+00 5.73 5.98 1.9.E-28 

 CapteG70307 putative prestalk protein 8.0E-16 4.69 5.51 2.6.E-05 

 CapteG124063 DNA-dependent protein kinase catalytic subunit-like 1.0E-63 4.35 5.44 4.6.E-03 

 CapteG190767 cyclic GMP-AMP synthase-like 1.2E-14 3.35 5.31 5.4.E-03 

 CapteG189456 
membrane-spanning 4-domains subfamily A member 

8 
1.0E-09 5.63 5.31 3.6.E-08 

 CapteG209914 metalloreductase STEAP4-like 6.3E-76 3.40 5.18 4.4.E-03 

 CapteG186607 DEAD-domain-containing protein 0.0E+00 8.47 5.17 1.1.E-15 

 CapteG196425 
gamma-aminobutyric acid type B receptor subunit 2-

like 
8.4E-99 3.06 5.01 9.6.E-03 

 CapteG68267 macrophage mannose receptor 1-like 6.5E-22 4.64 4.97 5.9.E-10 

 CapteG145065 THAP domain-containing protein 1 5.2E-35 4.22 4.94 6.9.E-03 

 CapteG208459 vitellogenin 8.7E-82 5.79 4.86 1.1.E-02 

 CapteG210159 
sushi, von Willebrand factor type A, EGF and 

pentraxin domain-containing protein 1 
7.5E-159 9.95 4.82 1.8.E-10 

 CapteG33454 beta-1,3-glucan-binding protein precursor 7.0E-89 2.33 4.74 5.0.E-02 

 CapteG114926 arylsulfatase F 2.4E-34 3.25 4.74 4.1.E-03 

Down CapteG119820 Elongation factor 1-beta 9.3E-47 6.02 -11.51 2.7.E-03 

 CapteG201276 extended synaptotagmin-2-like isoform X3 1.9E-14 4.66 -8.26 1.3.E-28 

 CapteG1218 globin 6.8E-24 8.59 -7.83 3.1.E-16 

 CapteG198414 keratin-associated protein 6-2-like 1.3E-08 5.30 -7.35 4.1.E-02 

 CapteG202092 keratin-associated protein 6-2-like 1.9E-08 6.25 -7.15 1.2.E-02 

 CapteG975 globin 6.8E-24 7.72 -6.96 3.0.E-04 

 CapteG817 globin 6.8E-24 13.53 -6.68 2.2.E-15 

 CapteG44392 atrial natriuretic peptide receptor 1 6.6E-86 2.75 -6.54 7.8.E-04 

 CapteG201785 ankyrin repeat protein 4.1E-18 3.28 -6.42 4.2.E-03 

 CapteG141748 IgGFc-binding protein-like 1.3E-35 6.86 -6.40 4.3.E-02 

 CapteG201296 transcriptional regulatory protein LGE1 3.3E-08 5.79 -6.40 1.7.E-02 

 CapteG201297 transcriptional regulatory protein LGE1 2.7E-08 6.03 -6.05 1.0.E-02 

 CapteG3904 transcriptional regulatory protein LGE1 4.0E-08 7.09 -5.91 8.4.E-04 

 CapteG225826 globin 3.7E-24 9.43 -5.81 1.4.E-07 

 CapteG144205 dehydrogenase/reductase SDR family member 4 3.6E-70 1.60 -5.35 1.1.E-02 

 CapteG201337 No mechanoreceptor potential A 4.1E-16 4.44 -5.23 2.8.E-02 

 CapteG216869 
flavin-containing monooxygenase FMO GS-OX-like 
8 

2.3E-147 8.32 -5.08 2.1.E-07 

 CapteG163545 60S ribosomal protein L18a 8.5E-54 7.74 -5.03 1.3.E-02 

 CapteG213062 
flavin-containing monooxygenase FMO GS-OX-like 
8 

4.2E-65 6.20 -4.97 1.2.E-14 

  CapteG143890 piwi-like protein 1 isoform X1 8.3E-113 5.00 -4.90 1.1.E-02 

The top 20 DEGs successfully annotated are shown. The E-value is a parameter indicating the probability one 

can annotate the description by chance. A-value is log2 scaled average expression level. M-value is log2 scaled 

fold-change of the expression level in hypoxia compared to normoxia. q-value is false discovery rate. 
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Table 3-4. The list of genes with highly differential expression by hypoxia in small group 
Up- or Down- 

regulation 
Gene ID Description E-value A-value M-value q-value 

Up CapteG21898 Heat shock protein 70 B2 0.0.E+00 8.00 6.39 1.8.E-62 

 CapteG132766 F-I hemoglobin 1.2.E-26 9.62 6.32 7.7.E-18 

 CapteG155585 heat shock protein 70 0.0.E+00 8.75 6.12 9.8.E-63 

 CapteG149823 heat shock protein 70 B2-like 0.0.E+00 6.74 6.03 3.1.E-65 

 CapteG192931 F-I hemoglobin 1.4.E-26 11.42 5.37 5.9.E-33 

 CapteG225294 Protein lethal(2)essential for life 6.3.E-09 10.52 4.55 6.1.E-73 

 CapteG103071 heat shock 70 kDa protein 1-like 1.1.E-65 5.25 4.49 7.8.E-05 

 CapteG128650 histone H4-like 7.9.E-51 5.93 4.34 6.6.E-07 

 CapteG219425 Protein lethal(2)essential for life 3.9.E-08 9.30 4.22 1.2.E-44 

 CapteG225284 Protein lethal(2)essential for life 2.7.E-08 9.45 4.16 4.4.E-55 

 CapteG75410 
EGF-like repeat and discoidin I-like domain-containing 

protein 3 isoform X1 
5.9.E-19 3.30 4.10 5.7.E-03 

 CapteG191632 reverse transcriptase-like protein 3.1.E-20 1.70 3.83 1.4.E-02 

 CapteG157638 histone H4-like 7.9.E-51 3.55 3.82 5.8.E-03 

 CapteG133846 steroid 17-alpha-hydroxylase/17,20 lyase-like 3.7.E-66 8.50 3.75 1.8.E-41 

 CapteG122794 alternative oxidase, mitochondrial-like 8.6.E-126 9.33 3.71 1.2.E-66 

 CapteG134085 
RNA-directed DNA polymerase from mobile element 

jockey 
6.9.E-10 3.78 3.64 2.1.E-02 

 CapteG198869 histone H2A 6.8.E-117 3.84 3.63 1.3.E-02 

 CapteG103539 histone H4-like 7.9.E-51 3.10 3.62 4.8.E-02 

 CapteG227551 alternative oxidase, mitochondrial-like 1.1.E-125 7.60 3.57 5.5.E-40 

 CapteG39548 
sushi, von Willebrand factor type A, EGF and pentraxin 

domain-containing protein 1-like 
3.9.E-28 7.78 3.46 3.9.E-12 

Down CapteG1218 globin 6.8.E-24 8.79 -5.98 5.8.E-11 

 CapteG817 globin 6.8.E-24 13.35 -4.99 7.4.E-12 

 CapteG107496 predicted protein 3.1.E-17 1.49 -4.76 5.5.E-03 

 CapteG217153 Down syndrome cell adhesion molecule 1.9.E-17 3.05 -4.64 1.9.E-04 

 CapteG81459 acetyl-CoA acetyltransferase, cytosolic-like 5.4.E-70 2.77 -4.26 3.3.E-04 

 CapteG133647 epsin-1-like isoform X1 4.4.E-08 4.73 -4.18 7.9.E-04 

 CapteG35564 UDP-glucuronosyltransferase 2C1-like 5.6.E-66 3.16 -3.89 1.5.E-03 

 CapteG163794 molybdenum cofactor biosynthesis protein 1 isoform X1 4.8.E-63 2.44 -3.87 2.9.E-02 

 CapteG214864 C-type lectin domain family 17, member A-like 5.5.E-10 2.59 -3.74 7.8.E-03 

 CapteG218142 Proteophosphoglycan ppg4 2.9.E-36 4.24 -3.49 2.1.E-02 

 CapteG975 globin 6.8.E-24 6.38 -3.45 8.7.E-03 

 CapteG143106 dehydrogenase/reductase SDR family member 7-like 1.0.E-117 4.78 -3.36 3.2.E-05 

 CapteG5577 
2-hydroxyacylsphingosine 1-beta-galactosyltransferase-

like isoform X2 
1.9.E-106 7.20 -3.03 5.9.E-10 

 CapteG138513 beta-1,3-galactosyltransferase 1-like 8.4.E-62 3.31 -3.00 1.5.E-02 

 CapteG104502 
probable indole-3-acetic acid-amido synthetase GH3.9 

isoform X1 
1.8.E-85 6.99 -2.90 9.8.E-12 

 CapteG81520 zinc finger BED domain-containing protein 1-like 5.3.E-17 5.10 -2.79 1.7.E-02 

 CapteG114418 steroid 17-alpha-hydroxylase/17,20 lyase-like 1.5.E-89 7.52 -2.79 3.2.E-16 

 CapteG219444 bactericidal permeability increasing protein 1.3.E-25 5.83 -2.76 7.8.E-04 

 CapteG210871 fibrinogen C domain-containing protein 1-like 4.3.E-09 10.75 -2.69 7.2.E-19 

 CapteG134544 solute carrier family 13 member 2 5.6.E-130 6.38 -2.60 2.6.E-09 

The top 20 DEGs successfully annotated are shown. The E-value is a parameter indicating the probability one 

can annotate the description by chance. A-value is log2 scaled average expression level. M-value is log2 scaled 

fold-change of the expression level in hypoxia compared to normoxia. q-value is false discovery rate. 
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Table 3-5. Gene ontology enrichment analysis 

Group GO term accession GO term name Number of DEGs Total in category p-value 

Large GO:0004857 enzyme inhibitor activity 14 31 9.3E-09 

 GO:0004867 serine-type endopeptidase inhibitor activity 18 72 1.5E-07 

 GO:0005344 oxygen carrier activity 12 48 1.8E-05 

 GO:0019825 oxygen binding 12 48 1.8E-05 

  GO:0020037 heme binding 28 230 3.5E-05 

Small GO:0020037 heme binding 33 230 2.8E-09 

 GO:0016705 
oxidoreductase activity, acting on paired donors,  

with incorporation or reduction of molecular oxygen 
23 142 1.0E-07 

 GO:0005506 iron ion binding 26 181 1.3E-07 

 GO:0004497 monooxygenase activity 19 104 2.6E-07 

 GO:0004857 enzyme inhibitor activity 11 31 3.9E-07 

 GO:0004867 serine-type endopeptidase inhibitor activity 15 72 1.1E-06 

 GO:0005344 oxygen carrier activity 10 48 6.9E-05 

 GO:0019825 oxygen binding 10 48 6.9E-05 

  GO:0055114 oxidation-reduction process 53 734 9.4E-05 

p-value is the probability for Fisher’s exact test. The GO category with p-value < 1.0E-0.4 are shown in 

this table. 

 

 

Expression pattern and phylogeny for globins  

 To examine the response in globin genes to hypoxia, the unrooted Bayesian tree of 

globin genes including that among annelids and other taxa was constructed (Fig. 3-3). All 

globin genes of C. teleta were located at the clade of intracellular globins. Their globin 

genes are divided into two clades, one is the clade containing vertebrates’ neuroglobin and 

globin X, and metazoan neuroglobin, the another is that containing annelid intracellular 

globin and red blood cell hemoglobin from Urechis caupo. Polynoidae extracellular globin 

genes are located at the same clade as annelid intracellular globin genes. This phylogeny 

was the same as the report in Projecto-Garcia et al. (2017) [22]. Heatmap analysis implied 

the rule of expression according to the growth stage and DO level (Fig. 3-2). The globin 

genes in cluster 1 showed relatively high expression in large worms during normoxia and 

downregulated by hypoxia. Cluster 2 genes seems to be upregulated by hypoxia in both 

growth stages. The genes in cluster 4 were relatively high expression in small worms and 

 



 

48 

 

Table 3-6. The annotation of globin genes in Capitella teleta 

Gene ID Description E-value 
Up- or Down- regulation 

Large Small 

CapteG110047 hemoglobin subunit mu-like 6.63E-53   
CapteG114226 F-I hemoglobin 2.76E-19   
CapteG1218 globin 6.79E-24 Down Down 

CapteG132766 F-I hemoglobin 1.19E-26 Up Up 

CapteG144794 cytoglobin-2-like isoform X1 1.32E-24   
CapteG1470 F-I hemoglobin 1.28E-25 Down  

CapteG147415 neuroglobin-like isoform X2 3.12E-29   
CapteG158355 F-I hemoglobin 3.27E-26  Up 

CapteG166020 non-symbiotic hemoglobin 1-like isoform X1 2.82E-38   
CapteG166267 F-I hemoglobin 1.20E-27  Up 

CapteG170177 F-I hemoglobin 1.64E-15  Up 

CapteG181579 globin D, coelomic-like 2.05E-27   
CapteG18433 hemoglobin 1.16E-24   
CapteG184905 F-I hemoglobin 1.20E-27   
CapteG188542 non-symbiotic hemoglobin 1-like 8.20E-47   
CapteG188798 hemoglobin subunit mu-like 5.11E-17   
CapteG189648 ---NA---    
CapteG190593 hemoglobin subunit mu-like 1.75E-32   
CapteG192439 neuroglobin-like 5.07E-24   
CapteG192931 F-I hemoglobin 1.36E-26 Up Up 

CapteG193618 neuroglobin isoform X1 1.74E-20   
CapteG194549 Neuroglobin 7.80E-21   
CapteG195701 hemoglobin subunit mu-like 8.53E-17   
CapteG198978 hemoglobin subunit mu-like 3.40E-35   
CapteG200756 cytoglobin-2 isoform X1 1.04E-17   
CapteG20182 F-I hemoglobin 3.16E-18 Up Up 

CapteG21023 F-I hemoglobin 1.98E-27   
CapteG21094 F-I hemoglobin 1.30E-27   
CapteG214116 neuroglobin-like isoform X3 2.55E-43   
CapteG21508 F-I hemoglobin 5.48E-27   
CapteG216611 F-I hemoglobin 1.13E-26 Down  

CapteG218767 globin D, coelomic-like 1.17E-26   
CapteG219237 F-I hemoglobin 1.48E-21   
CapteG21927 F-I hemoglobin 2.77E-24   
CapteG219905 F-I hemoglobin 1.38E-24 Down Down 

CapteG221680 F-I hemoglobin 2.02E-26   
CapteG225570 F-I hemoglobin 2.52E-26 Down  

CapteG225826 globin 3.70E-24 Down  

CapteG227018 neuroglobin-like 1.58E-30   
CapteG227604 F-I hemoglobin 2.74E-25   
CapteG229341 hemoglobin chain 4.83E-25   
CapteG27881 neuroglobin-like 1.20E-25   
CapteG5226 globin-like 2.84E-18   
CapteG5378 F-I hemoglobin 1.88E-26 Down  

CapteG60954 NO-inducible flavohemoprotein 2.25E-104   
CapteG817 globin 6.79E-24 Down Down 

CapteG975 globin 6.79E-24 Down Down 

CapteG98019 hemoglobin subunit mu-like 5.09E-56   
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Fig. 3-2. Clustering analysis of globin genes 

Clustering analysis of globin genes was done by the Ward’s method with Euclidian distances 

between z-scored expression levels of each genes. The heatmap was depicted by R 3.5.1. Red cell 

indicates relatively high expression level and blue cell does relatively low expression level. 
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their expression were not affected by hypoxia. There are no evident rules in the expression 

of globin genes in cluster 3. 

 

Discussion 

The comparison the transcript profiles of C. teleta in normoxia to that in hypoxia 

condition provided the comprehensive understanding of the hypoxic responses in C. teleta. 

The common DEGs in the both stages were fewer than DEGs specific to each stage except 

for small worm-specific upregulated genes (Fig. 3-1), indicating that hypoxia-inducing 

responses are different in the growth stages. Moreover, the number of DEGs in large group 

was more than that in small group, which suggests that the larger worms would be more 

influenced by hypoxia. Forbes and Lopez (1990) reported that the effects of hypoxia on 

their growth were differ from their body size [23]. The smaller could grow up even in the 

hypoxic condition when they were kept in the sediment with little organic matters, 

while the larger could not. This difference in the influence of hypoxia is supposed to be due 

to the lack of blood vessels. They rely on the diffusion to acquire oxygen because of the 

degeneracy. Most of marine annelids inhabiting hypoxic zone bear the large gill and thick 

blood vessels to circulate oxygen effectively. On the other hand, C. teleta might have more 

Fig. 3-3. The unrooted Bayesian phylogenic tree of globin genes 

The amino acid sequence of globin genes from Capitella teleta and that listed in Table 3-1 were 

aligned by MUCLE in MEGA7. The site with lower than 80% coverage were trimmed in this 

alignment. The site used in this analysis was 134. The Bayesian phylogenic tree of globin genes was 

constructed by MrBayes 3.2.6 from 2×106 generation with 4 chains, estimating posterior probability 

from Markov chain Monte Carlo method. The LG + G model was applied to this analysis. Trees were 

sampled in each 100 generations and the value of burn-in was set to 2×105. The average standard 

deviation of split frequencies was 0.00979. Polynoidae extracellular globin genes are located at the 

same clade as annelid intracellular globin genes. This phylogeny was the same as the report in 

Projecto-Garcia et al. (2017) [22]. (A) The whole view of the Bayesian tree. (B) Extracted tree of 

Capitella clade 1. (C) Extracted tree of Capitella clade 2. The number showed on the node indicates 

the posterior probability with more than 0.7 in Fig. 3-3BC. 
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difficulty in the oxygen circulation as they grow up. This unique body plan possibly results 

in the difference of hypoxia-inducing response in growth stages. 

The highly enriched GOs in response to hypoxia were largely common in both 

growth stages and categorize into two functions, i.e. incorporation, transportation and 

storage of oxygen, or enzyme, peptidase inhibitor activity (Table 3-5). GO:0004867, serine-

type endopeptidase inhibitor activity was highly enriched. The most DEGs among the 

genes annotated as this GO were antistasin. This gene was upregulated in both growth 

stages by hypoxia. Antistasin was originally isolated from Hirudinia [24]. This inhibitor is 

known to be involved in the immune response in disk abalone [25]. The shrimp Penaeus 

stylirostris was reported to decrease in peptidase-inhibitor activity by hypoxia, increasing 

the resistance to viruses via enhancing the enzymatic immune system [26]. Hence, the 

enrichment of GO:004867 suggests that C. teleta improves immune system in response to 

hypoxia, especially by the upregulation of antistasin. GO:0005344, oxygen carrier activity 

and GO:0019825, oxygen binding were also highly enriched. The genes consisting these 

GO categories are globin family genes. Some globin genes were strongly downregulated in 

both growth stage, while some globin genes were highly upregulated in small stage. 

Heat shock proteins (HSP) were highly upregulated in both growth stages by 

hypoxia (Tables 3-3 and 3-4). Heat shock protein family are well conserved chaperon 

protein, preserving the proteins from various stresses [27, 28]. Oxidative stress is one of the 

major stress to impair protein functions [29]. Hypoxia disturbs redox balance and results in 

the production of oxidative stress [30, 31]. In addition, reoxygenation also produces much 

oxidative stress. HSPs have a role to keep functional proteins away from oxidative stresses 

produced in hypoxia [32]. The upregulation of HSPs by hypoxia are observed in terrestrial 

animals as well as aquatic animals [10, 33-36]. Capitella teleta also upregulates HSPs to 

preserve functional proteins from oxidative stresses produced by hypoxia and 

reoxygenation. 

The globin family is heme containing globular protein involved in oxygen transport, 

oxygen storage, oxidation or oxygen sensing [37]. Hypoxia influenced the expression of 

some globin genes annotated as hemoglobin or globin by Blast2GO (Table 3-6). To 
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examine the difference in the expression pattern among each group, heatmap of globin 

genes was constructed (Fig. 3-2). The cluster was divided into 4 categories. The globin 

genes in cluster 1 showed relatively high expression level in large worms during normoxia 

and downregulated by hypoxia. Cluster 2 genes seems to be upregulated by hypoxia in both 

growth stages, which suggests that globin genes functionally adaptive to hypoxia are shared 

throughout the growth stages. The genes in cluster 4 were relatively high expression level 

in small worms and their expression were not affected by hypoxia. I could not find any 

rules in the expression of globin genes in cluster 3.  

The phylogenic analysis showed that globin genes of C. teleta were divided into 

two clades (Fig. 3-3). Both clades are located at intracellular globins. One clade constructs 

the clade with annelid, crustacean and molluscan intracellular globins shown as Capitella 

clade 1. The other clade includes vertebrate, crustacean and molluscan neuroglobin and 

vertebrate globin X shown as Capitella clade 2. All DEGs in globin genes were grouped 

into the same clade of intracellular globin genes found in annelids. The globin genes 

upregulated by hypoxia have high similarity with red blood cell hemoglobin of Urechis 

caupo, belonging to neighboring family of Capitellidae, Urechidae. These genes could 

function as red blood cell hemoglobin, which implies that C. teleta improves their ability 

for oxygen uptake and transportation to secure oxygen availability even in hypoxia. The 

magnitude of upregulation was higher in small worms. The smaller have advantage in 

oxygen availability because the length to diffuse oxygen of the smaller is less than that of 

the larger. However, once hypoxia occurs, the necessity to spare more effort on oxygen 

uptake would arise in small worms, resulting in the upregulation of more number of globin 

genes in small worms. On the other hand, the downregulated globin genes were found more 

in large group. This might be due to the difference in the necessity to express the globin 

genes suitable for oxygen uptake in normoxia, i.e. the larger worm usually needs more 

globins to keep oxygen availability throughout their body. The other clade containing 

neuroglobin includes no DEGs. Neuroglobin is expressed and upregulated in nerve cells by 

hypoxia for preventing them from the deficiency in oxygen [38, 39]. Capitella teleta 

exhibited a faint response to hypoxia in deduced neuroglobin genes. They inhabit 
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organically polluted sediments where DO is low throughout the year. They possibly express 

enough neuroglobins for oxygen storage in severe hypoxic condition even when they are in 

normoxia.  

The influence of hypoxia on the expression pattern of globin family are observed in 

many aquatic animals. In Danio rerio, hypoxia induces downregulation of some 

hemoglobins, while upregulation of neuroglobin [40]. The blue crub, Callinectes sapidus 

upregulates their main respiratory pigment, hemocyanin in hypoxic condition [10, 41]. The 

crustacean, Daphnia magna highly upregulates several hemoglobin genes with difference 

oxygen binding ability in response to hypoxia [42, 43]. Capitella teleta converts the 

expression pattern among the globin genes, especially the gene annotated F-I hemoglobin, 

which is hemoglobin isolated from U. caupo, according to the growth stage and DO to 

maximize oxygen availability in any situations. This transition in molecular species of 

globin genes plays the key role in adaptation to hypoxia occurred in organically polluted 

area. Further analysis for the function and the localization of their globin genes will reveal 

the precise mechanism to maximize their oxygen availability in hypoxic condition. 
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General discussion 

 

I demonstrated that P. hessleri escapes acids and oxidative stress with higher 

sensitivity than shallow species does, and that C. teleta evacuates from the burrow in 

response to hypoxia. Pharmacological tests showed that these avoidance behaviors from 

environmental stresses are mediated by TRP channels. In addition to this, I illustrated the 

comprehensive transcriptomic responses to hypoxia in C. teleta, i.e. they improve the 

ability to prevent functional proteins from oxidative stresses produced by hypoxia and 

reoxygenation, and to acquire oxygen by changing molecular species of globins. 

Environmental adaptations of organisms have often been considered from the three point of 

view, morphological, physiological and behavioral adaptation. However, this study 

indicates that sensory adaptation also plays an important role in environmental adaption 

because the function for sensing environmental factors is to perceive precisely the range of 

survival limits and to regulate physiology and behavior in response to the environmental 

changes. 

Sensory adaptations are occurred in both intraspecies and interspecies manners. 

Intraspecies sensory adaptations are described as plasticity in some studies. The mantis 

shrimp, Haptosquilla trispinosa, tunes the color perception in accordance with the local 

light environments [1]. Caenorhabditis elegans adapts volatile attractants for several hours. 

They show the diminishment of the chemotaxis in odorant-dependent manner partially 

mediated by OSM-9, a member of TRP channels [2]. Interspecies sensory adaptation has 

been described in temperature sensation. The study comparing the temperature sensation in 

two frogs, Xenopus tropicalis and X. laevis shows the habitat-reflecting shift in thermal 

sensation mediated by thermo-sensitive TRP channels [3]. In this study, I examined the 

adaptation mechanism of marine annelids to harsh environments, deep-sea hydrothermal 

vent and hypoxic zone. I demonstrated that TRP channels of the marine annelids examined 

have an important role for sensing the key environmental factor, acids and oxidative stress 

in hydrothermal vents and hypoxia in organically polluted area. Moreover, the interspecies 

sensory adaptation of TRP channels in P. hessleri are shown, although the tuning of TRPA 
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homologue in C. teleta to hypoxic environments have not been examined. This study shed a 

new light on the function of TRP channels as a key driver of sensory adaptation among 

marine animals. 

In decades, marine environments have been globally changed by anthropogenic 

activity. Ocean acidification, eutrophication, warming and hypoxia are observed and may 

cause various effects on marine ecosystems [4-7]. The achievement of this study 

demonstrating molecular responses of the major maintainer in seafloor, marine annelids, to 

environmental factors may help to forecast the impacts of the changes in marine 

environments on marine ecosystems. 
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