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Abstract 

Microbial symbiosis with marine hosts facilitates the adaptation and survival of the host, 

expanding the range of habitable niches available to them in the deep ocean. Research 

on the microbiomes of deep-sea organisms is increasing due to their recognised 

importance for providing insight into the physiology, ecology, and behaviour of host 

organisms; however, much remains to be studied. The microbiota of deep-sea oegopsid 

squids is an emerging field, with the majority of oegopsid squids' microbiota still 

unknown. Deep-sea squids are of considerable economic, scientific, and ecological 

importance, yet there is a lack of data on their life histories and ecologies. This is due to 

the challenges of studying them in situ and the inaccessibility of deep-sea samples, 

which limits research availability. Therefore, this PhD thesis aimed to increase our 

limited understanding of Southern Ocean deep-sea oegopsid squids by investigating 

their bacterial communities for the first time using 16S rRNA gene amplicon sequencing. 

Nine different squid species from five distinct families belonging to the order Oegopsida 

were sequenced. To start, a single species was used to assess the intraspecific variability 

between sexes by analysing the digestive tract microbiota of five females and five males 

of Aotearoa’s endemic Southern arrow squid, Nototodarus sloanii. The core microbial 

taxa observed were Mycoplasma and Brachybacterium, and no significant differences 

were observed between the sexes. When no significant differences were observed 

among any individuals within a species, the bacterial community composition variability 

among species within the same genus and between genera within the same family was 

investigated. No significant difference in microbial richness was observed among species 

or between genera; however, a significant difference in microbial beta diversity was 

observed between squid genera. Mycoplasma and Brachybacterium (which has not 

been previously reported in cephalopods) are the two most common and abundant 

microbial taxa found in all researched deep-sea squids. Mycoplasma was seen to be 

mainly associated with the digestive tract and beak of all squid species, and the BD1-7 

clade was the most abundant bacterium in the gills of all the ommastrephid squids. The 

opportunistic collection of a single species, Todarodes filippovae, at two distinct 

locations (the Chatham Rise and the sub-Antarctic) enabled a preliminary description of 

differences in body site microbiota between the two locations within a single species. 

Both the Chatham Rise and sub-Antarctic digestive tract samples mainly consisted of 



II 

Brachybacterium. However, the sub-Antarctic beak samples were primarily composed 

of Mycoplasma, while the Chatham Rise beak samples were mainly made up of 

Aurantivirga. Once the intra- and inter-genus variability was established, the four 

ommastrephid deep-sea squids were compared with four different deep-sea oegopsid 

squids known for storing ammonia in their muscle tissues for buoyancy. This was done 

to assess variability in the microbiota among deep-sea squids with different body 

chemistries. A significant difference was observed between the ammoniacal and non-

ammoniacal squids. Across all squids except Onykia robsoni, the beaks harboured similar 

bacterial communities but with different relative abundances. For all squid species, the 

same was true for the brain, inner eye fluid, and ommastrephid gills. In contrast, for all 

squid species except Taningia danae, the siphon and reproductive organs showed the 

greatest variation in both microbial abundance and diversity among squid taxa, although 

some general trends could be observed within the ammoniacal (which contained more 

Mycoplasma) and non-ammoniacal squid groupings (which had more BD1-7 clade). 

Lastly, due to the opportunistic collection of a rare deep-sea oegopsid squid in the Ross 

Sea, the colossal squid (Mesonychoteuthis hamiltoni), and the availability of a public 

dataset on NCBI on the microbiota of seawater from the Ross Sea a preliminary 

assessment of the transfer of microorganisms between the surrounding environment 

and host organism was conducted, as well as a first description of the microbiota of six 

body sites of the colossal squid. The bacterial genus Pseudomonas was the only 

observed taxon in both datasets; however, another bacterial taxon, Pseudoalteromonas, 

which was observed in all the Ross Sea seawater depth samples, was also observed in 

several deep-sea squids investigated in this thesis. Mycoplasma, which was seen to be 

the most abundant bacterium in the colossal squid, was not present in any of the 

seawater samples from the Ross Sea dataset. Investigating the microbiota of deep-sea 

squids is essential in furthering our understanding of their life history and ecology. This 

will also provide insights into how changes in oceanic conditions resulting from 

anthropogenic pressures could affect their health, as their microbial symbionts are 

thought to be linked to pathogen prevention and nutrient assimilation. This body of 

work represents the first microbiota study of cephalopods of the Southern Ocean and 

the first microbiota study worldwide of deep-sea squids belonging to the families: 

Octopoteuthidae, Onychoteuthidae, and Cranchiidae. 
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 Literature Review and Research Objectives 

1.1 Introduction 

Deep-sea squids are integral components of the marine food web, functioning as both 

predators and prey across numerous trophic levels. As with many deep-sea organisms, 

their study is hindered by the difficulty of obtaining samples. Their microbiota, which 

have been shown to increase host organisms' adaptations to challenging deep-sea 

environments, remain poorly understood (Osman & Weinnig, 2022). Learning about 

their unique microbial communities can offer exciting insights into their physiology and 

how they thrive in their habitats. ‘True’ squids, which this review will focus on, are 

classified within the order Teuthoidea and are further divided into the suborders 

Myopsida and Oegopsida (Clarke, 1988). Myopsid squids, typically inhabiting pelagic and 

demersal coastal waters, are characterised by a corneal membrane covering their eyes 

and the presence of accessory nidamental glands in their reproductive system (Jereb et 

al., 2010). This suborder comprises two families: Australiteuthidae and Loliginidae, with 

this review concentrating on Loliginidae, as no microbiota studies on Australiteuthidae 

have been conducted to date. Conversely, oegopsid squids, which inhabit the open 

ocean, lack a corneal membrane, and do not possess accessory nidamental glands, with 

some species having hooks instead of sucker rings. Oegopsids are considered the most 

morphologically diverse cephalopods, comprising at least 24 distinct families 

(Fernández-Álvarez et al., 2022).  

While much of the deep sea encompasses habitats with relatively constant physical 

conditions (cold, stable temperatures; salinity ~35ppt), it also contains a range of 

localised habitats with variable and sometimes extreme conditions, such as 

hydrothermal vents, brine pools, and cold seeps, leading to an evolutionary need for 

extreme environmental microorganisms to perform specialised functions (Hongxiang et 

al., 2008; Osman & Weinnig, 2022). Microbe–host interactions like these are believed to 

confer an evolutionary advantage to the invertebrate hosts. The term “microbiota” 

refers to a community of microorganisms, such as fungi and bacteria, that coexist within 

a specific environment or body region (Lederberg & McCray, 2001). Improving our 

understanding of squids’ microbiota can provide valuable insights into the ecological 

and anatomical differences between these two suborders, allowing for a more 
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comprehensive understanding of the order Teuthoidea. Kang et al. (2022) demonstrated 

that host phylogeny is a critical determinant of gut microbiome composition in marine 

molluscs, particularly cephalopods, with dietary and environmental factors also 

contributing significantly. Most deep-sea organisms harbour distinct microbial 

communities whose functions increase the host's ability to survive in extreme 

environments (Kennedy et al., 2014). 

1.1.1 Importance of the invertebrate microbiota 

While there is limited research on the microbiota of ‘true’ squid, some insights into the 

importance of microorganisms in host development can be gleaned from our knowledge 

of the microbiota of other, more well-characterised, invertebrates. Petersen and Osvatic 

(2018) demonstrated that the microbiota of invertebrates are generally less complex 

than those of vertebrates, thereby facilitating an equally less complex exchange 

between the host organism and its symbiotic microbes. Such symbiotic relationships 

have been observed throughout the host's lifespan, across multiple generations, and 

even over extended evolutionary timescales. 

Invertebrates can host microbial symbionts both externally and internally, within host 

cells, and notably, within symbiont-specific cells and structures (Kerney et al., 2011; 

Petersen & Osvatic, 2018). They can acquire microbes via either vertical or horizontal 

transmission (Bright & Bulgheresi, 2010); however, mixed transmission modes have also 

been observed (Szafranski et al., 2014). Microbial symbionts can influence the 

morphogenesis of host organs, the development of the host immune system (Taschuk 

& Griebel, 2012), reproduction (Montgomery & McFall-Ngai, 1994), behaviour 

(Shropshire & Bordenstein, 2016), and susceptibility to certain diseases (Honda & 

Littman, 2012; Burgos et al., 2020). Conversely, the host immune system not only 

protects against microbial infections but also plays a vital role in selecting beneficial 

microbes and facilitating their colonisation within the host, fostering a mutualistic host–

microbe relationship (Cerf-Bensussan & Gaboriau-Routhiau, 2010; Tseng et al., 2023). 

Microbial symbionts have been observed to evolve, speciate, and reproduce in 

conjunction with their hosts. These mutually beneficial interactions between hosts and 

their microbiota are thought to provide a distinct benefit to the host organism. For 

instance, deep-sea mussels (Bathymodiolus) have adapted to thrive under extreme 

conditions at hydrothermal vents and cold seeps in the deep ocean thanks to their 
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symbiosis with horizontally acquired chemosynthetic methanotrophic 

Gammaproteobacteria endosymbionts in their gills (Fujiwara et al., 2000; Kellermann et 

al., 2012; Szafranski et al., 2014; Lasa & Romalde, 2021). Similarly, the giant mud-boring 

bivalve (Kuphus polythalamia) utilises its sulphur-oxidising chemoautotrophic symbiotic 

bacteria to consume sunken wood as a food source in the deep sea (Distel et al., 2017). 

Despite the significance of host–symbiont interactions, very little is known about the 

complex symbiotic relationships between most invertebrates and their microbiota 

(Petersen & Osvatic, 2018). However, the presence of healthy microbiota has been 

shown to confer important benefits to animal and plant hosts (McAnulty et al., 2023). 

Experimental removal and reduction of symbiotic bacteria, and sterile in vitro growth of 

host animals, can lead to developmental defects, decreased organ function, and a 

general decline in host health (McAnulty et al., 2023). Microbial symbionts appear 

crucial in shaping the behaviours of marine animals by altering the host's chemistry and, 

consequently, its physiology (Ezenwa et al., 2012; Kennedy et al., 2014). They can 

improve the organism's ability to survive in ‘extreme’ marine environments, such as low 

oxygen, low light, low temperature, and high-pressure zones, as well as other harsh 

conditions, where specific adaptations are vital for survival. These symbiotic, host-

associated adaptations can also be seen through secondary, indirect physiological 

changes in the host. For instance, symbiotic bacterial biofilms are fundamental in the 

settlement behaviour of marine invertebrates such as cnidarians, echinoderms, and 

polychaetes (like the tubeworm Hydroides elegans; Ezenwa et al., 2012; Huang et al., 

2012).  

Most microbiota studies conducted on marine organisms have focused on the gut 

microbiota (Meziti et al., 2010; Star et al., 2013; Viver et al., 2017; Heys et al., 2020; 

Cheaib et al., 2021b; Rasmussen et al., 2021; Kang et al., 2022), including those 

conducted on squids (Figure 1.1a). The gut microbiota of three hadal amphipod species, 

as in numerous other invertebrates, has been reported to play a crucial role in their 

nutrient status, immune system development, and environmental adaptation (Dugas et 

al., 2016; Zhang et al., 2016; Chan et al., 2022). Variations in environmental conditions 

and genetic differences in the host are thought to affect the composition of the 

organism’s microbiota (Suzuki et al., 2017; Chan et al., 2021; 2022). 
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In cephalopods, microbial studies to date have mainly focused on commercially 

abundant or relatively easily reared species such as octopuses, cuttlefish, and bobtail 

squids (Lutz et al., 2019; Nyholm & McFall-Ngai, 2021; Costas-Imbernón et al., 2024). 

Mutualistic relationships have been observed between these species and various 

microbes, which seem to play important roles in cephalopod bioluminescence, 

reproductive development, and digestion. One notable example of such a symbiotic 

association is found in the 'Hawaiian bobtail' (Euprymna scolopes), where a well-

documented relationship exists between the squid and the bacterium Aliivibrio fischeri 

(Nyholm & McFall-Ngai, 2021). The bobtail squid provides nourishment and protection 

to colonies of A. fischeri, while the bacterium emits light that helps reduce the squid's 

visibility to predators (Lasa & Romalde, 2021). Similarly, in other cephalopod species 

such as Octopus mimus and Doryteuthis pealeii, certain bacterial groups, such as 

Alphaproteobacteria and Gammaproteobacteria, play crucial roles in the reproductive 

system and egg defence (Barbieri et al., 2001; Iehata et al., 2016; Kerwin & Nyholm, 

2017; Lutz et al., 2019). Investigations into cuttlefish microbiota have advanced our 

understanding of interactions between hosts and symbionts in cephalopod mariculture 

(Lutz et al., 2019). Additionally, investigations of the gastrointestinal microbiota of the 

North Atlantic common octopus (Octopus vulgaris) have provided valuable insights into 

the previously poorly understood larval migration from the coast to the open ocean 

(Roura et al., 2017).  

A single teaspoon of seawater contains 5 million bacteria and 50 million viruses 

(Seymour, 2014). However, while marine invertebrates are exposed to a high number of 

microbes in the ocean, most studies to date have reported a limited range of bacterial 

species within their digestive tracts (Kang et al., 2022). Hosts are likely highly selective 

of the bacterial symbionts they tolerate and encourage (Petersen & Osvatic, 2018; Kang 

et al., 2022). Marine gastropods have a gut microbial composition more similar to that 

of marine bivalves and cephalopods than to their closer terrestrial relatives (Kang et al., 

2022). This further emphasises the key importance of the host’s environment in 

microbial selection. When examining the gut microbial composition of cuttlefish and 

octopus, Kang et al. (2022) found an abundance of Mycoplasmatota and 

Pseudomonadota (formerly Tenericutes and Proteobacteria), with Mycoplasma and 

Photobacterium being the most abundant genera. In their study, they also concluded 
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that the host’s diet influences the majority of the bacterial community observed in the 

digestive tract. Pseudomonadota are reported as one of the most abundant phyla in 

bacterial communities across most marine environments (Amaral-Zettler et al., 2010; 

Lawler et al., 2016). Vibrio and Photobacterium are common core microbial taxa in the 

gastrointestinal tracts of marine organisms, such as fishes (Tarnecki et al., 2017; Egerton 

et al., 2018; Lutz et al., 2019) and octopuses (Roura et al., 2017). This is likely because 

members of the Vibrionaceae family produce proteases, amylases, chitinases, and 

lipases, which are thought to aid in host digestion (Egerton et al., 2018; Lutz et al., 2019). 

Lutz et al. (2019) identified an abundance of Vibrio in the digestive tract and skin of 

European cuttlefish, Sepia officinalis, and a significant presence of Psicrickettsiaceae in 

its gills. The limited studies published on cephalopod microbiota to date suggest that 

microbes play a crucial role in their physiology; for instance, in the bioluminescence and 

egg survival strategies of Hawaiian bobtail squids (Kerwin & Nyholm, 2017; Douglas, 

2019). Symbiotic bacteria associated with the bobtail squid's reproductive system are 

detectable in the environment, remain stable within the host and developing eggs, and 

are secreted into an egg jelly protective coat that helps prevent fouling and attacks by 

pathogenic micro-parasitic organisms (Vijayan et al., 2022).  

The microbiota of most cephalopods remain largely unstudied. Most research on ‘true’ 

squids’ microbiota has been conducted on myopsid squids, with only four studies on 

oegopsid squids to date. There has also been considerably less sampling effort in the 

Southern Hemisphere (Figure 1.1b). Very little is known about the ecology, pre-mortem 

physiology, and microbial associations of oegopsid squids. This is mainly because of the 

significant challenges involved in studying the remote and extreme environments they 

inhabit. As a result, research on the ecology, pre-mortem physiology, and life history of 

deep-sea squids remains limited, highlighting the importance of establishing a database 

on their microbiota as a proxy for understanding their health and physiology.   
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Figure 1.1: Overview of published microbiota studies from squid of the order Teuthoidea. (a) 

Stylised representation of which body sites were tested for microbes in each publication, myopsid 

squid in red and the oegopsid squid in blue. (b) The geographic locations of where the squids 

were sampled around the world, split into myopsids (red) and oegopsids (blue).  

1.2 Myopsid squids 

Myopsid squid microbiota have only been investigated within the family Loliginidae. 

Most published research on loliginids has concentrated on the accessory nidamental 

glands and egg casings, with only a few studies examining bioluminescent bacteria in 

different body sites (Figure 1.1a). 
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1.2.1 Accessory nidamental glands and egg casings 

Loliginid squids host symbiotic bacteria in the accessory nidamental glands (ANG), which 

are part of the female reproductive system (Bloodgood, 1977). Female myopsid 

reproductive maturity is marked by a colour change in the ANG, from colourless/white 

to red/orange (Bloodgood, 1977; Barbieri et al., 2001). This colour shift results from 

symbiotic bacteria containing carotenoid pigments within the tubules of the ANG 

(Bloodgood, 1977; Barbieri et al., 2001). It is hypothesised that the ANG offers a 

protective bacterial biofilm, preventing fouling and predation on squid egg casings, due 

to the layered arrangement and high bacterial density between each layer of the casing 

(Barbieri et al., 2001). Bacterial colonisation of the ANG organs in loliginid squids is not 

passed directly from mother to offspring. Instead, it occurs through a slow horizontal 

transmission as the ANG reaches sexual maturity (Kaufman et al., 1998; Barbieri et al., 

2001). While the ANG likely plays a role in transferring bacterial communities to egg 

casings, the presence of distinct bacterial populations in the egg casings—absent in the 

ANG—suggests additional microbial interactions (Barbieri et al., 2001). 

Key studies concerning the ANG of myopsid squids highlight the diversity and 

characteristics of the bacterial populations confined within these glands (Table 1.1). A 

total of eight studies, to date, have documented the ANG and egg casings of myopsid 

squids, with Bloodgood (1977) being the earliest and Chiu et al. (2025) being the most 

recent. There has been a notable increase in the precision of bacterial identification as 

technology has advanced over the years; this development has led to differences in 

observed description of taxa obtained through microscopic identification, traditional cell 

culturing methods, and more recently, 16S rRNA gene sequencing from cultured 

bacteria or directly from specimens. Bloodgood (1977) described morphologically 

distinct bacterial populations within different tubules of the ANG, where the tubules 

harboured either rod- or coccoid-shaped bacteria, with no apparent overlap between 

these populations. Specimens of sexually mature D. pealeii were dissected, and their 

associated bacterial populations were examined microscopically. A phase contrast 

microscope was used to examine the white and red contents of the ANG tubules, 

revealing bacteria with rod- and coccoid-shaped morphologies, with approximately 10% 

demonstrating active motility (Bloodgood, 1977). Barbieri et al. (2001) further 

investigated both mature and immature female specimens of D. pealeii. Their findings 
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indicated that the ANG of D. pealeii was predominantly inhabited by 

Alphaproteobacteria, notably Pseudoalteromonas and Shewanella, which were also 

found to dominate the ANG and egg casings of D. opalescens (Barbieri et al., 2001, citing 

personal communication with D. Epel and M. Kaufman). No luminescence was observed 

in either the ANG or the egg casings; however, the luminescent bacterium A. fischeri was 

identified through 16S rRNA gene analysis of cultured isolates, alongside several non-

bioluminescent bacterial strains of Vibrio (Barbieri et al., 2001). However, Vibrio was not 

considered an abundant genus within the ANG or egg casings of D. pealeii. 

Research on the reproductive microbiota of Doryteuthis and Uroteuthis has offered 

valuable insights into the bacterial diversity within these squid genera. A study by 

Vijayan et al. (2024) found that bacteria isolated from these sites showed both 

antibacterial and antifungal properties. The most abundant bacterial taxa in the ANG of 

D. pealeii were Rhodobacteraceae and Alphaproteobacteria, with Bacteroidia being the

most abundant in D. pealeii but either absent or negligible in U. duvaucelii and D.

opalescens (Vijayan et al., 2024). This highlights a clear difference in the ANG and egg

casing microbiota across species within the loliginid family. Notably, the location and

year of collection did not significantly affect the microbiota composition of the ANG and

egg casing (Vijayan et al., 2024). Further examination of D. opalescens also showed a

dense bacterial population in the egg casings and ANG (Biggs & Epel, 1991; Kaufman et

al., 1998). Additionally, the ANG of D. opalescens had a high abundance of

Alphaproteobacteria and Gammaproteobacteria, but notably lacked Bacteroidia and

Flavobacteriia (Vijayan et al., 2024). Juvenile specimens of D. opalescens primarily

hosted Gram-positive bacteria, whereas adults were dominated by Gram-negative

bacteria (Kaufman et al., 1998). These findings emphasise the variability of bacterial

communities across different species within the same family and between different life

stages.

Pichon et al. (2005) investigated the bacterial diversity within the ANG and egg casings 

of several loliginid squid species, including Loligo, Uroteuthis, Sepioteuthis, and Loliolus. 

While S. lessoniana and Loligo vulgaris embryos were found to be sterile, their egg 

casings contained a dense population of bacteria, also present in the ANG of mature 

females of the same species (Kaufman et al., 1998; Barbieri et al., 2001; Pichon et al., 

2005). Vibrio and Shewanella were identified exclusively from the egg casings of S. 
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lessoniana, while Agrobacterium, Roseobacter, and Rhodobium were observed in egg 

casings of both S. lessoniana and L. vulgaris. The ANG microbiota of S. lessoniana was 

shown to shift gradually during female reproductive maturation (Yang et al., 2021), a 

finding further confirmed by Tseng et al. (2023). In their study, four distinct bacterial 

morphologies were observed across all four squid genera: small coccoid, large coccoid, 

rod-shaped Gram-negative bacteria, and a large, rod-shaped Gram-positive bacterium. 

DNA sequencing revealed an abundance of Roseobacter, Agrobacterium, Silicibacter, 

Stappia, Rhodobium-like bacteria, Vibrio, Shewanella, and Pseudoalteromonas in the 

ANG of these species. These results further emphasise the reproductive-specific 

bacterial communities present in the ANG and egg casings of loliginid squid. Organ-

specific microbes have also been reported in hydrothermal vent crabs (Zhang et al., 

2017; Osman & Weinnig, 2022). 

Yang et al. (2021) investigated the bacterial communities within the ANG of female S. 

lessoniana, demonstrating how environmental conditions and the surrounding seawater 

bacterial diversity influence their composition. The ANG of S. lessoniana mainly 

consisted of Pseudomonadota, Bacteroidetes, Actinomycetota (previously known as 

Actinobacteria), and Bacillota (formerly known as Firmicutes), with 

Gammaproteobacteria, Alphaproteobacteria, and Bacteroidia being the most prevalent 

classes. Notably, Pseudomonadota and Bacteroidetes increased in abundance as 

reproductive maturity and ANG development progressed, while Mycoplasma and 

Lactobacillus decreased in abundance with increased reproductive maturity. Yang et al. 

(2021) also observed that Verrucomicrobia were prominent during the early stages of 

ANG maturation but were replaced by other bacterial groups, such as 

Gammaproteobacteria, Alphaproteobacteria, and Bacteroidia, as maturation continued. 

The distinct colouration of sexually mature ANG in S. lessoniana was therefore linked to 

an increase in the abundance of Flavobacteriales and Alphaproteobacteria within the 

ANG microbiota.  
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Table 1.1: Main studies investigating the microbiota of the accessory nidamental glands and egg 

casings of myopsid squids.  

Study Squid species Sample site Main reported 
bacterial taxa 

Targeted 
region 

Barbieri 
et al., 
2001 

Doryteuthis 
pealeii 

Accessory nidamental 
glands and egg casings 

Roseobacter, 
Shewanella and  
Pseudoalteromonas 

Universal 
prokaryotic 
primers (UP) 

Yang et 
al., 2021 

Sepioteuthis 
lessoniana 

Accessory nidamental 
glands 

Pseudomonadota, 
Actinomycetota, 
Bacteroidetes, and 
Bacillota 

V3- V4 Region 

Bloodgoo
d, 1977 

Doryteuthis 
pealeii 

Accessory nidamental 
glands 

Not specified Cultured 

Kaufman 
et al., 
1998 

Loligo 
opalescens 

Accessory nidamental 
glands and egg casings 

Not specified Cultured 

Pichon et 
al., 2005 

Loligo vulgaris, 
Sepioteuthis 
lessoniana, 
Uroteuthis 
duvaucelii, 
Uroteuthis 
chinensis, 
Uroteuthis 
edulis, Loligo 
forbesii, 
Loliolus uyii, 
and Loliolus 
beka 

Accessory nidamental 
glands and egg casings 

Agrobacterium and 
Silicibacter 
 
Vibrio, Shewanella, 
Roseobacter, 
Rhodobium 

27F-1385R 
pairs 
(respectively E
scherichia 
coli position 9: 
5′-
GAGTTTGATCC
TGGCTCA-3′ 
and position 
1385: 5′-
CGGTGTGTRC
AAGGCCC-3′ 

 

1.2.2 Vibrio and Photobacterium 

Two bacterial genera have been the primary focus of numerous cephalopod microbiome 

studies: Vibrio and Photobacterium. They are both known to contain bioluminescent 

species and Gram-negative bacteria commonly found in marine environmental samples 

(Calogero et al., 2022). Photobacterium has been documented as widely distributed 

across various marine environments, including the deep sea (Urbanczyk et al., 2011). 

Additionally, members of the genus Vibrio are recognised as core microbiota taxa in 

several marine molluscs, such as the gastropod Dicathais orbita, European abalone 

Haliotis tuberculate, and in bivalves including Mytilus edulis and Crassostrea gigas 

(Romalde et al., 2014; Ngangbam et al., 2015; Le Roux et al., 2016; Offret et al., 2019; 

Destoumieux-Garzón et al., 2020). Some studies have investigated the bioluminescent 
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bacteria present in the light organs and other tissues of coastal myopsid squids of the 

family Loliginidae (Table 1.2). These bacteria are primarily from the genera Vibrio and 

Photobacterium. Due to scientific interest in their bioluminescent properties, various 

body sites of loliginid squids have been explicitly tested for bioluminescence.   

Given the current focus on bioluminescence, Vibrio and Photobacterium are among the 

most studied symbiotic bacteria in cephalopods. This includes non-'true’ squids, like the 

bobtail squid, which has a symbiotic relationship with A. fischeri, as well as some ‘true’ 

squids of the family Loliginidae, which also show bacterial bioluminescence (Guerrero-

Ferreira & Nishiguchi, 2010; Guerrero-Ferreira et al., 2013; Nyholm & McFall-Ngai, 

2021). For instance, some Loligo species have been found to host bioluminescent 

bacteria, mainly V. harveyi, in their light organs (Guerrero-Ferreira & Nishiguchi, 2007; 

Alias et al., 2017). Likewise, bacteria from the Vibrio genus dominate the light organs of 

U. chinensis (Guerrero-Ferreira & Nishiguchi, 2010). In 2013, Guerrero-Ferreira et al. 

isolated and sequenced bacteria from the light organs of four loliginid squid species (U. 

chinensis, U. etheriogei, U. noctiluca, and U. duvaucelii), mainly identifying Vibrio and 

Photobacterium as the bioluminescent taxa. 

Bioluminescent bacteria have also been identified in the ink sacs of various loliginid 

squid species. Alias et al. (2017) cultured and sequenced Vibrio spp. from Loligo spp. ink 

sacs, where symbiotic bioluminescent bacteria were also located in the light organs 

attached to the ink sacs. This suggests a potential vertical transmission of bacteria 

between these structures, as similar findings were also reported by Yaser et al. (2014), 

who noted an abundant presence of P. leiognathi. Additionally, U. duvaucelii (Pertiwi et 

al., 2018), Uroteuthis spp., and Loliolus spp. (Zari et al., 2020), and S. lessoniana (Zari et 

al., 2020) also contained Photobacterium in their ink. Moreover, S. lessoniana, when 

inoculated on luminescent agar, also contained Vibrio (Zari et al., 2020). 

Swabs taken from the vitreous sac of Uroteuthis sp. and other loliginid squid eyes 

revealed the presence of bioluminescent bacteria from the Photobacterium genus 

(Naguit et al., 2014; Yaser et al., 2014). Additionally, the gut microbiota of Loliolus beka 

and U. edulis were primarily composed of Photobacterium, along with other genera such 

as Aliivibrio, Physichrilyobacter, and Mycoplasma (Kang et al., 2022). In the digestive 

tracts of certain fish species, Photobacterium seems to assist in the digestion of chitin 
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(Itoi et al., 2006), and it is thought to perform a similar function in juvenile squids, many 

of which consume a diet rich in crustaceans, whose exoskeletons are composed of chitin 

(Portela et al., 2014). Ford et al. (1986) examined the external mantle surfaces of 

Lolliguncula brevis and found Vibrio to be the most prevalent genus among Gram-

negative bacteria and Bacillus to be the most abundant genus among Gram-positive 

bacteria. Naguit et al. (2014) also identified several Photobacterium strains from swabs 

taken inside the mantle of Uroteuthis sp. These findings highlight the widespread 

presence of Photobacterium and Vibrio across various squid species and their body sites' 

microbiota, including photophores, ink, eyes, gut, and external surfaces. 



13 

Table 1.2: Presence of Photobacterium (P) and Vibrio (V) reported in loliginid squid body sites. (-) means not analysed.  

Squid Taxon   Ink  GI Outer mantle Eye Light Organ ANG/Egg Casings Reference 
Doryteuthis D. pealeii - - - - - V Barbieri et al., 2001; Pichon et al., 2005 

 
      

 
Loligo L. forbesii - - - - - V Lum-Kong & Hasting, 1992; Pichon et al., 2005 

 L. vulgaris - - - - - V Pichon et al., 2005 

  
      

 
Loliolus L. beka - P - - - V Pichon et al., 2005; Kang et al., 2022 

 L. uyii - - - - - V Pichon et al., 2005 

  
      

 
Lolliguncula L. brevis - - V - - - Ford et al., 1986 

  
      

 
Sepioteuthis  S. lessoniana P, V P, V P, V - - V Pichon et al., 2005; Zari et al., 2020 

  
      

 
Uroteuthis U. chinensis P P P, V - V V Pichon et al., 2005; Guerrero-Ferreira et al., 2013 

 
U. duvaucelii P, V V P, V P V V Pichon et al., 2005; Guerrero-Ferreira et al., 2013; Naguit et al., 2014; 

Pertiwi et al., 2018 

 U. edulis - P, V - - V V Pichon et al., 2005; Kang et al., 2022 

 U. etheriogei - - - - V V Guerrero-Ferreira et al., 2013   
  U. noctiluca V - - - V V Guerrero-Ferreira et al., 2013  
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1.3 Oegopsid squids     

To date, only three oegopsid squid species, Sthenoteuthis oualaniensis (mid-form and 

dwarf-form), Todarodes sagittatus, and Todarodes pacificus, have had their microbiota 

investigated. These studies have focused on the microbial communities within their 

digestive tracts and, in two cases, also their gill tissues (Ramírez et al., 2019; Hu et al., 

2022a, 2022b; Kang et al., 2022). 

1.3.1 Digestive tract microbiota 

While some commonalities have been observed among the three ommastrephid species 

studied to date, notable species- and sex-specific differences in their microbiota remain 

evident. In S. oualaniensis, Mycoplasma, Lactobacillus, and the Bacteroidales S24-7 

group were predominant in both mature and immature males and females of mid- and 

dwarf-form squids, as reported by Hu et al. (2022a; 2022b). Additionally, 

Photobacterium and the BD1-7 clade were abundant in the intestines of immature males 

and mature females of mid-forms, as well as in both mature and immature females and 

mature males of dwarf-forms. Vibrio was also identified as an abundant genus in 

immature female dwarf-forms (Hu et al., 2022a). Conversely, the BD1-7 clade and 

Mesorhizobium were more prominent in mature males, while Vibrio and 

Cardiobacteriaceae were observed in immature males of mid-form S. oualaniensis (Hu 

et al., 2022b). These findings suggest that mid-form male S. oualaniensis exhibited a 

broader diversity of abundant bacterial genera than other groups.  

Overall, Mycoplasma remained the most abundant genus in the intestines of all S. 

oualaniensis mid-forms sampled by Hu et al. (2022b), as well as in T. sagittatus (Ramírez 

et al., 2019) and T. pacificus (Kang et al., 2022). A statistically significant negative 

correlation was found between the mantle length of S. oualaniensis and the abundance 

of Mycoplasmatota (Mycoplasma) (Hu et al., 2022b); however, it was positively 

correlated with Bacillota and Bacteroidetes. The abundance of Mycoplasma in T. 

pacificus is also thought to be influenced by the squid's body size, with larger individuals 

harbouring higher levels of Mycoplasma in their gut (Kang et al., 2022). Mycoplasma has 

been observed to be an obligate symbiotic core bacterial taxon in the gut microbiota of 

most studied marine organisms (such as jellyfish, Viver et al., 2017; cuttlefish, Gentes et 

al., 2023; lobster, Meziti et al., 2010; hadal amphipod species, Chan et al., 2022; and 
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many salmonoid species, Star et al., 2013; Heys et al., 2020; Bozzi et al., 2021; Cheaib et 

al., 2021a; 2021b; Rasmussen et al., 2021). This is thought to be due to its ability to 

metabolise ammonia (Rasmussen et al., 2021). The gut and stomach caecum of T. 

pacificus were also dominated by Acrobacter (Kang et al., 2022). Hu et al. (2022a; 2022b) 

concluded that the diversity observed in the bacterial communities of the intestines of 

mid-form and dwarf-form S. oualaniensis can be directly linked to the growth, feeding 

behaviour, and differences in sex and reproductive maturity of the squid. 

1.3.2 Gill microbiota 

The microbial populations present in the gills of marine invertebrates are known to be 

markedly influenced by various external marine environmental factors (Jin et al., 2017; 

Duan et al., 2020; Hu et al., 2022a; Hu et al., 2022b). Consequently, the microbiota of 

squid gills is expected to reflect the characteristics of the surrounding marine 

environment (Kuang et al., 2020; Hu et al., 2022a; Hu et al., 2022b). In S. oualaniensis, 

the predominant bacterial phyla identified in mature female and male specimens, as 

well as immature males, were Pseudomonadota, Bacillota, and Bacteroidetes (Hu et al., 

2022a; 2022b). The principal genera observed in the gills of both dwarf- and mid-form 

S. oualaniensis across sexes included the BD1-7 clade, Lactobacillus, and Bacteroidales

S24-7 group (Hu et al., 2022a; 2022b). Notably, Photobacterium was also a significant

genus in immature females, as well as in both mature and immature males of mid-form

squids, and both mature male and female dwarf-form squids (Hu et al., 2022; 2022b).

Conversely, immature female dwarf-form S. oualaniensis were dominated by Vibrio (Hu

et al., 2022a). Among all the mid-form S. oualaniensis samples, the BD1-7 clade emerged

as the most abundant bacterial genus, a finding consistent with its prominence in

numerous marine environments (van de Water et al., 2018; Yu et al., 2021; Hu et al.,

2022b). Furthermore, gill swabs from two T. sagittatus specimens showed a high

abundance of Mycoplasma (Ramírez et al., 2019). These results showcase the bacterial

community composition of the gill microbiota of ommastrephid squids.

1.4 Research objectives 

This thesis aims to conduct an initial survey of microbial diversity in oegopsids by 

progressively exploring community composition within individuals, then among 

conspecifics, congenerics, and more distantly related squids. To do this, I will observe 
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and report the microbial composition within and among species, genera, and families 

across different anatomical sites, ages, sexes, body chemistry and geographic regions (N 

= 500 in total). I will optimise a standard method for extracting and purifying microbial 

DNA from deep-sea squids, then will examine the composition of different squid 

bacterial microbiota using 16S rRNA gene amplicon sequencing. Amplicon sequencing 

enables comparisons of broad changes in taxonomic composition across different 

conditions (Sogin et al., 2006). It increases the likelihood of capturing less-abundant 

species through dense sampling of any given community (Mock & Kirkham, 2012). The 

same core sequencing workflow will be applied to different subsets of samples to 

address the different research questions (Figure 1.2). This will provide insight into squid 

lifecycles, ecology, predation and physiology.  

 
Figure 1.2: Stylised illustration of a deep-sea oegopsid squid and the ten sampled body sites 

studied in this thesis and the research chapter they relate to. 

 

Research question one: What is the microbial community structure and variability 

within the digestive tract of a single deep-sea squid species, and is there a 

difference between sex (focus: NZ Southern arrow squid, Nototodarus sloanii)?  

Chapter two will investigate variability among individuals within a single deep-sea squid 

species. A subset of three body sites was sampled in duplicate across ten N. sloanii of 
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similar size and geographic origin, representing both sexes (five males and five females; 

total sample N = 60). This will give an indication of the variation between individuals of 

the same and opposite sex within the same species (Figure 1.3). The selected sites and 

number of squid chosen will allow me to determine the number of repetitions needed 

of individuals per site in the later research questions.   

Research question two:  

a. How do the microbiota compare between congeneric deep-sea squid 

species (focus: Nototodarus and Todarodes spp.)?   

b. How do host-associated microbial communities compare within a deep-sea 

squid family (focus: Ommastrephidae)?   

Once intraspecies variability is established (research question one), I will investigate 

intra-and inter-genus variability in the microbiota of deep-sea squids in chapter three. 

The intra- and inter-genus variation of Todarodes and Nototodarus spp. will be examined 

at ten body sites swabbed in duplicate across twelve squid, three of each selected 

species (N. sloanii, N. gouldi, T. angolensis, T. filippovae; total sample N = 240). The 

increased number of body sites was chosen to examine physiological and ecological 

differences within and among squids. This will allow for the investigation of variability 

between two pairs of congeneric species and among genera within the same family 

(Figure 1.3).   

Research question three: How does the microbiota compare among deep-sea 

squids with different body chemistry (non-ammoniacal Ommastrephidae and 

ammoniacal Octopoteuthidae and Onychoteuthidae)?  

To investigate variability among deep-sea squids with different body chemistry in 

chapter four, ten different body sites will be sampled across eight squid species. Four of 

these are considered muscular, non-ammoniacal squids, the same used in research 

question two (N. sloanii, N. gouldi, T. angolensis, and T. filippovae) and four ammoniacal 

squids (Octopoteuthis sp. nov. (“fenestra” sensu Kelly 2019), Taningia danae, T. fimbria, 

and Onykia robsoni) (Figure 1.3). 
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Research question 4: What does the microbial composition of the ‘colossal’ squid 

(Mesonychoteuthis hamiltoni) look like?  

In chapter five the microbial compositions of six body sites of the female colossal squid 

will be observed and compared to a 2023 Ross Sea seawater microbiota study from the 

National Centre of Biotechnology Information database (Figure 1.3). Tissue samples 

from different body sites will be collected and analysed to reveal the microbial 

communities present in the squid and how they differ among body sites, and will be 

compared with a Ross Sea dataset to examine possible horizontal transfer of bacteria 

between the squid and its habitat.    

 
Figure 1.3: Flow chart of the progression of research questions and associated target squid taxa 

in this thesis. 
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 The Digestive Tract Microbiota of Female and Male 

Nototodarus sloanii 

2.1 Abstract 

Aotearoa’s endemic southern ‘arrow’ squid (Nototodarus sloanii) is one of two species 

harvested as the country’s largest cephalopod fishery, but much about its life history 

and ecology remains to be learnt. This chapter aimed to investigate the microbial 

community structure and variability within the digestive tract of a single deep-sea squid 

species, and whether there is an observable difference between sex. Studying the 

variability in the microbiota of the digestive tracts of female and male N. sloanii using 

16S rRNA gene amplicon sequencing would further our understanding of this 

ecologically and commercially important deep-sea squid species. Ten individuals of both 

sexes (females N = 5 and males N = 5) were sampled along three sections of their 

digestive tract (the oesophagus, stomach content, and the stomach caecum). Significant 

differences in microbial diversity across digestive tract sites were not observed, allowing 

me to pool the samples into a single dataset representing each individual when 

comparing between sexes. A first glance at N. sloanii’s digestive tract microbiota showed 

a lack of sex-derived differences and a high abundance of Brachybacterium and 

Mycoplasma, which may be linked to help with pathogen prevention and nitrogen 

assimilation.  

2.2 Introduction 

Ommastrephidae are one of the most widely distributed, abundant, ecologically and 

commercially important squid families (Roper et al., 2010). Various species can be found 

throughout the oceans, from sub-Antarctic waters to sub-Arctic waters, with the 

majority having a complex spatial distribution, subdivided into feeding areas and 

reproductive zones (Roper et al., 2010). Most are also recognised as being among the 

fastest-growing squids, with females typically recorded reaching larger sizes than males, 

and the majority having a one-year life cycle (Roper et al., 2010). The southern ‘arrow’ 

squids, Nototodarus sloanii, are ommastrephid squids found in the South Pacific Ocean 

around Aotearoa New Zealand (hereafter Aotearoa). Arrow squids (composed of N. 

sloanii and N. gouldi for fisheries purposes) are the most abundant cephalopod catch in 
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Aotearoa, with annual landings of 14.332t in 2022/2023 (MPI, 2023). The endemic N. 

sloanii is found in the southern part of Aotearoa’s Exclusive Economic Zone (Jackson et 

al., 2000), where it is considered a key species in pelagic ecosystems due to its vast 

abundance and role as both predator and prey (Lischka et al., 2020). 

Animal-associated microbes can tell us about the host's health and metabolic functions 

(Ottman et al., 2012; Fan & Pedersen, 2021; Bates et al., 2023). Because of arrow squids’ 

economic and ecological importance, it is necessary to learn more about this species, 

starting with their microbiota, as it can tell us about their health and about their 

ecosystem. Studying the digestive tract microbiota can reveal important insights into 

the host organism's health and immune system, and give us a snapshot into its diet 

(Corbari et al., 2012; Fan & Pedersen, 2021). The importance of microbes in regulating 

gene expression in the digestive tract through the promotion of nutrient metabolism 

and immune response control has been demonstrated in fish (Rawls et al., 2004; Bates 

et al., 2006). Nototodarus sloanii primarily forage in the mesopelagic layers (200–

1000m), predominantly preying on mesopelagic fishes, crustaceans, and other 

cephalopods (Dunn, 2009; Pethybridge et al., 2012). They have been shown to have sex-

specific dietary profiles, with females relying more on crustaceans and other 

cephalopods (Dunn, 2009). This may have implications for their digestive tract 

microbiota composition, which in turn often plays a crucial role in the breakdown of 

food, absorption of nutrients, and the health of the host (Iehata et al., 2015). Potential 

differences in microbiota between sexes have been investigated in various marine 

organisms, such as isopods (Wenzel et al., 2018), lobsters (Rusanova et al., 2025), 

octopuses (Iehata et al., 2015), corals (Wessels et al., 2017), elephant seals, and other 

marine mammals (Nelson et al., 2012). The observed differences in microbial diversity 

between host sexes are hypothesised to result from variations in diet, size dimorphism, 

habitat, and metabolic demands (Gao et al., 2018; Nelson et al., 2012; Bates et al., 2023). 

Notably, the male Chilean octopus (Octopus mimus) was found to have significantly 

higher microbial alpha diversity than the female, which was thought to be due to 

differences in diet (Iehata et al., 2015). This has also been reported in terrestrial and 

marine vertebrates (Stoffel et al., 2020; Zhu et al., 2020). However, several studies 

investigating animal microbiota have also observed a lack of sex-specific differences. For 

instance, the digestive tract microbiota of Chinese adult alligators lacked sexual 
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dimorphism (Hu, M.Y. et al., 2022), and the skin microbiota of humpback whales showed 

no sex-specific differences (Apprill et al., 2014). No research, to date, has been 

conducted on whether/how sexual dimorphism influences the microbiota of 

cephalopods in the Southern Ocean.  

The limited studies published to date on cephalopod microbiota have indicated that 

microbes play a crucial role in the physiology of squids and their closely related taxa, 

such as in bioluminescence and egg-survival strategies of Hawaiian bobtail squids 

(Kerwin & Nyholm, 2017; Douglas, 2019). The egg survival strategies rely on the 

symbiotic bacteria associated with the bobtail squid's reproductive system; these 

microbes are detectable in the environment and stable in the host and its developing 

eggs. These bacteria are also secreted in an egg jelly protective coat, where they prevent 

fouling by pathogens (Vijayan et al., 2022). Most squid studies have focused on coastal 

squids, and only four studies to date have been conducted on deep-sea squids (Ramírez 

et al., 2019; Kang et al., 2022; Hu et al., 2022a; Hu et al., 2022b). These studies have 

concentrated on the digestive tract and gills of oegopsid squids. No studies have been 

conducted on squid from the Nototodarus genus, and only Kang et al. (2022) have 

looked at sex-derived differences in digestive tract microbiota in oegopsids. The 

digestive tracts of Sthenoteuthis and Todarodes spp. have been reported to contain an 

abundance of Mycoplasma; this is thought to be due to its ability to utilise ammonia in 

the gut of predator species (Ramírez et al., 2019; Rasmussen et al., 2021; Kang et al., 

2022; Hu et al., 2022a; Hu et al., 2022b).  

This study reports the bacterial communities found in the digestive tract of N. sloanii for 

the first time, increasing our understanding of the physiology of Aotearoa cephalopods. 

A sex-driven difference in the digestive microbiota of N. sloanii is thought to occur due 

to differences in diet previously observed (Dunn, 2009).  

2.3 Methods 

2.3.1 Sample collection 

Samples of N. sloanii were collected in the oceans around Aotearoa by Earth Sciences 

New Zealand (formerly NIWA) under permit during routine fishery surveys around Te 

Waipounamu (South Island), at GPS coordinates: 43.4° S and 177.4° E, and stored at 
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– 20ᵒC until processed. To investigate inter-individual variability within a single deep-sea 

squid species, ten N. sloanii specimens of similar size and geographic origin were 

sampled, representing both sexes (five males and five females). For each squid, three 

sites along the digestive tract (stomach, stomach caecum, and oesophagus) were 

sampled in duplicate (N = 60).  

2.3.2 16S rRNA gene amplicon sequencing   

The squids were defrosted, ventrally dissected, and tissue snips of the three body sites 

were collected and placed in sterile 1.5 mL microcentrifuge tubes and kept at –20ᵒC until 

DNA extraction. DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit 

(QIAGEN, Hilden, Germany), following the manufacturer’s protocol with a slight sample 

specific optimisation as follows: a portion of the sample tissue from each site was placed 

in screw-capped, conical-bottomed polypropylene tubes, suspended in 20 µL of 

proteinase K (10 mM; Thermo Fisher Scientific) and 200 µL of phosphate buffer. Then, 

the sample was homogenised with silica-zirconia beads (2.5 mm and 0.1 mm in 

diameter) on a FastPrep-24™ Classic bead-beating grinder and lysis system (MP 

Biomedicals) for 1 minute at 5.5 m/s. Additionally, a 15-minute incubation period with 

5 µL of RNase A (10 mg/mL; Thermo Fisher Scientific GeneJET) at 30°C was added after 

the final elution step to enhance PCR amplification. The DNA extractions were stored at 

–80℃ until PCR was performed.            

The V3-V4 region of the 16S rRNA gene was amplified through PCR using the 341F (5′- 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG -3′) and 805R 

(5′- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC -3′) 

primers with Illumina overhang adapters (primer sequences in bold; Klindworth et al., 

2013) for bacterial amplification. The thermal cycling conditions were as follows: initial 

denaturation at 95°C for 5 minutes, followed by 35 cycles of denaturation at 95°C for 1 

minute, annealing at 55°C for 30 seconds, and extension at 72°C for 1 minute, with a 

final extension at 72°C for 10 minutes. Successful amplifications were verified on a 2% 

agarose gel electrophoresis (Muyzer & Smalla, 1998). A negative control per run was 

used in both the DNA extraction and PCR amplification steps to check for contamination 

during the process. Before 16S rRNA gene library preparation, each pair of duplicates 

were pooled to equal volume, resulting in a total of 30 samples, 15 per sex.   
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The indexing PCR and sequencing were carried out by Auckland Genomics (University of 

Auckland, New Zealand). For this, the sequencing provider attached a unique 

combination of Nextera XT dual indices (Illumina Inc., USA) to the DNA from each sample 

to enable multiplex sequencing of 192 samples per run. Sequencing was performed on 

an Illumina MiSeq instrument using V3 2-by-300-bp chemistry.  

2.3.3 Data processing 

The fastq data files generated from our amplicon sequencing were processed using the 

DADA2 pipeline in R 4.5.0 (R Core Team, 2021) to construct an Amplicon Sequence 

Variants (ASVs) table (Callahan et al., 2016; ver 1.36.0). The raw fastq files were trimmed 

using the command filterAndTrim with predetermined maxEE values 

(truncLen(280,240), maxEE(2,3)). Chimeric sequences were also identified and removed 

before the final ASVs were produced. The SILVA v138.1 database was then used for the 

taxonomic classification of the bacterial sequences (Yilmaz et al., 2014). The decontam 

package in R (Davis et al., 2017; ver 1.29.0) was used to remove contaminant ASVs 

through the contaminant prevalence method (threshold = 0.5), to identify sequences 

that were more prevalent in the negative controls than in the positive controls as 

contaminants (Davis et al., 2017). The decontaminated ASVs were further processed 

with the removal of all chloroplast, mitochondrial, and non-bacterial sequences, as well 

as the ASV sequence that was identified as belonging to the known contaminant species, 

Ralstonia pickettii (5′-TGGGGAATTTTGGACAATGGGCGAAAGCCTGATCCAGCAATGCCG 

CGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTTGTCCGGAAAGAAATGGCTCTGGTTA

ATACCTGGGGTCGATGACGGTACCGGAAGAATAAGGACCGGCTAACTACGTGCCAGCAGCCG

CGGTAATACGTAGGGTCCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGTGCGCAGGCGGT

TGTGCAAGACCGATGTGAAATCCCCGAGCTTAACTTGGGAATTGCATTGGTGACTGCACGGCT

AGAGTGTGTCAGAGGGGGGTAGAATTCCACGTGTAGCAGTGAAATGCGTAGAGATGTGGAG

GAATACCGATGGCGAAGGCAGCCCCCTGGGATAACACTGACGCTCATGCACGAAAGCGTGGG

GAGCAAACA-3′). I then created both a rarefied ASV table using the ‘rarefy_even_depth’ 

command from the phyloseq package (McMurdie & Holmes, 2013; ver 1.53.0) to rarefy 

to even depths of 1000 reads, and a cumulative sum scaling normalised ASV table using 

the ‘cumNorm’ command from the metagenomeSeq package (Paulson et al., 2013; ver 

1.51.0). During the rarefaction processing, 14 out of 30 samples were removed due to 



24 

insufficient reads: four oesophagi (one female, three male), three stomachs (one female 

and two male), and seven stomach caecum (three female and four male). 

The microbiota as represented by the ASVs were measured primarily by using alpha and 

beta diversity estimates, and were visualised as relative abundances of taxonomic 

groups based on the proportion of reads returned, using the following R packages: 

phyloseq for alpha diversity (McMurdie & Holmes, 2013; ver 1.53.0), ggplot2 for plotting 

(Wickham, 2016; ver 4.0.0), and vegan for beta diversity (Oksanen et al., 2025; ver 2.7-

1). Fourteen samples did not result in a visible band on the agarose gel electrophoresis. 

They were still sent for sequencing and used for beta diversity, but they were removed 

during the rarefaction data processing. Shannon’s diversity index, which measures both 

species richness and evenness (Ortiz-Burgos, 2016), was used to estimate alpha diversity 

from the rarefied data. The significance of the difference between the samples' total 

microbiota diversity was determined using a Mann–Whitney U test (McMurdie & 

Holmes, 2013). The raw ASV table was used to calculate beta diversity with the use of 

Aitchison dissimilarity distance matrix (Martino et al., 2019) with the ‘vegdist’ command 

and visualised in a Principal Coordinate Analysis (PCoA) ordination plot between N. 

sloanii female and male samples, the significance was assessed using a PERMANOVA 

test using the ‘adonis2’ command from vegan, and the differences in dispersion were 

checked with a PERMDISP test using the ‘betadisper’ and ‘permutest(beta)’ commands 

(Bakker, 2024).  

2.4 Results 

Intraspecies variability in microbial diversity was assessed across ten individuals of N. 

sloanii (female N = 5 and male N = 5) to determine whether sex had a significant effect 

on the composition of the digestive tract microbiota. A total of 163,640 reads were 

obtained, and 5734 ASVs were identified from a total of 30 samples. No significant 

difference in Shannon’s diversity was observed between the digestive tract microbiota 

of the two sexes. This lack of significant difference was consistent across the three body 

sites sampled. Therefore, I did not make such a distinction when comparing between 

the sexes (Appendix C Figure 2a). Similarly, no statistical difference in Shannon’s 

diversity between sexes was observed (Mann–Whitney U test, W = 18, P = 0.22) (Figure 

2.1).   
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Figure 2.1: Diversity of the microbiota of the digestive tracts of female (blue) and male (orange) 

N. sloanii. Shannon index diversity with rarefied data, significance tested with a Mann–

Whitney U test. Boxes represent the interquartile range (IQR, 25–75%) of the data. Median 

values are indicated by the bar within each box and whiskers show the values within 1.5 times 

the IQR. 

 
No significant separation in the microbial community composition between sexes was 

observed (PERMANOVA R2 = 0.037, F28 = 1.09, P = 0.353; Figure 2.2a). Direct comparisons 

between both sexes' digestive tracts showed similar bacterial profiles at the genus 

taxonomic level (Figure 2.2b). The digestive tracts of the female and male N. sloanii 

consisted primarily of the bacterial genera Brachybacterium (41.61% and 53.19% 

respectively) and Mycoplasma (35.99% and 29.14% respectively). However, some 

differences were observed in the composition of abundant bacteria, notably the female 

samples exhibited a higher prevalence of the BD1-7 clade (8.38%), which was more than 

double that in the male samples (4%; Figure 2.2b). The core digestive tract microbiota 

of both N. sloanii sexes, defined as prevalent in more than 50% of samples and with 

relative abundance greater than 1%, comprised two genera: Brachybacterium and 

Mycoplasma. 
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Although the microbial community compositions of female and male N. sloanii were 

similar, they differed in some minor taxa (Figure 2.2b). Stenotrophomonas and 

Streptococcus were observed in the female digestive tract (0.38% and 0.35% 

respectively) and were not detected in the male samples (Appendix C Table 1). 
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Figure 2.2: Microbial composition of the digestive tract of female and male N. sloanii. (a) 

Principal coordinates analysis (PCoA) of Aitchison distances between samples. The coloured dots 

represent the female and male samples of N. sloanii, with the digestive tract samples identified 

by shape. With the 95% confidence ellipses assuming multivariate t-distributions. (b) Top ten 

most abundant bacterial genera within the female and male digestive tracts of N. sloanii, with 

the other genera grouped into “other”. 
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2.5 Discussion 

This study examined the digestive tract microbiota for the first time in an Aotearoa 

deep-sea arrow squid, and for the first time worldwide in an ecologically and 

economically important species of Nototodarus. Ten individuals of N. sloanii (five female 

and five male) were used to test for host sex differences in the digestive tract 

microbiota. The squids were collected at the same depth, location and year, therefore 

minimising confounding variables. 

Several studies on marine invertebrates have examined how sex affects microbiota 

richness and community composition; both significant and non-significant differences 

have been reported (Iehata et al., 2015; Wessels et al., 2017; Bates et al., 2023; 

Rodrigues-Barreto et al., 2024). These differences have been attributed to sexual size 

dimorphism and/or sex-specific niche selection (Bates et al., 2023). In contrast, for 

marine vertebrates such as marine mammals, research has also concluded that their gut 

microbiota are not strongly influenced by sex (Nelson et al., 2012).  

Both female and male N. sloanii digestive tract microbiota were predominantly 

dominated by Brachybacterium and Mycoplasma. Mycoplasma has been reported in the 

gut microbiota of both marine invertebrates and vertebrates as a symbiotic bacterium 

(Iehata et al., 2015; Ramírez et al., 2019; Hu et al., 2022a; Hu et al., 2022b; Kang et al., 

2022; Rodrigues-Barreto et al., 2024). It has been reported to aid in ammonia 

breakdown and digestion in salmonoids, produce lactic and acetic acids (Bozzi et al., 

2021), and increase host health by increasing disease resilience, as a reduction in 

Mycoplasma abundance in the digestive tract has been linked to an increase in 

pathogenic bacteria (Rasmussen et al., 2021; Scheuring et al., 2022). While these results 

suggest that it may be a natural member of N. sloanii’s digestive tract microbiota 

regardless of sex, Mycoplasma’s function in the digestive tract of the squids remains to 

be investigated more clearly.  

Meanwhile, fewer studies have reported the presence of Brachybacterium in marine 

invertebrates, and no studies to date have reported it in cephalopods, much less in 

deep-sea squids. Brachybacterium has been reported in coastal and open oceans (Kim 

et al., 2015; Kaur et al.,2016; de Castro et al., 2023), manganese nodules in the Pacific 

Ocean (Wang et al., 2009), Asian sea bass (Orsod et al., 2012), marine sponges (Radjasa 
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& Sabdono, 2006), and macroalgae (Alvarado & Leiva, 2017). The Brachybacterium 

isolated from Asian sea bass is believed to support the host's antimicrobial defence 

mechanisms (Orsod et al., 2012). Similarly, the secondary-metabolite-producing 

Brachybacterium found in sponges from Indonesia and macroalgae from Antarctica is 

thought to have antibacterial activity against other pathogenic bacteria (Radjasa & 

Sabdono, 2006; Alvarado & Leiva, 2017). While the abundance and function of 

Brachybacterium in the digestive tracts of both female and male N. sloanii remains 

unclear, it is possible that it also serves a beneficial purpose in maintaining host health 

by helping to counteract pathogenic bacteria present in their food.  

The presence of the cyanobacterium Synechococcus CC9902 in N. sloanii digestive tracts 

is a first for a cephalopod microbiota study. While it is a relatively well-reported marine 

bacterium, having been previously isolated in coastal waters (Hamilton et al., 2014) and 

marine invertebrates (Taylor et al., 2007; Daley et al., 2016; Biessy et al., 2020; 

Mahadevan & Middlebrooks, 2020; Seiblitz et al., 2025), it is mainly reported as being 

closely associated with photosynthesis and has been reported to increase organic 

carbon availability to its host (Taylor et al., 2007; Mahadevan & Middlebrooks, 2020). 

With the primary purpose of Synechococcus CC9902 having been reported as playing a 

role in photosynthesis, it is possible that it was living opportunistically in the digestive 

tract of N. sloanii, potentially having been in the seawater or prey the squids ingested 

prior to being caught. Meanwhile, the genus BD1-7 clade, found in both the female and 

male N. sloanii digestive tract microbiota, has been previously reported as an abundant 

taxon in the gills of oegopsid squids (Hu et al., 2022b). The BD1-7 clade has been 

reported as an abundant oligotrophic marine bacterium and crucial to the health of its 

associated hosts, such as cephalopods (Hu et al., 2022b), bryozoans (Figuerola et al., 

2025), and gorgonians due to its carbon utilisation rate for various carbon sources (Cho 

& Giovannoni, 2004). Although the direct function of the BD1-7 clade in the N. sloanii 

digestive tract is unknown, we could potentially infer that it is connected to some form 

of carbon remineralisation and uptake for the host organism. 

The digestive tract microbiota of N. sloanii showed no significant sex-specific variability. 

This was surprising as N. sloanii are known for having sex-specific, distinct feeding habits 

(Dunn, 2009). While niche-specific preferences have been noted for female and male N. 

sloanii due to diet, all squids were caught at the same depth and time, which could 
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account for the lack of niche-specific sexual difference in the digestive tract microbiota 

for the sampled individuals at the time of capture. As Jackson et al. (2000) reported, 

there was a separation of N. sloanii stock based on depth. Additionally, it has been 

reported in other squid species, such as Moroteuthopsis ingens, that the difference in 

female and male diets is due to females eating larger prey and ingesting a greater 

biomass; however, both sexes consume the same prey species (Jackson et al., 1998). If 

this is similarly true for N. sloanii, it could explain the lack of difference in the microbiota 

of their digestive tract, as they consume the same type of prey, just in different 

quantities and sizes.  

2.5.1 Limitations 

Due to sample availability and attempts to minimise confounding factors such as capture 

location, time, and depth, ten individual squids were sampled for this study. This is 

comparable with other studies on squid microbiota, such as Guerrero-Ferreira et al. 

(2013) and Kang et al. (2022) and appears sufficient for an initial survey of the 

microbiota. However, some female samples failed to sequence and had to be excluded, 

thereby reducing the robustness of the statistical analysis. Variations in the microbiota 

of male and female cephalopods, where observed, have been suggested to result from 

differences in body mass, diets, and behaviour (Kang et al., 2022). While these results 

represent a baseline for comparison with other ommastrephid digestive tract 

microbiota, and with other body sites in N. sloanii, in future it would be interesting to 

explore a greater sample size of N. sloanii from different locations, depths, and 

ontogenetic stages to gain a more complete picture of this species’ microbiota across its 

distribution and lifespan. However, deep-sea specimens for microbial analysis are often 

limited due to the inaccessibility of samples, and while more work is needed for further 

in-depth analysis, this is the first study to investigate the microbiota of Aotearoa’s 

cephalopods.  

2.6 Conclusion 

Brachybacterium and Mycoplasma are the primary taxa observed in the digestive tract 

of both the female and male N. sloanii. The gut microbiome plays a key role in food 

digestion and the release of necessary metabolites for the host organism, and diet is an 

important factor in shaping the gut microbiome. This suggests that the observed female 
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and male N. sloanii’s diets were composed of similar prey, or of prey that required 

similar microbial gut compositions.  

Future research should explore different anatomical parts, such as the gills, inner eye 

fluid and reproductive organs, to determine whether sex-specific microbiota differences 

are observed at other anatomical sites, possibly driven by vertical niche separation in 

the water column. Studying differences in the microbiota of other deep-sea squid 

species could reveal whether this is a trend among oegopsid squids or unique to N. 

sloanii. Understanding deep-sea squids’ microbiota could help predict their responses 

to environmental stressors, such as climate change, and offer valuable insights into their 

life history in their hard-to-reach habitat.  
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 Prelude 

Investigating the variability in the digestive tract microbiota of female and male N. 

sloanii revealed a high abundance of Brachybacterium and Mycoplasma, with no 

observable statistically significant sex-derived differences. This sample size of ten N. 

sloanii and three body sites showed consistent results in bacterial community 

composition, thus allowing me to study three individuals of four different species of 

Aotearoa ommastrephid squids: Nototodarus sloanii, Nototodarus gouldi, Todarodes 

angolensis, and Todarodes filippovae (N = 12). This was done to explore the variability 

between congeneric and confamilial species of deep-sea squids. Since there was no 

difference between the three body sites chosen from the digestive tract of N. sloanii in 

chapter two, the stomach content, stomach caecum, and oesophagus were also pooled 

into a single digestive tract body site for chapter three. Seven more body sites were 

added to test for differences in the microbiota within a deep-sea squid species and 

among four different deep-sea squid species belonging to the same family.  
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 Intraspecific and Interspecific Variability in Deep-Sea 

Squid Microbiota (Family: Ommastrephidae) 

3.1 Abstract 

The microbiota of cephalopods have provided important insights into the life history and 

ecology of the host organism. Very little is known about the microbiota of ommastrephid 

squids, and no research has been conducted on the microbiota of Nototodarus sloanii, 

Nototodarus gouldi, Todarodes angolensis, and Todarodes filippovae. Twelve squids 

(three individuals per species) were collected and dissected for a total of 240 samples 

from ten body sites in duplicate. 16S rRNA gene amplicon sequencing was used to 

investigate variability in the microbiota between congeneric and confamilial species of 

deep-sea squids. The microbial community composition within a genus was quite 

similar. There was no significant difference in alpha and beta diversity among congeneric 

species and alpha diversity between confamilial species. However, there was a 

significant difference observed in the beta diversity between squid genera within the 

same family. Mycoplasma, the BD1-7 clade, and Brachybacterium were the most 

abundant taxa observed in the microbiota of all four deep-sea squids investigated. 

Overall, Mycoplasma was primarily reported in the beak samples of Nototodarus and 

Todarodes. Brachybacterium was noted in the brain, digestive tract, and inner eye fluid 

samples, and the BD1-7 clade was mainly observed in the gills and reproductive organs 

of the squids. Investigating the microbiota of deep-sea squids is necessary for a better 

understanding of their health and the health of their surrounding environment. 

3.2 Introduction 

The deep sea (depth 200–11,000 m) accounts for ~95% of the total living space on Earth, 

yet it remains one of the least-researched habitats. In this environment, cephalopods—

especially squids—thrive and play key ecological roles as predators and prey (Matsui et 

al., 1988). Much of our understanding of the ecology and biology of deep-sea 

cephalopods is inferred from their predators and from the gut contents and morphology 

of dead specimens collected from fisheries activities through targeted efforts and as 

bycatch (Cherel, 2020; Xavier et al., 2022). Recently, coastal cephalopod studies have 

been conducted on their microbiomes, which provided insight into their ecology and 
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physiology (Lutz et al., 2019; Nyholm & McFall, 2021; Vijayan et al., 2024). This would 

offer a novel way to gain information on deep-sea specimens; however, the majority of 

microbiota studies to date have been on myopsid squids in shallow coastal ecosystems, 

and there are currently only four studies published on deep-sea oegopsids (Ramírez et 

al., 2019; Hu et al., 2022a; Hu et al., 2022b; Kang et al., 2022).  

Microbiomes offer the chance to gain insight into the biology of hard-to-observe animals 

(Sonnega & Sheriff, 2024). Because the microbiota can also be analysed post-mortem, 

specimens can be either commercially caught or bycaught, which is advantageous for 

research on deep-sea cephalopods. Microbial symbionts can affect the host organisms 

in a variety of ways: morphology of organs (McAnulty et al., 2023), immune system 

development (Taschuk & Griebel, 2012), susceptibility to certain diseases (Honda & 

Littman, 2012; Burgos et al., 2020), reproduction (Montgomery & McFall-Ngai, 1994), 

behaviour (Shropshire & Bordenstein, 2016), and spatial movement (Roura et al., 2017). 

For example, the previously elusive larval migration from the coast to the open ocean 

of the common octopus (Octopus vulgaris) was investigated using the gastrointestinal 

microbiota (Roura et al., 2017). Although microbes have been successfully used to 

understand the life history of some host cephalopods (e.g., octopuses, Roura et al., 

2017; cuttlefishes, Lutz et al., 2019; and bobtail squids, Kamp et al., 2025), these studies 

have been limited to coastal species.  

Host–microbe interactions have major implications for the health and function of the 

host organism (Rosenberg et al., 2007; McFall-Ngai et al., 2013; McAnulty et al., 2023). 

Mutualistic relationships have been observed between cephalopod host species and 

various microbes, which appear to play important roles in cephalopod bioluminescence, 

reproductive development, and digestion (Anderson et al., 2014; Kang et al., 2022; 

McAnulty et al., 2023). The study of cuttlefish microbiota has contributed to our 

understanding of interactions between hosts and symbionts in the context of 

cephalopod mariculture (Lutz et al., 2019). One notable example of such a symbiotic 

association is found in the 'Hawaiian bobtail' (Euprymna scolopes), which has a well-

documented relationship with the bacterium Aliivibrio fischeri (Nyholm & McFall-Ngai, 

2021). The Hawaiian bobtail provides nutrients and protection for A. fischeri, while the 

bacterium emits light, providing countershading that helps reduce the squid's visibility 

to predators (Lasa & Romalde, 2021). Similarly, in other cephalopod species such as 
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Octopus mimus and Doryteuthis pealeii, certain bacterial groups such as 

Alphaproteobacteria and Gammaproteobacteria are crucial to reproductive processes 

and the defence of eggs against fouling (Barbieri et al., 2001; Iehata et al., 2016; Kerwin 

& Nyholm, 2017; Lutz et al., 2019). While bacteria provide insight into the evolution and 

physiology of cephalopods, very little information is known about the microbiota in 

deep-sea oegopsids.   

One of the most widely distributed (from the sub-Arctic to sub-Antarctic waters) and 

abundant deep-sea oegopsid families is the Ommastrephidae (Hoving et al., 2014). The 

majority of the ommastrephids have a complex spatial distribution and are subdivided 

into feeding areas and reproductive zones (Roper et al., 2010). As with most other 

oegopsid squids, ommastrephid juveniles are found in the upper pelagic levels, and the 

adults are found in the deeper mesopelagic zone and at the bottom of the continental 

slope (Villanueva, 1992). This family contains ecologically and commercially important 

squid genera (Roper et al., 2010), such as the flying squids (Todarodes) and the arrow 

squids (Nototodarus). In Aotearoa’s waters, N. sloanii and N. gouldi are the largest 

cephalopod fishery, with annual landings of 14.332 t in 2022/2023 (MPI, 2023). The 

response of arrow squids to climate change, therefore, has economic and ecological 

implications and is very likely to be influenced by their microbiota, as has been seen in 

other marine organisms (Lesser et al., 2016; Apprill, 2017; Scanes et al., 2021).  

There are three species in the genus Nototodarus (ML 420mm; Roper et al., 2010): N. 

hawaiiensis, N. gouldi, and N. sloanii. Nototodarus hawaiiensis has a patchy distribution 

in Indo-Pacific waters, but does not occur in Aotearoa’s Exclusive Economic Zone (EEZ). 

The arrow squids found in Aotearoa’s EEZ have distinct but overlapping distributions 

(Roper et al., 2010). Nototodarus gouldi occurs in the northern half of Aotearoa’s waters 

and across the Tasman Sea to Australia. The endemic N. sloanii is found in the southern 

part of the EEZ, with a distribution that extends to the Chatham Rise, a submarine ridge 

known to be a productive zone with high species richness and diversity (Jackson et al., 

2000; Bull et al., 2001; Dunn, 2009). Nototodarus sloanii is considered a keystone species 

in pelagic ecosystems due to its vast abundance and role as both predator and prey 

(Lischka et al., 2020). These squids primarily forage in the mesopelagic layers (200–

1000m), predominantly preying on mesopelagic fishes, crustaceans, and other 

cephalopods (Dunn, 2009; Pethybridge et al., 2012).  
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The ommastrephid genus Todarodes (which currently contains five species) is important 

for fisheries in Japan (T. pacificus), but species in this genus are not commercially fished 

in Aotearoa. Two large-bodied (up to 540mm ML) Todarodes occur in Aotearoa’s EEZ: T. 

angolensis and T. filippovae. Todarodes angolensis, the Angolan flying squid, has a sub-

Antarctic circumpolar distribution, which overlaps with the most southern distribution 

of T. filippovae (Braid, pers. comm.). There has been historical confusion and debate 

about the identity and distribution of these two species (Roper et al., 2010). However, 

within Aotearoa, T. filippovae occurs within and north of the subtropical convergence, 

while T. angolensis has a more southern distribution (although there is some overlap on 

the Chatham Rise and Campbell Plateau). Examining the microbes of these species could 

help us determine whether physiology or location is a driving factor in their symbiotic 

bacterial communities.  

This study aims to use microbial communities to provide insight into the life history and 

ecology of deep-sea oegopsids. This chapter focuses on two genera of ommastrephids 

from Aotearoa waters: the ‘arrow’ squids (N. sloanii and N. gouldi) and the ‘flying’ squids 

(T. filippovae and T. angolensis). The study investigates the microbiome of these species 

using 16S rRNA gene amplicon sequencing. I aim to investigate: (1) how the microbiota 

compare between two pairs of congeneric species (Nototodarus spp. and Todarodes 

spp.); and (2) how host-associated microbial communities compare within a deep-sea 

squid family (comparing all four ommastrephid species).  

3.3 Methods 

3.3.1 Sample collection 

Squid samples (N. sloanii, N. gouldi, T. angolensis, and T. filippovae; Table 3.1) were 

collected off the coast of Aotearoa by Earth Sciences New Zealand (formerly NIWA) 

under their permits during routine fishery surveys around Te Waipounamu (South 

Island) and stored at –20ᵒC (Figure 3.1). Samples were collected in the austral summer, 

except for N. gouldi, which were all collected during the austral winter. All samples were 

frozen at sea after capture and maintained until thawed for the first time (for sampling), 

thereby maintaining cold chains to preserve the in-situ microbiota. 
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Table 3.1: Biological and geographic information for specimens used in this study. 

Squid Species Squid ID Location Mantle Length(mm) Weight(g) Water Depth(m) Latitude Longitude 

Todarodes angolensis TAG1 sub-Antarctic 375 2000 700 49.5 S 168.6 E 

Todarodes angolensis TAG2 sub-Antarctic 380 2000 700 49.0 S 167.1 E 

Todarodes angolensis TAG3 sub-Antarctic 416 2000 952 46.9 S 170.3 E 

Todarodes filippovae TSQ1 sub-Antarctic 440 2000 662 51.8 S 167.9 E 

Todarodes filippovae TSQ2 Chatham Rise 487 2600 871 42.6 S 175.4 E 

Todarodes filippovae TSQ3 Chatham Rise 495 2400 885 43.2 S 174.2 E 

Nototodarus sloanii NOS11 Chatham Rise 242 416 314 43.2 S 175.5 E 

Nototodarus sloanii NOS12 Chatham Rise 296 625 314 43.2 S 175.5 E 

Nototodarus sloanii NOS13 Chatham Rise 232 551 314 43.2 S 175.5 E 

Nototodarus gouldi NOG1 West Coast South Island 275 523 333 41.1 S 171.0 E 

Nototodarus gouldi NOG2 West Coast South Island 285 753 333 41.1 S 171.0 E 

Nototodarus gouldi NOG3 West Coast South Island 265 531 333 41.1 S 171.0 E 
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Three individuals per species (N. sloanii, N. gouldi, T. angolensis, and T. filippovae; N = 

12) were chosen as previous work on N. sloanii revealed relatively low variation between 

individuals, including those of different sexes (chapter two). Because specimens were 

opportunistically collected, selection based on sex was not possible. As a result, all 

specimens (except for a single N. gouldi) were female. For each specimen, ten body sites 

were sampled in duplicate: stomach caecum, stomach contents, oesophagus, inner and 

outer beak, surfaces, gills, brain, inner fluid of the eye, siphon, and reproductive organs 

(N = 240). Samples representing the digestive tract (stomach caecum, stomach contents, 

and oesophagus) were later pooled to equal volume, which resulted in a total of eight 

body sites for data analysis.  

 
Figure 3.1: Sampling locations for squid specimens used in this study. NOG = N. gouldi, NOS = N. 

sloanii, TAG = T. angolensis, TSQ = T. filippovae (R package rnaturalearthdata ver 1.0.0; South et 

al., 2024). 

3.3.2 16S rRNA gene amplicon sequencing   

The DNA extraction and 16S rRNA gene sequencing was performed following the same 

protocol and modifications as in section 2.3.2. For this dataset, 15 samples failed to show 

any visible amplification in the gel and gave less than 1 ng/µL of PCR product for 

sequencing. All samples were sent for sequencing, but these 15 samples were removed 

during the data processing steps due to insufficient reads. As in section 2.3.2 before 16S 
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rRNA library preparation, each pair of duplicates was pooled to equal volume, resulting 

in a total of 96 samples, 24 per species.   

3.3.3 Data processing 

Data processing was conducted following the same protocol as in section 2.3.3, with the 

following modifications: 15 samples were removed after the filtering stage as they had 

zero reads post-filtering, and during the rarefaction step, 15 additional samples were 

lost due to insufficient reads for the alpha diversity. A Mann–Whitney U test was used 

to compare Shannon’s alpha diversity index between species of the same genus and 

genera of the same family (Ilstrup, 1990). A Principal Coordinates Analysis (PCoA) using 

Aitchison dissimilarity distance matrix with the ‘vegdist’ command from vegan (Oksanen 

et al., 2025; ver 2.7-1) was employed on the raw data to visualise beta diversity (Martino 

et al., 2019), with significance tested between species and genera using a PERMANOVA 

test using the ‘adonis2’ command from vegan; the robustness of the PERMANOVA 

results was verified with a PERMDISP test using the ‘betadisper’ and ‘permutest(beta)’ 

commands also from vegan (Bakker, 2024). The impact of geographic location on the 

microbiota was visualised using the top ten relative abundance of proportion of reads 

returned to describe the bacterial community present, as the small sample size 

prevented a robust statistical analysis.  

3.4 Results 

Across the four ommastrephid squid species, 16S rRNA gene amplicons were sequenced 

from 96 samples representing eight body sites, of which 66 samples were successfully 

sequenced. 4,820,120 reads were obtained, and 5734 ASVs were identified.  

3.4.1 Overall microbial richness  

No significant difference was seen in Shannon’s diversity estimates between congeneric 

species pairs (Mann–Whitney U test: Nototodarus, W = 180, P = 0.98; Todarodes, W = 

215, P = 0.61) or between confamilial genus pairs (Mann–Whitney U test: W = 632, P = 

0.058; Figure 3.2).   
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Figure 3.2: Shannon’s diversity index with a Mann–Whitney U test for significance (a) among 

species within the same genera and (b) between genera within the same family. Boxes represent 

the interquartile range (IQR, 25–75%) of the data, with median values indicated by the bar within 

each box, and whiskers show values within 1.5 times the IQR. 

3.4.2 Microbial community composition 

No significant difference in beta diversity was observed between T. angolensis and T. 

filippovae (PERMANOVA R2 = 0.004, F47 = 0.172 and P = 0.893; Figure 3.3a), nor was there 

a difference between N. sloanii and N. gouldi (PERMANOVA R2 = 0.008, F59 = 0.522 and 

P = 0.642; Figure 3.3b). There was considerable overlap in the 95% confidence ellipses 

between the two Nototodarus species; however, N. sloanii exhibited more dispersion. 

Although the ellipses also overlap with Todarodes, T. angolensis clustered within T. 

filippovae when using 95% confidence ellipses (Figure 3.3a).  
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Figure 3.3: Principal coordinates analysis (PCoA) of Aitchison distances between samples, with 

the 95% confidence ellipses assuming multivariate t-distributions. (a) beta diversity between 

Todarodes angolensis and T. filippovae; and (b) beta diversity between Nototodarus gouldi and 

N. sloanii.
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3.4.3 Microbial taxa observed 

Overall, the whole dataset consisted of five bacterial genera with >1% mean relative 

abundance: Brachybacterium, Mycoplasma, BD1-7 clade, Pseudoalteromonas, and 

Aurantivirga. Brachybacterium was observed in the digestive tract, brain, and inner eye 

fluid of all four squids at differing abundances. The digestive tracts of T. filippovae and 

T. angolensis were the most heavily dominated by Brachybacterium (over ~80%) 

compared to N. sloanii and N. gouldi, which both had less than 50% (Figure 3.4). All four 

species also had a high proportion of Brachybacterium in the brain and inner eye fluid. 

Although T. angolensis and N. gouldi had the highest relative abundance of 

Brachybacterium in the brain, they had the lowest relative abundance in their inner eye 

fluid (Figure 3.4). The relative abundance of this bacterium in T. filippovae and N. sloanii 

was relatively similar between the brain and inner-eye fluid (Figure 3.4). 

Mycoplasma was recovered in all squid species in this analysis. The inner and outer beak 

surfaces in N. sloanii, N. gouldi, and T. angolensis were dominated by Mycoplasma 

(>88%; Figure 3.4), as were those of T. filippovae but at a lower relative abundance 

(<62%). Mycoplasma was also observed in Nototodarus digestive tracts, with N. gouldi 

showing over twice the abundance (Figure 3.4). The lower abundance of Mycoplasma 

(5.80%) in the gills of N. gouldi was driven by a single individual (Appendix D Figure 7). 

Low abundances were also observed in the reproductive organs of N. gouldi (13.91%) 

and the siphon of T. filippovae (16.10%).  

The BD1-7 clade was the third most abundant taxon sequenced in all squids. This clade 

was observed in high abundance (above 85%) in the gills of all four squid species. 

Although the BD1-7 clade was of average abundance (less than 50%) in the reproductive 

organs of most squid species, it was reported as having a much greater abundance in N. 

sloanii (97.02%). The digestive tract of N. sloanii contained a relatively higher abundance 

of BD1-7 (20.35%) compared to other reported squids, which was mainly driven by a 

single individual (Appendix D Figure 7). The most abundant taxon observed in the 

siphons of Todarodes filippovae was the BD1-7 clade, making up ~25% of the relative 

abundance (Figure 3.4).  

Unique bacteria were recovered from various body sites of some squid species. The 

inner eye fluid of N. gouldi contained a high abundance of Pseudoalteromonas (46.85%), 
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and very low levels of Psychrobacter. Psychrobacter was the second most abundant 

bacterium in the inner eyes of Todarodes. In T. angolensis, the abundance of 

Psychrobacter (20.80%) was representative of all sequenced individuals, while the 

abundance in T. filippovae was driven by a single individual. Similarly, Aurantivirga, 

reported in the inner beak and outer beak of T. filippovae (~30%), was driven by a single 

individual whose beak microbiota was heavily dominated by Aurantivirga (> 95%). The 

female reproductive organs were the most diverse site (with taxa grouped as ‘other’) 

for most species except for N. sloanii, which had the highest diversity found in the brain 

(~10%). The female reproductive organs of both T. filippovae and T. angolensis 

contained the highest diversity (>45%) of the reported taxa for each species. Low levels 

of Photobacterium were reported (<1%) across samples, with the exception of the T. 

angolensis’s siphon (21.92%), which was primarily driven by the high abundance 

observed in a single specimen.  
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Figure 3.4: Top ten most abundant bacterial genera within the eight body sites of N. sloanii, N. gouldi, T. angolensis, and T. filippovae, with the other genera grouped 

into “other”. Only Todarodes spp. had sequences for the siphon.
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3.4.4 Microbial composition between genera of the same family 

The microbial diversity between Nototodarus and Todarodes was observed to be 

significantly different. This diversity was possibly driven by differences in dispersion 

(PERMANOVA R2 = 0.028, F108 = 3.067 and P = 0.039), which was seen in the close central 

clustering of Todarodes within the larger, more spread-out Nototodarus, as seen by the 

95% confidence ellipses (Figure 3.5). However, dispersion was unequal between groups, 

meaning that the significant difference between genera of the same family could be due 

to dispersion differences and/or community differences (PERMDISP F108 = 5.228, P = 

0.012). The gill samples, regardless of genus, were separate from the rest of the body 

sites.  

 
Figure 3.5: Principal coordinates analysis (PCoA) of Aitchison distances between samples. The 

shapes represent the two genera, Todarodes and Nototodarus, with the different body sites 

represented by colour. The ellipses represent 95% confidence intervals assuming multivariate t-

distributions for each genus. 

 
In both Todarodes and Nototodarus, the most abundant bacteria varied noticeably by 

body site, and some similarities were observed between squid genera, but also some 

notable differences. The inner and outer beaks of Todarodes and Nototodarus were 

dominated mainly by Mycoplasma (>69%). The notable abundance of Aurantivirga in 

Todarodes (~20%) was driven by its high presence in T. filippovae, while the abundance 
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of this bacterium was below 1% in the beaks of Nototodarus. The outer beak of 

Nototodarus had a higher abundance of Pseudoalteromonas (~7%) compared to 

Todarodes (0.27%; Figure 3.6). A high abundance of Brachybacterium was found in the 

digestive tract, inner eye, and brain of Todarodes and Nototodarus (Figure 3.6). 

However, while Brachybacterium made up more than 80% of the digestive tract of 

Todarodes, it was only ~38% of the taxa found in Nototodarus’ digestive tract. The rest 

of the microbial diversity in the digestive tract of Nototodarus was mainly attributed to 

Mycoplasma (45.36%) and the BD1-7 clade (11.46%; Figure 3.6). The BD1-7 clade was 

abundant in the gills of Nototodarus and Todarodes (>88). Although the BD1-7 clade also 

dominated the female reproductive organs of Nototodarus (~55%), this body site was 

mainly made up of taxa from the ‘other’ classification in Todarodes (~50%). 
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Figure 3.6 Top ten most abundant bacterial genera within the seven shared body sites between the two genera (Nototodarus and Todarodes), with the other genera 

grouped into “other”.



48 

3.4.5  Impact of geographic location on microbial composition 

While there wasn’t enough data for statistical testing, a description of the bacterial 

community composition of T. filippovae between geographical locations was conducted. 

There was a clear difference in microbial composition between T. filippovae from the 

Chatham Rise (N = 2) and the sub-Antarctic (N = 1). Both the Chatham Rise and the sub-

Antarctic digestive tract samples were primarily composed of Brachybacterium. In 

contrast, the sub-Antarctic beak samples were mainly composed of Mycoplasma 

(>96%), and the Chatham Rise beak samples were mainly composed of Aurantivirga 

(>47%), with Mycoplasma being the next most abundant taxon (>36%; Figure 3.7).  

The inner eye fluid from the Chatham Rise was mainly composed of Brachybacterium 

(94.93%), while the sub-Antarctic sample was mostly composed of a mix of 

Brachybacterium (~44%) and Psychrobacter (~43%). The brain samples from both 

locations were primarily composed of Brachybacterium (>70%). Although the BD1-7 

clade was seen in brain samples from both locations, it was higher in the sub-Antarctic 

(16.29%) compared to the Chatham Rise (2.48%; Figure 3.7). The brain samples from the 

Chatham Rise contained unique bacteria (Aurantivirga, Mycoplasma, 

Pseudoalteromonas, and Psychrobacter) that were not recovered from the sub-Antarctic 

samples (Figure 3.7). The Chatham Rise gill samples were dominated by the BD1-7 clade 

(98.79%), while the sub-Antarctic sample had a lower abundance of the BD1-7 clade 

(57.16%) and also contained Aurantivirga, Bryobacter, and Psychrobacter.  

The sub-Antarctic reproductive organ sample had a high amount of Thermosporothrix 

(~40%), which was not detected in any of the Chatham Rise body sites (Figure 3.7). The 

Chatham Rise reproductive organs microbiota were mainly the BD1-7 clade (~45%), 

which was found in low abundance in the sub-Antarctic sample (~13%) where 

Thermosporothrix dominated instead. The sub-Antarctic reproductive organ sample 

contained 16.00% Acidibacter, which was not among the top 10 taxa for the Chatham 

Rise reproductive organ samples. However, the Chatham Rise samples contained 

Bryobacter (3.09%) and Psychrobacter (1.99%), which were not among the top 10 taxa 

in the sub-Antarctic sample.  

The Chatham Rise siphon samples were primarily composed of the BD1-7 clade 

(37.82%), with Mycoplasma as the second most abundant taxon (17.04%). In contrast, 
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the sub-Antarctic siphon sample was more diverse, with only 1.87% of BD1-7- clade, and 

was primarily composed of Bryobacter (18.85%), Mycoplasma (14.22%), and 

Alicyclobacillus (14.10%), with 32.18% grouped into ‘other’ (Figure 3.7). Unique bacteria 

were found in the siphon samples from the two regions; the sub-Antarctic siphon sample 

contained Alicyclobacillus, Bryobacter, and Thermosporothrix, while the Chatham Rise 

samples contained Pseudoalteromonas and Acidibacter (Figure 3.7).  
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Figure 3.7: Top ten most abundant bacterial genera within the eight shared body sites of the deep-sea squid species Todarodes filippovae between the two sampling 

locations of the sub-Antarctic and the Chatham Rise, with the other genera grouped into “other”.
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3.5 Discussion 

This is the first study to assess the differences in microbiota between congeneric species 

of the ommastrephid family. Herein, differences were found in the microbiota among 

the eight different body sites of the four species, as well as within and between genera. 

No significant differences were observed in the alpha diversity, measured with 

Shannon’s diversity index, either within a genus or between genera. No significant 

differences were observed in the beta diversity among species of the same genus; 

however, there was a significant difference observed in the beta diversity between 

genera. Locality and seasonality may have impacted the microbial diversity. Specimens 

for each species were collected from a single site, except for T. filippovae, which was 

collected from the Chatham Rise and the sub-Antarctic, and showed noticeable 

differences in the microbial diversity between sites.  

3.5.1 Body sites 

The difference found in the abundance and diversity of digestive tract microbes could 

be linked to their varying habitat depths, which expose them to different prey. An 

organism's diet has been seen to be fundamental to its microbial gut composition (Liu 

et al., 2016; Wang et al., 2016; Ngugi et al., 2017; Osman & Weinnig, 2022; Kang et al., 

2022). Although Mycoplasma and Brachybacterium were detected in most body sites in 

the present study, these bacteria are known to help break down and assimilate various 

forms of nitrogen in other marine organisms’ digestive systems and protect against 

pathogens (Orsod et al., 2012; Rasmussen et al., 2021). Ommastrephids are known to 

prey on myctophid fish, crustaceans, and cephalopods (Dunn, 2009; Pethybridge et al., 

2013; Clough et al., in prep). In the present study, Nototodarus spp. were caught at 

depths of ~300 meters, while Todarodes spp. were caught at 600–1000 meters. 

Todarodes beaks contained Aurantivirga, which was driven by the T. filippovae specimen 

from the sub-Antarctic. Previously, this bacterium has been isolated in the deep-sea 

waters of the Pacific Ocean (Song et al., 2015).  

This is the first report of the reproductive organ microbiota of oegopsid squid. The 

female reproductive organs of the specimens in the present study were mostly 

dominated by the BD1-7 (which was found in a very high abundance in N. sloanii). In all 

species (other than N. sloanii), this body site showed the highest diversity. Some studies 
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have reported the microbiota of the accessory nidamental glands and egg casings of 

coastal myopsid squids from the family Loliginidae (Bloodgood, 1977; Barbieri et al., 

2001; Yang et al., 2021; Vijayan et al., 2024). These studies have shown that there is a 

difference in the microbiota between species, but that location and year of collection 

did not affect the microbial composition of the reproductive organs (Vijayan et al., 

2024), in contrast with the apparent geographic differences observed in T. filippovae in 

this study. Both the myopsid squid Sepioteuthis lessoniana and the oegopsid squids T. 

filippovae, N. sloanii, and N. gouldi reproductive organs report Mycoplasma (Barbieri et 

al., 2001; Yang et al., 2021). Apart from Mycoplasma, there seems to be an observable 

difference in the studied microbiota between myopsid and oegopsid squids.  

The microbes Brachybacterium and Mycoplasma were recovered from all four species 

in the present study. These microbes are associated with nitrogen remineralisation, 

which could be linked to mobility (Tak et al., 2018; Rasmussen et al., 2021). The high 

mobility range of T. angolensis and other ommastrephid squids, such as Todaropsis 

eblanae, suggests that they have access to various nitrogen sources, and symbiotic 

bacteria could act as a trophic link between different marine organisms and habitats 

(Kremer et al., 2025). As members of the Ommastrephidae, Todarodes and Nototodarus 

are also powerful swimmers and mobile squid (Roper et al., 2010), but future research 

is needed on the link between their mobility and symbiotic bacteria. Brachybacterium 

was recovered from the digestive tract, brain, and inner eye fluid of both genera. 

Nototodarus and Todarodes squid have similar light absorption and bandwidth in the 

spectral curve of their eyes (Howard et al., in prep), which could explain the similarities 

in their inner eye fluid microbial compositions, which was dominated by 

Brachybacterium.  

3.5.2 Impacts of sampling 

Differences in season during sampling could have impacted the microbiota that was 

recovered. All samples were recovered in the austral summer, except for N. gouldi 

samples, which were all recovered during the austral winter. Because Todarodes and 

Nototodarus both live for approximately one year and have multiple spawning cohorts 

(Roper et al., 2010), the specimens captured at different sites would most likely have 

been born at different times. Although the impact of seasonality on cephalopod 

microbiota has not been previously evaluated, variation in the seasonality of seawater 
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microbiota (but not annual temporal variation) has been reported (Ferrera et al., 2024; 

Priest et al., 2025). It is unclear whether the differences in the microbiota of N. gouldi 

were influenced by seasonal differences in the timing of specimen capture. Future 

studies should investigate the impact of seasonality and further assess the impact on 

geographic location of oegopsid squids’ microbiota.  

The location where specimens were captured could also have impacted the microbiota 

recovered from different body sites. All specimens of N. sloanii and two specimens of T. 

filippovae were collected from the Chatham Rise and a single T. filippovae specimen was 

collected from the sub-Antarctic. The microbiota recovered from T. filippovae differed 

markedly between sites. The Chatham Rise is a submarine ridge off the east coast of 

Aotearoa, which is known for being a relatively productive zone with a higher species 

richness and diversity compared to the sub-Antarctic (Bull et al., 2001; Dunn, 2009).  

Thermosporothrix, a thermophilic bacterium (Yabe et al., 2016), was a unique microbe 

found in the reproductive organs and siphon of the sub-Antarctic T. filippovae sample. 

The productivity of these regions is impacted by various oceanic conditions, including 

temperature, salinity, nutrients, and currents (the southland current and the sub-

Antarctic water; Rintoul, 2000). These differences could impact the diversity of ocean 

microbes and the available prey for predators, which would impact the diet of local 

squids (Moloney et al., 2011). Pethybridge et al. (2013) observed that differences in lipid 

content of the digestive gland among individuals of T. filippovae were linked to changes 

in ecosystem structure, including prey composition and spatial and temporal changes in 

oceanographic conditions. However, this is all speculative due to the small sample size 

of three individuals and a much larger sample size would be needed, as well as testing 

with different species in different locations, to support these hypotheses further. 

3.6 Conclusion 

Although differences were found between species and genera in the Ommastrephidae, 

these were only observed to be statistically significant between genera. The implications 

of the differences found herein between specimens are obscured by the current lack of 

available information on the observed bacteria. Future studies should focus on the 

functions and oceanic distribution (both geographically and vertically) of bacteria, so 

that more concrete links can be drawn between bacteria and their hosts. Future 
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research on squid microbiota should also include the collection of seawater alongside 

host specimens to help determine whether location-based differences in squid 

microbiota—such as those in the sub-Antarctic Todarodes—are reflecting local ambient 

bacteria or bacteria within food webs. Further studies on the function of the bacteria 

will also allow us to determine whether the functions performed by the different 

bacteria within the deep-sea squid's microbiota are the same and therefore serve the 

same purpose. Capturing baseline microbial data from hosts and their environment will 

be essential in understanding impacts to oceanic systems in our changing world. 
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 Prelude 

In chapter three, microbial community composition was observed to be quite similar 

among four ommastrephid squid species (Nototodarus sloanii, Nototodarus gouldi, 

Todarodes angolensis, and Todarodes filippovae). However, depending on body site, 

there were some notable observable differences between genera within the same 

family, and an observable statistically significant difference in the microbial diversity. In 

chapter four, the four squid species from chapter three were grouped together due to 

their ‘muscular’ composition and lack of ammonia as a buoyancy mechanism and 

compared to four new deep-sea oegopsid squid species that are known for being 

ammoniacal: Taningia danae, Taningia fimbria, Onykia robsoni, and Octopoteuthis. 

Therefore, in chapter four, the microbiota of eight different deep-sea oegopsid squids 

with different body chemistry (ammoniacal vs non-ammoniacal) were assessed. The 

same eight body sites were used to investigate these species’ microbiota.    
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 The Role Ammoniacal Vs Non-Ammoniacal Body 

Chemistry Plays in Determining the Microbiota of Deep-Sea 

Squids 

4.1 Abstract 

For deep-sea squids, maintaining a constant position in the water column can be 

energetically costly. While some maintain their position through constant, active 

swimming (‘muscular’ squids such as ommastrephids), others achieve neutral buoyancy 

through specialised ammonium-filled tissues (‘ammoniacal’ squids). Research on 

cephalopod microbiota have demonstrated that symbiotic microbes are crucial in the 

development and adaptability of the host’s physiology and life history. Therefore, this 

study investigated whether the microbiota between four ammoniacal and four non-

ammoniacal deep-sea oegopsid squid species was influenced by host body chemistry 

through 16S rRNA gene amplicon sequencing. A significant difference in microbial 

diversity was observed between the two squid groups; however, no significant 

difference in microbial richness was observed. The non-ammoniacal group was reported 

to have a higher overall abundance of the BD1-7 clade, especially in the gill microbiota. 

In contrast, the ammoniacal group was observed to have a higher overall abundance of 

Mycoplasma, especially in the digestive tract and gill microbiota. Onykia robsoni 

exhibited the most distinct microbial composition in both outer and inner beak samples. 

Understanding the microbiota of deep-sea squids and how it differs between 

ammoniacal and non-ammoniacal squids helps us better understand their physiology 

and adaptability, as in situ observations of deep-sea organisms are costly and rare due 

to the inaccessibility of the deep ocean.  

4.2 Introduction 

The ability to regulate buoyancy in the ocean is essential for pelagic marine organisms, 

enabling them to maintain position and conserve energy. Marine organisms have 

evolved to maintain their buoyancy in the ocean with a relatively low energy 

expenditure in several ways, swim bladders (fish), removing denser ions to create a less 

dense liquid (ctenophores), increasing surface area for increased drag (plankton), low-

density oils/waxes (deep-sea sharks, sperm whales), and hydrodynamic planes (spines 
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in radiolarian plankton, ‘wings’ of pteropods; Molloy & Cowling, 1999). For cephalopods, 

maintaining a ‘fixed’ position in the water column comes at a great energetic expense 

(Webber et al., 2000; Seibel et al., 2004). Coastal cephalopods are thought to expend 

much less energy to maintain their neutral buoyancy; however, increased depth results 

in a decrease in locomotion and the energetic cost of neutral buoyancy increases. 

Therefore, having specialised buoyancy mechanisms is crucial for survival (Seibel et al., 

2004). Cephalopods have been observed to achieve neutral buoyancy in marine 

environments through four different methods: gas-filled chambered shells, substitution 

of sulphate ions in seawater with chloride ions, storage of low-density fats, and special 

tissues filled with ammonium-rich fluids (Clarke et al., 1979; Seibel et al., 2004). This use 

of ammonium (which does not compress under pressure) instead of gas-filled chambers 

allows cephalopods to inhabit much greater depths (Clarke et al., 1979; Pratt & 

Anderson, 2025).  

Oegopsid squids can be divided into two distinct groups based on their density in 

seawater (Clarke et al., 1979). ‘Muscular’ squids are denser than seawater and must 

continuously swim to avoid sinking; ammoniacal squids achieve neutral buoyancy by 

storing ammonium within various body tissues (Clarke et al., 1979; Voight et al., 1995; 

Pratt & Anderson, 2025). Ammoniacal squids are polyphyletic and this mechanism 

appears to have evolved in parallel several times (Voight et al., 1995). This is supported 

by the fact that different deep-sea squid families store ammoniacal fluid in various body 

tissues, and this distribution can also vary with developmental stage (Clarke et al., 1979). 

For instance, ‘glass’ squids (family Cranchiidae) have a specific coelomic cavity in which 

they store their ammoniacal fluid (Clarke et al., 1979; Voight et al., 1995), while some 

octopoteuthid squids have been reported to have high levels of ammonium in their 

mantles (Clarke et al., 1979). Clarke et al. (1979) theorised that differences in buoyancy 

among squid species reflect different lifestyle requirements. An increase in the amount 

of ammonium in body tissues is correlated with migration to deep waters, suggesting 

that ammonium levels increase with life stage, as oegopsid squids are known to expand 

their depth distribution as they grow (Seibel et al., 2004). The ammonium-rich fluid has 

a lower density than seawater, and one of the primary mechanisms for ammonium 

buoyancy involves the substitution of sodium ions in seawater with ammonium ions, 

which are lighter (Clarke et al., 1979; Seibel et al., 2004; Pratt & Anderson, 2025). This 
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results in different body chemistry between ammoniacal and non-ammoniacal squids, 

which might be reflected in their microbiota. 

Invertebrates can host microbial symbionts either externally or internally, within host 

cells or specific symbiont cells (Kerney et al., 2011; Petersen & Osvatic, 2018). These 

symbionts can influence the development of host organs, the immune system (Taschuk 

& Griebel, 2012), reproduction (Montgomery & McFall-Ngai, 1994), behaviour 

(Shropshire & Bordenstein, 2016), and vulnerability to certain diseases (Honda & 

Littman, 2012; Burgos et al., 2020). As a result, microbial symbionts have been observed 

to evolve, speciate, and reproduce in tandem with their hosts. These types of mutualistic 

interactions between a host and their microbiota are believed to provide an 

evolutionary benefit; for example, deep-sea mussels (Bathymodiolus) have adapted to 

survive the extreme conditions of hydrothermal vents and cold seeps in the deep ocean 

thanks to their symbiotic relationship with horizontally acquired chemosynthetic 

methanotrophic endosymbionts in their gills (Fujiwara et al., 2000; Kellermann et al., 

2012; Szafranski et al., 2014; Lasa & Romalde, 2021). Ammonium-related symbiotic 

microbes, such as Mycoplasma, have been reported in various marine organisms and 

environments and are crucial to host health (Rasmussen et al., 2023; Zeng et al., 2025). 

The limited research on cephalopod microbiomes so far suggests that microbes also play 

a crucial role in the physiology of squids, such as bioluminescence and egg survival in 

the Hawaiian bobtail ‘squid’ Euprymna scolopes (Kerwin & Nyholm, 2017; Douglas, 

2019).  

In cephalopods, microbial studies to date have primarily focused on commercially 

abundant or easily reared species, such as octopuses, cuttlefish, and bobtail ‘squids’. 

Mutualistic relationships have been observed between these species and various 

microbes, which appear to play important roles in cephalopod bioluminescence, 

reproductive development, and digestion. One example of such a symbiotic association 

is found in Octopus mimus and Doryteuthis pealeii, where certain bacterial groups, such 

as Alphaproteobacteria and Gammaproteobacteria, play crucial roles in the 

reproductive system and defence of eggs against fouling (Barbieri et al., 2001; Iehata et 

al., 2016; Kerwin & Nyholm, 2017; Lutz et al., 2019). Additionally, investigations of the 

gastrointestinal microbiota of the common octopus (Octopus vulgaris) have provided 
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valuable insights into the previously elusive larval migration from the coast to the open 

ocean (Roura et al., 2017).  

This study will investigate the microbiota of eight squid species, comprising four 

ammoniacal and four non-ammoniacal species, to determine whether there are 

significant differences in the microbial associates of deep-sea squids based on variations 

in their body chemistry. Thus, these observations may provide novel insights into the 

physiology, ecology, and behaviour of these deep-sea squids. The eight species of squid 

are Onykia robsoni, Octopoteuthis sp. nov. (“fenestra” sensu Kelly 2019), Taningia 

danae, and Taningia fimbria, which are well-known ammoniacal squids, while the 

ommastrephid squids Nototodarus sloanii, Nototodarus gouldi, Todarodes angolensis, 

and Todarodes filippovae are non-ammoniacal and need to swim to maintain their 

position in the water column (Clarke et al., 1985). In Octopoteuthidae, ammonium 

storage is in the mantle and gelatinous layer, whereas in Onychoteuthidae, its location 

is currently unknown (Pratt & Anderson, 2025).    

4.3 Methods 

4.3.1 Sample collection 

Samples of O. robsoni, Octopoteuthis, N. sloanii, N. gouldi, T. angolensis, and T. 

filippovae were collected in Aotearoa New Zealand waters by Earth Sciences New 

Zealand (formerly NIWA) under permit during routine fisheries surveys around Te 

Waipounamu (South Island) and stored at –20ᵒC (Figure 4.1a). The T. danae and T. 

fimbria specimens were collected by scientific observers in waters off Huia, Tāmaki 

Makaurau (Auckland) and Whakaari (White Island), respectively. All samples were 

caught, frozen for preservation, and sampled at the first thawing, thus maintaining cold 

chains to preserve the in-situ microbiota. The microbial variation of ammoniacal and 

non-ammoniacal squids was examined by swabbing ten body sites (Figure 4.1b) in 

duplicate across 20 squids, three of each selected species (O. robsoni, Octopoteuthis, N. 

sloanii, N. gouldi, T. angolensis, and T. filippovae) and one each for T. fimbria and T. 

danae, which are large squids with limited availability of specimens. The ten sites chosen 

were: the stomach caecum, stomach content, and oesophagus (which were then 

combined to form the digestive tract), the inner and outer beak, the gills, the brain, the 



60 

interior fluid of the eye, the siphon, and the reproductive organs. Taningia fimbria did 

not have any brain or siphon samples.   

 
Figure 4.1: (a) Sample collection of oegopsid squids used in this study. MRQ = Onykia robsoni, 

NOG = Nototodarus gouldi, NOS = N. sloanii, OPO = Octopoteuthis, TAG = Todarodes angolensis, 

TDQ = Taningia danae, TFQ = T. fimbria, TSQ = Todarodes filippovae (R package 

rnaturalearthdata ver 1.0.0; South et al., 2024). (b) Representation of the ten body sites sampled 

in this study. 

4.3.2 16S rRNA gene amplicon sequencing   

The same DNA extraction protocol was followed as in section 2.3.2. The V3-V4 region of 

the 16S rRNA gene was amplified through PCR following the same protocol as in section 
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2.3.2, with the difference that before 16S rRNA library preparation, each pair of 

duplicates were pooled to equal volume, resulting in a total of 198 samples.   

4.3.3 Data processing 

Data processing was conducted following the same protocol as in section 2.3.3, with the 

following modifications: The error model and ASV calling were performed on a run-by-

run basis to account for different empirical relationships between the assigned quality 

scores and the error rates associated with individual sequencing runs and machines. The 

ASV count tables from the two runs were then merged into a single table before the 

chimeric sequences were identified and removed. During the data processing, 26 

samples were lost due to insufficient reads. This includes all the siphon samples for the 

Nototodarus squids. Shannon’s alpha diversity index was used with a Kruskal–Wallis test 

and a post-hoc pairwise comparison using Mann–Whitney U test to explore microbial 

diversity differences between ammoniacal and non-ammoniacal groups and among 

different species within these groups (Ilstrup, 1990). Additionally, a PCoA with Aitchison 

distance matrix with the ‘vegdist’ command from vegan (Oksanen et al., 2025; ver 2.7-

1) was employed on the raw data to visualise beta diversity (Martino et al., 2019), with 

significance tested between ammoniacal and non-ammoniacal groups using a 

PERMANOVA test using the ‘adonis2’ command from vegan; the robustness of the 

PERMANOVA results was verified with a PERMDISP test using the ‘betadisper’ and 

‘permutest(beta)’ commands also from vegan (Bakker, 2024).  

4.4 Results 

Bacterial communities were successfully characterised using 16S rRNA gene sequences 

from 172 samples, enabling comparisons across eight body sites in eight squid species. 

In total, 10,191,709 reads were obtained and 5734 ASVs were identified, with significant 

differences observed between ammoniacal and non-ammoniacal squid taxa.  

4.4.1 Microbial richness 

No significant difference in Shannon’s diversity index of microbes between ammoniacal 

and non-ammoniacal groups was observed (Mann–Whitney U test, W = 3692, P = 0.065; 

Figure 4.2). No significant difference in microbiota diversity was seen between the 

different squid genera within the non-ammoniacal group, or within the ammoniacal 
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group (Kruskal–Wallis test, ammoniacal H = 7.67, P = 0.053; non-ammoniacal H = 3.87, 

P = 0.276; Figure 4.2).   

 
Figure 4.2: Shannon diversity of rarefied data of the microbiota of ammoniacal and non-

ammoniacal deep-sea oegopsid squids. Significance within a group was tested with Kruskal–

Wallis, and the significance between ammoniacal and non-ammoniacal squids was tested with 

a Mann–Whitney U test. Boxes represent the interquartile range (IQR, 25–75%) of the data, with 

median values indicated by the bar within each box, and whiskers demonstrate the values within 

1.5 times the IQR. 

4.4.2 Microbial composition 

There was a significant difference observed in the bacterial community composition 

between ammoniacal (O. robsoni, Octopoteuthis, T. danae, and T. fimbria) and non-

ammoniacal (N. sloanii, N. gouldi, T. angolensis and T. filippovae) squids (PERMANOVA 

R2 = 0.03, F236 = 7.315, P = 0.002; Figure 4.3). However, dispersion was unequal between 

groups, therefore the significant difference in bacterial community composition could 

be due to dispersion differences and/or community differences (PERMDISP F236 = 

6.5508, P = 0.008). There was a wider dispersion of Nototodarus points than Todarodes 

for the non-ammoniacal squids.  
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Figure 4.3: Principal coordinates analysis (PCoA) of Aitchison distances between samples, with 

the 95% confidence ellipses assuming multivariate t-distributions between ammoniacal (yellow) 

and non-ammoniacal (blue) deep-sea oegopsid squid groups. The shapes represent the individual 

squid species. 

4.4.3 Microbial composition of different body sites  

The most abundant genera observed were Mycoplasma and Brachybacterium in both 

ammoniacal and non-ammoniacal squids, and the BD1-7 clade mostly in the non-

ammoniacal squids’ gills and reproductive organs, followed to a lesser extent by 

Photobacterium in the ammoniacal squids, Pseudoalteromonas in the non-ammoniacal 

squids, and Psychrobacter in both (Figure 4.4). In the non-ammoniacal squid group, N. 

sloanii and N. gouldi siphon samples had zero reads that passed the filtering stage, and 

two of N. sloanii’s reproductive organ samples failed to pass the filtering stage. Siphon 

and brain samples were also not available for T. fimbria due to limited opportunistic 

sampling.  

Mycoplasma and Psychrobacter were present in all ammoniacal and non-ammoniacal 

siphon samples at differing relative abundances. However, T. angolensis and T. danae 

also exhibited a high proportion of Photobacterium (22% and 67% respectively), while 

T. filippovae and O. robsoni contained more than 20% of the BD1-7 clade, and 

Octopoteuthis contained 53% of Psychrobacter (Figure 4.4). The most notable difference 

overall between the ammoniacal and non-ammoniacal squids' siphons was the differing 
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relative abundance of Mycoplasma between the two, with the ammoniacal squids 

having an average of 27% and the non-ammoniacal squids having an average of 17%. 

The BD1-7 clade was observed in all four non-ammoniacal squid gills (>85%), and of the 

ammoniacal squids, only O. robsoni was reported to have more than >79% of the BD1-7 

clade (Figure 4.4). The rest of the ammoniacal squids had a much smaller relative 

abundance of the BD1-7 clade in their gills, with T. fimbria having none, and instead they 

had a much higher abundance of Mycoplasma (>29%), except for in O. robsoni. Taningia 

fimbria also had a high relative abundance of Brachybacterium (41%), which was only 

present in small abundances in O. robsoni (3%) and not at all in any of the non-

ammoniacal squids. Overall, the ammoniacal squids' gill bacterial communities’ 

composition appeared to be more diverse in taxa than the non-ammoniacal squids, 

especially T. danae and Octopoteuthis (Figure 4.4).   

The four non-ammoniacal squid species' female reproductive organs had a high 

abundance of the BD7-1 clade, with Nototodarus having a higher percentage than 

Todarodes (Figure 4.4). The BD1-7 clade was also present in three of the ammoniacal 

squids, but at much lower percentages (<22%), and was absent in T. fimbria. Onykia 

robsoni also had the highest abundance of Acidothermus (13%) in its reproductive 

organs. The ammoniacal squids had a much higher percentage of taxa sorted into other 

(O. robsoni had the most >50%) and thus not represented by the top ten genera. 

Taningia danae and T. fimbria were the only species that contained Brachybacterium in 

their reproductive organs (30% and 67%, respectively). The ammoniacal squids' 

reproductive organs were the most diverse compared to the non-ammoniacal squids, 

which were mainly composed of the BD1-7 clade (Figure 4.4).  

Within the ammoniacal squid group, brain samples were not available for T. fimbria due 

to limited opportunistic sampling. Both ammoniacal and non-ammoniacal squid brains 

were majority Brachybacterium (more than 66%, except for T. danae, which was 

composed of only 13% Brachybacterium; Figure 4.4). Mycoplasma had a higher relative 

abundance in the brain samples of ammoniacal squids than in the non-ammoniacal 

squids (>11% and <6% respectively). Meanwhile, the non-ammoniacal squids contained 

differing amounts of the BD1-7 clade (except for T. angolensis), which was not present 

in the ammoniacal squids above 1%. In the ammoniacal squids, T. danae had a high 
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relative abundance of Photobacterium (51%), which was absent in all other squids. 

Therefore, the overall bacterial communities in the brain samples of both ammoniacal 

and non-ammoniacal squids had relatively similar compositions.  

The eye samples of both the ammoniacal squids and non-ammoniacal squids were 

primarily composed of Brachybacterium (>51%) except for N. gouldi eye samples in the 

non-ammoniacal squids, which were mainly composed of Pseudoalteromonas (47%) and 

T. danae in the ammoniacal squids, which had a high percentage of Photobacterium 

(46%). Photobacterium was further observed in the eye of O. robsoni (5%). The inner eye 

fluid samples of the non-ammoniacal squids contained Psychrobacter, which was not 

observed in the ammoniacal squids above 2%. Octopoteuthis was the only squid with 

Roseimarinus observed in its body sites, with 11% in its inner eye samples (Figure 4.4). 

The digestive tracts of both the ammoniacal and the non-ammoniacal squids contained 

Mycoplasma and Brachybacterium (Figure 4.4). The ammoniacal squids' digestive tracts 

were primarily composed of Mycoplasma (>55%). In contrast, the non-ammoniacal 

squids were mainly composed of Brachybacterium (>42%), except for N. gouldi which 

was seen to have a high amount of Mycoplasma (64%). The BD1-7 clade was observed 

in all the non-ammoniacal squids' digestive tract samples except for in T. angolensis; 

however, it was only seen in low amounts in O. robsoni (12%) in the ammoniacal squids. 

The inner and outer beaks of both the ammoniacal and non-ammoniacal squids 

contained Mycoplasma. The beak samples of O. robsoni had the least amount of 

Mycoplasma, but the most diverse bacterial community composition, both when 

compared within the ammoniacal squids and the non-ammoniacal squids (Figure 4.4). 

Todarodes filippovae samples contained Aurantivirga (>30%), which was not seen in any 

other non-ammoniacal squid at abundances greater than >2% and only in 

Octopoteuthidae in the ammoniacal squids’ beak samples (3%). The inner beak of T. 

fimbria had a high amount of Brachybacterium (47%) reported, while T. danae contained 

a small amount of Moritella (8%), not reported in any other squid beak samples. 

Similarly, N. gouldi had a small amount of Pseudoalteromonas (14%) present in the outer 

beak samples, which was not observed above 2% in any other squids’ beak samples. The 

most notable difference between the non-ammoniacal and ammoniacal squids was that 

the non-ammoniacal squids contained a small amount of Psychrobacter (>1%), which 

was not seen to be present in the ammoniacal squid samples (Figure 4.4).
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Figure 4.4: The top twenty most abundant bacterial genera within the eight shared body sites of deep-sea squid species, grouped into ammoniacal and non-

ammoniacal taxa. Taningia fimbria did not have any brain or siphon samples collected, while the siphon samples of N. sloanii and N. gouldi did not pass the filtering 

stage. 
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4.5 Discussion 

Few studies have investigated oegopsid squid microbiota, and no studies have 

compared how ammoniacal and non-ammoniacal squid microbiota could differ due to 

different body chemistry. In this study, I examined the microbiota of different body sites 

in two groups of squids, ammoniacal and non-ammoniacal, across eight different species 

and three different families of squids. Overall, the beak, inner eye fluid, and brain 

samples were the most similar between the ammoniacal and non-ammoniacal squids; 

in contrast, the digestive tract, gills, siphon, and reproductive organ samples showed the 

greatest differences in bacterial community composition between the two groups. 

Mycoplasma, the BD1-7 clade, and Brachybacterium were the most abundant taxa 

observed overall within both the ammoniacal and non-ammoniacal squids.  

Brachybacterium is reported here for the first time both in octopoteuthid and 

onychoteuthid deep-sea squids, and was found in the digestive tract, inner eye fluid, 

and brain of all samples of observed squids, as well as in T. fimbria’s beak, reproductive 

organs, and gills, T. danae’s reproductive organs, and O. robsoni’s gills. Other studies 

have reported it in marine organisms, such as in Asian sea bass (Orsod et al., 2012), 

marine sponges (Radjasa & Sabdono, 2006), and macroalgae (Alvarado & Leiva, 2017), 

as well as in different marine environments, both in coastal and open oceans (Kim et al., 

2015; Kaur et al., 2016; de Castro et al., 2023), and manganese nodules in the Pacific 

Ocean (Wang et al., 2009). It was hypothesised to play a role in the host's antimicrobial 

defence mechanisms and in the production of antibacterial secondary metabolites 

(Radjasa & Sabdono, 2006; Orsod et al., 2012; Alvarado & Leiva, 2017). While the 

function of Brachybacterium in the ammoniacal and non-ammoniacal squids remains 

unclear, it could play a beneficial role in helping the host’s defence mechanism against 

pathogenic bacteria, as observed in Asian seabass and marine sponges.  

Mycoplasma was observed in most body sites in both the ammoniacal and non-

ammoniacal squids, with the lowest relative abundance observed in the inner eye fluid 

for both groups and in the gills and brain of the non-ammoniacal squids. Mycoplasma is 

considered a symbiotic, beneficial core taxon in ammoniotelic cephalopods, as it is 

thought to actively metabolise ammonia (Rasmussen et al., 2021, 2023). Mycoplasma 

has been reported as a symbiotic bacterium, helping with ammonia breakdown and 
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digestion in salmonoids by producing lactic acid and acetic acid (Bozzi et al., 2021); it has 

also been reported in the digestive tract of various marine vertebrates and invertebrates 

with the same purpose such as in deep-sea isopods (Wang et al., 2016), European 

abalone (Gobet et al., 2018), marine bivalves (Akter et al., 2023), salmonoids (Cheaib et 

al., 2021b; Rasmussen et al., 2023), and six different cephalopod species (Iehata et al., 

2015; Ramírez et al., 2019; Kang et al., 2022). This would explain its presence in the 

digestive tract and beak of all squids, as ammonia is produced during the breakdown of 

food in a carnivorous diet (Boucher-Rodoni & Mangold, 1995; Seibel et al., 2004; Pratt 

& Anderson, 2025). The observed higher relative abundance of Mycoplasma in the 

digestive tract of ammoniacal squids could be a result of them having a higher level of 

ammonia in their tissues, naturally. It has been reported that a decrease in Mycoplasma 

abundance in the digestive tract of salmonids leads to an increase in pathogenic bacteria 

(Bozzi et al., 2021; Rasmussen et al., 2022; Scheuring et al., 2022). This was also observed 

in the eastern oyster, where it is thought to reduce parasitic infections by sequestering 

arginine (Pimentel et al., 2021; Akter et al., 2023). The ammoniacal squids were also 

found to have higher levels of Mycoplasma in their gills, which is where the excess 

ammonia is diffused out by squids (Boucher-Rodoni & Mangold, 1995).  

The gills of the non-ammoniacal squids were reported to be primarily composed of the 

BD1-7 clade; this was only true of O. robsoni in the ammoniacal squids. The reproductive 

organs of the non-ammoniacal squids were also observed to have a high amount of the 

BD1-7 clade. The BD1-7 clade, found in varying amounts in at least one squid species 

belonging to both ammoniacal and non-ammoniacal groups across all body sites, has 

previously been reported as an abundant taxon in the gills of dwarf-form populations of 

non-ammoniacal Sthenoteuthis oualaniensis squids (Hu et al., 2022a). It is an abundant 

oligotrophic marine bacterium and is important to the health of its associated hosts, 

such as cephalopods (Hu et al., 2022a), bryozoans (Figuerola et al., 2025), and 

gorgonians, due to its carbon utilisation rate across multiple carbon sources (Cho & 

Giovannoni, 2004). While its purpose in squids is unclear, it could be linked to carbon 

utilisation. Its greater presence in non-ammoniacal squids could be due to body 

chemistry, and the ammoniacal squids could have a different microbial associate that 

serves a similar function.   
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The highest abundance of Psychrobacter was observed in the siphon of Octopoteuthis; 

however, it was reported more in the body sites of the non-ammoniacal squids. 

Psychrobacter tends to be an aerobic and psychrophilic bacterium that is commonly 

found in both terrestrial and marine environments (Maruyama et al., 2000; Romanenko 

et al., 2002; Wu, G. et al., 2015). It has been isolated from the gills and skin of various 

teleosts, Antarctic sea urchins, corals, and marine molluscs, such as the commercial 

Octopus maya (Juni, 1992; Romanenko et al., 2002, 2008; Lo Giudice & Rizzo, 2018; De 

la Cruz-Leyva et al., 2019). Psychrobacter is also widespread in cold Antarctic 

environments (Bowman et al., 1996, 1997; Romanenko et al., 2002). It is known for 

hydrolysing organic substrates; therefore, it is thought to contribute to nutrient 

recycling in marine ecosystems. Its function in the body sites of deep-sea squids is 

unknown for both non-ammoniacal and ammoniacal squids; however, it was observed 

in the inner eye fluid of the two Todarodes species, which have a more circumpolar 

distribution compared to the rest of the squid species studied (Roper et al., 2010). 

The highest abundance of Pseudoalteromonas was seen in the non-ammoniacal squid 

N. gouldi in the inner eye fluid. Pseudoalteromonas has been previously isolated from 

mussels, coastal squids, seawater, holothurians, abalone, tunicates, sponges, and 

various fishes (Gillan et al., 1998; Ivanova et al., 1998; Holmström et al., 1992; Lovejoy 

et al., 1998; Barbieri et al., 2001; Skovhus et al., 2004; Bowman, 2007; Ma et al., 2014; 

Bosi et al., 2017; Offret et al., 2019). It is known to produce active compounds for anti-

fouling purposes, such as antibacterial, antifungal, antiviral, and algicidal activities 

(Skovhus et al, 2004; Peng et al., 2020). In cephalopods, the coastal squid Doryteuthis 

pealeii was observed to have a high concentration of Pseudoalteromonas in its egg 

capsules and accessory nidamental glands, serving as an anti-fouling defence (Barbieri 

et al., 2001). Pseudoalteromonas is a marine, ecologically abundant, and important 

bacterium due to its ability to influence biofilm formation, produce an anti-fouling 

substance, and influence marine invertebrate larval settlement and metamorphosis 

(Holmström et al., 1992). It is thought to be an important member of the ocean microbial 

loop and may be used by its host organism as a defensive agent (Dobrestov et al., 2006; 

Bowman, 2007; Peng et al., 2020). Its exact purpose in the inner eye fluid of N. gouldi is 

unknown.  
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Other less abundant but notable microbial taxa observed in the ammoniacal and non-

ammoniacal squids were Aurantivirga, Acidothermus, Moritella, and Roseimarinus. 

Aurantivirga was found in the beak samples of T. filippovae; other studies have reported 

it in phoronids, seawater samples, and octopuses’ skin (Song et al., 2015; Holt et al., 

2023; Costas-Imbernón et al., 2024; Meunier et al., 2024) as a chitin-degrading 

bacterium (Meunier et al., 2024). It could serve a similar purpose in T. filippovae. 

Meanwhile, Acidothermus was observed in the reproductive organs of O. robsoni and 

has been isolated to date only from a thermal spring and is characterised as both 

thermophilic and acidophilic (Kristjansson & Alfredsson, 1991; Berry & Normand, 2020). 

Moritella, which was only observed in the ammoniacal T. danae, is a psychrophilic 

bacterium that has been isolated from salmonids in fish farms, hadal amphipods, deep 

seawater and deep sediment samples, as deep as the Mariana Trench (Nogi & Kato, 

1999; Benediktsdóttir et al., 2000; Xu et al., 2003; Chan et al., 2022). Moritella is 

therefore thought to be associated with deep-sea environmental adaptations due to its 

barophilic functions (Xu et al., 2003; Chan et al., 2021; 2022), and may serve a similar 

functional adaptation in large-bodied deep-sea squids such as T. danae. Roseimarinus 

was only observed in different body sites of ammoniacal Octopoteuthis. It has been 

isolated from different marine environments, including marine sediment in China, in 

mussels, and the gut of a sea urchin (Wu, W.J. et al., 2015; Li et al., 2019; Ketchum et al., 

2021). While higher temperatures have been observed to lead to lower Roseimarinus 

abundance, the bacterium's function in its symbiotic host remains unclear (Ketchum et 

al., 2021). Although the roles of these more minor microbial taxa are not yet known, 

there seems to be a difference in community composition between ammoniacal and 

non-ammoniacal squids, as well as between species within the two groups.  

The genus Photobacterium was detected for the first time in the inner eye samples of 

two ammoniacal squids, T. danae and O. robsoni, as well as in the brain, gills, 

reproductive organs and siphon of T. danae and the siphon of T. angolensis. 

Photobacterium is commonly associated with being a luminescent-producing bacteria in 

marine animals, as seen in loliginid squids and Neorossia caroli (Urbanczyk et al., 2011; 

Calogero et al., 2022). Bobtails in the genera Rondeletiola and Sepiolina have been 

observed to contain Photobacterium within their light organs (Nishiguchi & Nair, 2003; 

Nishiguchi et al., 2004; Guerrero-Ferreira & Nishiguchi 2007; Moreira et al., 2014; Moi 
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et al., 2017). It is globally distributed and present in most ocean environments, including 

the deep sea, as well as in the intestines of marine organisms (Urbanczyk et al., 2011). 

Variation in the presence of Photobacterium species in global oceans and marine 

environments can be attributed to different environmental stressors, with some species 

preferring warmer coastal waters and others being more commonly observed in colder, 

deeper waters (Dunlap et al., 2007; Urbanczyk et al., 2011). In the digestive tracts of 

some fishes, Photobacterium appears to help digest chitin (Itoi et al., 2006) and it may 

serve a similar function in young squids, many of which have a crustacean-rich diet, 

whose exoskeletons are made of chitin (Portela et al., 2014). Its function in the body 

sites of T. angolensis, T. danae and O. robsoni is unknown; however, since these are not 

known bioluminescent body sites, nor are the photophores of Taningia known to house 

symbiotic bioluminescent bacteria, it is probably not serving as a bioluminescent 

bacterium.   

4.5.1 Future directions  

The differences in bacterial taxa observed between the ammoniacal and non-

ammoniacal squids could be due to differences in the squids' body chemistry. However, 

future studies should focus on metagenomic sequencing, as it is possible that, while the 

bacterial taxa differ, they serve the same function. It would also be important to learn 

the bacterial functions so we can better understand the host-symbiont relationship and 

how future environmental stressors could impact it. The location of the bacteria within 

the squids’ tissues could also allow us to understand better how they are acquired and 

what their purpose is. Fluorescence in situ hybridisation would be an interesting way to 

investigate this (Frickmann et al., 2017), as where the bacteria are located could affect 

what their role is.  

When doing 16S rRNA gene amplicon sequencing, the rare microorganisms can go 

undetected. More traditional culture-based methods may be better suited for isolating 

some microbes (Prakash et al., 2013), so a combination of the two methods could 

provide a more complete overview of the squids’ microbiota, however this is usually 

limited by storage of samples. It would also be interesting to get a complete picture of 

the squid species' microbiota, not just the bacteria; therefore, looking at the fungi and 

viruses would be an important next step.    
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Increasing the number of specimens and types of non-ammoniacal and ammoniacal 

squids to further build this dataset and see whether a more distinct picture emerges of 

the differences in microbiota between squids with different body chemistry would also 

support more robust statistical tests and inferences.  
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 Prelude 

After reporting on the digestive tract microbiota of female and male N. sloanii, eight 

distinct body sites microbiota for four different ommastrephid species, and the 

microbiota of eight body sites for ammoniacal and non-ammoniacal deep-sea oegopsid 

squids, chapter five investigates the microbiota of a single opportunistically collected 

colossal squid from the Ross Sea. Samples from six body sites are compared with the 

microbiota of twenty seawater samples from the Ross Sea to investigate potential 

horizontal transfer between the environment and the squid. The previous chapters have 

illustrated that while more specimens are important for a robust in-depth analysis, 

having a sample size of one still allows for the opportunity to describe the microbiota 

observed of enigmatic understudied organisms from hard-to-reach habitats like the 

deep sea. Therefore, this is the first study to report on the colossal squid's microbiota, 

allowing us to further our understanding of this mysterious species’ biology and its 

habitat. 
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 The Microbiota of the Colossal Squid  

5.1 Abstract  

Most of the physiology and ecology of the colossal squid, the heaviest living non-colonial 

invertebrate, remains unknown. Previous studies on animals’ microbiota have been 

used to infer more about their life history and habitat; this approach may be especially 

useful for rare and hard-to-access species, such as the colossal squid. This opportunistic 

study assesses the microbiota of six body sites in the colossal squid and compares it to 

that of the publicly available Ross Sea microbiota dataset. Both samples underwent 16S 

rRNA gene amplicon sequencing and were processed together with the DADA2 pipeline 

on R. A significant difference in microbial composition and richness between the two 

datasets was observed, with only Pseudomonas as an overlapping bacterium. The 

colossal squid’s microbiota was primarily composed of Mycoplasma, 

Stenotrophomonas, and Acidovorax. In contrast, the Ross Sea microbiota contained 

mainly Pseudoalteromonas and Alteromonas. This is the first study to report on the 

colossal squid's microbiota, increasing our knowledge of this enigmatic species’ biology 

and the environment it inhabits. 

5.2 Introduction 

The colossal squid (Mesonychoteuthis hamiltoni) is the heaviest living non-colonial 

invertebrate, and much of its basic life history and biology remains a mystery (Vermeij, 

2016; Rosa et al., 2017; Remeslo et al., 2019). Although much larger than the other 

members, the colossal squid belongs to the family Cranchiidae (Voss, 1980), also known 

as ‘glass squids’ because of their typically translucent bodies (Rosa et al., 2017). 

However, unlike most cranchiids, the colossal squid lacks this translucency due to its 

higher muscle density, further emphasising its uniqueness. The colossal squid is believed 

to be endemic to the Southern Ocean, with a circumpolar distribution extending from 

the Antarctic continent to the Sub-Antarctic Front (Rosa et al., 2017; Remeslo et al., 

2019). Like most oegopsid squids, the colossal squid juveniles are found in the upper 

pelagic zone (Rosa et al., 2017), migrating to deeper waters as they grow, and eventually 

inhabiting depths of up to 2000 meters (Lu & Williams, 1994; Rosa et al., 2017). 

However, mature females have occasionally been captured by fishing vessels at 
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shallower water depths than anticipated, suggesting that, like other cranchiid species, 

female colossal squid might migrate back up to shallower waters to spawn (Rosa et al., 

2017). A summer spawning might also be occurring, as a few mated females were 

observed in early December (Remeslo et al., 2019). As of now, no egg masses have been 

recorded, and there have been few investigations conducted on colossal squid 

paralarvae (Rosa et al., 2017); therefore, very little is known about the reproductive 

biology of this species. Stable isotopic analysis places colossal squids as top predators in 

the Southern Ocean food chain, probably feeding on lanternfishes, Patagonian toothfish 

(Yukhov, 2012; Remeslo et al., 2015), sleeper sharks, and squids (Bolstad & O’Shea, 

2004; Ibáñez & Keyl, 2010; Jereb & Roper, 2010; Roberts et al., 2011). It is believed that, 

due to the squids’ metabolic restrictions and pressures from gigantism, they are not 

high-speed predators but rather ambush predators (Rosa & Seibel, 2010; Rosa et al., 

2017). However, to date, no direct observations of colossal squid feeding strategies have 

been made.  

Marine microbial symbionts are crucial to marine organisms' survival in diverse ocean 

environments, including the deep sea (Dubilier et al., 2008; Li et al., 2023). The symbiotic 

relationship between host and microbe can affect the morphology, immune system 

(Honda & Littman, 2012; Taschuk & Griebel, 2012; Burgos et al., 2020), reproduction 

(Montgomery & McFall-Ngai, 1994), and behaviour (Shropshire & Bordenstein, 2016) of 

the host organism (Li et al., 2023). Microbial symbionts have been found to coevolve, 

speciate and reproduce in tandem with their hosts (O’Brien et al., 2019). These types of 

mutualistic interactions between a host and its microbiota are thought to confer an 

evolutionary advantage. For example, symbiotic bacterial biofilms are fundamental in 

the settlement behaviour of marine invertebrates such as cnidarians, echinoderms, and 

polychaetes (Ezenwa et al., 2012; Huang et al., 2012). Invertebrates can host microbial 

symbionts outside or inside their bodies, within host cells, or within symbiont-specific 

cells (Kerney et al., 2011; Petersen & Osvatic, 2018). They can acquire microbes either 

vertically or horizontally (Bright & Bulgheresi, 2010); however, mixed transmission 

modes, including both vertical and horizontal transmission, have also been observed 

(Bright & Bulgheresi, 2010; Szafranski et al., 2014). Understanding microbial acquisition 

processes can provide insights into the behaviour of the organism (Li et al., 2023). With 

so little being known about the physiology and life history of the colossal squid, learning 
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more about its microbiota might give us insights into its biology and ecology. Symbiotic 

marine microbes have been observed as providing the host organisms with 

fundamentally necessary acclimatisation or adaptation strategies to challenging 

habitats (O’Connor et al., 2014; Murray et al., 2016). The microbiota of Antarctic soft 

corals (Webster & Bourne, 2007), sponges (Rodríguez-Marconi et al., 2015; Moreno-

Pino et al., 2020), ciliates (Pucciarelli et al., 2014), and ascidians (Riesenfeld et al., 2008) 

all appear host-specific and necessary for the creation of bioactive molecules for their 

survival in this extreme Antarctic environment (Murray et al., 2016).  

Mutualistic relationships have been observed between coastal myopsid squids and 

various symbiotic microbes, which appear to play important roles in cephalopod 

bioluminescence, reproductive development, and digestion (Barbieri et al., 2001; 

Guerrero-Ferreira & Nishiguchi, 2010; Guerrero-Ferreira et al., 2013; Naguit et al., 2014; 

Kang et al., 2022; Tseng et al., 2023). For instance, the accessory nidamental gland, a 

reproductive organ found in the females of coastal squid species, appears to house 

important symbiotic bacteria explicitly acquired from the outside environment (Vijayan 

et al., 2022); these microbes can be crucial to the host cephalopod development (Kerwin 

& Nyholm, 2017). Meanwhile, all the microbiota studies conducted on deep-sea 

oegopsid squids prior to this thesis have concentrated on the digestive tract and gills of 

‘flying’ squids (family Ommastrephidae): two Todarodes and two Sthenoteuthis (mid and 

dwarf form), with Mycoplasma (for the digestive tract) and the BD1-7 clade (for the gills) 

commonly being the most abundant genera mentioned (Ramírez et al., 2019; Kang et 

al., 2022; Hu et al., 2022a; Hu et al., 2022b). No microbiota studies have been conducted 

on any members of the Cranchiidae family, which have unique ecological and chemical 

characteristics, such as a less active lifestyle and ammonium-chloride-filled coelom 

(Voss, 1980). This could have interesting implications for their symbiotic microbes. The 

colossal squid is also known for living most of its life at greater depths than the 

previously studied deep-sea squid species, meaning that it interacts with different deep-

sea zones and free-living microbial communities.  

This study aims to report the microbial compositions of six distinct body sites of a female 

colossal squid, an ecologically important member of the Southern Ocean mesopelagic 

food web, with the hope of better understanding its elusive nature and physiology. 

Tissue samples from different body sites were collected and analysed to determine the 
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different bacterial communities present in the squid and how they differ among body 

areas, as well as being compared to a recently collected, and publicly available dataset 

of seawater from the Ross Sea to consider the possible horizontal transfer of bacteria 

between the squid and its habitat.  

5.3 Methods  

5.3.1 The colossal squid dataset 

For this chapter, a previously collated dataset, consisting of 16S rRNA gene sequences 

of ten samples collected from a colossal squid, covering a total of six different body sites 

was utilised (Table 5.1). The colossal squid specimen (NMNZ M.316689) was collected 

at the surface in the Ross Sea, Antarctica, in January 2014, from a fishing vessel with 

Antarctic toothfish (Dissostichus mawsoni) hooked on commercial longlines. The female 

specimen was netted, brought aboard the FV San Aspiring, and frozen at –20ᵒC for 

transport and storage until examination. The specimen was then thawed at the Museum 

of New Zealand Te Papa Tongarewa in Wellington, kept in chilled seawater for 18 hours, 

with examination commencing after the first 12 hours of defrosting, and subsequently 

fixed and accessioned into the Museum’s collection. External surfaces (beak and siphon) 

were swabbed early in the defrosting process to minimise contamination. However, the 

specimen was placed on the deck of the ship before being frozen and then defrosted in 

a large tank with personnel climbing in and out while wearing protective gear, which 

could have resulted in sample degradation. Internal surfaces (such as the oesophagus 

and brain) were swabbed in duplicate using sterile swabs as tissues partially thawed and 

became accessible. Swabs were stored at –80ᵒC until lysis and DNA extraction. The 

selected body sites were opportunistically chosen to minimise visible damage to the 

specimen, facilitate comparison with previous research, and gain further insights into 

the squid's physiology and life history.  
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Table 5.1: The body sites swabbed on the colossal squid for microbial analyses. 

Body Sites Number of Swabs 

Reproductive Organs 1 

Brain 2 

Eyes 2 

Siphon 1 

Beak 2 

Oesophagus 2 

 

Swabs from each colossal squid body site were subsampled using sterile scissors and 

forceps, and approximately 1 cm3 was placed in 1.5 mL screw-capped conical-bottomed 

polypropylene tubes, suspended in 270 μL of phosphate buffer and 270 μL of SDS lysis 

buffer, and homogenised with silica-zirconia (2.5 mm and 0.1 mm diameter) beads on 

the Vortex-Genie 2 G-560 for 10 minutes at 30,000 rpm. A standard CTAB DNA 

extraction protocol was applied to all samples, with slight optimisation of the incubation 

time to one hour and a precipitation period of 48 hours at –20°C (Archer et al., 2015; 

Chakraborty et al., 2020). The V3-V4 region of the 16S rRNA gene was then amplified 

through PCR as in section 2.3.2. The DNA libraries were then prepared using Illumina 

MiSeq V3 600-cycle paired-end chemistry, according to the manufacturer’s protocol, a 

unique combination of Nextera XT dual indices (Illumina Inc., USA) were attached to the 

DNA from each sample to allow multiplex sequencing of 192 samples per sequencing 

run. Sequencing was conducted on an Illumina MiSeq instrument using V3 2-by-300-bp 

chemistry.  

5.3.2 The Ross Sea dataset 

A publicly available dataset (accession number: PRJNA1266853), consisting of 16S rRNA 

gene sequences from Incheon National University, comprising 20 seawater samples 

from the Ross Sea collected in 2023, spanning depths from 0 to 2070 meters, was also 

utilised for this chapter. This dataset had been generated by extracting DNA from 0.22 

mm Sterivex filters using a DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) 

following the manufacturer's protocol. The 16S rRNA gene V3-V4 region in 

environmental DNA was amplified, and a Nextera XT Index Kit v2 (Illumina, San Diego, 

CA, USA) for multiplexing was used for amplicon indexing. The amplicon library was 

sequenced on the Illumina MiSeq platform using the manufacturer's 2300 bp paired-end 
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protocol. The dataset was downloaded from the National Centre for Biotechnology 

Information (NCBI) on 31st July 2025.   

5.3.3 Amplicon data processing 

I processed the sequencing datasets generated as described above (sections 5.3.1 and 

5.3.2) together. Both datasets were processed using the DADA2 (Callahan et al., 2016; 

ver 1.36.0) pipeline in R 4.5.0 (R Core Team, 2021) as in section 2.3.3, with the following 

modifications: Raw FASTQ files were filtered (using the filterAndTrim function) with the 

following parameters: truncLen (270, 210) with a maxEE (4,5) and truncLen (280, 240) 

and a maxEE of (3,4) for the squid and Ross Sea seawater samples, respectively. The 

error model and Amplicon Sequence Variant (ASV) calling were performed on a run-by-

run basis to account for different empirical relationships between the assigned quality 

scores and the error rates associated with individual sequencing runs and machines. The 

ASV count tables from the two runs were then merged into a single table before the 

chimeric sequences were identified and removed.  One sample (duplicate brain sample) 

was removed from further downstream data processing due to insufficient reads. I then 

created both a rarefied ASV table using the rarefy_even_depth from the phyloseq 

package (McMurdie & Holmes, 2013; ver 1.53.0) to rarefy to even depths of 1000 reads, 

and a cumulative sum scaling normalised ASV table using the ‘cumNorm’ command from 

the metagenomeSeq package (Paulson et al., 2013; ver 1.51.0).   

5.3.4 Statistical analysis   

The same statistical analysis was applied as in section 2.3.3 with the raw ASV table used 

to calculate beta diversity, with R package vegan (Oksanen et al., 2025; ver 2.7-1), with 

the use of Aitchison distance matrix (Martino et al., 2019), using the command ‘vegdist’ 

and visualised in a Principal Coordinate Analysis (PCoA) ordination plot between the 

colossal squid samples and Ross Sea samples.  

5.4 Results 

5.4.1 Description of colossal squid microbiota 

Microbiota were analysed from each of six colossal squid body regions: the beak, 

oesophagus, reproductive organs, siphon, eye, and brain (Table 5.1). A total of 1,277,076 

reads were obtained, and 5734 ASVs were identified from the combined 30 samples. 
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The microbial communities of the beak and oesophagus were dominated by 

Mycoplasma, accounting for 60.16% and 93.35% of the relative abundance, respectively 

(Figure 5.3a). At the beak, the following most abundant genera were Pseudomonas 

(22%) and Acidovorax (8%); within the oesophagus, no taxon apart from Mycoplasma 

was observed with an abundance >10%, with Stenotrophomonas (4%) and Variovorax 

(2%) the next most abundant after Mycoplasma. In the brain and eye, 

Stenotrophomonas was most abundant, accounting for 51% and 40%, respectively, and 

the next most abundant taxa were Variovorax (20%) and Pseudomonas (16%). At the 

siphon and reproductive organ sites, Acidovorax was most abundant (36% and 29%, 

respectively), and Methylphilus (17%) in the siphon and Acinetobacter (27%) in the 

reproductive organs were reported as having the next highest relative abundances.  

5.4.2 Diversity of colossal squid and Ross Sea microbiota 

To investigate potential similarity between the colossal squid microbiota and the 

bacterial communities observed in the Ross Sea, a Ross Sea microbiota dataset was 

analysed in conjunction with the colossal squid. The Ross Sea dataset exhibited 

considerably higher Shannon’s diversity (Mann–Whitney U test, W = 35, P = 0.01) than 

the total colossal squid dataset (Figure 5.1).  
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Figure 5.1: Diversity of the colossal squid (blue) and the Ross Sea dataset (brown). Shannon’s 

diversity index with rarefied data, significance observed with a Mann–Whitney U test. Boxes 

represent the interquartile range (IDR, 25–75%) of the data. Median values are indicated by the 

bar within each box, and whiskers show the values within 1.5 times the IQR. 

The colossal squid exhibits a distinct microbiota composition across its various body sites 

compared to the Ross Sea microbiota depth profile (PERMANOVA: R2 = 0.271, F28 = 

10.98, P = 0.001; Figure 5.2). However, it is important to note that the beta dispersion 

was also significant (F28 = 19.28, P = 0.001), indicating that the dispersion differences 

between the samples will at least partially explain the PERMANOVA results. Despite this, 

the samples cluster very clearly by group (colossal squid vs. Ross Sea) in both the centre 

and the spread of diversity (Figure 5.2). This further illustrates a lack of horizontal 

bacterial transfer between these colossal squid and Ross Sea datasets, and that 

microbial communities from the Ross Sea dataset were distinctly different from those 

found on various body sites in the colossal squid.  
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Figure 5.2: Principal coordinates analysis (PCoA) of Aitchison distances between samples. The 

coloured dots represent the body sites of the colossal squid and the Ross Sea depths. The ellipses 

represent 95% confidence intervals. 

 
The Ross Sea dataset was separated into three oceanic zones: epipelagic (0-200 meters), 

mesopelagic (250-1000 meters), and bathypelagic (2070 meters). The closer to the 

surface, the higher the relative abundance of Pseudoalteromonas found (22% at 2070m, 

63% in the mesopelagic zone, and 83% in the epipelagic zone). There was a clear 

difference in the bacteria found in the colossal squid and the Ross Sea samples from all 

depth strata. The only overlapping genera found between colossal squid and the Ross 

Sea was the genus Pseudomonas, which was observed in the squid’s beak (22%), eye 

(16%), reproductive organs (16%), and siphon (26%) and only appears with more than 

1% relative abundance in the bathypelagic Ross Sea sample with a relative abundance 

of 2% (Figure 5.3a). This was further shown by examining samples with relative 

abundances greater than 1% and bacterial genera prevalent in at least 5% of the total 

samples from the colossal squid and the Ross Sea: only one shared core genus, 

Pseudomonas, was identified (Figure 5.3b). When looking at the most abundant genera 

reported in other research on global oegopsid squids and the overlap in genera with the 

R
2
 = 0.28 

P = 0.001 
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colossal squid, Mycoplasma was identified as the shared core genus between all squids; 

however, between other Southern Ocean squid microbiota and colossal squid, 

Acidovorax and Stenotrophomonas were also identified as shared genera (Figure 5.3b). 
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Figure 5.3: The microbiota of the colossal squid and Ross Sea samples. (a) Top ten most abundant 

bacterial genera within the colossal squid (Mesonychoteuthis hamiltoni) and the Ross Sea 

datasets. (b) The bacterial genera found in both the colossal squid and Ross Sea datasets, and 

any observed overlap between them. Overlaps between the most abundant genera observed in 

other oegopsid squids (published (three ommastrephid species, digestive tract and gills) and 

chapters two, three, and four (four ommastrephids, one onychoteuthids, three octopoteuthids, 

ten body sites)) and colossal squid are also shown. 
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5.5 Discussion 

This study is the first to investigate the microbiota of the colossal squid, an elusive deep-

sea squid of the Cranchiidae family, using high-throughput 16S rRNA gene amplicon 

sequencing and comparing it with a Ross Sea dataset to assess possible microbial 

horizontal transfer. A significant difference in Shannon’s diversity index was observed 

between the two datasets. The only genus reported to overlap between the Ross Sea 

and colossal squid datasets was Pseudomonas. The colossal squid had a low microbial 

biodiversity, with 30 genera, of which Mycoplasma, a well-known marine symbiotic 

bacterium, was noted, which also appears in other deep-sea squid digestive tract 

research (Ramírez et al., 2019; Kang et al., 2022; Hu et al., 2022a; Hu et al., 2022b). 

Microbiota studies on five species of Antarctic sea anemones also displayed low 

microbial diversity but substantial phylogenetic novelty (Murray et al., 2016).  

In the oesophagus and beak of the colossal squid, a high abundance of Mycoplasma was 

observed, which is a common core taxon reported in many marine organisms (Wang et 

al., 2016; Rasmussen et al., 2021; Cheaib et al., 2021a; Rasmussen et al., 2023), 

functioning as either a parasitic or commensal microbe to its host. In salmonid species, 

Mycoplasma has been observed to act as a commensal gastrointestinal microbe, likely 

due to its ability to exploit ammonia in the gut of most teleosts (Bozzi et al., 2021; 

Rasmussen et al., 2021). The Mycoplasma found in the gut of eastern oyster (Crassostrea 

virginica) is thought to provide a beneficial mutualistic relationship with the host by 

reducing parasitic infections through sequestration of arginine (Pimentel et al., 2021; 

Akter et al., 2023). Mycoplasma was detected at a high abundance in eastern oysters, 

blue mussels (Akter et al., 2023), and the stomach microbiota of six different cephalopod 

species (five myopsid and one oegopsid squid) studied by Kang et al. (2022) and two 

more oegopsid species reported by Ramírez et al. (2019) and Hu et al. (dwarf form 

2022a; and mid form 2000b). Kang et al. (2022) theorised that differences in 

Mycoplasma levels across cephalopods may be linked to their distinct feeding 

behaviours. This aligns with our preliminary findings, as the highest abundance of 

Mycoplasma was observed in the oesophagus and beak, both parts associated with the 

gastrointestinal tract. This suggests it might play a role in helping the colossal squid 

break down and utilise ammonia or arginine from its digestion.  
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Meanwhile, Acinetobacter found in the reproductive organs of the colossal squid is 

globally distributed and a common, heavy-metal-resistant bacterium found in various 

marine environments (Simidu et al., 1980; Huddedar et al., 2002; Shete et al., 2015). It 

appears in various marine mollusc microbiota as a carotenoid-producing bacterium or 

one with light absorbance similar to carotenoids, as observed in the gut microbiota of 

the noble scallop (Chlamys nobilis; Liu et al., 2020). The only cases in which 

Acinetobacter has been reported in invertebrate reproductive organs to date are in the 

common bedbug (Bellinvia et al., 2019) and the locust (Lavy et al., 2020). Therefore, it 

can only be hypothesised that its high abundance in the reproductive organs of the 

colossal squid may be linked to its carotenoid-like properties, since carotenoids are vital 

for many marine animals' health as they contribute to camouflage, antioxidation, and 

are considered essential for reproduction (Maoka, 2011). The symbiotic bacteria 

reported in myopsid squids’ (the only squids for which this has been studied so far) 

reproductive organs (the accessory nidamental glands and eggs) are different from the 

ones observed in the colossal squid (Barbieri et al., 2001; Pichon et al., 2005; Yang et al., 

2021; Vijayan et al., 2024), which could be due to different reproductive strategies 

between the orders, such as egg-laying. Myopsid squids attach sessile ‘egg mops’ to the 

seafloor (Jackson, 2004), which must resist fouling across their development period, 

while many oceanic squids (potentially including the colossal) produce pelagic egg 

masses that are either free floating in the water column or carried and brooded by the 

female until hatching (Laptikhovsky, 1999; Seibel et al., 2000), with different 

implications for potentially useful microbial associates. Female coastal cephalopod 

reproductive maturity is marked by a colour change in the ANG, from colourless to 

orange (Bloodgood, 1977; Barbieri et al., 2001). This colour shift is due to symbiotic 

bacteria containing carotenoid pigments within the accessory nidamental glands 

(Bloodgood, 1977; Barbieri et al., 2001), which may also occur in the colossal squid 

reproductive organs.  

Acidovorax and Stenotrophomonas were found to be prominent bacteria in the siphon, 

reproductive organs, beak, brain and eye of the colossal squid. Acidovorax has been 

recognised as a core taxon in several researched marine organisms, such as in the 

microbiota of the sea slug (Elysia chlorotica; Devine et al., 2012), for nitrate reduction in 

the gut of sea bream (Sparus aurata; Kormas et al., 2014) and appears to facilitate 
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nitrogen absorption in the excretory organs of earthworms (Schramm et al., 2003; 

Devine et al., 2012). While no research has noted its presence and function in oegopsid 

squid, it could be performing a similar nitrogen-reducing or absorption function in the 

colossal squid.  

Stenotrophomonas is often regarded as an opportunistic pathogen and has been 

isolated from both marine and terrestrial environments (Romanenko et al., 2008; Torres 

et al., 2017). Commensal mutualistic Stenotrophomonas has been successfully isolated 

from six deep-sea invertebrates and demonstrated its production of antifungal and 

antimicrobial metabolites (Romanenko et al., 2008). Its potential function in the colossal 

squid remains unknown. However, it could be linked to its secondary metabolite 

production, which may help keep the brain and eyes free of parasitic microbes.    

An interesting discovery is the relatively high abundance of the genus Methylophilus 

found in the siphon of the colossal squid. Methylophilus bacteria, as the name suggests, 

utilise methanol or other methane-like compounds as energy and carbon sources (Lin et 

al., 2021). They have previously been identified in the gills of three different bivalve 

species; however, their function has not been reported (Wood & Kelly, 1989). While no 

links have previously been drawn in the symbiotic relationship between squid and 

Methylophilus, a mutualistic energy-beneficial relationship may be occurring between 

the microbe and its host, the colossal squid. Meanwhile, Variovorax, found in the squid's 

brain, eye and oesophagus, is recognised for its sulphur and phosphate metabolism in 

nutrient-limited oceans (Naim et al., 2014; Wang et al., 2025). While the Ross Sea is not 

known for being a sulphur or phosphate limited sea (Rivaro & Ianni, 2025), it may still 

contribute to increasing the nutrient uptake in the colossal squid. Duganella, for which 

this is the first report in cephalopod microbiota, has instead been previously seen in 

marine environments to produce ‘violacein’, which is noted as a natural algicide against 

harmful algae (Cai et al., 2024). This could account for its high abundance in the colossal 

squid, where it might act as a commensal symbiont against disease-causing pathogens.  

The only common taxon between the tested colossal squid body sites and Ross Sea 

depth samples was Pseudomonas. In comparison, other myopsid squid studies have 

reported Pseudoalteromonas, observed in the Ross Sea samples, within the accessory 

nidamental glands and eggs of different loliginid squid (Pichon et al., 2005). Previous 
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marine microbial studies have recognised Pseudomonas for its high bioactive potential, 

owing to its production of various antibacterial compounds (Hwang et al., 1989; 

Isnansetyo & Kamei, 2009). Marine Pseudomonas has been identified in diverse 

ecosystems, including deep-sea and extreme environments, as well as in association 

with various marine organisms, such as in the hypobranchial gland of Tyrian purple-

producing marine gastropods (Isnansetyo & Kamei, 2009; Ngangbam et al., 2015). It has 

also been reported as a core taxon in different cephalopod body sites, including the 

posterior salivary gland of blue-ringed Octopus maculosus (Hwang et al., 1989). In the 

colossal squid, Pseudomonas was found in all tested body sites except the oesophagus, 

and in very low abundance in the brain. While its function remains unconfirmed, the 

colossal squid may use Pseudomonas for similar antibacterial compound production and 

nutrient remineralisation as seen in other marine molluscs (Isnansetyo & Kamei, 2009).  

The results discussed are based on a single female colossal squid specimen from 2014, 

from which six body sites were opportunistically sampled, some in duplicate and some 

only once, as well as a 2023 Ross Sea dataset. It is therefore important to emphasise 

that this is primarily a description of the bacterial taxa I found in the colossal squid's 

different body sites, and that more specimens and samples would be required to draw 

significant statistical conclusions. The statistics were only applied between the colossal 

squid and Ross Sea datasets to indicate a preliminary difference in their microbial 

compositions and a potentially minute horizontal transfer of bacteria.  

The Ross Sea samples were sequenced in 2023, nearly 10 years after the colossal squid 

was captured and swabbed. This temporal difference could contribute to the low 

overlap in taxa between the two datasets. However, ocean microbial datasets have 

shown that temporal variation in microbial diversity and abundance in ocean 

environments is seasonal rather than annual (Ferrera et al., 2024; Priest et al., 2025). 

While the temporal dynamics of microbial communities in the Ross Sea are 

understudied, the colossal squid and the Ross Sea samples were both collected in 

January, therefore reducing the likely impact of seasonal dynamics. Regardless, more 

samples for both the Ross Sea and colossal squid are necessary to strengthen the 

observations made in this study. However, large colossal squid are rarely available for 

laboratory study, and the logistics of defrosting and preserving such specimens are 

complex. While future samples will no doubt reveal additional information, conducting 
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the first microbial analysis on the colossal squid represented a unique and exciting 

opportunity.  

5.6 Conclusion 

The colossal squid microbiota was observed to be a unique microbial community with 

low diversity in comparison to its environment, the Ross Sea. Methylophilus was 

reported for the first time in a cephalopod, in the siphon microbiota of the colossal 

squid. A significant statistical difference between the colossal squid and Ross Sea dataset 

was observed both with Shannon’s diversity index and Aitchison distance-based beta 

diversity. The present dataset was opportunistically collected over a short time window 

to minimise damage to the specimen, resulting in low sample numbers and limited 

access to some body sites. In the future, should the opportunity arise, I recommend 

collecting a more complete set of duplicate samples from all anatomically distinct body 

sites, ideally in parallel with other cranchiids and Antarctic squids for comparison, as 

well as simultaneous sampling of squids and their surrounding environment. This will 

allow for a better understanding of the importance of horizontal transfer from the 

surrounding marine environment in deep-sea squid. Likewise, including additional data 

from further squids would allow us to investigate the intra-species variation in their 

microbiota. Overall, although much remains to be investigated, this study reports the 

first microbiota data of the colossal squid and its potential implications for its 

physiology, allowing us to build our knowledge of these enigmatic deep-sea creatures. 
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 Conclusions and Overall Trends Observed 

Microbial communities in the ‘dark ocean’ (meso-bathypelagic) are estimated to be 

responsible for at least one third of biological carbon production in the ocean (Arístegui 

et al., 2005; Corinaldesi, 2015). Microbial symbionts have been found to evolve, speciate 

and reproduce in tandem with their hosts (Dick, 2019; Sahu & Minj, 2025). These types 

of mutualistic interactions between hosts and their microbiota are thought to confer an 

evolutionary advantage (Osman & Weinnig, 2022). For example, yeti-crabs (Kiwa 

hirsuta) successfully survive in extreme environments on hydrothermal vents and cold 

seeps in the deep ocean due to having chemosynthetic bacteria on their claws that they 

eat to supplement their diet (Thurber et al., 2011). However, despite the significance of 

host–symbiont interactions, our knowledge regarding the elaborate symbiotic 

relationships between most invertebrates and their microbiota remains limited 

(Petersen & Osvatic, 2018).  

Despite the considerable economic, scientific, and ecological importance of deep-sea 

squids, there is an overwhelming lack of data on their biology and ecology. This PhD 

thesis aimed to provide novel insights into deep-sea squid physiology and ecology by 

investigating the microbial communities living within and on these cephalopods through 

the use of 16S rRNA gene amplicon sequencing. To date, no research has been 

conducted on the microbiota of deep-sea squids in the Southern Ocean. This project 

sequenced samples collected from nine different squid species within five distinct 

families, all belonging to the same order, to create a dataset of deep-sea squids’ 

microbiota that will be publicly available pending publication of the resulting 

manuscripts. The data were first used to assess intraspecific variability in the microbial 

community structure of the digestive tract between Nototodarus sloanii female and 

male individuals. Once the intraspecies variability was established, I investigated the 

intra- and inter-genus variability in microbiota, as well as variability among deep-sea 

squids with different body chemistry (ammoniacal vs non-ammoniacal). An 

opportunistic collection of samples from the colossal squid and a Ross Sea seawater 

samples dataset also allowed for a preliminary assessment of the potential role of the 

surrounding environment on the squid's microbiota. This provided insight into the 
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squids’ physiology, diets, and how changes in oceanic conditions due to climate change 

could affect their health.  

6.1 Overall trends in deep-sea squids' microbiota (Order: Oegopsida) 

The microbiota of eight different body sites from nine different deep-sea squid species 

belonging to four different families (Cranchiidae, Ommastrephidae, Onychoteuthidae, 

Octopoteuthidae) within the order Oegopsida were investigated in this thesis for the 

first time. Mycoplasma, Brachybacterium, the BD1-7 clade, Psychrobacter, and 

Pseudoalteromonas are the most common bacteria across body sites among all squid 

species studied, except for the colossal squid, which shared only Mycoplasma among 

those top five bacterial taxa. Mycoplasma is observed to be primarily associated with 

the digestive tract and beak of all squid species. Kang et al. (2022) found that an increase 

in mantle size significantly correlated with an increase in Mycoplasma abundance in the 

gut. Onykia robsoni’s inner beak sample is the exception as it is composed of a much 

wider variety of taxa, with the BD1-7 clade being slightly the most prominent. The 

ammoniacal squids (T. danae, T. fimbria, O. robsoni, and Octopoteuthis) and N. gouldi in 

the non-ammoniacal squids had a high abundance in the digestive tract; instead, the 

rest of the non-ammoniacal squids had a higher relative abundance of Brachybacterium 

in the digestive tract. Brachybacterium was also reported mainly in the brain and inner 

eye fluid for all squid species (except for colossal squid). Taningia fimbria was also 

observed to contain a high amount in its inner beak, gills, and reproductive organs, 

which differed from what was reported in T. danae, whose gills were reported to have 

a much higher bacterial community diversity. The BD1-7 clade was the most abundant 

bacterium in the gills of the ommastrephid squids and in O. robsoni. However, except 

for T. fimbria, all squid species were reported to have >5% of the BD1-7 clade in the gills. 

Although Pseudoalteromonas and Psychrobacter are also reported as recurring bacteria, 

they were found to be more closely associated with Nototodarus, Todarodes, and 

Octopoteuthis, respectively. Invertebrates’ microbiota have been seen to not only be 

host specific but also organ specific (Ohwada et al., 1980; Osman & Weinnig, 2022), 

while true for some squid species and their body sites, there is a common microbial 

composition within certain body sites and among squid species. 
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Across all squid species excluding O. robsoni, the beaks were observed to harbour similar 

bacterial communities with varying relative abundances. For all squid species except the 

colossal squid, this consistency per body site is also observed in the brain and inner eye 

fluid, as well as ommastrephid gills. In contrast, for all squid species except T. danae, the 

siphon and reproductive organs are among the most diverse body sites, with less 

distinction between ammoniacal and non-ammoniacal squids. The gill samples in the 

ammoniacal squids are also quite diverse among squid species, without a clear pattern. 

Overall, when looking at the complete microbiota between the ammoniacal and non-

ammoniacal squids, the ammoniacal squids contain more Mycoplasma, and the non-

ammoniacal squids contain more of the BD1-7 clade (Figure 6.1b). The relative 

abundance of the BD1-7 clade seen in the ammoniacal squids' total microbiota is 

primarily driven by its presence in the microbiota of O. robsoni (Figure 6.1a).   
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Figure 6.1: The top ten most abundant bacterial genera from chapter four, both (a) the overall 

microbiota of the eight squid species and (b) the overall microbiota of the ammoniacal and non-

ammoniacal squids grouped together. 

6.2 Important trends among body sites 

An emerging trend observed is that the microbiota of the inner eye fluid and the brain 

of all nine squid species tend to be similar. This could be attributed to the brain being 

anatomically positioned closely behind the eyes, and therefore, there may be some 

vertical migration of bacteria between the two organs. The rest of the eye’s microbiota 

should also be sequenced, and fluorescent in situ hybridisation should be conducted in 

the future to see where the bacteria are present within the eye and brain tissues, and if 

the overlapping taxa are seen to be present in the outer tissues that connect. The deep-

sea squids analysed in this thesis have eyes that develop outward from brain tissue 

(Koenig et al., 2016); this could also explain the shared bacterial taxa observed between 
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the two body sites. The function of the bacteria would also be important to assess, as 

although they are reported as the same taxa, they might serve different functions in 

different organs. The same match in bacterial community composition is also possibly 

seen in the gills and reproductive organs; however, it is less clear due to the higher 

diversity of the bacterial community in one or both of these organs for most squid 

species studied in this thesis.   

The digestive microbiota of three species of deep-sea oegopsid squids (S. oualaniensis 

[dwarf and medium form], T. pacificus, and T. sagittatus) have been previously reported 

in published literature. The gill microbiota of S. oualaniensis and T. sagittatus have also 

been previously reported. While the gill microbiota of S. oualaniensis is consistent with 

the ommastrephid deep-sea squids investigated in this thesis (Hu et al., 2022b), the gill 

microbiota of T. sagittatus was reported to have a high abundance of Mycoplasma 

(Ramírez et al., 2019), which is more similar to the microbial composition of the 

octopoteuthid squids. The ommastrephid digestive and gill microbiota reported in this 

thesis exhibit microbial taxa similar to those reported in the available published 

literature; however, Brachybacterium in the digestive tract microbiota was reported 

here for the first time. Most previous microbiota studies in ‘true’ squids have been 

conducted on coastal myopsid squids.  

The only studies of myopsid squids' microbiota are of loliginids; most studies have 

focused on the microbiota of the accessory nidamental glands or on bioluminescent 

bacteria present on and in the squid. Vibrio is commonly reported in multiple myopsid 

squids' microbiota; however, it is not seen in any of the top ten most relatively abundant 

taxa in the nine species of oegopsid squid studied in this thesis. The other primary 

bioluminescent bacterium studied in myopsid bacterial research is Photobacterium, 

which occurs in only some body sites in some oegopsid squids, such as in T. danae and 

T. angolensis and S. oualaniensis. Doryteuthis pealeii was observed to contain 

Pseudoalteromonas in its accessory nidamental glands and egg casings (Barbieri et al., 

2001; Pichon et al., 2005), which, while not reported in the reproductive organs of the 

oegopsid squids, was found in other body sites, such as in the beak and inner eye fluid 

samples of N. gouldi. There seems to be a distinct difference in the microbiota of the 

oegopsid and myopsid squids, for the specific body sites from which a direct comparison 

can be drawn.  
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The majority of deep-sea organisms’ symbiotic microbial communities are distinct from 

those of their shallow-water counterparts (Kennedy et al., 2014). This is probably due to 

microbes having specific functions that alter host organisms' physiology, behaviour, and 

ecology, thereby broadening the environmental habitats they can survive in (Osman & 

Weinnig, 2022). For instance, hydrothermal vent crabs (Austinograea sp.) have distinctly 

different microbiota from when compared to shallow-water crab species (Portunus 

trituberculatus and Eriocheir sinensis), which allows them to thrive in hypoxic and low-

temperature conditions (Zhang et al., 2017). The microbiome of deep-sea animals can 

help them survive and thrive in the deep-sea (Osman & Weinnig, 2022). Research on 

deep-sea microbiomes is very often limited by insufficient replication for further analysis 

due to the inaccessibility of samples (Osman & Weinnig, 2022). 

6.3 Initial findings on location as a possible driver of differences in microbial 

composition 

This is the first analysis of the microbiota of the same species at different locations of a 

Southern Ocean cephalopod (Todarodes filippovae). This was conducted 

opportunistically on three individuals (Chatham Rise, N = 2; sub-Antarctic, N = 1), and a 

descriptive difference was noted in the microbiota of T. filippovae. A much more 

thorough investigation is necessary to support these initial findings by increasing sample 

sizes and testing whether the same is true for other species. It would also be interesting 

to note whether the difference in microbiota is reflected by the ocean, by collecting 

seawater samples alongside the squids and therefore being able to assess how much of 

the squids’ microbiota is shared with their immediate surrounding environment and if 

there is a geographical difference in the ocean's microbiota as well. Due to the use of 

opportunistic samples, only the microbiota of the colossal squid could be compared to 

seawater samples from its habitat, the Ross Sea. The bacterial genus Pseudomonas was 

the only observed taxon in both datasets; however, another bacterial taxon, 

Pseudoalteromonas, which is reported in all the Ross Sea depth samples, was also 

observed in several deep-sea squids investigated in this thesis. Interestingly, it was the 

T. filippovae Chatham Rise samples that housed Pseudoalteromonas, not the sub-

Antarctic ones. Previous research has identified pronounced differences in bacterial 

assemblages across depths in the Ross Sea (epipelagic, mesopelagic, and bathypelagic), 

with bacterial abundances decreasing with depth (Celussi et al., 2009). Our 
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investigations have shown a decrease in Pseudoalteromonas and an increase in 

Alteromonas with depth.  

Low horizontal transfer of bacteria between the colossal squid and its environment is 

possible; however, much more data would be needed to support this claim. Also, while 

the colossal squid was caught in the Ross Sea, its geographic distribution is the whole of 

the Southern Ocean, and thus, it could have a microbial composition more similar to 

that of another part of the ocean; the horizontal transfer, if occurring, could be during 

distinct life-stages when the squid is inhabiting different marine habitats; more sampling 

would be needed to confirm this. It is important that, when future opportunities arise 

to study the microbiota of deep-sea squid specimens, seawater samples are also 

collected, thereby allowing us to build a more robust dataset.  

6.4 Novelty 

This is the first study on the microbiota of deep-sea squids in the Southern Ocean to 

date. This is also the first study to examine the microbiota of squids belonging to the 

families Octopoteuthidae, Cranchiidae, and Onychoteuthidae and observe whether 

there is a difference in the microbiota between ammoniacal and non-ammoniacal 

squids. As of the current published research, this is also the first study to report on the 

microbiota of the inner eye fluid, beak, brain, reproductive organs, and siphon of any 

oegopsid squids worldwide. This is the first report of Brachybacterium, 

Thermosporothrix, and Byrobacter in a mollusc to date; meanwhile, Roseimarinus and 

Moritella are the first reports in cephalopods and have previously only been isolated 

from bivalves (Li et al., 2019; González-Aravena et al., 2024). The bacterium 

Alicyclobacillus, observed only in sub-Antarctic samples of T. filippovae, has not been 

reported in any other cephalopods and has currently only been isolated from submarine 

volcanic microbiota in marine environments (Lee et al., 2024). However, the sub-

Antarctic samples of T. filippovae are based on only one specimen, further sampling 

would be needed before any conclusions can be confidently drawn.  

This is also the first study to report on preliminary differences in deep-sea squid 

microbiota based on location. While differences were seen in the location-based 

microbiota of T. filippovae, a larger sample size would be necessary to draw more robust 

conclusions, as well as looking at different species and families of oegopsid squid to see 
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if this is also true for them or if it is something specific to T. filippovae, which I do not 

think it is. Assessing the microbiota of the water in which the squids are found would 

also help determine whether the differences in microbiota are reflected in the 

environment. Increasing sample size is difficult due to the elusive nature of deep-sea 

squids; however, it is necessary to deepen our understanding of the interactions 

between squids and their microbiota and of the potential host-based drivers of microbial 

selection. 

No differences in the digestive microbiota of female and male N. sloanii were observed 

in this thesis. This was surprising as N. sloanii has been reported to exhibit sexually 

driven dimorphic differences in feeding strategies (Dunn, 2009). However, this could be 

due to the individual squids used having been caught at the same depth, time, and 

location and therefore potentially having the same prey availability during that time. 

Also, different feeding strategies might mean the same prey taxa at different sizes or 

proportions, which might affect the abundance of particular bacterial taxa observed, but 

not the composition of taxa observed. It is also unknown when the digestive microbiota 

is established in deep-sea oegopsids; therefore, the juveniles of N. sloanii may exhibit a 

less sexually driven dimorphic feeding strategy, and the digestive tract microbiota seen 

in adults may be an artefact of the juvenile stage. No studies to date have examined the 

microbiota of deep-sea squid juveniles, how they may change ontogenetically and what 

role this may play in determining the microbiota of mature individuals. Investigating the 

microbiota of mature female and male deep-sea squids, as well as their paralarvae and 

juveniles, would also help us better understand the vertical and horizontal transmission 

of bacteria of their microbiota, allowing us to better understand the link between squid 

and the ocean by assessing the importance of the marine environment and its health to 

the microbiota composition of different deep-sea squid species.   

6.5 Future directions 

The ocean microbiota has been observed to exhibit seasonal changes in microbial 

composition but not annual changes (Priest et al., 2025). It would be interesting to see 

if this is also true for the deep-sea squids: do they reflect the oceanic changes that 

surround them, how much of their microbiota is driven by the seasonal availability of 

food, if there is a seasonal change in microbiota is this more prevalent in immature 
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squids than in mature squids, would this be more applicable to smaller deep-sea squids 

or scavengers like vampyroteuthids? However, if this is the case, the different microbes 

isolated may share the same functions. Metagenomic sequencing of the microbiota of 

deep-sea squids would be a necessary next step toward better understanding the 

symbiotic relationship between the host and its bacteria. It would also allow us to assess 

whether the observed differences in reported bacterial taxa are only taxonomic and 

whether they serve the same functional purpose. It would also be necessary to look into 

whether their microbiota consists of marine fungi and viruses, which it most likely does, 

to build a complete picture of what millions of other organisms make up our enigmatic 

squids.  

Besides increasing sampling efforts or using broader metagenomic sequencing, several 

more advanced methods could significantly improve our understanding of the functions 

and spatial distribution of microbes across different body parts. In the future, we could 

also investigate spatial metabolomics to understand how the microbes affect the 

chemistry of their host in the body site they are found in, and also other more distant 

parts of the host's body (Bauermeister et al., 2022). This could reveal microbe-specific 

contributions to host physiology that cannot be inferred from compositional data alone. 

Stable isotope probing in microbial ecology could also help identify specific single-cell 

activities linked to a bacterium in a host organism's microbiota (Alcolombri et al., 2022). 

Culture-based methods have been shown to be better suited for isolating certain 

microbial taxa (Prakash et al., 2013); therefore, using a combination of methods would 

provide a more complete picture of the squids’ microbiota.  

6.6 Conclusion 

Over the past 40 years, research into squid-associated microbial communities has 

steadily progressed, especially with the advent of high-throughput sequencing 

technologies in the 2000s, which have markedly improved our understanding and 

analytical capabilities. In myopsid squids, microbiota studies have mainly focused on the 

accessory nidamental glands and the genera Photobacterium and Vibrio, primarily 

because of their bioluminescent properties. In contrast, published research on oegopsid 

squids has largely concentrated on the gastrointestinal tract. While much remains to be 

explored, this thesis presents the first microbiota data for nine Southern Ocean deep-
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sea squid species across ten different body sites, broadening our knowledge of these 

mysterious creatures. The microbiota of deep-sea squids offers insights into their 

physiology and ecological roles—something that is hard to do in situ due to their hard-

to-reach habitats. Additionally, understanding these microbial communities is critical for 

gaining broader insights into ocean health, as squids can act as bioindicators because of 

their migratory behaviour across various ocean zones and rapid response to 

environmental changes. Collecting this initial baseline microbial data from the squids 

and comparing it with their environment is therefore essential to better understanding 

anthropogenic impacts on ocean systems and their inhabitants, helping us predict how 

they might respond to external environmental stressors.  
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Figure 1: PhD candidate next to giant squid for scale 
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Citation  Squid 
Species 

Body Site Reported 
Core Taxa 

Methods Year Location Collection  Number  Extra 
Methods 

Publicly 
available data 

Alias et al., 
2017 

Loligo sp.  ink sac Vibrio spp DNA extraction 
using Bioteke 
protocol and 
LuxAB PCR was 
conducted (The 
Lux-AB gene with 
611R reverse 
primer and 66F 
forward  
primer (Gabriela 
et al., 2009)) 

2017 Malaysia Wild 
caught 

3 culturing in 
luminescent 
agar/broth 

n/a 
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Barbieri et 
al., 2001 

Doryteuthis 
pealeii 

accessory 
nidamental 
glands and 
egg capsules 

Roseobacter, 
Shewanella, 
Pseudoaltero
monas, 
Vibrio. 
Alpha-
proteobacter
ia 

DNA extraction 
with Gene 
Releaser kit or 
standard phenol 
DNA extraction 
with bead-
beating, PCR with 
universal 
prokaryotic 
primers and 
Roseobacter 
specific primer, 
LICOR automated 
sequencer. 
Sequencing was 
preformed using 
an ABI 377 DNA 
sequencer 

2001 mature 
from 
Marine 
Resources 
Centre, 
Immature 
from 
National 
Marine 
Fisheries 
Service 

Wild 
caught 

females 
(5 
mature, 3 
immature
) 

FISH and 
SEM 

accession 
numbers AF02
2392–
AF022413 and 
AF034927–
AF034938 

Biggs and 
Epel, 1991 

Doryteuthis 
opalescens 

egg capsule n/a light microscopy 1991 Monterey 
Bay 

wild 
caught 
and then 
laborator
y 
reproduct
ion 

150 n/a n/a 
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Bloodgood
, 1977 

Doryteuthis 
pealeii 

accessory 
nidamental 
glands 

n/a Released tubule 
contents was 
inoculated into a 
sterile medium  

1977 n/a n/a n/a pigment was 
isolated from 
freshly 
collected 
gland 
bacteria and 
a spectrum 
from 300-
800 nm was 
onstained 
with a 
spectrophot
ometer 

n/a 

Chiu et al., 
2025 

Sepioteuthis 
lessoniana, 
Uroteuthis 
edulis 

accessory 
nidamental 
glands 

Alphaproteo
bacteria(Hyp
homicrobiac
eae, 
Fodinicurvat
aceae), 
Flavobacteri
aceae. Only 
goes down to 
family 

DNA and RNA 
extraction, 16S 
rRNA gene 
sequencing 

2025 Heping 
Island, 
Keelung, 
Taiwan 

wild 
caught 

6 
uroteuthi
s,  
8 
sepioteut
his 

n/a BioProject ID 
PRJNA118293
6. 
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Ford et al., 
1986 

Lolliguncula 
brevis 

Normal and 
ulcerated 
mantle tissue 

Aeromonas, 
Pseudomona
s, Vibrio, 
and Bacillus 

cotton swabs 
streaked on 
different agars 
(such as Marine 
Agar 2216), 
homogenisation 
of tissue sample 
was then diluted 
and spread-plated 

1986 1-6m 
depth 
near 
shore 
Galveston 
ship 
channel 

Laborator
y-
maintaine
d and wild 
caught 

11 Lab, 30 
wild 

n/a n/a 

Guerrero-
Ferreira 
and 
Nishiguchi, 
2010 

Uroteuthis 
chinensis 

light organs Vibrio cDNA libraries 
were constructed 

2013 Australia Wild 
caught 

n/a Cultured on 
seawater 
tryptone 
agar 

n/a 
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Guerrero-
Ferreira et 
al., 2013 

Uroteuthis 
etheriogei, 
Uroteuthis 
noctiluca, U. 
chinensis, U. 
duvaucelii 

light organs Vibrio DNA isolation 
with DNAesy 
Isolation Kit, PCR 
with universal 
primers (16SF (5′-
GCAAGCCTGATGC
AGCCATG-3′) and 
16SR (5′-
ATCGTTTACGGCG
TGGACTA-3′)).  
Sequencing 
reactions were 
executed by the 
dideoxy chain 
termination 
method using the 
Big Dye™ 
Terminator v3.1 
cycle sequencing 
kit (Applied 
Biosystems, 
Foster City, CA). 

2013 Indo-
West 
Pacific 

Wild 
caught 

10 tenfold 
dilutions of 
homogenate 
plated on 
seawater 
tryptone 
agar 

n/a 
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Hu et al., 
2022 

Sthenoteuth
is 
oualaniensis 
mid-form 

intestine and 
gills 

Mycoplasma, 
Vibrio, 
Photobacteri
um, 
Lactobacillus
, 
Bacteroidale
s S24-7,  BD1-
7 clade, 
Mesorhizobi
um 

Dna extraction 
with MOBio 
PowerFecal DNA 
isolation kit and 
PCR (515F and 
806R, V4 regions). 
Illumina HiSeq 

2022 offshore, 
stations 
N1 
(11.00°N, 
114.00°E) 
and N2 
(9.00°N, 
114.00°E) 

Wild 
caught 

24 n/a accession 
number was 
PRJNA822533 

Hu et al., 
2022 

Sthenoteuth
is 
oualaniensis 
dwarf-form 

intestine and 
gills 

Mycoplasma, 
Vibrio, 
Photobacteri
um, 
Lactobacillus
, 
Bacteroidale
s S24-7,  BD1-
7 clade, 
Mesorhizobi
um 

Dna extraction 
with MOBio 
PowerFecal DNA 
isolation kit and 
PCR (515F and 
806R, V4 regions). 
Illumina HiSeq 

2022 stations 
N1 
(11.00° N, 
114.00° E) 
and N2 
(9.00° N, 
114.00° E) 
in the 
Nansha 
area of 
China. 

Wild 
caught 

24 n/a accession 
number is 
PRJNA856085 

Kang et al., 
2022 

Loliolus 
beka, 
Uroteuthis 
edulis, 
Todarodes 
pacificus 

Stomach, 
Stomach 
caecum, Gut  

Photobacteri
um, 
Aliivibrio, 
Psychrilyoba
cter, 
Mycoplasma, 
and 
Arcobacter 

DNA extraction 
with Qiagen mini 
stool kit and V3-
V4 PCR (341F and 
805R), MiSeq 
Illumina 

2022 offshore 
waters 
surroundi
ng the 
Republic 
of Korea 

Wild 
caught 

5 for each 
squid taxa 

COI genes 
used for 
taxonoic 
identification 

 accession 
number 
PRJEB27490 
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Kaufman 
et al., 1998 

Doryteuthis 
opalescens 

accessory 
nidamental 
glands 

n/a Transmission 
electron 
microscopy 

1998 Monterey 
Bay 

Wild 
caught 
and 
laborator
y reared 

15 
juvenile 
specimen
s 
observed 
from 0 to 
129 days 

n/a n/a 

Lum-Kong 
and 
Hastings, 
1992 

Loligo 
forbesii 

accessory 
nidamental 
glands, egg 
casings 

ANG: 
Pseudomona
s, Vibrio 

culturing on TSA 
+2% NaCl 

1992 Plymouth wild 
caught 

10 
maturing 
and 5 
mature 
females, 3 
egg 
casinings 

n/a n/a 

Mahadik et 
al., 2025 

Uroteuthis 
duvaucelii 

eye part, 
tentacles, 
arms, body 
surface and 
abdomen 
and ink sac 

Shewanella 
seohaensis 
and 
Shewanella 
hafniensis 
(isolated and 
identified) 

sea water agar 
and 16S rRNA 
gene sequencing 

2025 Ganesh 
Peth and 
Camp 
area of 
Pune 
district, 
Maharash
tra 

Fish 
Market 

n/n done in two 
seasons  

n/a 
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Naguit et 
al., 2014 

Uroteuthis 
sp.  

inside head 
and inside 
the vitreous 
sac of the 
eyes 

Photobacteri
um sp. 

DNA extraction 
from 
bioluminescent 
bacteria using 
Wang et al., 1994 
method. PCR with 
27F and 1492R 
primers and 
sequenced at 
AITBiotech labs in 
Singapore 

2014 Seafood 
market 
Manila, 
Philippine
s 

Wild 
caught 

3 Swabs 
streaked on 
liminescence 
agar 

n/a 

Pertiwi et 
al., 2018 

Uroteuthis 
duvaucelii 

ink sac Photobacteri
um sp. 

DNA isolation 
with Roche High 
Pure Plasmid kit 
and PCR with 27F 
and 1492R with 
sequencing at 
First BASE 
Laboratories, 
Malaysia  

2018 Malang 
region 

Wild 
caught 

1 (?) Culturing in 
NA medium 

n/a 
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Pichon et 
al., 2005 

Loliginidae accessory 
nidamental 
glands and 
egg capsules 

Egg capsules: 
Vibrio, 
Shewanella, 
Agrobacteriu
m, 
Roseobacter, 
Rhodobium. 
ANG: Vibrio, 
Shewanella, 
Pseudoaltero
monas, 
Rhodobiu-
Stappia, 
Roseobacter-
Agrobacteriu
m-
Silicibacter 

DNA extraction 
with DNeasy 
Tissue Kit and PCR 
with universal 
prokaryote 
primers (27F and 
1385R) and 
cloned 

2005 Taiwan, 
English 
Cannel, 
Australia, 
Thailand 

Wild 
caught 

3 
photololig
o 
ducaucelii
, 4 P. 
chinensis, 
1 Loligo 
edulis, 2 L. 
forbesii, 3 
L. 
vulgaris, 1 
Loliolus 
uyii, 1 L. 
beka, 3  
Sepioteut
his 
lessonian
a 

FISH full table found 
in paper 

Pringgenie
s and 
Jørgensen 
1994 

Uroteuthis 
duvaucelii 

light organs n/a n/a 1994 Indonesia 
and 
Thailand 

Wild 
caught 

n/a n/a n/a 
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Ramírez et 
al., 2019 

Todarodes 
sagittatus 

intestine and 
gills 

Mycoplasma Swabs inoculated 
in SP4-II broth 
medium and 
cultured, DNA 
extraction using a 
Realpure 
Genomic DNA 
extraction kit. 
PCRMacrogen 
Europe 
preformed the 
sequencing with 
Mycoplasma 
appropriate 
primers 

2019 south 
coast of El 
Hierro 
island 

Wild 
caught 

2 Genome 
sequencing 

n/a 

Tseng et 
al., 2023 

Sepioteuthis 
lessoniana 

accessory 
nidamental 
glands 

n/a Transcriptomic 
profile 

2023 Taiwan Wild 
caught 

3 juvenile, 
1 
immature
, 4 
maturing, 
5 mature 

De novo 
transcriptom
e assembly 

accession 
number is 
PRJNA814067 
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Vijayan et 
al., 2024 

Uroteuthis, 
Doryteuthis, 
Sepioteuthis 

accessory 
nidamental 
glands 

Rhodobacter
aceae in 
loliginids, 
Hyphmicrobi
aceae in S. 
lessoniana,  
Bacteroidia 
in Doryeuthis 
pealeii, 
Actinomycet
ota in S. 
officinalis 
and S. 
esculenta 

DNA extraction 
with Qiagen 
DNEasy Blood and 
Tissue kit and V4 
region PCR was 
conducted 
(primers 515F and 
806R), MiSeq 
used for 
sequencing 

2024 India, 
USA, 
Japan 
(respectiv
ely) 

Wild 
caught 

5 
Uroteuthi
s, 4,4 
Doryteuth
is, 6 
Sepioteut
his 

n/a n/a 

Yang et al., 
2021 

Sepioteuthis 
lessoniana 

accessory 
nidamental 
glands 

Mycoplasma, 
Lactobacillus
, Bacteroidia, 
Flavobacteri
ales 

DNA extraction 
using phenol-
chloroform and 
PCR with 361F 
and 806R and 
Illumina MiSeq 
was used to 
sequence  

2021 northeast 
coast of 
Taiwan 

Wild 
caught 

total of 36 
squid, 
female 
squid 
from 3 
separate 
yearly 
batches 

haplotype-
specific PCR 
to identify 
the lineage of 
squids used 
in the study 

n/a 

Yaser et 
al., 2014 

n/a inner body, 
eyes, under 
the skin and 
ink 

Photobacteri
um 
leiognathi 

DNA extraction 
with Dneasy 
Blood and Tissue 
Kit, PCR with 27F 
and 1492R and 
BGI sequencing 

2014 Malaysia Wild 
caught 

2 swabs from 
squid with 
cotton buds 
and streaked 
on 
luminescenc
e agar 

n/a 
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Zari et al., 
2020 

Sepioteuthis 
lessoniana 

surface, 
caecal fluid, 
gut, and ink 
gland 

Vibrio 
campbellii, V. 
vulnificus B2, 
V. 
alginolyticus, 
V. harveyi, 
and 
Photobacteri
um damselae 

Cultured on 
luminescent agar 

2020 Catham 
Jetty 

Wild 
caught 

n/a bacterial 
identification 
carried out 
with 
standard 
biochemical 
identification 
keys and 
online 
software 
used 

n/a 
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Appendix C Chapter Two Supplementary Materials 

 
Figure 2: Shannon diversity index with rarefied data for the microbiota of the digestive tracts of 

female (blue) and male (orange) N. sloanii; significance within a group was tested with the 

Kruskal–Wallis test. (a) Among body sites within a sex, (b) among individuals within a sex, and 

(c) among all individuals within N. sloanii. Boxes represent the interquartile range (IQR, 25–75%) 

of the data. Median values are indicated by the bar within each box and whiskers show the values 

within 1.5 times the IQR.  



153 

 
Figure 3: Top ten most abundant bacterial genera within the female and male digestive tract 

microbiota, composed of oesophagus, stomach caecum, and stomach content, of N. sloanii, with 

the other genera grouped into “other”. 

 

Table 1: Relative abundance (%) of microbial taxa observed along the digestive tract of N. sloanii 

(N = 15 for each male and female squids). 

Genus Female (%) Male (%) 

BD1-7 clade 8.38 4 

Bacillus 0.02 0.33 

Brachybacterium 41.61 53.19 

Clostridium sensu stricto 1 0.61 0.04 

Mycoplasma 35.99 29.14 

Other 0.77 2.9 

Pseudomonas 1.01 0.02 

Psychrobacter 1.26 1.45 

Stenotrophomonas 0.38 0 

Streptococcus 0.35 0 

Synechococcus CC9902 9.61 8.92 
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Appendix D Chapter Three Supplementary Materials 

Table 2: Samples removed during the data processing due to insufficient reads. Highlighted in 

grey were removed during the filtering process. Highlighted in yellow were removed during 

rarefaction. 

 Brain Eye In Digestive 
Tract 

Siphon Beak In Beak Out Reproductive 
Organs 

N. sloanii 2 3 2 3   2 

N. gouldi 2  3 3    

T. angolensis   3 1 1 1  

T. filippovae   4     
 

 

 
 
Figure 4: Shannon’s diversity index among the four species tested in chapter three for the same 

body sites. The significance within a group of body sites was assessed using the Kruskal–Wallis 

test. Boxes represent the interquartile range (IQR, 25–75%) of the data, with median values 

indicated by the bar within each box, and whiskers show values within 1.5 times the IQR. 
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Figure 5: Shannon’s diversity index among body sites within a single species of squid, for the four 

squid species tested in chapter three. The significance within a group of body sites was assessed 

using the Kruskal–Wallis test. Boxes represent the interquartile range (IQR, 25–75%) of the data, 

with median values indicated by the bar within each box, and whiskers show values within 1.5 

times the IQR. 
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Figure 6: Shannon’s diversity index for the eight different body sites among squid species within a genus, for a single species of squid. The significance within a group 

of body sites was assessed using the Kruskal–Wallis test. Boxes represent the interquartile range (IQR, 25–75%) of the data, with median values indicated by the bar 

within each box, and whiskers show values within 1.5 times the IQR. 
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Figure 7: The top ten most abundant bacterial genera within the eight body sites of individual specimens of N. sloanii, N. gouldi, T. angolensis, and T. filippovae, with 

the other genera grouped into “other”. Todarodes angolensis inner and outer beaks, and the siphon had one individual specimen that did not pass the filtering stage. 

The same was true for N. sloanii reproductive organs. All siphon samples from the three N. sloanii and N. gouldi individuals did not pass the filtering stage. 
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Figure 9: Shannon’s diversity index among body sites between ammoniacal and non-ammoniacal squids. The significance within a group of body sites was assessed 

using the Kruskal–Wallis test. The digestive tract and gills are observed to be statistically significant between groups. Boxes represent the interquartile range (IQR, 

25–75%) of the data, with median values indicated by the bar within each box, and whiskers show values within 1.5 times the IQR. 
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