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Extended Summary 

 

Marine microbial communities are often investigated within the scope of 

biogeochemical cycles, productivity, ecology, and evolution, and were traditionally subject to 

a point of view that microorganisms are mostly solitary and planktonic. Today, however, it is 

known that microorganisms seldom act alone and are typically a part of a broad microbial 

network (Donlan, 2002; Penesyan et al., 2021). A nexus between microbial ecology and clinical 

microbiology allowed for the recognition of host-microorganism associations that are not 

necessarily deleterious for the host (as in terms of pathogens) but can also be neutral or even 

beneficial (McFall-Ngai et al., 2013). Microbial communities in close association to the host 

are referred to as the microbiota (the assembly of microorganisms) and the microbiome 

(collection of microorganisms and their genes that form a “theater of activity”) (Berg et al., 

2020). Both terms are often associated with large unicellular or multicellular hosts, but the 

terms can also be used to describe the microbial community of any “well-defined habitat” like 

the Lieberkühn crypts in the small intestine or the phycosphere of microalgae (Berg et al., 

2020). In comparison to terrestrial habitats, marine organisms are immersed in the seawater 

medium and continuously exposed to and colonized by microorganisms. Multicellular hosts, 

like seaweeds or marine megafauna, that harbor microbial biofilms could be described as 

“diversity hotspots” as the global oceans are considered, in a microbial sense, “blue deserts” 

(Polovina et al., 2008). Beyond colonizing available surfaces, microbial communities 

associated with multicellular marine hosts can strongly impact their host and are therefore 

increasingly studied (Apprill, 2017). Well established host-microbe associations study systems 

include bacterial symbiosis with the Hawaiian bobtail squid (Euprymna scolopes) and the 

gutless oligochaete worm (Ollavius algarvensis), and microalgal symbiosis with corals 

(Apprill, 2017). Marine vertebrates are just starting to be investigated as the significance of 

microbiome extends beyond commonly studied humans or human associated animals in 

captivity. The importance of studying “wild” microbiomes is widely recognized in evolutionary 

and conservation biology (Hird, 2017; Trevelline et al., 2019). With climate change and 

subsequent habitat devastation affecting almost every biome and leading to increased extinction 

rates (Stork, 2010), it is expected that host-associated microbial communities are also under 

pressure although at an unknown scale. Loggerhead sea turtles (Caretta caretta) are an 

endangered species inhabiting the oceans globally, and are known to harbor macro- and 
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microepibionts on their skin and shells. Historically, reports on sea turtle epibionts relied on 

microscopy but today, culture-independent high-throughput sequencing is starting to get widely 

adapted in the sea turtle microbiome fields, especially the endozoic microbiome. For example, 

sea turtle endozoic microbial communities have been more extensively studied than the epizoic 

ones but only in feces, cloaca and distal gut, despite the importance of oral microbiome in 

vertebrate health. Furthermore, until recently, there were no reports on the microbial 

communities associated with the skin and carapace of sea turtles elucidated through marker 

gene sequencing (Rivera et al., 2018; Blasi et al., 2021; Kanjer et al., 2022). Regardless of the 

attractiveness of large datasets that allow for a fast and relatively easy overview of microbial 

communities, the efforts are stunned by the lack of reference sequences in respective databases. 

This emphasizes the need for multiple methodological approaches to understudied microbial 

habitats, such as the sea turtle, that include the cultivation of microorganisms along with 

culture-independent approaches.  

The aims of this thesis were to: i) analyze the composition and diversity of endozoic 

bacterial communities of loggerhead sea turtles; ii) characterize epizoic diatom and bacterial 

communities of the skin and carapace of loggerhead sea turtles, with a focus on diatom-

associated bacteria; and iii) isolate and identify diatoms found on the skin and carapace of the 

loggerhead sea turtles, establish monoculture protocols, and describe newly found diatom taxa. 

 In this thesis that consists of four scientific publications, the loggerhead sea turtle-

associated diatom and bacterial communities were investigated by high-throughput sequencing 

of chloroplast rbcL gene and 16S rRNA gene, and cultivation. The oral and cloacal microbial 

communities of wild and rehabilitated loggerhead sea turtles revealed that the oral microbiota 

is reflective of the turtle’s environment, while the cloacal microbiota is diverse but stable during 

short-term rehabilitation (Publication I). The epizoic diatom and bacterial communities are 

diverse and rich in yet unidentified microbial taxa (Publication II). Diatoms can be isolated and 

cultured from multiple sea turtle hosts and manatees and multiple novel species can be found 

(Publication II, III, IV). Additionally, xenic diatom cultures retain the bacterial environmental 

signature from their host and enrich specific microbial taxa that are lower in abundance in the 

total bacterial community of the host turtle, like Alcanivorax and Marinobacter genera 

(Publication II). Culturing diatom-associated bacteria yielded 127 isolates, out of which 40 

were further identified by 16S rRNA sequencing that revealed potential new bacterial genus in 

the Flavobacteriaceae family (Publication II). The phylogeny of epizoic diatoms shows that 

they group based on their host, and that the epizoic habitat preference evolved multiple times 

in the diatom history (Publication III). A novel diatom species Craspedostauros legouvelloanus 



 

 v 

was described form loggerhead sea turtles, and previously described Craspedostauros alatus 

was reported on a loggerhead sea turtle for the first time (Publication IV).  

 The scientific contribution of the thesis is in the multifaceted approach to the loggerhead 

sea turtle microbiome, encompassing both prokaryotes and microeukaryotes, and culture-

independent and cultivation-based methods. Multiple anatomical sites of the host were studied 

to encompass the endozoic microbiota: cloacal, and for the first time, oral microbial 

communities; and the epizoic microbiota: the skin and carapace. Culture independent 

approaches were enriched by cultivation of both diatoms and diatom-associated bacteria. The 

DNA sequences of the isolated microbial strains supplement the reference databases and will 

improve microbial identification in future metabarcoding efforts. This thesis also delivers first 

insights into the diatom-associated bacteria originating from a vertebrate host, which provides 

a baseline for future vertebrate associated diatom-bacteria interaction studies. Preserving 

microbial biodiversity in peculiar environments, such as the sea turtle, can potentially support 

future biotechnological advances. Taken together, the results in this thesis firmly establish 

loggerhead sea turtles as “hotspots” for macro- and micro-biodiversity, and can be used to steer 

decision-making in conservation and rehabilitation of endangered marine species. 
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Prošireni Sažetak 

  

Morske mikrobne zajednice često su istraživane u kontekstu biogeokemijskih ciklusa, 

primarne produkcije, ekologije i evolucije te su shodno tome bile uključene u tradicionalna 

promišljanja o mikroorganizmima kao solitarnim i planktonskim stanicama. Danas znamo da 

mikroorganizmi rijetko djeluju kao individualne stanice već da su češće dio kompleksnih 

mikrobnih zajednica (Donlan i sur., 2002; Penesyan i sur., 2021). Spoj između mikrobne 

ekologije i kliničke mikrobiologije omogućio je nova saznanja o odnosu mikroorganizama i 

njihovih domaćina te utvrdio da mikroorganizmi nisu uvijek pogubni za domaćina već mogu 

biti neutralni ili pak korisni (McFall-Ngai i sur., 2013). Mikrobne zajednice u bliskoj vezi sa 

svojim domaćinima se zajednički nazivaju mikrobiotom (skup mikroorganizama) i 

mikrobiomom (zbir mikroorganizama i njihovih gena koji formiraju „teatar aktivnosti“) (Berg 

i sur., 2020). Termini mikrobiota i mikrobiom se čestu vežu za veće jednostanične i višestanične 

domaćine, ali se mogu koristiti i za opisivanje mikrobnih zajednica u staništima koja su 

fizikalno-kemijski dobro definirana; kao što su Lieberkühnove kripte u malom crijevu ili 

fikosfera mikroalgi (Berg i sur., 2021). Suprotno od kopnenih staništa, morski domaćini su 

cijelo vrijeme uronjeni u morski medij te kontinuirano izloženi i kolonizirani 

mikroorganizmima. Višestanični domaćini, kao što su makroalge ili morska megafauna, koji 

na svojim površinama nose mikrobne biofilmove bi se mogli smatrati „središtima 

biodiverziteta“ s obzirom da se globalni oceani često smatraju „plavim pustinjama“ na temelju 

manje brojnosti mikroorganizama u stupcu vode (Polovina i sur., 2008). Osim što 

mikroorganizmi nastanjuju slobodne površine morskih domaćina, njihove zajednice tako mogu 

snažno mogu utjecati i na njihovu fiziologiju (Apprill, 2017). U morskim ekosustavima 

mikroorganizmi i njihovi domaćini proučavani su u dobro opisanim sustavima kao što su 

bakterijske simbioze kod havajske lignje Euprymna scolopes i mnogočetinaša bez probavnog 

sustava Ollavius algarvensis, te simbioza mikroalgi i koralja (Apprill, 2017). Naime, morski su 

kralježnjaci tek od nedavno postali važan objekt istraživanja u području mikrobioma. Važnost 

istraživanja „divljih“ mikrobioma odavno je prepoznata u konzervacijskoj i evolucijskoj 

biologiji (Hird, 2017; Trevelline i sur., 2019). Sve intenzivnije posljedice klimatskih promjena 

i posljedična devastacija staništa u gotovo svakom biomu, dovele su do ubrzanih stopa 

izumiranja vrsta (Stork, 2010), stoga je očekivano da će i mikrobiomi ugroženih domaćina biti 

pod pritiskom nadolazećih promjena. Glavate želve (Caretta caretta) ugrožena su vrsta morskih 
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kornjača koje obitavaju u svjetskim oceanima. Poznato je da su domaćini raznim 

makroorganizmima (rakovi vitičari i makroalge) i mikroorganizmima na koži i oklopima. 

Također, istraživanja epibionata na kornjačama su se povijesno uglavnom oslanjala na 

mikroskopiju ali današnje metode neovisne o kultivaciji koje uključuju i sekvenciranje visoke 

protočnosti se sve više koriste, posebno u istraživanjima endozojskih mikrobnih zajednica. 

Tako su endozojske bakterijske zajednice opširno proučavane ali samo u kloaki, distalnom 

crijevu i fecesu, dok oralne mikrobne zajednice nisu istraživane unatoč poznatoj važnosti u 

zdravlju kralježnjaka. Do nedavno nije bilo ni saznanja o mikrobnim zajednicama na koži i 

oklopu morskih kornjača, ali danas je dostupno nekoliko istraživanja na glavatim želvama i 

zelenim morskim kornjačama (Rivera i sur., 2018; Blasi i sur., 2020; Kanjer i sur., 2022). 

Usprkos atraktivnosti i pristupačnosti generiranja velike količine podataka kroz metode 

sekvenciranja visoke protočnosti, posljedično i lakšeg pregleda mikrobnih zajednice, 

istraživanja u tom smjeru često nailaze na prepreke zbog manjka referentnih DNA sekvenci u 

relevantnim podatkovnim bazama. Prepreke tog tipa naglašavaju važnost višestrukog pristupa 

neistraženim staništima kao što su morske kornjače, te obavezno povezivanje kultivacije 

mikroorganizama sa metodama neovisnim o kultivaciji. 

Ciljevi ove disertacije su: i) analiza sastava i raznolikosti endozojskih bakterijskih 

zajednica glavatih želvi; ii) karakterizacija epizojskih zajednica dijatomeja i bakterija kože i 

karapaksa glavatih želvi, s fokusom na bakterije usko vezane za dijatomeje; te iii) izolacija i 

identifikacija dijatomeja s kože i karapaksa, uspostavljanje protokola za monokulture i 

opisivanje novopronađenih svojti dijatomeja. 

U ovoj disertaciji, koja se sastoji od četiri znanstvene publikacije, mikrobne zajednice 

dijatomeja i bakterija glavatih želvi istražene su kroz sekvenciranje visoke protočnosti 

kloroplastnih rbcL gena i ribosomalnih 16S rRNA gena te kroz kultivaciju. Rezultati 

istraživanja endozojske mikrobne zajednice divljih i kornjača u rehabilitaciji ukazuju da oralna 

mikrobiota reflektira okoliš u kojem se kornjača nalazi dok je kloakalna mikrobiota raznolika 

ali stabilna tokom kratkotrajne rehabilitacije (Publikacija I). Epizojske zajednice dijatomeja i 

bakterija su raznolike te se sastoje od mnoštva još uvijek neidentificiranih mikroba (Publikacija 

II). Dijatomeje s različitih domaćina (morskih kornjača i sirena, tj. morskih krava) se mogu 

neometano izolirati i kultivirati te su među kultiviranim dijatomejama pronađene i nove svojte 

(Publikacija II, III i IV). Ksenične kulture dijatomeja također zadržavaju bakterijski „potpis“ 

domaćina s kojeg su izolirane te omogućavaju rast bakterijama koje se na domaćinu nalaze u 

niskim brojnostima kao što su rodovi Alcanivoracax i Marinobacter (Publikacija II). Iz kultura 

dijatomeja uspješno je izolirano i kultivirano 127 sojeva bakterija, od kojih je 40 dalje 
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identificirano pomoću sekvenciranja 16S rRNA gena. Time je otkriveno nekoliko bakterijskih 

sojeva koji bi mogli biti predstavnici novoga bakterijskog roda unutar porodice 

Flavobacteriaceae (Publikacija II). Filogenija epizojskih dijatomeja pokazuje da se grupiraju 

ovisno o tome s kojeg su domaćina izolirane te da je sklonost epizojskom staništu evoluirala 

nekoliko puta kroz evolucijsku povijest dijatomeja (Publikacija III). Nove vrsta dijatomeje 

Craspedostauros legouvelloanus je opisana s glavate želve, dok je vrsta Craspedostauros 

alatus koja je prethodno opisana s muzejskih uzoraka zelene i Kempijeve želve po prvi put 

pronađena i na glavatim želvama u Jadranskom moru (Publikacija IV). 

 Znanstveni doprinos ove disertacije nalazi se u višestrukom pristupu proučavanju 

mikrobnih zajednica glavate želve. Naime, u istraživanjima predstavljenima u sklopu ove 

disertacije obuhvaćeni su i prokarioti i mikroeukarioti, te su kombinirani kultivacija 

mikroorganizama i metodološki pristupi neovisni o kultivaciji. Istraživano je nekoliko 

anatomskih regija glavatih želvi kako bi se obuhvatila endozojska i epizojska mikrobiota: 

mikrobne zajednice u kloaki i po prvi puta, u usnoj šupljini te mikroorganizmi na koži i 

karapaksu. Metodološki pristupi neovisni o kultiviranju mikroorganizama su u ovom slučaju 

obogaćeni upravo kultivacijom dijatomeja i bakterija iz kultura dijatomeja. Sekvencirana DNA 

kultiviranih dijatomeja i bakterija značajno doprinosi referentnim databazama te na taj način 

može poboljšati buduće istraživačke napore koji uključuju metabarkodiranje mikroorganizama. 

Ova disertacija također donosi prve uvide u bakterijske zajednice usko vezane za dijatomeje 

koje se nalaze na morskim kralježnjacima čime se postavlja osnova za buduća istraživanja 

interakcija između dijatomeja i bakterija na raznim domaćinima. Također, očuvanje mikrobne 

bioraznolikosti jedinstvenih staništa, kao što su morske kornjače, može doprinijeti i budućim 

biotehnološkim inovacijama. Predstavljeni rezultati u ovoj disertaciji snažno podržavaju tezu 

da su glavate želve središta makro- i mikrobnog biodiverziteta u globalnim oceanima te se 

dobiveni zaključci mogu iskoristiti pri donošenju odluka o najboljim načinima za očuvanje i 

rehabilitaciju ugroženih morskih vrsta. 
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1. Introduction 
 

 

 

 

1.1. Host-microbe associations in marine ecosystems 

Marine ecosystems make up to 70% of the Earth’s surface and it is estimated that 

microorganisms comprise 15% of the relative global biomass (~ 81 Gt C), most of which is 

distributed within marine and deep subsurface environments (Bar-On et al., 2018). 

Technologies for investigating the scope of microbial phylogenetic and functional diversity 

have recently become highly accessible, with metagenomic sequencing addressing the problem 

of ocean under-exploration (Sunagawa et al., 2015, 2020). Approaches including meta-omics, 

genomics, and culturomics consistently produce new knowledge about the crucial roles of 

marine microbes in biogeochemical cycles, ecology, and evolution: from primary production 

to carbon sequestration (Falkowski et al., 2008; Cherabier, Ferrière, 2022), biotechnological 

and pharmaceutical applications (Paoli et al., 2022), over to pinpointing specific microbial 

interactions within microalgal blooms, single microbial cells, or metazoan hosts (Amin et al., 

2012; Apprill, 2017; Martin et al., 2021; Boscaro et al., 2022). 

The majority of microorganisms have traditionally been considered as planktonic and 

solitary. However, a shift in the microbial paradigm has led to an understanding that 

microorganisms seldom act alone, and that they are typically a part of a broad microbial 

network (reviewed by Donlan, 2002; Penesyan et al., 2021). A nexus between microbial 

ecology and clinical microbiology has facilitated the recognition of microorganisms that do not 

have a deleterious effect on the host (e.g., infections) but can be neutral or beneficial (McFall-

Ngai et al., 2013). Microbial communities in close association with the host are referred to as 

the microbiota – the assembly of microorganisms; or microbiome – the collection of 

microorganisms and their genes that form a ‘theatre of activity’ as defined by Berg et al. (2020). 

Microbiota and microbiome are mostly associated with larger unicellular or multicellular hosts, 

but they also describe a microbial community of any ‘well-defined habitat with distinct 
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physiochemical properties’ (Berg et al., 2020). Those habitats could be different anatomical 

sites of the metazoan host or the phycosphere, a thin region of diffused nutrients surrounding a 

microalgal cell.  

In comparison to terrestrial habitats, marine organisms are immersed in the seawater 

medium and continuously exposed to colonization by microorganisms. Yet, based on 

chlorophyll concentrations, the open oceans are considered to be, in a microbial sense, “blue 

deserts”; (Polovina et al., 2008). Most microbes (up to 80% of bacteria and archaea) live in 

biofilms that protect against desiccation, toxins, antibiotics, or predation by grazing organisms 

(Penesyan et al., 2021). It is well known that bacteria and microalgae colonize submerged 

surfaces and enable subsequent complex biofilm formation (Dang, Lovell, 2016; Caruso, 2020). 

Living hosts, such as seaweeds or marine vertebrates, are often colonized by microbes and 

could be considered “diversity hotspots” in an otherwise resource-limited and microbe-scarce 

environment (Keller et al., 2021). The marine megafauna (body mass > 45 kg based on Estes 

et al., 2016) could therefore act as a reservoir of microbes and help microbial dispersal across 

different geographical locations during long-distance migrations. 

The endozoic or epizoic microbiomes are being increasingly studied in marine animals. 

The research in marine microbiomes today spans from algae, sponges, cnidarians, nematodes, 

and mollusks, to large vertebrates such as whales and sharks (Apprill, 2017; Apprill et al., 2018; 

Doane et al., 2020). Some animals seem to not have or need a microbiome in all their life stages 

(Hammer et al., 2019) while corals, seaweeds and whales harbor consistent and stable 

microbiomes (Apprill et al., 2017, 2018; Miller et al., 2020; van der Loos et al., 2022). Well 

established study systems of host-microbe associations in marine ecosystems include bacterial 

symbiosis with the Hawaiian bobtail squid (Euprymna scolopes) and the gutless oligochaete 

worm (Ollavius algarvensis), and microalgal symbiosis with corals (Apprill, 2017). E. scolopes 

lives in a symbiosis with a bioluminescent bacterium Aliivibrio fischeri that inhabits the light 

organ in the squid’s mantle. The bacterium helps the squid camouflage by counterillumination 

(Young, Roper, 1976). However, as Apprill (2017) notes, the rest of the squid’s microbiome is 

understudied except for the female reproductive system - the accessory nidamental glands 

harbor complex and stable microbial communities (Kerwin, Nyholm, 2018). Another example 

is the Ollavius algarvensis oligochaete that resides in the marine sediment, is 3 cm long, and 

does not have a mouth or digestive system. Instead of harboring bacteria in the gut, the 

oligochaete hosts bacterial symbionts just below its cuticle and the bacteria act as a primary 

food and energy source (Dubilier et al., 2001). Furthermore, various corals live in symbiosis 

with microalgae in the Symbodiniaceae family (endosymbiotic dinoflagellates) that provide 
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oxygen through photosynthesis. Environmental disturbances, such as high temperatures, can 

lead to coral bleaching i.e., the loss of chloroplasts in endosymbiotic dinoflagellates, and coral 

death (Suggett, Smith, 2020). Coral-associated microbiomes are now widely studied, including 

the relationship between the endosymbiotic dinoflagellates and their closely associated bacteria 

in the ‘Symbiodiniaceae phycosphere’ (Peixoto et al., 2017; Garrido et al., 2021).  

1.2. The “wild” microbiome: A story in the making 

Advances in culture-independent approaches to studying microorganisms have 

accelerated the field of microbiome and environmental microbiology, leading to an exponential 

growth in published research over the last 40 years (Figure 1). Most microbiome focus on the 

bacteria found in the human gut or in animals of importance to humans (companions or food). 

Nevertheless, such studies have provided a foundation of knowledge on how the microbiome 

can affect the vertebrate host. The vertebrate microbiome is now known to affect the host’s 

development, immune system maturation and modulation, behavior, reproduction, nutrient 

acquisition, and metabolism (McFall-Ngai et al., 2013). The brain-gut-microbiome axis is a 

newly developed concept that connects microbial activity in the gut with neurodegenerative 

diseases or neurodevelopmental disorders (Martin et al., 2018; Cryan et al., 2019), while recent 

advances in the skin microbiome revealed that disturbances in the composition of the microbial 

community of the integument can lead to an impaired skin barrier function and inflammation 

(Harris-Tryon, Grice, 2022). Yet, most of the host-microbiome research is conducted in a 

controlled environment or captivity that can alter the natural microbiome of the host (McKenzie 

et al., 2017). The translation of results obtained in captive animals is challenged, as it seems 

that rewilding the microbiome of laboratory mice leads to an enhanced immune response that 

mirrors that of wild mice and humans, emphasizing the need for ‘wild’ microbiomes in 

immunology (Rosshart et al., 2019). 

Microbial communities associated with vertebrates other than humans or human-

associated animals, have been predominantly studied in the gut or feces of captive mammals, 

fish, and birds with wild hosts initially underrepresented (Colston, Jackson, 2016; Youngblut 

et al., 2019; Levin et al., 2021). Earlier studies focused on building an inventory of microbes 

via culturing or short-read sequencing to determine the most dominant bacterial phyla and 

potential mechanisms in the assembly of the microbial communities (Colston, Jackson, 2016). 

Later major findings revealed the influence of the host’s phylogeny and genetics on the gut 

microbiome composition in mammals, fish, and reptiles, but in birds the microbial communities 
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reflected diet and geography of the host (Colston, Jackson, 2016; Hird, 2017). Larger-scale 

studies on wild animal microbiomes had shown that diet modulates the formation of functional 

microbial guilds while the host’s phylogeny can determine the presence or absence of specific 

bacterial taxa (Youngblut et al., 2019). 

 

 
Figure 1. Number of research articles in 5-year periods for different search terms in the Web of Science. The 

baseline search term is ["microbial communities" OR microbiota OR microbiome] while other terms, like “human” 

(see legend) are searched for within the initial baseline search findings. The timeline above the figure indicates the 

most prominent studies and projects relevant for development of the microbiome field (such as Woese, Fox, 1977; 

Stein et al., 1996). 

Regardless of strong phylosymbiosis signals in mammals, in birds and bats the 

microbiomes converged which could be explained by physiological adaptations needed for 

powered flight in both groups (Song et al., 2020). Recent de novo assembly of bacterial 

genomes in gut microbiomes of diverse vertebrate hosts has revealed patterns in microbial 

composition and function based on the host’s taxonomy and traits (Levit et al., 2021). Several 

host classes, including reptiles, host a large reservoir of previously unknown microbes as well 
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(Levin et al., 2021). The higher proportion of unknown microbes in the reptilian microbiomes 

could be attributed to the low depth of sampling in the reptilian hosts (Figure 1). 

Skin is the largest organ and the first line of defense against hazards in the environment 

such as injuries, toxins, UV radiation or pathogens. The microbiome is crucial in vertebrate 

skin barrier maintenance, as it modulates and educates the immune system and protects against 

pathogens through production of antimicrobial compounds (Ross et al., 2019). Along with 

humans and their companion animals, amphibians’ skin microbiome is one of the most studied 

due to common infections with a chytrid fungus that led to staggering population decline in 

frog and salamander populations (Ross et al., 2019; Scheele et al., 2019; Varga et al., 2019). 

The skin microbiome of the marine megafauna is increasingly investigated in humpback 

whales, dolphins, killer whales, and sharks. Humpback whales seem to harbor core bacterial 

communities on their skin (Apprill et al., 2014) that vary in abundance depending on the season 

and geography (Bierlich et al., 2018). In contrast to other cetaceans, in beluga whales, the skin 

microbiome seems to be more variable and without a core microbiome (Van Cise et al., 2020). 

Microbiomes in whales and dolphins seem to be influenced by the host’s phylogeny, however 

the influence of different locations on the microbiome of the same host species was not 

examined by Apprill et al. (2020). The skin microbiomes of the great white and tiger sharks are 

strongly influenced by the microorganisms present in the water column (Pratte et al., 2022), 

while in other shark species, the microbiome is quite distinct from the environment (Storo et 

al., 2021). In leopard sharks, the abundance of microbial taxa within a microbiome varies over 

time, while the functionality remains stable across different time points (Doane et al., 2022). 

Furthermore, Hooper et al. (2019) studied both bacterial and diatom communities from host 

shotgun sequencing data in killer whales and connected an increase in abundance of diatoms in 

individuals with poor skin condition. This shows that examining just the bacterial component 

of the skin microbiome could underestimate the effects of other microbial groups on the host 

(e.g., fungi, protozoa, or microalgae). Interestingly, recent efforts to characterize the skin 

microbial communities of sea turtles have shown that bacteria, diatoms, and other 

microeukaryotes of loggerhead sea turtles differ between the localities of the turtles and whether 

the microbes grow on the skin or the carapace (Van de Vijver et al., 2020; Kanjer et al., 2022). 

Initial studies in marine megafauna skin microbiomes have successfully given first insights into 

the composition of microbial communities, but the impact of the microbial communities on the 

host or vice versa remains to be determined. 

The necessity of ‘wild’ microbiome research is already recognized in evolutionary and 

conservation biology (Hird, 2017; Trevelline et al., 2019). Trevelline et al. (2019) go as far as 
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suggesting that the disruption of host-associated microbial diversity should be considered 

threatening to wildlife populations. With climate change and subsequent habitat devastation 

affecting almost every biome and leading to increased extinction rates (Stork, 2010), it is 

expected host-associated microbes are also under pressure although at an unknown scope. 

Meta-analysis of the endo and epizoic microbiomes of wild hosts in different habitats has shown 

that internal microbiomes can be explained by host phylogeny and immune complexity, diet, 

and climate, while the external microbiomes could be explained by climate (temperature and 

precipitation) (Woodhams et al., 2020). Furthermore, captivity (transient or temporary) is often 

an element of threatened species management, and it is known to alter the microbiome, but it 

is unclear how these changes affect the biology and physiology of the host animal (McKenzie 

et al., 2017). Microbial engineering or microbial stewardship (e.g., prebiotics, probiotics, 

microbiome transplants) are often suggested as tools to mitigate the potential effects of captivity 

or to restore a healthy state in vulnerable hosts (West et al., 2019; Peixoto et al., 2022). 

Integration of the microbial component in traditional conservation efforts is necessary, 

however, to confidently manipulate host-associated microbial communities and mitigate 

associated risks, interdisciplinary exchange of knowledge and resources together with targeted 

implementation is needed (Peixoto et al., 2022). 

1.3. The science (biology and ecology) of extant sea turtles 

1.3.1. Ancient extant marine reptiles govern the global oceans 

There are seven extant species of sea turtles (order Testudines, superfamily 

Chelonioidea) in the world’s oceans: hard-shelled hawksbill (Eretmochelys imbricata), Kemp’s 

ridley (Lepidochelys kempii), olive ridley (Lepidochelys olivacea), green (Chelonia mydas), 

loggerhead (Caretta caretta), flatback (Natator depressus), and soft-shelled leatherback sea 

turtle (Dermochelys coriacea). The work in this thesis is focused on loggerhead sea turtles of 

the Mediterranean Sea; consequently, the features specific to them are emphasized throughout 

this chapter. Loggerhead sea turtles are the largest and most studied hard-shelled sea turtles 

reaching up to 200 kg in weight and 90 cm in average carapace length, but they come second 

to the soft-shelled leatherbacks (Lutz et al., 1996). Currently, all species but the flatback sea 

turtle are considered critically endangered, endangered, or vulnerable according to the IUCN 

2020 (https://www.iucnredlist.org) (IUCN-SSC Marine Turtle Specialist Group, 2020). The 

history of sea turtles dates to 120 million years ago into the Cretaceous era, and the oldest 

known representative is Desmatochelys padillai (Cadena, Parham, 2015). The hallmark of sea 

https://www.iucnredlist.org/


 

 7 

turtle anatomy that separates them from their terrestrial or freshwater relatives is the fusiform 

body shape that allows for less friction and drag during swimming while simultaneously 

restricting protective head and limb retraction. The hard-shelled sea turtles’ carapace (upper 

shell) and plastron (underside part of the shell) consist of bony plates that fuse with the ribs 

covered by a layer of keratinous scales (i.e., scutes) whose patterns (number and position) are 

used for species identification together with head scales and the beak shape. The leatherback 

sea turtle is soft-shelled and instead of bony plates and scutes, the shell consists of blubber 

permeated with small bone plates on top of which lays a thick rubbery layer of skin 

(Lutz et al., 1996). 

The flippers are wide, as back flippers are being used for steering and front for 

propelling with enlarged claws in males used for grasping the female while mating. Sea turtles 

today inhabit both neritic (near shore) and oceanic (offshore) habitats, and commonly progress 

from oceanic habitats as hatchlings to neritic foraging habitats as juveniles and adults, 

depending on resource availability (Wyneken et al., 2012). The beaks of sea turtles reflect their 

diet: loggerheads have wide and strong jaws that can crush diverse prey with harder shells while 

the sharp and narrow beak of hawksbills (hence the name) is specialized for reaching the 

crevices within coral reefs (Wyneken et al., 2012). The globalization of sea turtle research 

enabled an expansion of observed feeding strategies in many species, revealing surprising 

patterns and a wider choice of diet items than previously reported (Wyneken et al., 2012). Sea 

turtles are long-lived, spend 90% of their time submerged (Lutz, Musick, 1996), and are solitary 

except for synchronized mass nestings of hundreds of Kemp’s ridley or olive ridley sea turtles, 

called arribadas. They are slow to reach sexual maturity (up to 10 years in loggerheads) but 

once they do, they return to the nesting beach they originated from (natal homing) often 

migrating over long distances (Wyneken et al., 2012; Hays, Scott, 2013).  

Loggerhead sea turtles can be found globally, with nine distinct subpopulations: North 

Pacific, Mediterranean, Northeast Atlantic, North Indian, South Pacific, Northwest Atlantic, 

South Atlantic, Southwest Indo-Pacific, Southwest Indian (Wyneken et al., 2012). Loggerhead 

hatchlings disperse widely from their rookeries, and according to ocean model simulations the 

largest nesting sites allow easy dispersal to the most productive oceanic habitats (Harrison et 

al., 2021). There is little evidence for mixing of female populations across basins due to high 

nesting site fidelity, while males often copulate with females outside of their ancestral nests, 

therefore connecting regional nesting sites through ‘male-mediated gene flow’ (Bolten et al., 

1998; Bowen, Karl, 2007; Wallace et al., 2010). 
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The Mediterranean population of loggerheads differs from other populations as adult 

females are smaller in size (Casale et al., 2018). Although there is an influx of hatchlings from 

the Atlantic loggerhead population to the Mediterranean Sea, they tend to migrate back to the 

Atlantic and do not return to foraging sites, while Mediterranean turtles rarely transition to the 

Atlantic (Casale et al., 2018). Mediterranean loggerheads nest mostly in Greece, Turkey, Libya, 

and Cyprus, while they forage and winter in the neritic waters of the Adriatic Sea, Tunisia, 

Greece, Turkey, Egypt, and Spain (Carreras et al., 2006; Casale et al., 2018). Recent estimations 

show that there could be more than 8000 loggerhead sea turtle nests in the Mediterranean 

annualy, with estimates of total abundance between 1.2 and 2.4 million individuals (Casale, 

Heppell, 2016; Casale et al., 2018). A spatial density model of loggerhead abundance based on 

aerial and shipboard line transect survey data by the Naval Undersea Warfare Center Division 

(2003-2018) estimates a mean abundance of 994 000 turtles basin wide (Sparks, DiMatteo, 

2020). Due to their current high numbers, the Mediterranean loggerhead sea turtle population 

is considered the least threatened. 

1.3.2. Current threats to sea turtle populations  

While adult sea turtles often lack natural predators due to body size, they are under great 

threat of anthropogenic habitat devastation and climate change. Exploitation of sea turtles for 

food and trade was regulated by Convention of International Trade in Endangered Species of 

Wild Fauna and Flora (CITES) and Red List of the IUCN in 1980’s (Casale et al., 2018). The 

main factors affecting sea turtles today are: (1) habitat degradation due to coastal development, 

tourism, chemical and plastic pollution, especially at nesting sites; (2) hatchling recruitment 

failure due to light pollution-associated disorientation, predation by mammals, and Fusarium 

spp. infections; (3) incidental catch of turtles by fisheries that can lead to entanglement injuries, 

internal injuries, and gas embolism, together with injuries caused by speeding boats; and (4) an 

increase in environmental temperature averages caused by climate change that leads to skewed 

sex ratios i.e., feminization (Casale et al., 2018; Dimitriadis et al., 2018; Gleason et al., 2020).  

Global efforts in sea turtle conservation, which includes rehabilitation in clinics and 

rescue centers, extensive monitoring, and public outreach, seems to have positive results on 

global sea turtle abundance estimates (Mazaris et al., 2017). However, rapidly changing 

environmental conditions and a swift increase in global temperatures could be detrimental to 

turtles and tortoises despite all the conservation efforts – urging for better research and tools 

for enhancing conservation strategies (Rilov et al., 2019; Stanford et al., 2020). 
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1.3.3. Sea turtles as protagonists in scientific studies - from physiology and biologging, to 

commensals 

Innate ability for extended deep dives, long-distance migrating, and natal homing 

sparked research based on data loggers and satellite telemeters attached to sea turtles. In that 

way it is possible to track turtle behavior, biogeography, and population distribution remotely. 

Such studies, along with genetic marker research, enabled description of migratory routes and 

habitats, and facilitated conservation of important habitats (Godley et al., 2008; Wallace et al., 

2010). Besides mapping populations, environmental data loggers attached to sea turtles were 

recently used in efforts to collect data on the surface and subsurface ocean temperatures in situ 

for tropical cyclone prediction (i.e., biologging) (Bousquet et al., 2020). Moreover, sea turtles 

are deeply affected by pollution, especially when it comes to debris and microplastic ingestion 

(Tomas et al., 2001; Lazar, Gračan, 2011; Meaza et al., 2021). Recently, it was discovered that 

bacteria from loggerheads in the Mediterranean Sea harbor high levels of antimicrobial 

resistance genes, even when turtles were not treated with antibiotics, thus expanding the role of 

sea turtles as sentinel species for antibiotic pollution monitoring in marine habitats (Storelli et 

al., 2005; Pace et al., 2019a; Trotta et al., 2021a, 2021b). 

As other marine vertebrates, sea turtles are extensively colonized not only by 

opportunistic pathogens, but also by symbionts, in the gut as well as on the skin and carapace 

(Figure 2). The first reports of macro epibionts (> 1 mm) on sea turtles date back to Darwin in 

the 1850’s (Robinson, Pfaller, 2022). Since then, reports on macro epibionts were sporadic with 

an increase in systematic approach in recent years (Robinson, Pfaller, 2022). It is now known 

that the macro-epibiont assembly (barnacles, red and green algae, bryozoans, cnidarians etc.) 

can reflect migratory routes and habitat preferences (Luschi, Casale, 2014).  

Microbial epibionts are studied less extensively, but there are infrequent reports on 

prokaryotic and eukaryotic microorganisms (meifoauna, diatoms, bacteria) that focus on 

determining microorganismal population patterns for detecting migratory routes or the health 

status of the animal (Robinson et al., 2016; Rivera et al., 2018; Ingels et al., 2020; Van de Vijver 

et al., 2020; Kanjer et al., 2022). Abdelrhman et al., (2016) described the first insights on the 

gut microbiome of loggerhead sea turtles’ feces obtained by 16S rRNA gene amplicon 

sequencing. Since then, there has been an increasing number of studies that describe the 

microbial communities of the sea turtle gastrointestinal tract (Ahasan et al., 2017; Price et al., 

2017; Campos et al., 2018; Arizza et al., 2019; Biagi et al., 2019; Ahasan et al., 2020; 

McDermid et al., 2020; Samuelson et al., 2020; Scheelings et al., 2020a; McNally et al., 2021b; 

Chen et al., 2022), skin lesions (Trotta et al., 2021a), and eggs or nests (Gambino et al., 2020; 
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Vecchioni et al., 2022) encouraged by clinical microbiology practices in sea turtle rehabilitation 

and recent advances in the field of wild microbiomes and conservation. Currently, data on gut 

microbial communities is available for all extant sea turtle species, as each species was sampled 

for at least one sample type: mucosal, fecal, or cloacal. So far, the oral microbiome has only 

been investigated in Kemp’s ridley sea turtles during rehabilitation (McNally et al., 2021a). 

Most of the data collected so far has been obtained by opportunistic sampling of turtles during 

nesting or turtles found as bycatch or injured, which means there are significant gaps in 

sampling different developmental stages, sexes, and localities. 

 

 
Figure 2. The loggerhead sea turtle named Ella, is undergoing sampling before admission to the sea turtle 

rehabilitation and rescue center at the Aquarium Pula, Croatia. The carapace and skin are overgrown by barnacles 

and algae. 

1.4. Loggerhead sea turtles as hosts to microorganisms 

1.4.1. Endozoic microbial communities of loggerhead sea turtles  

 Microorganisms in the gastrointestinal tract of loggerhead sea turtles were first 

investigated in feces and cloacae in turtles undergoing rehabilitation by 16S rRNA gene 

profiling through amplicon sequencing (Abdelrhman et al., 2016; Arizza et al., 2019; Biagi et 

al., 2019) or cultivating bacterial isolates (Pace et al., 2019b; Alduina et al., 2020). The main 

bacterial phyla found in the feces and intestine at the time were reported to be Firmicutes 

(Bacillota corrig. phyl. nov.), Proteobacteria (Pseudomonadota corrig. phyl. nov.), Fusobacteria 
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(Fusobacteriota corrig. phyl. nov.), and Bacteroidetes (Bacteroidota corrig. phyl. nov.) with a 

significant number of Clostridiales indicating dysbiosis (Abdelrhman et al., 2016; Arizza et al., 

2019; Oren, Garrity, 2021). Furthermore, microbial community composition was affected by 

the size of the turtle as measured by CCL (Biagi et al., 2019). Culturing efforts focused mainly 

on opportunistic bacterial and parasitic pathogens in buccal and cloacal swabs, feces, internal 

organs, eggs, and nests with detection of antibiotic resistance both in wild and in turtles 

undergoing rehabilitation (Pace et al., 2019b, 2019a; Alduina et al., 2020; Blasi et al., 2020; 

Trotta et al., 2021b). Recently, Biagi et al., (2021) investigated the impact of ingested plastic 

debris on microbial communities in rescued loggerhead sea turtles and found bacterial 

phylotypes associated with higher proportion of ingested plastic, suggesting that certain 

bacterial taxa, like Cetobacterium somerae, could be used as indicators of plastic ingestion in 

sea turtles. Wild loggerheads seem to differ in gut microbiota depending on geographically 

distinct populations, which is thought to be due to differences in environmental conditions and 

diet (Scheelings et al., 2020b). Contrastingly to previous studies wild loggerhead distal gut 

microbiota is dominated by Proteobacteria (Pseudomonadota corrig. phyl. nov.) and 

Bacteroidetes (Bacteroidota corrig. phyl. nov.), with Fusobacteria (Fusobacteriota corrig. phyl. 

nov.) and Firmicutes (Bacillota corrig. phyl. nov.) less abundant (Scheelings et al., 2020a) albeit 

the sampled population consisted only of nesting females. It is known that fungal and bacterial 

infections can affect hatchling success (Alduina et al., 2020; Gambino et al., 2020) with 

Fusarium spp., Aeromonas spp., Citrobacter spp., and Pseudomonas spp. being the main 

culprits. However, only recently has the microbiota of eggs and nests been investigated in detail 

as to provide a baseline for further culture independent investigation in microbial factors 

affecting hatchling mortality and survival (Vecchioni et al., 2022). 

1.4.2. Epizoic microbial communities of loggerhead sea turtles 

In spite of well-characterized macroepibiont assemblages on sea turtles (Robinson, 

Pfaller, 2022), the investigations on loggerhead carapace and skin microorganisms remain 

scarce. Clinically important microorganisms are investigated by culturing bacterial (Trotta et 

al., 2021b, 2021a) and fungal isolates from skin and carapace lesions, with fungi usually being 

associated with egg mortality (Cafarchia et al., 2020; Gleason et al., 2020). Recently, 

communities of microeukaryotes and/or prokaryotes have started to get investigated by 

microscopy (Ingels et al., 2020; meiofauna), combination of microscopy and metabarcoding 

(Blasi et al., 2021; microeukaryotes and bacteria), or only metabarcoding (Kanjer et al., 2022; 

microeukaryotes and bacteria). Notably, diatoms are the exception as they are often studied in 
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sea turtles through morphological approaches leading to new species descriptions. Diatoms are 

unicellular microalgae (Bacillariophyceae, Stramenopiles) characteristic for their resilient silica 

frustules that remain stable even after the death of the cell. Diatoms are ubiquitous in aquatic 

environments and are responsible for 20% of the annual global oxygen production via 

photosynthesis and carbon cycling (Field et al., 1998; Jin et al., 2006; Tréguer et al., 2018). 

Their phycosphere often harbors distinct bacterial communities as well (Amin et al., 2012; 

Figure 3).  

 

 
Figure 3. Assemblage of Poulinea lepidochelicola diatom cells on the loggerhead sea turtle carapace embedded 

in extensive mucilage. Bacterial cells can also be observed adhering to the mucilage or directly to the diatom cells. 

Morphological analyses of silica frustules to determine the composition of diatom 

communities is used in marine and freshwater biomonitoring, so the same approach was 

initially used in studying diatoms associated with sea turtles. After confirmation that all sea 

turtles harbor diatoms on their surfaces (Robinson et al., 2016), multiple new diatom species 

were discovered, many of whom are considered epizoic (Majewska et al., 2015, 2017, 2018, 

2019). Morphology-based analyses of diatom assemblages in loggerhead sea turtles had shown 

that epizoic diatoms are abundant and diverse (Kaleli et al., 2020; Kanjer et al., 2020) and differ 

based on the locality of the turtles (Van de Vijver et al., 2020). Although diatoms were not 

specifically targeted in the following studies, similar patterns have been observed in culture-

independent surveys of bacterial and microeukaryotic communities based on 16S and 18S 

rRNA gene profiling, respectively (Blasi et al., 2021; Kanjer et al., 2022). 
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1.5. The importance of culturing host-associated microorganisms 

Even though cultivation-independent approaches (e.g., amplicon or metagenomic 

sequencing) for surveying marine host microbiota or microbiome allow for insights into 

community dynamics and potential biological diversity, there is a significant gap between 

sequence-based data and cultivated microbial representatives (Keller et al., 2021). The 

paradigm that only 1% of microorganisms are culturable was based on high unrecognized 

diversity detected by 16S rRNA gene sequencing. However, (Martiny, 2019) urges that the 1% 

paradigm is no longer correct, and many more microbial taxa can indeed be cultured. 

Information on uncultivated microorganisms has propelled the field of microbial ecology and 

evolution (Solden et al., 2016), but cultured representatives are still needed for understanding 

the biology, functions, interactions with the environment (or a host), or for conducting 

experiments.  

In rarely explored habitats such as the marine megafauna, there is a higher incidence of 

previously unknown DNA sequences attributed to microorganisms (Keller et al., 2021; Levin 

et al., 2021). Intense culturing efforts in whales and corals yielded 592 microbial isolates 

(mostly bacterial) that, although biased, still recapitulated the microbial diversity found through 

sequence-based methods (Keller et al., 2021). In diatoms, the need for cultured representatives 

is stressed because of historical description of species based solely on morphology of the cell. 

As described above, diatoms are microalgae with silicate frustules that are predominantly used 

for their identification, but with the development of molecular methods it was recognized that 

DNA barcoding is necessary to recognize cryptic or pseudocryptic species (Mann et al., 2010). 

Metabarcoding of the diatom communities based on chloroplast gene rbcL (RuBisCo large 

subunit gene) on green sea turtles has shown that there is a lack of publicly available reference 

data and failed in detecting diatom taxa that were otherwise detected by microscopy (Rivera et 

al., 2018). The discrepancy between sequence-based data and morphological analyses is not 

unusual and is encountered in freshwater biomonitoring as well (Pérez-Burillo et al., 2020), 

however, the scope of inconsistencies varies with knowledge about the habitat. For example, 

benthic diatoms associated with sea turtles are underexplored in comparison to free-living 

planktonic diatoms, which could lead to a high abundance of misidentified diatom taxa.  

Culturing diatoms, along with other microbes, and contributing to reference databases 

with curated data is therefore unavoidable if high-throughput sequencing approaches are to be 

used for understanding the complete microbiome of the sea turtle host. Beyond enhancing 

culture-independent approaches by cultivation, the addition of cultivable microbial strains to 
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sequence-based data can enable focused experimental approaches to reveal host-microbe 

interactions that span from functional roles of members of the microbiome in health and disease, 

coevolution, microbiome manipulation (“microbial stewardship”), to exploring the 

biotechnological potential of previously unexplored niche habitats (Keller et al., 2021; Peixoto 

et al., 2022). 

1.6. Aims and hypotheses 

The aims and hypotheses of this doctoral thesis are focused on addressing the gaps in 

loggerhead sea turtle endozoic and epizoic microbiome research. To that end, this thesis 

encompasses four scientific publications (I-IV). 

 

Aims:  
1. Analysis of the composition and diversity of endozoic bacterial communities of loggerhead 

sea turtles (Publication I) 

2. Characterization of epizoic diatom and bacterial communities of the skin and carapace of 

loggerhead sea turtles, with a focus on diatom-associated bacteria (Publication II) 

3. Isolation and identification of diatoms found on the skin and carapace of the loggerhead 

sea turtles, establishment of monoculture protocols, and description of newly found diatom 

taxa (Publications II, III, and IV) 

Hypotheses: 
1. Oral microbiota of loggerhead sea turtles is dynamic and reflective of but also distinct from 

the environment, while the cloacal community is more stable (Publication I) 

2. The phycospheres of diatom strains isolated from loggerhead sea turtles maintain the 

bacterial signature of the host they originated from (Publication II) 

3. The microbial communities associated with loggerhead sea turtles are a source of novel 

microbial taxa (Publications II, III, and IV) 
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Publication I contributes to the first aim and hypothesis by characterizing oral and 

cloacal microbial communities of loggerhead sea turtles in the Adriatic Sea. It also contributes 

to first descriptions of oral microbiota of loggerheads, as previous efforts were based solely on 

cultivation of clinically relevant strains and did not inform on the whole community. The 

second aim was explored within Publication II that encompassed an amplicon-based survey of 

diatom and bacterial communities of the skin and carapace. Within Publication II diatom cells 

were isolated, cultivated and identified, directly contributing to the third aim, while the bacterial 

communities of diatom cultures were investigated by amplicon sequencing and cultivation 

contributing to the second aim and second and third hypothesis. Publication III and IV directly 

contributed to the third aim and hypothesis. Publication III describes successful approaches to 

culturing epizoic diatoms from multiple sea turtle hosts and delivers a library of reference 

sequences that can enhance future diatom metabarcoding efforts. In Publication IV one newly 

described epizoic diatom species was reported to be found on loggerhead sea turtles in the 

Adriatic Sea for the first time, and another one was described as a novel species. 
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2. Publications 
 

Publication I  
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RESEARCH ARTICLE

Characterization of oral and cloacal 
microbial communities of wild and rehabilitated 
loggerhead sea turtles (Caretta caretta)
Klara Filek1, Adriana Trotta2, Romana Gračan1, Antonio Di Bello2, Marialaura Corrente2 and Sunčica Bosak1*  

Abstract 
Background: Microbial communities of wild animals are being increasingly investigated to provide information 
about the hosts’ biology and promote conservation. Loggerhead sea turtles (Caretta caretta) are a keystone species 
in marine ecosystems and are considered vulnerable in the IUCN Red List, which led to growing efforts in sea turtle 
conservation by rescue centers around the world. Understanding the microbial communities of sea turtles in the wild 
and how affected they are by captivity, is one of the stepping stones in improving the conservation efforts. Describing 
oral and cloacal microbiota of wild animals could shed light on the previously unknown aspects of sea turtle holobi-
ont biology, ecology, and contribute to best practices for husbandry conditions.

Results: We describe the oral and cloacal microbiota of Mediterranean loggerhead sea turtles by 16S rRNA gene 
sequencing to compare the microbial communities of wild versus turtles in, or after, rehabilitation at the Adriatic Sea 
rescue centers and clinics. Our results show that the oral microbiota is more sensitive to environmental shifts than 
the cloacal microbiota, and that it does retain a portion of microbial taxa regardless of the shift from the wild and into 
rehabilitation. Additionally, Proteobacteria and Bacteroidetes dominated oral and cloacal microbiota, while Kiritima-
tiellaeota were abundant in cloacal samples. Unclassified reads were abundant in the aforementioned groups, which 
indicates high incidence of yet undiscovered bacteria of the marine reptile microbial communities.

Conclusions: We provide the first insights into the oral microbial communities of wild and rehabilitated loggerhead 
sea turtles, and establish a framework for quick and non-invasive sampling of oral and cloacal microbial communities, 
useful for the expansion of the sample collection in wild loggerhead sea turtles. Finally, our investigation of effects of 
captivity on the gut-associated microbial community provides a baseline for studying the impact of husbandry condi-
tions on turtles’ health and survival upon their return to the wild.

Keywords: Microbiota, Bacterial diversity, Reptile, Rehabilitation, Adriatic Sea, Conservation

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Background
Microbial communities associated with vertebrates can 
influence host’s evolution, development, immune system 
maturation, physiology, nutrient acquisition, health and 
disease [1, 2]. It is estimated that the host’s collection of 

bacteria could contain at least 100 times the genes as in 
the host’s genome, often adding to the metabolic func-
tions’ repertoire, e.g. biochemical pathways in nutrient 
acquisition [3]. Moreover, we can consider the host and 
its microbial commensals as a distinct biological entity 
(holobiont and hologenome) susceptible to the processes 
of natural selection [4, 5].

Most studies of microbial communities have focused 
on the distal gut of humans or captive mammals [2, 6] 
but there are recent growing efforts in investigations of 
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free-ranging wild animals. Wild animals are sensitive to 
environmental perturbations caused by climate change 
and anthropogenic habitat disruption, therefore inves-
tigating wild animal-associated microbial communities 
contributes to improving existing conservation efforts 
[7, 8]. Current research covering major vertebrate groups 
reveal evidence for co-phylogeny of mammals and their 
microbial communities, microbiome convergence in 
birds and bats, while microbial assemblages of non-mam-
malian hosts (e.g. reptiles) are mostly influenced through 
diet and the environment [9, 10]. Marine animals are per-
manently immersed in seawater environment, making the 
microbial dynamics different from those of land-dwelling 
animals [11]. As expected, marine mammals have been 
the focus of most vertebrate microbial community stud-
ies that undertook a wider sampling effort of body sites 
other than the distal gut or feces [12–16]. In comparison 
to other vertebrates, reptiles are still underrepresented 
in studies of their bacterial communities [6, 17], espe-
cially large marine reptiles, such as sea turtles. Sea tur-
tles are large-bodied, long-lived marine top predators, 
considered as a keystone species, with critical roles in 
ecosystem processes such as bioturbation, bioaccumula-
tion, energy flow, trophic status and mineral cycling [18]. 
Loss of foraging and nesting sites, increasing global tem-
peratures, and bycatch are major threats for sea turtles’ 
survival. Currently, there are seven extant sea turtle spe-
cies listed on the IUCN Red List of "reatened Species 
[19]: Kemp’s ridley (Lepidochelys kempii) and hawksbill 
sea turtles (Eretmochelys imbricata) are critically endan-
gered; the green turtle (Chelonia mydas) is considered to 
be endangered; loggerhead (Caretta caretta), olive ridley 
(Lepidochelys olivacea) and leatherback (Dermochelys 
coriacea) sea turtles are listed as vulnerable, while data 
are deficient for the flatback sea turtle (Natator depres-
sus). "e efforts of sea turtle rescue and rehabilitation 
initiatives facilitate access for sea turtle-focused research 
[20] and, consequently, studies on microbial communi-
ties of sea turtles are increasing.

To date, microbial assemblages of the sea turtle gut 
have been described by sequencing the 16S rRNA genes 
of fecal or cloacal samples in wild, stranded [21, 22], and 
rehabilitated green sea turtles [23, 24], in juveniles under-
going an ontogenetic shift from pelagic to neritic habitats 
[25, 26], and mucosa-associated bacterial communities 
in stranded green turtles [27]. Additionally, there are 
reports on the gut microbiota of Kemp’s ridley turtles 
undergoing rehabilitation [28] and nesting flatback tur-
tles [29, 30]. Loggerhead sea turtles’ fecal and gut micro-
bial communities have been studied mostly in stranded 
animals or undergoing rehabilitation in the Mediter-
ranean Sea [31–33] with recent reports on nesting 
females of the USA and Australian populations [30, 34]. 

Furthermore, Scheelings and colleagues have performed 
one of the most comprehensive studies on the distal gut 
microbial communities of all seven species of the sea tur-
tles reporting phylogenetic aspects of sea turtle microbi-
ome evolution [34].

"e focus of this study is on the loggerhead sea turtles’ 
oral and distal gut microbiota in both recently caught 
and turtles undergoing rehabilitation at the Adriatic Sea 
turtle rescue centers. In addition to distal gut (cloacal) 
samples, we sampled the buccal (oral) cavity as there 
are no known reports on 16S rRNA profiling for oral 
microbial communities in sea turtles to the date of this 
study. Cultivation-based approaches have shown that 
oral bacterial communities of loggerhead sea turtles in 
the Mediterranean harbor antibiotic-resistant bacterial 
strains and common opportunistic pathogens [35, 36]. 
NGS amplicon sequencing of resistant bacterial isolates 
showed that injured Adriatic Sea loggerheads’ wounds 
contain bacteria with multiple antibiotic resistance genes 
[37]. Aforementioned reports emphasize the idea of sea 
turtles as sentinel species that can be studied as indica-
tors of marine health and pollution [35]. To fill in the gap 
in understanding the loggerhead sea turtle microbiota, 
we provide data on loggerhead oral microbial communi-
ties as the oral cavity is the first line in transitioning from 
external to internal environments of the turtle. "e aims 
of this study were to describe oral and cloacal microbial 
communities of loggerhead sea turtles and compare them 
between incidentally caught or stranded and captive ani-
mals undergoing rehabilitation. Additionally, we investi-
gated the impact of short-term rehabilitation period on 
loggerhead microbiota, which could clarify the dynam-
ics of the loggerhead sea turtles’ commensal microbes in 
relation to the turtles’ changing environment.

Methods
Target population
We sampled loggerhead sea turtles from the Adriatic Sea 
that were found floating, stranded on beaches or inciden-
tally caught by fishing boats and then transported to the 
regional veterinary clinic or rescue center: "e Sea Turtle 
Clinic (STC) of the Department of Veterinary Medicine 
of University of Bari “Aldo Moro” (Italy) and the Marine 
Turtle Rescue Center Aquarium Pula (Croatia). Samples 
collected immediately upon arrival to the treatment facil-
ity are considered “wild” as they were taken close to the 
time of turtle capture and marked as “before” samples in 
further analyses and text. All turtles were examined for 
injuries and relevant information were collected during 
sampling. Healthy individuals were released within 24 h, 
while others were kept under observation (“short-term 
rehabilitation”) or longer rehabilitation until recovered 
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from injuries. List of sampled turtles is presented in 
Table 1 with an indication of release day.

Sampling of 12 loggerhead turtles (Table  1) was per-
formed by trained personnel during December 2018 and 
January 2019 in accordance with the 1975 Declaration of 
Helsinki, as revised in 2013, and the applicable national 
laws.

Loggerheads’ enclosure description
At the STC (Italy) the hospitalized turtles were kept in 
individual plastic tanks (approximately 1.5  m in diame-
ter and 1 m in depth) with clean artificial saltwater (tap 
water with added NaCl at least up to 35 ppt salinity). "e 
saltwater was changed every 2–3 days, with routine tank 
cleaning and disinfecting between saltwater changes. At 
the Marine Turtle Rescue Center Aquarium Pula (Croa-
tia), the hospitalized turtle was kept in an individual 
plastic tank (2 m in diameter, 1.5 m in depth) with local 
seawater pumped and purified through the Aquarium’s 
filtration systems. "e tank was occasionally cleaned by 
scrubbing the algal overgrowth and grime off the tank 
walls. All turtles in the study were fed with diverse foods 
ranging from frozen (herring, codfish, mullet) or fresh 
fish food (squid, pilchard, and mackerel).

Sample collection
"e loggerheads’ cloacal and oral swab samples were col-
lected either upon arrival of the turtle to the center (fur-
ther regarded to as cloacal before, CB; oral before, OB) or 
within the rehabilitation period (after the turtle has spent 
time in the rescue center, further regarded to as cloacal 
rehabilitated, CR; oral rehabilitated, OR). When possible, 
we collected tank water during the rehabilitation period 
(further regarded to as tank water, W).

Oral swab samples were collected by gentle rotating 
of sterile dry cotton or synthetic swabs (Aptaca Nuova, 
Italy) on the tongue and palate mucosa, while cloacal 
samples were collected by inserting the swabs approxi-
mately 10  cm into the cloaca and rotating (Additional 
file  2: Figure S1). "e swabs were collected in triplicate 
and stored individually in 97% ethanol at − 20  °C until 
DNA extraction. Samples of the tank water were col-
lected prior to routine tank cleaning or during oral and 
cloacal sampling, in sterile containers and kept cool 
until arrival to the lab and filtering. Sampled tank water 
(250  ml) was vacuum filtered on a 45  mm in diameter, 
0.2  μm pore-size sterile Whatman polycarbonate mem-
brane filter (Sigma-Aldrich). Filters were carefully folded 
with sterile forceps and stored in 96% ethanol at − 20 °C 
until further processing. In total, 12 loggerhead turtles 
were sampled: three turtles were sampled twice (upon 
arrival and during rehabilitation), nine turtles were sam-
pled once (five upon arrival, four during rehabilitation), 

and tank water samples were collected from three tur-
tle enclosures (Table  1). Cloacal samples were collected 
from all turtles and sampling periods, while we could not 
obtain oral samples from three turtles (Table  1; ID010, 
ID034, and ID040).

DNA extraction and sequencing
Prior to DNA extraction the ethanol was removed from 
the tubes by pipetting (after centrifugation) and evapora-
tion under laminar flow hood for 24 h. DNA from the fil-
ters and swabs was extracted with the DNeasy PowerSoil 
Kit (Qiagen) according to the manufacturer’s instruc-
tions with several modifications: (1) after transferring 
the swabs and filters to the PowerBead Tube the samples 
were incubated for 15 min at 65  °C, (2) instead of bead-
beating PowerBead Tubes were vortexed horizontally for 
10 min at maximum speed, and (3) all downstream incu-
bation times at 2–8  °C were increased to 15  min. DNA 
was extracted from each swab and filter individually, 
and DNA concentrations were measured by NanoDrop 
ND-1000 V3.8 spectrophotometer ("ermoFisher). For 
samples with low DNA yield, triplicate DNA isolates 
were pooled together and concentrated according to 
the troubleshoot section of the DNeasy Powersoil Kit 
instructions. Extracted DNA was sent for PCR, library 
preparation, and 250 × 2 paired-end Illumina MiSeq v2 
setup sequencing of the V3-V4 region of 16S rDNA with 
primers 341F_ill (5′-CCT ACG GGNGGC WGC AG-3′) 
and 805R_ill (5′-GAC TAC HVGGG TAT CTA ATC C-3′) 
[38] to Microsynth (Switzerland).

Sequence analysis
Demultiplexed sequences with removed adapters and 
linker sequences were obtained from the Microsynth 
sequencing facility and quality checked with FastQC [39]. 
Upon inspection, reverse sequences were shown to be of 
insufficient quality and length in some samples, there-
fore only forward reads were used in downstream analy-
ses with QIIME 2 2020.2 [40]. Forward demultiplexed 
reads (Casava 1.8 single-end demultiplexed fastq for-
mat) were imported to QIIME 2 and summarized using 
q2-demux plugin followed by denoising with DADA2 
q2-dada2 plugin [41]. Forward sequences were trimmed 
at 5’ end for 10  bp (primer removal) and truncated to 
240 bp that produced a final sequence length of 230 bp. 
DADA2 dereplication produced amplicon sequence vari-
ants (ASVs) analogous to 100% operational taxonomic 
units (OTUs) [42]. ASVs were aligned with mafft [43] (via 
q2-alignment) and used to construct an unrooted phy-
logeny tree with fasttree2 [44] (via q2-phylogeny). Tax-
onomy was assigned to ASVs via q2-feature-classifier [45] 
classify-sklearn naïve Bayes taxonomy classifier against 
the SILVA ribosomal RNA sequence database (v. 132) 
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[46]. Mitochondrial and chloroplast sequences were fil-
tered out via q2-taxa prior to calculating alpha and beta 
diversity metrics via q2-diversity plugin.

Alpha diversity measurements, including Shannon’s 
diversity index, observed ASVs, and Faith’s phylogenetic 
diversity, were used for inspecting rarefaction curves to 
determine suitable sampling depth, and the differences 
between sampling sites were tested by Kruskal–Wallis H 
test. Beta diversity analyses were performed on rarefied 
dataset to 3200 sequences per sample to eliminate bias 
of different sampling depths [47, 48]. Comparisons of 
microbial communities were performed through Bray–
Curtis, unweighted and weighted UniFrac [49, 50] Princi-
pal Coordinate Analyses (PCoA) via q2-diversity plugin. 
Due to intrinsic compositionality of microbial commu-
nity datasets obtained by sequencing [51] we used an 
additional beta diversity analysis on non-rarified data 
through Robust Aitchison Principal Component Analysis 
(robust PCA; rPCA) via q2-deicode plugin [52]. Robust 
PCA is based on centered log-transformation and matrix 
completion, while retaining feature loadings that may 
discern between potential microbial niches. "e analysis 
was performed after the exclusion of features with less 
than ten reads across samples. Log-ratios of rPCA fea-
ture loadings were inspected through q2-qurro plugin 
[53]. "e permutational multivariate analysis of variance 
(PERMANOVA) was used to analyze beta diversity sta-
tistical differences via q2-diversity plugin, with the Ben-
jamini–Hochberg false discovery rate (FDR) correction 
for multiple comparisons. Core features and genera (pre-
sent in 80% or 85% of samples per sampling site) were 
determined via q2-feature-table plugin. All plots were 
visualized with ggplot2 [54] in RStudio (v. 1.3.959) and 
EMPeror [55].

Results
A total of 744 531 high-quality reads were obtained for 15 
cloacal, 11 oral, and three tank water samples (29 samples 
in total). "e samples had a mean (± SE) 25 673 ± 3 265 
sequences per sample that were clustered to 4476 ASVs 
(Additional file 1). Predominant phyla of cloacal samples 
consisted of Proteobacteria, Bacteroidetes, Kiritimatiel-
laeota, Firmicutes and Spirochaetes (> 90% of all cloacal 
sequences). Oral samples’ predominant phyla were Pro-
teobacteria, Bacteroidetes and Planctomycetes (> 90% of 
all oral sequences), while tank water exhibited high prev-
alence of Proteobacteria, Bacteroidetes and Epsilonbac-
teraeota (> 90% of all tank water sequences). Taxa within 
phyla varied among individuals, sampling sites, and sam-
pling periods (Additional file 1).

Alpha diversity metrics (Shannon’s diversity, observed 
features, Faith’s PD) were calculated for sampling sites; 
cloacal, oral, and tank water. No significant difference 

was observed (p > 0.05, Kruskal–Wallis H test) for dif-
ferent sampling sites in either of alpha diversity metrics 
tested (Additional file 2: Table S2). Tank water did exhibit 
higher variation than cloacal and oral samples, possibly 
due to sample size and differences in origin (artificial salt-
water in Italy vs. filtered sea water in Croatia that showed 
greater diversity) (Fig.  1), but it was not significantly 
different from other sampling sites (Additional file  2: 
Table S2).

Bacterial communities of cloacal samples tended to 
cluster together, regardless of the sampling period, but 
oral sample communities showed some separation based 
on sampling before or during rehabilitation according to 
PCoA plots (Figs. 2a, 3) and rPCA biplot (Fig. 2b). Tank 
water samples did not show a visible pattern for Bray–
Curtis PCoA or Robust Aitchison PCA (Fig.  2), but for 
UniFrac PCoA the samples tended to cluster near oral 
samples (Fig.  3). Feature loadings of Robust Aitchison 
PCA represent highly ranked individual ASVs, mostly 
uncultured Gammaproteobacteria, Rhodobacteraceae, 
and members of the Kiritimatiellae WCHB1-41 group 
(Fig. 2b).

Based on PERMANOVA (with 999 permutations) 
bacterial communities differed significantly (p < 0.05) 
between sampling sites and periods (cloacal before, 
CB; cloacal rehabilitated, CR; oral before, OB; oral 
rehabilitated, OR; tank water, W) for all used dis-
tance metrics tested (Bray–Curtis p = 0.001, pseudo-
F = 2.37; Robust Aitchison p = 0.002, pseudo-F = 3.68; 
unweighted UniFrac p = 0.001, pseudo-F = 2.38; weighted 
UniFrac p = 0.001, psuedo-F = 3.59). Pairwise PER-
MANOVA testing for sampling site and period groups 

Fig. 1 Alpha diversity (Shannon index, observed ASVs, Faith’s 
Phylogenetic Diversity) of loggerhead cloacal (purple), oral (yellow), 
and tank water (blue) samples. Filled diamond indicates sample 
median with lines extending to the upper and lower quartile of 
sample distribution
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differed between metrics used with the most conserva-
tive result obtained from Robust Aitchison distance 
that detected a significant difference only between CR 
versus OB (p = 0.005, pseudo-F = 12.27) and CB versus 

OB (p = 0.005, pseudo-F = 10.40). Bray–Curtis distance, 
unweighted and weighted UniFrac distances pairwise test 
results showed a significant difference for CB versus OR 
and OR versus OB in addition to the same sampling site 

Fig. 2 Comparison of microbial diversity in loggerhead cloacal, oral and tank water samples a principal coordinate analysis (PCoA) plot of Bray–
Curtis distances and b principal component analysis (PCA) biplot of robust Aitchison distances with loadings as individual highly ranked ASVs

Fig. 3 Comparison of microbial diversity in loggerhead cloacal, oral and tank water samples. Principal component analysis (PCoA) plot of a 
Unweighted Unifrac and b Weighted Unifrac
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and period conditions that were observed with Robust 
Aitchison distance pairwise testing. No significant dif-
ference was detected between CB and CR samples. Out 
of all tested metrics, Bray–Curtis and unweighted Uni-
Frac pairwise test results showed a significant difference 
(p < 0.05) among W versus CB, CR, and OB. We detected 
no significant difference between W and OR samples, 
which points to the effects of tank water on the oral 
microbiota of turtles in rehabilitation. Summary of pair-
wise PERMANOVA tests per distance metric is shown 
in Additional file 2: Table S3. Visual inspection of natural 
log ratios of up to 20% top and bottom feature loadings 
of the Robust Aitchison PCA biplot (Fig. 2b) shows clear 
segregation of oral before and oral rehabilitated samples 
(5%, 10%, and 20% top and bottom features on rPC1), and 
similar log-ratio values of all cloacal samples to oral reha-
bilitated samples (20% top and bottom features on rPC2) 
(Fig. 4).

Bacterial communities were distributed across eleven 
dominant phyla present at > 1% relative abundance in at 
least one sampling site (Fig. 3). All sampling sites shared 
dominant phyla Proteobacteria, Bacteroidetes, and to 
a lesser extent Epsilonbacteraeota (Table  2). Firmicutes 
were shared between cloacal and oral samples, while 
tank water and oral samples shared Actinobacteria. Spe-
cific to cloacal samples were Kiritimatiellaeota, Spiro-
chaetes and Lentisphaerae phyla, oral samples harbored 

Planctomycetes, and tank water Patescibacteria and Ver-
rucomicrobia (Fig. 5).

Further, bacterial taxa classified to genera (or the next 
available classification level) present at > 2% relative 
abundance in at least one sampling site and period condi-
tions indicate taxa specificity to habitat and, on the other 
hand, the possibility of sharing bacterial taxa of the turtle 
endomicrobiota with the environment (e.g. Bizionia in 
oral rehabilitated and tank water bacterial communities) 
(Table 3). WCHB1-41 taxon (phylum Kiritimatiellaeota) 
was shown to be almost exclusive for cloacal samples 
(even though turtle ID010 has not had any sequences 
of that taxon detected), along with Treponema 2, Aero-
monas, unclassified Aeromonadales, Desulfovibrio, 
unclassified Rikenellaceae, and Bacteroides genus. Oral 
samples often shared taxa with cloacal and tank water 
samples with noticeable differences in relative abundance 
of Pseudoalteromonas and unclassified Helieaceae that 
was not found at > 2% in cloacal samples or tank water. 
Interestingly, only tank water harbored Bermanella as it 
was not detected in cloacal nor oral samples (Table  3). 
Based on PERMANOVA results (Additional file  2: 
Table  S3), wild oral samples (before) and oral micro-
biota during rehabilitation differ significantly, which 
is also reflected in relative abundances of microbial 
taxa abundance (Table  3). Wild oral samples harbored 
more Bacteroidales, Tenacibaculum, Rhodobacteraceae, 

Fig. 4 Natural log-ratios (plotted by QURRO) of loggerhead samples’ top and bottom 5%, 10%, and 20% of feature loadings on rPC1 and rPC2 of 
Robust Aitchison PCA biplot feature loadings by sampling site and period: CB, cloacal before; CR, cloacal rehabilitated; OB, oral before; OR, oral 
rehabilitated; W, tank water
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Gammaproteobacteria and Halieaceae, in comparison to 
oral samples from turtles in rehabilitation, which showed 
greater abundance of Bizionia, Pseudoalteromonas, She-
wanella, Pseudomonas, and Vibrio, similar to cloacal and 
tank water samples (Table 3).

Cloacal samples exhibited two core ASVs (present 
in more than 85% of samples (12/15)); Kiritimatiel-
lae WCHB1-41 and Treponema 2. Oral samples did 
not show any core ASVs at 85% cutoff, but at 80% (8/11 

samples) four putative core ASVs were detected, belong-
ing to Gammaproteobacteria, Rhodobacteraceae, Pseu-
doalteromonas, and Halieaceae.

Core taxa collapsed to genus level (present in more 
than 85% of samples per sampling site) for cloacal sam-
ples consisted of uncultured WCHB-41, Desulfovibrio, 
Bacteroides, Shewanella, Treponema 2, Psychrobacter, 
uncultured Cardiobacteriaceae, uncultured Rikenel-
laceae, uncultured Clostridiales vadin BB60 group, and 
unassigned Lachnospiraceae. Oral samples putative core 
genera were Tenacibaculum, Flavobacterium, and unclas-
sified Halieaceae. Genera present both in cloacal and oral 
samples are Vibrio, Marinifilum, Fusibacter and Arcobac-
ter (see Additional file 3).

Discussion
#e results of our research on the microbiota of log-
gerhead sea turtles show that oral and cloacal microbial 
communities differ, and that oral microbial assemblages 
are less stable than cloacal in regard to the turtles’ chang-
ing environment (wild versus veterinary clinic enclo-
sures). We provide the first insights into oral bacterial 
communities of incidentally caught wild loggerhead sea 
turtles and deliver information on how the oral micro-
biome might respond to short-term rehabilitation in the 
recovery rescue centers. While most previous studies 
from the Mediterranean were based on gut microbiome 
from sick turtles found stranded or dead [31–33] this 
paper mostly encompasses loggerheads from the wild, 

Fig. 5 Relative abundances (%) of bacterial phyla present (> 1% on average per sampling site) in loggerhead cloacal, oral and tank water samples. 
Turtle ID suffix indicates the sampling site and period (before or during/after rehabilitation) as follows: CB, cloacal before; CR, cloacal rehabilitated; 
OB, oral before; OR, oral rehabilitated; W, tank water

Table 2 Bacterial phyla of loggerhead sea turtle cloacal and oral 
samples, and tank water samples from the rescue centers present 
at > 1% relative abundance on average per sampling site

Values represent mean percentage ± SE, with mean values above 1% in bold

Bacterial phyla Cloacal (n = 15) Oral (n = 11) Tank water (n = 3)

Actinobacteria 0.52 ± 0.18 1.37 ± 0.31 1.09 ± 0.87
Bacteroidetes 21.74 ± 2.16 33.88 ± 2.43 30.26 ± 4.33
Epsilonbacte-

raeota
2.48 ± 0.63 2.02 ± 0.57 4.15 ± 3.36

Firmicutes 6.74 ± 1.35 1.75 ± 0.37 0.22 ± 0.08

Kiritimatiellaeota 12.78 ± 4.04 0.46 ± 0.39 0.03 ± 0.03

Lentisphaerae 1.99 ± 0.72 0.14 ± 0.06 0.06 ± 0.03

Patescibacteria 0.17 ± 0.08 0.60 ± 0.24 1.83 ± 1.83
Planctomycetes 0.08 ± 0.04 1.65 ± 1.06 0.63 ± 0.61

Proteobacteria 48.60 ± 6.21 56.08 ± 3.19 58.62 ± 1.56
Spirochaetes 3.30 ± 1.47 0.44 ± 0.14 0.01 ± 0.01

Verrucomicrobia 0.03 ± 0.01 0.30 ± 0.14 1.14 ± 0.97
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incidentally caught during fishing activities. !us, we 
consider microbial communities in samples taken prior 
to admission to the rescue center or clinic as a close rep-
resentative of the wild microbiome, comparable to recent 
studies on wild, nesting, adult loggerhead females intes-
tinal microbiome [30, 34]. Only two turtles in this study 
had to be hospitalized for longer periods due to head 
injuries (turtle code ID010) or leeches parasitization (tur-
tle code ID023). On the other hand, oral microbiota of 
sea turtles has not yet been explored by 16S rRNA gene 
sequencing, while it has been investigated in the freshwa-
ter Krefft’s river turtle (Emydura macquarii krefftii) and 
pond slider turtle (Trachemys s. scripta) [56, 57].

In our study, alpha diversity metrics did not show 
significant differences between oral and cloacal body 
sites or sampling periods (before and during rehabilita-
tion). !is could be explained by the size of our target 

population (relatively small), with juveniles and adults 
of similar nutritional status, which is insufficient for dis-
covering potential characteristics that could be associ-
ated with microbial diversity of samples on this level. In 
oral microbiomes, ID023 turtle sample is an outlier with 
much higher microbial diversity, which may be linked 
with its rehabilitation in the WWF care facility where it 
was undergoing freshwater treatment for leeches removal 
prior to admission to the rescue center where it was sam-
pled. Tank water samples from the Aquarium Pula local 
circulating seawater showed much higher diversity with 
frequent marine microbial taxa, in comparison to water 
from the STC in Bari that harbored non-circulating arti-
ficial saltwater. Further, aquarium seawater tank exhib-
ited a similar trait to seawater samples in a study by Biagi 
et  al. [33], having a higher diversity of low abundance 
phyla. Aquarium tank water also had higher abundances 

Table 3 Bacterial taxa of loggerhead sea turtle cloacal and oral, and tank water samples classified to the genus (or higher taxonomic 
level) present at > 2% average relative abundance in at least one sampling site and period category (before or wild and during 
rehabilitation)

Values represent mean percentage ± SE, with mean values above 2% in bold

ND not detected

Bacterial taxa Cloacal samples Oral samples Tank water

before (n = 9) rehabilitated (n = 6) before (n = 7) rehabilitated (n = 4) rehabilitated (n = 3)

Phylum Bacteroidetes

 Bacteroidales; unclassified 1.86 ± 0.60 2.45 ± 1.07 2.21 ± 0.28 0.19 ± 0.09 0.30 ± 0.24

 Bacteroides 2.09 ± 0.61 1.73 ± 0.76 0.10 ± 0.10 ND 0.13 ± 0.13

 Marinifilum 1.56 ± 0.55 4.23 ± 1.87 1.37 ± 0.54 0.74 ± 0.32 0.54 ± 0.37

 Rikenellaceae; unclassified 3.03 ± 1.29 1.10 ± 0.73 0.14 ± 0.13 ND 0.03 ± 0.03

 Flavobacteriaceae; unclassified 2.22 ± 0.88 1.94 ± 0.33 13.78 ± 2.93 11.54 ± 4.45 6.79 ± 1.70
 Bizionia ND 1.29 ± 0.77 0.03 ± 0.03 11.51 ± 4.27 6.25 ± 6.04
 Flavobacterium 0.10 ± 0.05 0.84 ± 0.49 2.23 ± 2.12 2.16 ± 1.07 5.70 ± 5.26
 Tenacibaculum 0.39 ± 0.13 0.50 ± 0.15 3.44 ± 1.96 0.81 ± 0.24 2.77 ± 2.18

Phylum Kiritimatiellaeota

 WCHB1-41; unclassified 15.45 ± 6.13 8.56 ± 4.26 0.69 ± 0.61 0.02 ± 0.02 0.03 ± 0.03

Phylum Proteobacteria

 Rhodobacteraceae; unclassified 1.69 ± 0.98 1.08 ± 0.24 8.18 ± 1.63 4.45 ± 1.32 3.47 ± 1.41
 Desulfovibrio 2.76 ± 0.65 1.54 ± 0.59 0.37 ± 0.15 0.07 ± 0.07 0.08 ± 0.08

Gammaproteobacteria; unclassified 11.03 ± 5.02 22.69 ± 6.90 13.83 ± 2.50 3.33 ± 2.01 2.96 ± 2.10
 Aeromonadales; unclassified 0.19 ± 0.19 4.74 ± 4.35 ND 0.01 ± 0.01 ND

 Aeromonas 3.56 ± 3.46 0.01 ± 0.01 0.44 ± 0.44 ND 0.03 ± 0.03

 Colwellia 0.21 ± 0.20 0.04 ± 0.03 0.32 ± 0.18 0.81 ± 0.40 3.29 ± 2.94
 Pseudoalteromonas 2.16 ± 1.55 2.94 ± 1.12 1.70 ± 1.04 19.52 ± 7.69 3.13 ± 2.19
 Shewanella 1.54 ± 0.55 7.15 ± 2.07 1.76 ± 1.74 3.86 ± 2.07 0.77 ± 0.68

 Halieaceae; unclassified 0.07 ± 0.06 0.03 ± 0.02 2.16 ± 0.62 1.68 ± 0.92 0.02 ± 0.02

 Bermanella ND ND ND ND 6.20 ± 6.20
 Pseudomonas 0.68 ± 0.33 1.63 ± 0.81 2.95 ± 2.95 5.82 ± 1.99 14.10 ± 7.58
 Vibrio 7.24 ± 3.09 3.07 ± 1.01 1.40 ± 0.50 8.43 ± 4.17 1.09 ± 0.44

Phylum Spirochaetes

 Treponema 2 3.12 ± 2.29 2.22 ± 1.02 0.12 ± 0.11 ND ND
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of phyla Planctomycetes and Patescibacteria which were 
observed mostly in oral samples before hospitalization. 
!erefore, the aquarium recirculating tank water could 
present a more “natural” marine habitat rather than the 
tanks with artificial seawater.

Beta diversity metrics consistently showed separation 
of cloacal and oral microbiomes but with different sig-
nificance detection between sampling period depending 
on the metric tested by PERMANOVA. Beta diversity 
measures used in most sea turtle microbiome studies are 
still Bray–Curtis dissimilarity, unweighted, and weighted 
Unifrac even though they do not account for the compo-
sitionality of microbiome datasets obtained by sequenc-
ing [51]. Due to data compositionality, we decided on 
presenting already widely accepted beta diversity met-
rics PCoA along with the robust Aitchison distance 
PCA,argued to be a better choice for compositional data 
[52, 58]. Our combined results indicate strong differences 
between wild cloacal microbiota versus both oral sample 
periods. Moreover, no significant differences were found 
among tank water and oral rehabilitated microbiota, 
which emphasizes the impact of the environment on oral 
microbiota of loggerhead sea turtles.

Reptile oral microbiomes were considered to be influ-
enced by the prey fecal microbiome but Zancolli et  al. 
[57] observed distinct species-specific patterns in snakes 
and freshwater turtles that undermine the assumption 
that reptiles’ oral cavity is a passive reservoir of microbes. 
As sea turtles are mostly submerged and in close con-
tact with the water medium (sea), we hypothesized that 
oral microbiome would resemble the environment. As 
expected, oral samples clustered based on sampling 
period with samples before rehabilitation clustered closer 
to the aquarium free-circulating tank water while oral 
rehabilitated clustered closer to tank water of enclosures 
with non-filtered artificial seawater (Bray–Curtis and 
unweighted Unifrac PCoA). No significant differences 
were observed between oral and tank water samples, but 
specific bacterial taxa not found in tank water suggest 
that the oral microbiome consists, at least partially, of 
endogenous and transitional microbes from the environ-
ment. Proteobacteria and Bacteroidetes, abundant in oral 
microbiota in our study, were also dominantly present 
in the oral microbiome of Krefft’s river turtle, which was 
markedly different from the external turtle microbiome 
and the environment [56]. Comparisons beyond phylum 
level show that Krefft’s river turtle and pond slider turtle 
share Burkholderiaceae and Weeksellaceae families not 
detected in our study [56, 57] while Flavobacteriaceae are 
shared between Kreffts and loggerheads.

In our study, we detected high abundances of ASVs 
which could not be classified to genera but only to higher 
taxonomic ranks: Bacteroidales, Flavobacteriaceae, 

Rhodobacteraceae, and Gammaproteobacteria. Highly 
abundant oral ASVs often overlapped in classification 
with highly abundant taxa in water tanks, but the actual 
taxonomic diversity between those groups remains to 
be determined as overly unclassified reads could impli-
cate a high incidence of yet undiscovered bacteria, or 
insufficient sequence length required for successful tax-
onomical identification. Interestingly, the genus Pseu-
doalteromonas was more abundant in oral microbiomes 
of rehabilitated turtles, while unclassified Halieaceae 
were more abundant in oral microbiomes before reha-
bilitation than in any other sample type. Halieaceae are 
often found in coastal, neritic environment, deep-sea 
waters, and in demersal animals (e.g. sponges) [59, 60], 
hence, they could be easily transported from the marine 
environment and into the oral cavity. Pseudoalteromonas 
spp. are marine bacteria known for production of anti-
microbial substances with many of the species found in 
association with marine eukaryotes [61] which has been 
proposed as beneficial to its marine hosts [62]. It is pos-
sible that the low abundance taxa in wild oral microbiota 
are enriched by the veterinary clinic’s enclosure environ-
ment conditions; temperature and nutrient availability 
are relatively stable in comparison to the turtle’s natural 
habitat. Other taxa that had higher abundances were also 
notably present in cloacal (Vibrio spp., Shewanella spp.) 
or tank water samples (Pseudomonas spp., Bizionia spp.), 
which could be transient and non-specific for oral micro-
biome. At this point, little data are available to compare 
aquatic turtles’ oral microbiomes beyond the superficial 
taxonomic levels, and according to our results habitat 
has a significant effect on the sea turtle oral microbiota. 
Additional sampling across many different groups of 
turtles and their habitats would be needed to decouple 
the effects of the habitat from the intrinsic and possibly 
representative oral microbes. Even though effects of oral 
microbial communities on the host have been described 
in humans and other mammals, it is unknown what roles 
reptile microbiome may have, especially in marine spe-
cies [15, 63].

Cloacal microbiome samples did not show any sig-
nificant clustering of different sample traits in our study 
design, which is consistent with previous reports [31, 
32], but there have been reports on effects of the CCL 
on cloacal microbiota clustering [33]. As sea turtles often 
exhibit ontogenetic habitat shift and transit from pelagic 
to neritic prey, the change in the microbiota regarding 
to the size and age of the individual could be explained 
by changed preferences in habitat and food. In juve-
nile green turtles, there is a significant variation in cloa-
cal microbiomes between pelagic and neritic habitats 
and transition to herbivorous lifestyle [25]. Additionally, 
green turtles in rescue centers exhibit a microbiome shift 
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depending on the type of food they receive during reha-
bilitation, where the fecal microbiome constitutes of bac-
terial communities prepped for higher protein content 
as the recovering turtles are fed mostly seafood, but the 
community shifts to communities known for metaboliza-
tion of plant polysaccharide upon introduction of plant 
food near the end of the recovery [24]. !e developmen-
tal shift from pelagic to neritic habitats of loggerheads 
in the central Mediterranean Sea is more relaxed, where 
juveniles have a short epipelagic stage but later choose 
the habitat opportunistically, according to food availabil-
ity and oceanographic features [64]. Consequently, shal-
low north-central Adriatic Sea enables early recruitment 
to the neritic habitats where rich and diverse benthic 
pray is available even to small juveniles (< 30  cm) [64]. 
Presented microbiome of Adriatic Loggerheads seems 
to confine with satellite tracking and tagging studies that 
suggest long-term residence of both adults and juveniles 
in the shallow neritic Adriatic, with seasonal migra-
tions along the Italian coast to the south during winter 
[65]. Hence, the differences observed in fecal, cloacal and 
intestinal microbial communities between loggerheads 
sampled in the central Mediterranean [31, 32], Australia, 
or USA [30, 34], may be partially explained by highly 
opportunistic feeding nature and food availability for 
sampled turtle populations.

!e most comprehensive loggerhead microbiota stud-
ies from geographically and genetically distinct healthy 
nesting females [30, 34], usually linked to neritic feed-
ing grounds, reported that microbial communities of the 
sea turtle gut are dominated by Proteobacteria, followed 
by Spirochaetes, Bacteroidetes and Actinobacteria. !is 
coincides with our results on wild and early rehabilitation 
microbial profiles of cloacal samples. On the other hand, 
microbial communities dominated by higher proportions 
of Fusobacteria, Firmicutes, and Bacteroidetes with low 
abundance of Proteobacteria may be considered atypical 
and describe fecal microbiota of rehabilitated or stranded 
turtles, connected with the turtle health status [31–33].

!e only study on loggerhead microbiome from 
the Adriatic Sea [33] on fecal microbial communi-
ties of stranded or turtles captured in trawling nets 
showed high abundance of Firmicutes and Fusobac-
teria, while Bacteroidetes and Proteobacteria were 
not pronounced. A significant portion of microbial 
taxa they reported belonged to Cetobacterium and 
Clostridium genera, which were not observed in our 
study. Since these Adriatic loggerheads shared a simi-
lar ecological niche and foraging habitats, described 
non-Proteobacteria dominated microbiome [33] prob-
ably arises from their health status, changes in immu-
nity, rehabilitation treatments, recorded period of 
starvation, and sampling feces rather than the intestine 

or cloaca. In our study, we detected two putative core 
cloacal ASVs belonging to WCHB1-41 and Treponema 
2; while uncultured Clostridiales and Lachnospiraceae 
were detected as putative core taxa and were not overly 
abundant. Within phylum Bacteroidetes, major com-
ponents were Bacteroides, which have been observed 
in loggerhead fecal microbiomes [32, 33] and mam-
malian microbiome [66], Marinifilum spp. (commonly 
found in seawater), unclassified Rikenellaceae (special-
ized for the digestive tract of different animals) [67] and 
unclassified Flavobacteriaceae found in a wide variety 
of habitats. Interestingly, a major proportion of reads 
in cloacal samples belonged to the novel Kiritimatiel-
laeota phylum (formerly in Verrucomicrobia) and were 
identified as uncultured eubacterium WCHB1-41 [68]. 
Uncultured WCHB1-41 have been found in equine 
vaginal and distal gut microbiome, and rumen of cattle 
[69–71]. Verrucomicrobia have been found in logger-
head cloacal and fecal samples [33, 34] and it is possible 
that at least a portion of Verrucomicrobia reads would 
be classified as Kiritimatiellaeota if SILVA v.132 was 
used to assign the taxonomy, as in this study and study 
by Arizza et al. [32].

When discussing the representative microbiome of the 
turtle gut, it is important to discern between the fecal 
microbiome that is often affected by food composition 
[24] and is a better descriptor of gut lumen microbi-
ome, versus the microbial communities attached to the 
mucosa and in direct contact with the host, which might 
or might not be influenced by the shifts in habitat, envi-
ronment and food type availability [72]. In our study, we 
used swabs for both oral and cloacal samples rather than 
feces, as collecting swab samples is less time-consum-
ing in comparison to collecting fecal samples, relatively 
non-invasive to the turtle and may be performed during 
fieldwork or within rescue centers. Our results show that 
cloacal swabs might be sufficient to describe microbial 
communities as a proxy to feces and intestinal samples, 
which would allow for wider and less invasive sampling 
of loggerheads. Sampling wild microbial communities 
of loggerheads (among other sea turtles and reptiles in 
general) is necessary to gain basic insights into reptile 
microbiomes. A recent study in bacterial communities of 
wild animals via de-novo metagenome assembly showed 
that wild microbiomes are a resource for novel bacte-
rial species and biological functions [17]. Furthermore, 
when identifying unknown bacterial genomes of Reptilia 
microbiota consisted predominantly of novel microbial 
members and are under sampled in most meta-micro-
biome studies [6, 9, 17]. Higher abundances of unclassi-
fied members of Proteobacteria, Bacteroidetes and other 
phyla might then prove to be reservoirs of novel bacterial 
species with interesting features.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.

 
  



 

 30 

Page 12 of 14Filek et al. anim microbiome            (2021) 3:59 

Microbial community studies should inform conserva-
tion efforts and rehabilitation facilities in ways to improve 
treatments, housing conditions, and preparation for the 
release of rehabilitated turtles. In this study, we show 
that the oral microbiota is potentially less stable and 
more prone to the acquisition of external microbial taxa 
in comparison to the relatively stable cloacal microbiota. 
Implications and effects of long-term rehabilitation of 
turtles in tanks with non-circulating artificial seawater on 
the turtles are still unknown and should be investigated 
further. Due to the sensitivity of oral microbiota to exter-
nal conditions it should be noted that local circulating 
seawater should be preferred in rescue centers whenever 
possible, to preserve and enrich bacterial communities.

Conclusions
Our work provided the first insights into oral and cloacal 
microbiota of incidentally caught and mostly healthy log-
gerhead sea turtles before admission to the rescue center 
or clinic and after rehabilitation. Other studies focused 
on hospitalized, dead, and stranded Mediterranean log-
gerheads [31–33] while our research provided mostly 
healthy, wild microbiota information as in recent studies 
on nesting female loggerheads [30, 34]. We showed that 
cloacal microbiota remains relatively stable during short-
term hospitalization, which has been shown in previous 
studies. Even though loggerhead oral microbial com-
munities do not completely resemble the microbiota of 
the turtle’s environment, they are dynamic and change 
swiftly as they accommodate taxa from a new environ-
ment. Furthermore, cloacal and oral swabs are sufficient 
for description of microbial communities of loggerheads 
and allow quick and non-invasive sampling. As reptile 
microbial communities are still less investigated, wild 
sea turtle microbiota characterization provides essen-
tial information for the expansion of our knowledge on 
sea turtle biology and guidelines on how to improve on 
the conservation efforts for these vulnerable, and highly 
important keystone species in marine ecosystems.
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80% cutoff, respectably) and collapsed to the genus level (85% cutoff). 

Can be accessed at https://doi.org/10.1186/s42523-021-00120-5  
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Figure S1. 

Table S2.  

 Cloacal Oral Tank water p H 

Shannon 6.41 ± 0.66 6.65 ± 0.66 6.53 ± 1.11 0.75 0.59 

Observed ASVs 230.93 ± 55.44 237.64 ± 138.24 262.33 ± 189.82 0.89 0.24 

Faith's PD 17.30 ± 3.27 17.24 ± 7.72 22.85 ± 17.02 0.89 0.24 

 

Table S3.  

  
Bray-Curtis Robust Aitchison unweighted 

UniFrac weighted UniFrac 

Groups n pseudo-F p-value pseudo-F p-value pseudo-F p-value pseudo-F p-value 

CB vs. CR 15 1.120 0.284 0.200 0.931 1.094 0.278 0.492 0.804 
CB vs. OR 13 2.490 0.008** 2.280 0.186 2.426 0.016* 4.227 0.013* 
CB vs. OB 14 3.630 0.005** 10.400 0.005** 3.890 0.003** 6.656 0.005** 
CR vs. OB 13 3.970 0.008** 12.270 0.005** 4.020 0.003** 7.487 0.005** 
CR vs. OR 12 2.400 0.005** 2.280 0.186 1.908 0.051 4.148 0.024* 
OB vs. OR 11 2.830 0.008** 3.450 0.153 2.167 0.003** 3.972 0.007** 
W vs. CR 10 1.870 0.008** 2.180 0.186 2.156 0.016* 2.730 0.093 
W vs. CB 11 1.840 0.011* 2.050 0.186 2.233 0.016* 2.761 0.054 
W vs. OR 8 0.940 0.424 0.060 0.971 1.040 0.405 0.691 0.804 
W vs. OB 9 2.580 0.012* 3.600 0.186 2.091 0.016* 2.324 0.054 
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Abstract
Diatoms and bacteria are known for being the #rst colonizers of submerged surfaces including the skin of marine reptiles. Sea turtle
carapace and skin harbor diverse prokaryotic and eukaryotic microbes, including several epizoic diatoms. However, the importance
of diatom-bacteria associations is hardly investigated in bio#lms associated with animal hosts. This study provides an inventory of
diatoms, bacteria and diatom-associated bacteria originating from loggerhead sea turtles using both metabarcoding and culturing
approaches. Amplicon sequencing of the carapace and skin samples chloroplast gene rbcL and 16S rRNA gene detected, in total, 634
diatom amplicon sequence variants (ASVs) and 3661 bacterial ASVs, indicating high diversity. Cultures of putative epizoic and non-
epizoic diatoms contained 458 bacterial ASVs and their bacterial assemblages re$ected those of their host. Diatom strains allowed
for enrichment and isolation of bacterial families rarely observed on turtles, such as Marinobacteraceae, Alteromonadaceae and Alcanivo-
racaceae. When accounting for phylogenetic relationships between bacterial ASVs, we observed that related diatom genera might
retain similar microbial taxa in culture, regardless of the turtle’s skin or carapace source. These data provide deeper insights into the
sea turtle-associated microbial communities, and reveal the potential of epizoic bio#lms as a source of novel microbes and possibly
important diatom-bacteria associations.

Keywords: bacteria diatom interactions, diatoms, epizoic bacteria, epizoic communities, phycosphere

Introduction
Associations of bacteria and microbial eukaryotes (protists) are
common across different environments including marine habi-
tats (Husnik et al. 2021). Despite the extent of genomic and
metabolic diversity of microbial eukaryotes, and their impor-
tance in biogeochemical cycles, most of the information on host-
microbe associations has been acquired from studies on animal
hosts, particularly the digestive system of mammals (Thompson
et al. 2017, Husnik et al. 2021). However, bacterial associations
with microbial eukaryotes have been increasingly studied in cili-
ates, amoeba, dino!agellates and diatoms, traditionally in terms
of endosymbiosis (as plastids or housed within the host cyto-
plasm, nucleus or mitochondria) and as ectosymbionts (microal-
gal phycosphere). The range of host-bacteria interactions span
from bene"cial, commensal, to harmful (e.g. B12 vitamin produc-
tion by bacteria, utilization of host-derived organic matter, com-
petition for resources, antimicrobial compounds production by
hosts), sometimes even expanding the host’s metabolic "toolbox",
but the types of interactions are often overlapping and dif"cult to
decouple (Amin et al. 2012, Seymour et al. 2017, Henry et al. 2021,
Husnik et al. 2021, Boscaro et al. 2022).

Diatoms (Bacillariophyceae) are essential and omnipresent pri-
mary producers in aquatic environments, responsible for approx-
imately 20% of oxygen production and 40% of primary produc-
tion and particulate carbon export (Field et al. 1998, Jin et al. 2006,

Tréguer et al. 2018). The bulk of research on planktonic diatoms
in the water column and benthic diatoms inhabiting sediment
bio"lms revealed the importance of diatom-bacteria interactions
(Amin et al. 2012, Durham et al. 2017, Osuna-Cruz et al. 2020) and
bacterial in!uence on diatoms’ community composition and pro-
ductivity (Koedooder et al. 2019, Majzoub et al. 2019), growth and
cell division (Amin et al. 2015, van Tol et al. 2017) and sexual repro-
duction (Cirri et al. 2018, 2019), while diatoms can directly mod-
ulate the bacterial community via secondary metabolite produc-
tion (Fei et al. 2020, Shibl et al. 2020). Efforts in elucidating the
diatom-bacteria associations and interactions are still restricted
to somewhat familiar systems of laboratory cultures, plankton or
sediment, while studies that expand the diatom-bacteria associ-
ations repertoire in other habitats remain scarce.

Marine vertebrates have been reported to be extensively colo-
nized by diatoms along with other macro- and microorganisms
as reported by morphology-based approaches and metabarcod-
ing (Frick and Pfaller 2013, Rivera et al. 2018, Hooper et al. 2019,
Blasi et al. 2021, Robinson and Pfaller 2022; Kanjer et al. 2022).
There are multiple reports on novel diatom taxa associated with
sea turtles and their potentially exclusive epizoic lifestyle as they
have not yet been found elsewhere (Majewska et al. 2015, 2017,
2020, Riaux-Gobin et al. 2021). Microbial diversity observed on ma-
rine vertebrate epidermis suggests marine animals could be "hot
spots" for microbial diversity and interactions in often nutrient-
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poor open seas (Keller et al. 2021). In this study we focused on
surface microbial communities of loggerhead sea turtles in the
Adriatic Sea. Reports on prokaryotic and microeukaryotic data on
loggerhead sea turtles show diatoms make up a noticeable portion
(up to 25%) of microbial eukaryotes on the carapace and skin of
loggerheads, often within complex bio!lms dominated by bacte-
rial phyla Proteobacteria (classes Gammaproteobacteria and Al-
phaproteobacteria), Bacteroidota, Bdellovibrionota, Cyanobacte-
ria and Firmicutes (Blasi et al. 2021; Kanjer et al. 2022). It is still
unknown if sea turtle-associated microbial epizoic communities
have any effect on their host or vice versa, including putative epi-
zoic diatoms. Nonetheless, it is becoming clear that loggerhead
sea turtle carapace and skin are dynamic and microbially rich en-
vironments with the potential to act as a reservoir of diverse and
novel microbial species (Kanjer et al. 2022). Insights into the bio-
diversity of marine vertebrate host-derived diatoms and diatom-
associated bacteria are still lacking, even though they could be
crucial for understanding the biology and lifestyle of epizoic di-
atoms.

The aim of this study was to provide an inventory of diatom,
bacterial and diatom-associated bacterial communities originat-
ing from several loggerhead sea turtles via marker gene micro-
bial pro!ling (RuBisCO large subunit gene rbcL and 16S rRNA gene)
and cultivation. The main objective of this study was to examine
the microbial community structure on the surface of loggerhead
sea turtles by isolating and cultivating turtle-associated diatom
strains, pro!ling the bacterial communities associated with in-
dividual diatom strains in culture, and isolating and cultivating
bacteria from several diatom strains. This multilayered approach
provides a deeper understanding of sea turtle epizoic bio!lm po-
tential as a source of novel microbes, source-to-culture bacte-
rial shifts in diatom strains and potentially important diatom-
bacteria associations in epizoic bio!lms.

Materials and methods
Loggerhead sea turtle carapace and skin
sampling
The samples in this study were collected from four loggerhead
sea turtles in the Adriatic Sea during 2019 and are a part of the
larger dataset presented in Kanjer et al. (2022). Living samples of
carapace (randomized collection across the whole surface) and
skin (head, neck and "ippers) bio!lms used for diatom cell isola-
tions were collected by sterile toothbrushes and resuspended in
50-ml conical sterile tubes containing !ltered sea water (Table 1).
Individual turtles have a unique identi!cation number pre!xed
by "ID", while carapace and skin samples identi!cation numbers
are pre!xed by "TB" (see the columns "Turtle ID" and "Source sam-
ple (ID)" in Table 1). Samples intended for microbial metabarcod-
ing were collected as described above and resuspended in 50-ml
sterile conical tubes containing 96% ethanol for preservation at
−20◦C until further processing, as described in the Kanjer et al.
2022. Live samples intended for diatom isolation were diluted in
sterile f/2 culture medium (Sigma-Aldrich, Germany) (Guillard’s
medium for diatoms; Guillard 1975) with salinity matching the
sample collection source, either in sterile petri dishes (LLG, Ger-
many) or "at bottom transparent 6- or 24-well plates (Guangzhou
Jet Bio-Filtration, China) and incubated at 18–20◦C at 7–10 µmol
m2 s–1, 12 : 12 (light: dark) cycle.

Diatom isolation, culturing and identi!cation
Establishing monoclonal diatom cultures
Diatoms were isolated from the diluted carapace and skin source
samples within the next 8–10 weeks by weekly screenings using

an inverted light microscope (Olympus CKX41, Olympus, Tokyo,
Japan) and manual isolation of single diatom cells by micropipet-
ting (Andersen 2005). Monoclonal xenic cultures were established
by passaging a single cell through multiple series of sterile f/2
medium that facilitated removal of visible eukaryotic contam-
inants and preservation of bacteria in the diatom phycosphere
(Andersen 2005). For the remainder of the study, diatom strains
were grown in 25- or 75-cm2 cell culture "asks (VWR Avantor,
USA), in 17 or 50 ml f/2 medium, respectively, at conditions as de-
scribed above. Upon reaching higher densities (late exponential
or stationary phase) the strains were subcultured. The cultures
were subsampled for morphological and molecular analyses upon
reaching late exponential phase by pelleting and removing the
excess culture medium. Pellets for morphological analyses were
stored at 4◦C in at least 70% EtOH, while pellets for marker gene
analysis were stored at −20◦C in 96% EtOH. All diatom strains in
this study (Table 1, column "Diatom strain ID") are available at
the BCCM/DCG culture collection (https://bccm.belspo.be/about
-us/bccm-dcg; see Table S1 for extended metadata and Table S2
for culture collection codes). The diatoms’ identi!cation number
throughout this manuscript is pre!xed by "DM", which stands for
"diatom monoculture".

Diatom identi!cation via morphology and rbcL sequencing
Diatom silicate frustules were cleaned of organic matter follow-
ing Simonsen’s cleaning method (Simonsen 1974, Hasle 1978). Di-
atom samples (5 ml volume in ethanol) were washed with dis-
tilled water prior to adding an equal volume of saturated KMnO4

solution and incubating for 24 h at room temperature. After 24 h,
an equal volume of concentrated HCl was added to the samples,
which were heated over an alcohol burner "ame, and then washed
with distilled water until neutral pH (approximately !ve times).
Permanent slides were prepared by drying cleaned frustules on
22×22 mm coverslips (Hirschmann, Germany) and mounting with
Naphrax (Brunel Microscopes Ltd, Chippenham, UK). Permanent
slides were analyzed with Zeiss Axio Imager A2 with DIC and an
Axiocam 305 digital camera (Carl Zeiss, Jena, Germany). Stubs for
scanning electron microscopy analyses were prepared by drying
cleaned frustules onto 3-µm pore size (13 mm in diameter) nu-
cleopore polycarbonate membrane !lters (Pleasanton, CA, USA)
before sputter-coating. Dried !lters were mounted on aluminium
stubs with carbon tape and sputter-coated with platinum (10 nm)
using a Precision Etching and Coating System, PECS II (Gatan Inc.,
Pleasanton, CA, USA). The specimens were analyzed with a JEOL
JSM-7800F scanning electron microscope (JEOL, Tokyo, Japan).

For molecular identi!cation via the rbcL gene, diatom DNA
was extracted from the pellets by DNeasy Plant Mini Kit (Qia-
gen) following the manufacturer’s instructions with an extra pre-
processing bead beating step for disrupting the diatom colonies
and frustules. The pellets were mixed with 0.5 g of 1.0-mm glass
beads (Qiagen) in a sterile 2-ml safe lock microtube and vortexed
horizontally at maximum speed for 10 min prior to continuing
with the manufacturer’s protocol. The extracted DNA was used as
a template to amplify the rbcL marker as described in Theriot et al.
(2015). The initial PCR reactions were performed in 25-µl volume
reactions consisting of 1 µl of DNA template, 12.5 µl of Takara
EmeraldAmp Master Mix 2x (Takara Bio, Japan), 0.5 µl primers
rbcL40+ and rbcL1444- (0.2 µM !nal concentration) and 10.5 µl
of sterile dH2O, while nested PCR reactions were performed in 50
µl (double the reagents for the 25-µl reaction) with a similar set up
as above but different reverse primer rbcL1255- (see Table S3 for
the primers list). The thermocycling conditions for the initial reac-
tion were 94◦C for 5 min, 30 cycles of 98◦C for 10 sec, Ta

(initial)=50◦C
or Ta

(nested)=50◦C for 60 sec, 72◦C for 2 min and !nal extension at
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Table 1. Description of diatom strains used in this study. Turtle ID includes carapace and skin source samples taken from a single turtle.

Diatom strain
ID Turtle ID Source sample (ID) Scienti!c name Host relation∗∗

Time from
isolation to

harvest (days)
Bacterial
isolates

DM0150 ID010 Carapace (TB139) Achnanthes squaliformis epizoic 388 yes
DM0177 ID010 Carapace (TB139) Achnanthes squaliformis epizoic 332 yes
DM0178 ID010 Skin (TB140) Nitzschia sp. non-epizoic 343 no
DM0179 ID010 Skin (TB140) Entomoneis sp. non-epizoic 332 no
DM0052 ID034 Carapace (TB89) Achnanthes elongata epizoic 667 no
DM0053 ID034 Carapace (TB89) Achnanthes elongata epizoic 682 yes
DM0054 ID034 Carapace (TB89) Achnanthes elongata epizoic 673 no
DM0060 ID034 Carapace (TB89) Achnanthes elongata epizoic 647 yes
DM0070 ID034 Carapace (TB89) Amphora sp. 1 non-epizoic 649 no
DM0077 ID034 Skin (TB90) Poulinea lepidochelicola epizoic 644 yes
DM0123 ID047 Carapace (TB115) Diploneis sp. non-epizoic 503 no
DM0129 ID047 Carapace (TB115) Diploneis sp. non-epizoic 507 yes
DM0136 ID047 Carapace (TB115∗) Diploneis sp. non-epizoic 512 no
DM0147 ID047 Carapace (TB115∗) Fallacia sp. non-epizoic 495 yes
DM0168 ID073 Carapace (TB155) Achnanthes elongata epizoic 365 no
DM0170 ID073 Carapace (TB155) Achnanthes elongata epizoic 367 yes
DM0181 ID073 Carapace (TB155) Psammodictyon

panduriforme
non-epizoic 340 yes

DM0182 ID073 Carapace (TB155) Amphora sp. 2 non-epizoic 356 no
DM0183 ID073 Carapace (TB155) Psammodictyon sp. non-epizoic 333 yes

∗In case of ID047 a second carapace sample was obtained a month after the initial one (TB115) and it did not undergo NGS sequencing.
∗∗Host relation status (epizoic or non-epizoic) is based on Ashworth et al. (2022; at https://doi.org/10.21203/rs.3.rs-1041030/v2)

72◦C for 15 min. The amplicons were puri!ed by the NucleoSpin
Gel and PCR cleanup kit according to the manufacturer’s instruc-
tions (Macherey-Nagel, Dueren, Germany). Puri!ed products were
sent for Sanger sequencing with primers rbcL404+ and rbcL587-
to Macrogen (http://dna.macrogen-europe.com).

Diatom strains identi!ed as Achnanthes elongata, Achnanthes
squaliformis and Poulinea lepidochelicola were considered to be ex-
clusively epizoic diatoms, while other diatoms were categorized
as non-epizoic for the purposes of this study based on Ashworth
et al. (2022).

Microbial community pro!ling in source samples
and diatom strains
Source samples processing and amplicon sequencing
Carapace and skin samples (preserved in ethanol) were collected
and processed within the Kanjer et al. study (2022). Brie"y, total
DNA was extracted using the DNeasy PowerSoil kit (Qiagen) fol-
lowing the manufacturer’s guidelines with several modi!cations
and sent for amplicon sequencing of the V4 region of the 16S rRNA
gene by 515F and 806R primers (Apprill et al. 2015, Parada et al.
2016). Within this study, to gain information on diatom commu-
nity composition, a portion of the same DNA was used to sequence
a 312-bp barcode of the rbcL gene by combining the forward (Di-
atrbcL1F_708F_1, DiatrbcL2F_708F_1 and DiatrbcL3F_708F_1) and
reverse (DiatrbcL1R_708F_1 and DiatrbcL2R_708F_1) primers from
the Vasselon et al. (2017) study into one forward primer (5′-A
GGTGAAYWAAAGGTTCWTAYTTAAA-3′) and one reverse primer
(5′-CCTCTAATTTACCWACNACWG-3′), as listed in Table S3. The
sequencing was performed on the Illumina platform with MiSeq
250×2 bp paired-end chemistry at MrDNA (TX, USA).

Diatom monoclonal cultures total DNA extraction and am-
plicon sequencing
Diatom strains were maintained in culture for at least a year and
passed several rounds of subculturing before harvesting the pel-

let for bacterial pro!ling (Tables 1 and S1). The strains were then
grown in duplicates in 75-cm2 cell culture "asks as described
above and were harvested upon reaching the late exponential
phase. The cells were collected and pelleted in 50-ml conical ster-
ile tubes by centrifuging at 5000 g for 10 min prior to removing
the supernatant. The pellet was transferred to a sterile 2 ml mi-
crotube, pelleted again by centrifuging at 16 000 g for 10 min with
supernatant removed and then stored at −80◦C until DNA extrac-
tion. The DNA was extracted by DNeasy PowerLyzer Microbial kit
(Qiagen) following the manufacturer’s instructions with several
modi!cations: the cultures were disrupted by bead-beating with
a mixture of sharp carbon and glass beads at 30 Hz, SL buffer was
heated to 60◦C before use and the elution buffer was incubated on
the !lter for 5 min before centrifugation and !nal elution of DNA.
The quality and quantity of DNA were checked with Nanodrop
and Qubit prior to sending each replicate’s DNA for sequencing of
the V4 region of 16S rRNA gene with the 505F and 806R primers
(Apprill et al. 2015, Parada et al. 2016) at Microsynth (Switzerland).

Bacterial cultivation from diatom monoclonal cultures
To survey the culturable bacteria within the diatom cultures, 10
diatom cultures (Table 1) were harvested in the late exponential
phase and used to culture bacteria. The diatom cultures were
grown as described above in 25-cm2 cell culture "asks (15–20 ml
f/2) in duplicate and, upon reaching suf!cient density, harvested
in 15-ml conical sterile tubes for further processing.

To increase the chances for successful bacterial isolation, two
approaches were used in diatom pellet pre-treatment before cul-
turing bacteria: crushing and washing the pellets.

Crushed pellets: The 15-ml tube was centrifuged at 8000 g for
10 min before removing the supernatant up to 1 ml of residual
pellet and media. The 1 ml of material was transferred to a 1.5-ml
sterile microtube and centrifuged at 16 000 g for 5 min before re-
moving the residual supernatant. The pellet was then crushed by
a sterile plastic pestle attached to an electric screwdriver for 5 sec.
After crushing the pellet, the material was resuspended in 200 µl
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of sterile 0.9% NaCl solution and serially diluted. One hundred µl
of each serial dilution (from 100 to 10–6) was plated on Marine Agar
(MA; Difco, Detroit, USA) plates and incubated at 20◦C for 48 h, and
then if growth was visible the plates were incubated at 15◦C for 96
more hours, or if growth was not visible the plates were incubated
at 20◦C for 96 more hours.

Washing pellets: The pellet was transferred to a round bottom
sterile tube prior to washing several times with 10 ml sterile 0.9%
NaCl solution (8000 g 10 min, three times), after which the pellet
was resuspended in 1 ml of 0.9% NaCl and serially diluted before
plating on the MA. The incubation and growth conditions were as
described above.

Single bacterial colonies were inspected under a stereo mi-
croscope, replated and incubated for 2–6 days (until growth was
visible) at 20◦C. Once pure, bacterial strains were collected from
plates into MicrobankTM vials (Fischer Scienti!c) for cryopreser-
vation. Some colonies of the pure strains were collected using a
pipette tip and resuspended in an alkaline lysis buffer for DNA
extraction (Niemann et al. 1997).

For identi!cation of the bacterial isolates 16S rRNA genes were
ampli!ed by PCR using pA (8f) and pH (20r) (Edwards et al. 1989)
primers in 25-µl volume reactions. The PCR reactions contained 2
µl of alkaline lysis DNA template, 2.5 µl of dNTPs, 2.5 µl of Qiagen
PCR buffer 10x, 0.25 µl of 10 µM primers, 0.5 µl of Qiagen Taq DNA
polymerase and 17 µl Milli-Q water. The thermocycling conditions
were: intial step 95◦C for 5 min, three cycles of 95◦C for 1 min, 55◦C
for 2 min 15 sec, 72◦C for 1 : 15 min, 30 cycles of 95◦C for 35 sec,
55◦C for 2 min 15 sec, 72◦C for 1 min 25 sec and a !nal exten-
sion of 72◦C for 7 min. The products were inspected on agarose gel
and puri!ed using Nucleofast PCR puri!cation plates (Macherey-
Nagel, Dueren, Germa) according to the manufacturer’s instruc-
tions. For initial identi!cation, the V1-V3 region was sequenced
with BLK1 primer (Cleenwerck et al. 2007) at Euro!ns Genomics
(https://euro!nsgenomics.eu/). In a second round the amplicons
were completely sequenced with additional primers (Coenye et al.
1999). All primers used in this study are listed in Table S3.

Bioinformatic and data analyses
Diatom and bacteria marker gene sequences processing
Sequences for rbcL gene obtained by Sanger sequencing were in-
spected for quality and assembled into a contig in Geneious Prime
v. 2022.0.2. 16S rRNA sequences were assembled and checked for
quality using BioNumerics 7.6.3 (Applied Maths) and identi!ed
using EZBioCloud (Yoon et al. 2017; https://www.ezbiocloud.net).
The sequences were aligned in AliView v. 1.28 (Larsson 2014) us-
ing MUSCLE (Edgar 2004). To be able to compare the diatom and
bacterial cultures marker genes with amplicon-based next gener-
ation sequencing (NGS) data, the full length rbcL and 16S rRNA
gene sequences were trimmed to their corresponding NGS re-
gions in AliView. Maximum likelihood phylogenetic trees for full
length marker gene sequences were generated by IQ-TREE (us-
ing ModelFinder and UFBoot2=1000) and visualized by Interac-
tive Tree of Life (iTOL) (Nguyen et al. 2015, Kalyaanamoorthy et
al. 2017, Hoang et al. 2018, Letunic and Bork 2021). GenBank ac-
cession codes for all diatom and bacterial strains can be found in
Table S2.

Amplicon sequencing bioinformatic and statistical analyses
Source sample (carapace and skin) sequences obtained from
MrDNA were pre-processed by FASTqProcessor (MrDNA) to re-
move all non-biological sequences (primers, linkers, adapters)
prior to importing the data to QIIME 2 in "EMP protocol" multi-

plexed paired end fastq format. The carapace and skin 16S rRNA
gene amplicon sequencing data obtained from Kanjer et al. (2022)
were processed independently within this study to be able to com-
pare them with the amplicon sequencing data of diatom cultures.
Diatom cultures sequences obtained from Microsynth were al-
ready trimmed and were imported to QIIME 2 in the Cassava 1.8
paired end demultiplexed format. Both rbcL and 16S rRNA gene
sequencing data were processed with QIIME 2 v. 2021.4 (Bolyen
et al. 2019), with the same tools but with speci!c parameters
for each sequencing batch described in detail in resources pro-
vided in the Data and code availability section. The imported se-
quences were demultiplexed by q2-demux and denoised by q2-
dada2 (DADA2; Callahan et al. 2016), which produced amplicon
sequence variants (ASVs, 100% operating taxonomic units). Up
to this point each sequencing batch was processed separately to
reduce denoising errors and were merged accordingly after the
DADA2 output; diatom source samples (carapace and skin) rbcL
amplicon sequencing in one group; 16S rRNA gene diatom mon-
oclonal culture samples in the second group and source samples
(carapace and skin) 16S rRNA gene amplicon sequencing data in
the third group (see Data and code availability). Further, analy-
ses of 16S rRNA gene amplicon sequencing data were performed
separately for diatom culture replicates, merged diatom replicates
data, source samples data and merged diatom and source sam-
ples data. Sequences were aligned by MAFFT (Katoh 2002) and
FastTree2 in q2-phylogeny plugin was used to construct a phy-
logenetic tree (Price et al. 2010). Taxonomy was assigned to ASVs
through q2-feature-classi!er (Bokulich et al. 2018, Robeson et al.
2021) classify-sklearn naive Bayes taxonomy classi!er in SILVA v.
138 99% 505F-806R nb classi!er (Pruesse et al. 2007) for 16S rRNA
gene reads and Diat.barcode v. 10 for diatom rbcL reads (Rimet et
al. 2019). Reads assigned to chloroplasts and mitochondria were
removed from the 16S rRNA amplicon sequencing data before fur-
ther processing.

To investigate alpha and beta diversity the whole 16S rRNA
amplicon sequencing dataset was rare!ed to 32 660 reads per
sample based on inspection of rarefaction curves via q2-diversity
plugin. Alpha diversity indices (Shannon’s entropy, Pielou’s even-
ness, Faith’s phylogenetic diversity, observed ASVs) were calcu-
lated via q2-diversity plugin. Beta diversity was explored via q2-
diversity plugin on rare!ed data with Bray-Curtis, Jaccard, un-
weighted UniFrac, weighted UniFrac (Lozupone and Knight 2005,
Lozupone et al. 2011) and generalized UniFrac (Chen et al. 2012)
distances. Unrare!ed data were analyzed through robust Aitchi-
son distance via q2-deicode plugin to cater for the composition-
ality of amplicon sequencing data (Gloor et al. 2017, Martino et
al. 2019). Principal coordinates analyses (PCoA) for Bray-Curtis,
Jaccard, all UniFrac distances and principal components anal-
ysis (PCA) for robust Aitchison (rPCA) were performed by q2-
diversity and q2-deicode, respectively. Along with robust Aitchison
distance, multiple conventional beta diversity indices were used
to best represent and visualize data as Bray-Curtis dissimilarity
and weighted UniFrac distance are affected by the most abun-
dant members of the bacterial community, while the effects of
low abundance or rare microbial taxa can be observed with Jac-
card and unweighted UniFrac distances. Multi-way permutational
multivariate analysis of variance (i.e. Adonis PERMANOVA) (An-
derson 2001) was used to estimate the relative impact of factors
(turtle host ID and diatom genus) on the bacterial communities
in diatom cultures (permutations=9999, {vegan} v. 2.5–7, Oksanen
et al. 2020; {pairwiseAdonis} v. 0.4, Arbizu 2017). Data exploration
and visualizations were performed with R v. 4.1.1 in RStudio (R
Core Team 2021, {qiime2R} v. 0.99, Bisanz 2018; {tidyverse}, Wick-
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ham et al. 2019; {ggplot2}, Wickham 2016; see Data and code avail-
ability). To investigate the cultured diatom and bacterial strains
presence in the amplicon sequencing data, trimmed marker gene
sequences were merged with ASVs, aligned in AliView, processed
with IQ-TREE and visualized by iTOL, as described above.

Data and code availability
Diatom and bacterial strains used in this study are available at
the BCCM/DCG and LMG culture collections, respectively (see the
culture codes in Table S2). Raw amplicon sequences (with re-
moved non-biological sequences) are available at the European
Nucleotide Archive under the accession numbers PRJEB47668 (di-
atom monoclonal culture 16S rRNA sequences), PRJEB51458 (to-
tal sea turtle surface 16S rRNA sequences; sample accession
numbers ERS10917111, ERS10917104, ERS10917103, ERS10917093,
ERS10917093, ERS10917091) and PRJEB51297 (total sea turtle sur-
face rbcL sequences). Full rbcL sequences per diatom strain and
16S rRNA gene sequences per bacterial isolate are available in
GenBank (rbcL OM686876-OM686892; 16S OM959184-OM959220
and ON040652-ON040654; accession numbers per strain are listed
in Table S2). All other data supporting the conclusions in this
manuscript are available in the supplementary materials.

Data and code used for bioinformatic analyses, statistical anal-
yses and data visualizations are available at GitHub (https://gith
ub.com/kl-!l/Filek_et_al._2022-diatom_microbiota) and Mende-
ley Data (DOI: 10.17632/4r6568xcpw.1).

Results
Loggerhead-associated diatom monoclonal
cultures and source sample diatom community
composition
Within this study we isolated and cultivated diatom strains of
diverse diatom taxa and established xenic monoclonal cultures.
Only cultures without detected eukaryotic contaminants were
chosen for this study (Table 1). Isolated diatoms were identi!ed as
belonging to eight different genera and 11 species (Fig. 1B-L), in-
cluding the putative epizoic diatoms Achnanthes elongata, Achnan-
thes squaliformis and Poulinea lepidochelicola (Fig. 1B, C, H, M). Achnan-
thes and Poulinea in cultures exhibited high polysaccharide secre-
tion in the form of stalks or mucus sheaths enabling cells to con-
nect and form chains and/or colonies (Fig. 1M) and attach to the
cell culture "ask surfaces. Other genera did not show such be-
havior under the conditions in this study except for colony for-
mation of Amphora sp. 2 (DM0182), whose cells tended to cluster
together in the water column and rarely attached to the cell "ask
surfaces. Diploneis, Amphora, Nitzschia, Fallacia and Psammodictyon
strains readily attached to surfaces, but formation of chains or
stalks was not detected. Relative relationships between diatom
strains in this study (except Nitzschia sp. DM0178 and Diploneis
sp. DM0136, for which the rbcL sequences could not be obtained)
based on rbcL marker gene are shown within the maximum like-
lihood phylogenetic tree in Fig. S1A.

NGS of the rbcL marker gene amplicons in carapace and skin
source samples yielded 458 069 high quality rbcL sequences
(median=37 756.5) across 619 ASVs. The samples showed high
proportions of Nitzschia, Amphora, Halamphora and Navicula gen-
era along with unclassi!ed ASVs based on Diat.barcode taxon-
omy classi!cations of the rbcL marker region (Fig. S1B). How-
ever, when the NGS rbcL amplicon marker was extracted from
full size rbcL sequences obtained for diatom strains, and com-
pared with the NGS results sequence annotations, we observed

discrepancies in Diat.barcode assigned taxonomy for barcodes as-
sociated with newly described epizoic taxa A. elongata, A. squal-
iformis and P. lepidochelicola (Fig. S2). Positioning of diatom strain
extracted rbcL barcodes in the phylogenetic tree (Fig. S2) coin-
cided with NGS sequences annotated as Nitzschia spp. (DM0052,
DM0053, DM0054; A. elongata), Bacillariaceae (DM0060, DM0168,
DM0170; A. elongata), Amphora spp. (DM0077; P. lepidochelicola and
DM0150, DM0177 A. squaliformis) with low con!dence values (Ta-
ble S4). Alignment of NGS rbcL ASVs and rbcL barcode sequences
of diatom strains found exact matches for most diatoms except
Fallacia sp. (DM0147), Psammodictyon panduriforme (DM0181), Am-
phora sp. 2 (DM0182) and Psammodictyon sp. (DM0183). Matched
rbcL ASVs were present in source samples at mostly around 1% rel-
ative abundance. Interestingly, Amphora sp. 1 (DM0070) matched
ASV was present at 48% relative abundance in its source sample,
while P. lepidochelicola (DM0077) was present at 32% in its source
sample (Table S4), thus forming a signi!cant portion of the diatom
assemblage of the turtle-associated microbial bio!lm. Epizoic di-
atoms A. elongata and A. squaliformis were present in their corre-
sponding source samples at less than 1% and at 3% relative abun-
dance, respectively. For other strains that could not be matched
to an rbcL ASV we examined the closest neighbors in the phylo-
genetic tree (Fig. S2) and their presence was also around 1% in at
least one source sample (Table S4).

Bacterial communities of source samples
(carapace and skin) and diatom monoclonal
cultures
Source samples yielded 856 010 16S rRNA gene sequences
(median=159 904.5) across 4275 ASVs. Diatom cultures (19 strains
in two replicates, n(total)=38) yielded 2 297 642 high quality 16S
rRNA gene sequences (median=63 314.5) across 485 ASVs. Chloro-
plast reads encompassed 497 842 sequencing reads in diatom cul-
tures NGS data; on average, 21% of reads across all samples were
associated with chloroplasts (ranging from 1% to 75% of rela-
tive abundance). After !ltering chloroplast and mitochondria se-
quences, source samples retained 3661 ASV and diatom mono-
cultures 458 ASVs; with 216 ASVs in common. Shared ASVs com-
prised an average 40% relative abundance (SD±0.2) of diatom-
associated bacteria, and average 8% relative abundance (SD±0.6)
of source sample bacterial community (Table S5).

Within sample bacterial community diversity
Source samples exhibited high alpha diversity (Fig. S3) with 917
ASVs on average. Diatom cultures contained 52 ASVs on average
(spanning from 18 to 101) with Shannon’s entropy, observed ASVs
and Faith’s phylogenetic diversity index several times lower than
in source samples (Fig. S3). Pielou’s evenness and Faith’s phylo-
genetic diversity index showed some diatom cultures are domi-
nated by speci!c bacterial ASVs and lack phylogenetic diversity,
while others have a more equal prevalence of ASVs and higher di-
versity. No metadata categories were found to be responsible for
such observations.

Bacterial community composition and structure
Relative abundance of microbial taxa (Fig. 2) shows general reduc-
tion in the number of bacterial phyla in diatom cultures versus
source samples (Fig. 2B). Diatom monocultures contained 17 phyla
in total, reduced in comparison with source samples, which con-
tained 36 (Table S5). Source samples completely lacked Elusimi-
crobiota phylum, which was found in only one diatom culture (A.
elongata, DM0052) and contained only one ASV (1606) belonging to
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Figure 1. Loggerhead sea turtle and isolated diatoms. Loggerhead sea turtle Merry Fisher ID010 (A), and scanning electron micrographs of diatom taxa
(B-L): Achnanthes elongata (B), Achnanthes squaliformis (C), Psammodictyon sp. (D), Psammodictyon panduriforme (E), Entomoneis sp. (F), Diploneis sp. (G),
Poulinea lepidochelicola (H), Fallacia sp. (I), Nitszchia sp. (J), Amphora sp. 1 (K), Amphora sp. 2 (L), light micrograph of A. elongata cells in monoculture (M). All
scales are 5 µm unless marked differently.

Elusimicrobium genus at the relative abundance of 0.2% (159 out of
78 562 reads). Rhodobacteraceae were abundant both in diatom and
source samples, while Thalassospiraceae and Stappiaceae seem to be
enriched in monocultures while being part of the rare biosphere at
less than 0.1% of relative abundance (Pascoal et al. 2021) in source
samples (Fig. 2C). In class Gammaprotebacteria the effect of en-
riched taxa is more pronounced as families Alteromonadaceae, Coll-
welliaceae, Marinobacteaceae, Alcanivoracaceae and Nitricolaceae are
more abundant in monocultures (Fig. 2D). Several taxa within Bac-
teroidota phylum also show the enrichment pattern (Crocinitom-
icaceae, Sphingobacteriales NS11.12) (Fig. 2E), but Phycispheraceae
within Planctomycetota show higher abundance in only a sub-
group of epizoic diatom strains originating from TB89, TB90 and
TB139 source samples, even though they are barely present in
TB89 and TB90 (Fig. 2F).

Shared bacterial taxa and individual ASVs
Source and monoculture samples shared bacterial families
Rhodobacteriaceae and Flavobacteriaceae, while 85% (21/25 sam-
ples) shared additional Hyphomonadaceae and Stappiaceae. At the
genus level, 80% of samples (20/25) shared unclassi!ed mem-
bers of Rhodobacteraceae, Alcanivorax and Labrenzia. Source sam-
ples shared 50 ASVs, of which 41 seem to be part of the rare
biosphere (at less than 0.01% on average across samples) and
rarely present in diatom monocultures. Only ASV 1206 (uncul-
tured Oligo!exaceae) reached a relative abundance of 10% and 43%
in source samples. Source samples exhibited much higher diver-
sity than diatom cultures and consistently harbored members of
Proteobacteria, Bacteriodota, Bdellovibrionota, Actinobacteriota,
Myxococcota, Planctomycetota, Verrucomicrobiota, Cyanobacte-
ria, Deinococcota, Desulfobactaerota, Chloro"exota, Firmicutes,
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Figure 2. Relationships between samples and relative abundance of bacterial taxa in cultivated diatom strains and source samples. Generalized
UniFrac dendrogram shows relationships between samples (A) with indication of diatom genus (color) and turtle ID (shape) at the tips, while speci!c
source samples (colors) are indicated in symbols beneath. Relative abundances of bacterial taxa are presented at the levels of bacterial phyla above
1% (B), classes Alphaproteobacteria (C) and Gammaproteobacteria (D) above 5%, phyla Bacteroidota (E) and Planctomycetota (F) above 1% relative
abundance in at least one sample. Most common orders and families or closest taxonomic identi!cation are shown.
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Campilobacterota, Spirochaetota and SAR324 Marine group B
phyla (Table S5).

All diatom strains shared Proteobacteria and Bacteroidota,
while only 80% of monocultures (15/19) shared Planctomycetota
phylum. Alcanivorax spp., unclassi!ed Rhodobacteraceae, Labren-
zia spp., Marinobacter spp., Methylophaga spp. and uncultured
Parvibaculales are commonly found in monocultures (75% of
samples). ASV 2509, classi!ed as uncultured Parvibaculales, was
found in 15/19 diatom cultures and in 2/6 source samples be-
low 1% relative abundance. Interestingly, diatom cultures origi-
nating from the same source shared 3–5 ASVs, except in the TB139
source group where the two cultures were A. squaliformis as they
shared 14 ASVs. Similarly, Achnanthes strains originating from the
source sample TB155 shared 13 ASVs (out of 45 and 43 total ob-
served features), but the Achnanthes strains originating from TB89
shared only !ve ASVs. The difference between these three groups
of Achnanthes is that source samples TB139 and TB155 had up
to two to three times higher ASVs to begin with, in comparison
with TB89. All Achnanthes strains shared just the previously men-
tioned ASV 2509, while Achnanthes from TB139 and TB155 shared
four ASVs (belonging to Alcanivorax spp., Porticoccus spp., unclassi-
!ed Parvibaculales and Labrenzia spp.) (Table 2). Notably, Diploneis
sp. strains (DM123, DM129) originating from TB115 shared 71 ASV
(out of 100 and 101 total observed ASVs per strain), while Psammo-
dictyon strains (DM0181, DM0183) from TB155 shared 34 ASVs (out
of 71 and 58 total observed ASVs per strain) (Table 2). On the other
hand, Psammodyction and Achnanthes strains from TB155 shared
only seven ASVs.

Beta diversity analyses of bacterial communities
Taxonomic composition and individual bacterial ASV sharing be-
tween diatom strains is re"ected in beta diversity metrics (Figs 3,
S4 and S5). Compositional data analysis through rPCA shows a
general pattern of samples separating based on diatom genus
(Fig. 3A) and carapace or skin source sample (Fig. 3C). Highly
ranked feature loadings of the rPCA overlap with previously ob-
served taxa often found in diatom strains (genera Alcanivorax,
Neptuniibacter, Marinobacter, Alteromonas, Phycisphaera). General-
ized UniFrac considers the phylogenetic distances between ASVs
and their abundance in each sample, balancing between the
"weight" of highly abundant taxa (weighted UniFrac) and rare taxa
(unweighted UniFrac), so the PCoA accordingly shows similarities
between diatom strain samples with closely related bacterial taxa
(Fig. 3B and D) and reiterates the source sample groupings ob-
served with robust Aitchison distance.

Dominant bacterial taxa tend to drive groupings between sam-
ples based on the source sample ID (Figs S4A, S4B, S5A and S5B),
while low abundance taxa tend to affect groupings in such a way
that samples start re"ecting the diatom genus groups (Figs S4D
and S5D). Regardless, presence-absence metrics seem to sepa-
rate diatom bacterial communities based on origin, revealing the
environmental signature (Figs S4C and S5C). When source sam-
ples and diatom monocultures were investigated together, despite
their extreme differences in microbial richness and diversity, the
above mentioned patterns recurred (Figs S6 and S7).

Adonis PERMANOVA showed signi!cant differences when di-
atom monoculture samples are grouped by their individual tur-
tle host of origin (combined carapace and skin samples; Tur-
tle ID), and an effect of genus grouping was observed (Ta-
ble 3). With generalized UniFrac 34% of variation is explained
by turtle ID (F-model=3.309, Pr(>F)=0.0001) and 35% by di-
atom genus (F-model=1.698, Pr(>F)=0.0007), while using the ro-
bust Aitchison 69% of variation is attributed to Turtle ID (F-

model=13.897, Pr(>F)=0.0001) and 15% to diatom genus (albeit
genus being not signi!cantly different in this case Pr(>F)=0.1).
Pairwise ADONIS showed differences between individual tur-
tle hosts grouped by Turtle ID ID034 vs. ID047 (generalized
UniFrac F-model=4.14, R2=0.34, Pr(>F)=0.042; robust Aitchison F-
model=13.8, R2=0.63, Pr(>F)=0.03) and ID034 vs. ID074 (general-
ized UniFrac F-model=3.1, R2=0.25, Pr(>F)=0.024; robust Aitchi-
son F-model=23, R2=0.72, Pr(>F)=0.24).

Bacterial isolates from diatom monoclonal
cultures
A total of 125 bacterial isolates were obtained from 10 diatom cul-
tures (Tables 1 and S2). Partial sequencing of the 16S rRNA gene
was used to identify the strains of interest (possibly unique) and
40 strains were chosen for full 16S rRNA sequencing (Table S2).
Based on the V4 region of the full 16S rRNA sequence, 39 out of 40
bacterial strains were matched with an ASV in diatom and source
sample sequencing data (Fig. 4). Notably, ASVs of !ve bacterial iso-
lates were not detected in the diatom strain they originated from
but were detected in other diatom strains; the only bacterial strain
not matched with an ASV was classi!ed as belonging to the genus
Actibacterium (Fig. 4).

Based on full 16S rRNA sequence we managed to obtain iden-
ti!cation for ASVs that were classi!ed differently by SILVA or had
assigned taxonomy only above genus level: several ASVs that were
assigned to Rhodobacteraceae by SILVA were identi!ed as belonging
to genera Leisingera, Jindonia, Tritonibacter, Celeribacter and Antarcto-
bacter. ASV 2615 and ASV 2918 were assigned to genus Labrenzia
and Sedimentitalea by SILVA (con!dence at 0.91 and 0.72), but we
identi!ed them as belonging to Roseibium and Sul!tobacter genus,
respectively. Additionally, with SILVA two ASVs (824 and 974) were
assigned to genera Aquibacter and Winogradskyella, while full 16S
rRNA sequences indicate they could potentially belong to a new
genus in the Flavobacteriaceae family. Multiple bacterial strains
matched with one ASV even though they differed in full length
16S rRNA sequences, such as Tritonibacter scottomolliaceae and Tri-
tonibacter mobilis, Alteromonas spp. and Alcanivorax spp. (Fig. 4, Ta-
bles S5 and S6).

ASVs matched to bacterial isolates were detected in at least
one diatom monoculture (except ASV 3821); however, only 14 out
of 30 matched ASVs were present in source samples and at less
than 1% relative abundance (Fig. 4, Table S6). Interestingly, based
on the ASVs, Alcanivorax spp. were enriched in most diatom cul-
tures, while in source samples they were detected at less than 1%
relative abundance (2–15 reads in four out of six source samples)
and ASV 3821 (matching to Acinetobacter lwo!i) was detected only
in source samples and not in monocultures (Fig. 4, Table S6).

Discussion
Investigations of diatom-bacteria associations, although crucial
for understanding global ecological processes, are still limited
mostly to habitats such as sediment bio!lms or planktonic com-
munities. In this study we provide a multi-level inventory of di-
atoms and bacteria associated with loggerhead sea turtles. Our
approach combined PCR-based surveys of microbial communities
(rbcL and 16S rRNA gene amplicon sequencing) in source samples
as well as isolating and culturing non-model and novel diatom
taxa, thus showing that marine reptiles are valuable "hot spots"
of diatom and bacterial diversity (Hooper et al. 2019, Keller et al.
2021). As diatoms are hosts to bacteria within their phycosphere
we further surveyed the bacterial community retained in diatom

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/10/fiac104/6693935 by O
U

P site access,  klara.filek on 10 O
ctober 2022

 
  



 

 45 

Filek et al. | 9

Table 2. Shared ASVs within diatom genera originating from the same source sample with closest ASV identi!cation for ASVs present
above 1% average relative abundance.

Scienti!c name (source sample) Diatom strain ID
Shared
ASVs Total ASVs

Relative
abundance of
shared ASV

within sample

Closest ASV identi!cation
(average relative abundance

across selected samples)

Achnanthes elongata (TB89) DM0052
DM0053
DM0054
DM0060

5 68
38
50
53

24%
15%
28%
27%

Phycisphaera (11%),
Pseudophaeobacter (7%),
Marinobacter (4%),
Parvibaculales (1%); Maritalea
(<1%)

Achnanthes squaliformis (TB139) DM0150
DM0177

14 46
43

20%
21%

Algisphaera (3%),
Rhodobacteraceae (4%), PB19
(3%), Sul!tobacter (2%),
Alcanivorax (2%), Spongiibacter
(1%), Porticoccuks (1%)

Achnanthes elongata (TB155) DM0168
DM0170

13 56
23

42%
45%

Alcanivorax (34%), Maricaulis
(2%), Rhodobacteraceae (1%),
Labrenzia (1%), Porticoccus (1%)

Diploneis sp. (TB115) DM0123
DM0129

71 100
101

91.0%
90%

Neptuniibacter (31%),
Marinobacter (9%), Alcanivorax
(8%), Alteromonas (5%),
Nannocystaceae (5%),
Thalassospira (4%), Amphritea
(2%), NRL-2 (2%),
Nitrincolaceae (2%), Labrenzia
(2%), Rhodobacteraceae (2%),
Maricalus (1%)

Psammodictyon pandurifome (TB155)
Psammodictyon sp. (TB155)

DM0181
DM0183

34 71
58

50%
63%

Alcanivorax (16%), Crocinitomix
(9%), Alteromonas (7%),
Spongiibacter (2%), Labrenzia
(2%), Rhodobacteraceae (6%),
Tenacibaculum (2%), Porticoccus
(1%), Methyloligellaceae (2%),
028H05-P-BN-P5 (1%),
Cryomorphaceae (1%)

Table 3. Adonis (PERMANOVA) results based on generalized Unifrac and robust Aitchison distances for diatom strain microbial commu-
nities with two categorizations: Turtle ID as individual turtle host and diatom genus. F statistic P-values signi!cance level is Pr(>F)<0.05
(in bold).

Generalized Unifrac Robust Aitchison

F-model R2 Pr(>F) F-model R2 Pr(>F)

Turtle ID 3.309 0.34 0.0001 13.897 0.69 0.0001
Genus 1.698 0.35 0.0007 1.579 0.16 0.1

monoclonal cultures. Bacterial communities of diatom phyco-
spheres revealed instances of bacterial taxa enrichment and po-
tentially important diatom-bacteria associations.

Sea turtle carapace and skin harbor diverse
microbial communities
Sea turtles harbor diverse macro- and microorganisms on their
carapace and skin (Frick and Pfaller 2013, Rivera et al. 2018, Van
de Vijver et al. 2020, Kanjer et al. 2022). Bacterial communities as-
sociated with sea turtle skin and carapace are highly diverse and
re"ect the sampling locality of the turtle (expanded in Kanjer et al.
2022). The carapace and skin samples in this study were obtained
from turtles that were sampled before admission to rehabilitation,
during rehabilitation and post-rehabilitation after spending time
in an open pool with recirculating sea water (see Table S1), which
could affect the epizoic bio!lm composition. Although our study

focused on a limited number of turtles, our isolation and cultiva-
tion efforts led to establishing cultures of several newly described
diatom species A. elongata, A. squaliformis and P. lepidochelicola and
potential new species such as Diploneis sp., Fallacia sp., Amphora
spp. and Psammodictyon sp. (Majewska et al. 2015, 2017).

Phycosphere bacterial community composition
re"ects diatoms’ source environment and genus
Similar to other benthic diatom-bacteria bio!lms, diatoms on sea
turtles can be observed in dense assemblages, surrounded by ex-
tracellular polysaccharides and bacteria either on the diatom cells
or surrounding organic matter (Bosak, unpublished data). Because
diatom cells in this study were washed through several series of
sterile growth medium during isolation, we assume that the bac-
teria transferred with the diatoms are the ones found in close as-
sociation with the diatom cells’ phycosphere in their natural habi-
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Figure 3. Bacterial community structure in cultivated diatom strains. Principal component analysis (PCA) of robust Aitchison distance (A, C) and
principal coordinate analysis (PCoA) of generalized UniFrac (B, D) show sample clustering by turtle ID and diatom genus (A, B) or by speci!c source
sample (C, D).

tat therefore allowing us to reveal potentially relevant diatom-
bacteria associations. Speci!c ASVs detected both in source sam-
ples and in diatom cultures comprised only a small proportion
of the total microbial community in source samples, while they
made up almost half of the community in diatom cultures. Bac-
terial ASVs that were not detected in source samples but are
present in diatom cultures could have been a part of rare taxa
in source samples and possibly only became detectable once en-
riched in diatom cultures. Beta diversity analyses that do not
consider the bacterial ASVs’ phylogenetic relationships (Jaccard
or Bray-Curtis) consistently grouped the diatom strain bacterial
communities based on the source sample. However, once phy-
logenetic distance between bacterial ASVs was considered (un-
weighted, weighted and generalized UniFrac) the strength of the
source sample effect lessened, and possible effects of the diatom
host "selection" were accentuated. Our results support the !nd-
ings that closely related diatom species recruit bacteria from their
immediate environment and retain the environmental signature
in culture while also selecting for related bacterial taxa, depend-
ing on their lifestyle and functions provided by the bacterial com-
munity (Amin et al. 2012, Seymour et al. 2017, Behringer et al.
2018, Crenn et al. 2018, Majzoub et al. 2019, Stock et al. 2019, 2022,
Mönnich et al. 2020, Barreto Filho et al. 2021).

Diatoms enrich bacterial taxa that are otherwise
scarce
Studies so far have shown diatom phycosphere is usually dom-
inated by Proteobacteria (mainly Alphaproteobacteria) and Bac-
teroidota phyla members: Sul!tobacter, Roseobacter, Ruegeria, Mari-
nobacter, Alteromonas and Flavobacterium (Amin et al. 2012, Goecke

et al. 2013, Seymour et al. 2017, Majzoub et al. 2019), and that
bacterial consortia are stable over time in xenic diatom mono-
clonal cultures (Behringer et al. 2018, Barreto Filho et al. 2021).
While we consistently observed Alphaproteobacteria in diatom
cultures, we also detected a strong enrichment of members of
Gammaproteobacteria, namely Nitrincolaceae that are usually de-
tected in diatom blooms (Liu et al. 2020) and Alcanivoracaceae that
are predominant in oil-contaminated sea water (Kasai et al. 2002,
Bookstaver et al. 2015). Historically, the genus Alcanivorax has been
associated with hydrocarbon degradation, while recent studies
show A. borkumensis is common in the plastisphere in the Mediter-
ranean Sea with the ability to degrade low density polyethylene
(Delacuvellerie et al. 2019). Alcanivorax venustensis and A. borku-
mensis were readily isolated from most diatom cultures in this
study as it is possible that the diatom hosts produce organic nutri-
ents bene!cial to Alcanivorax. To the authors’ knowledge, Alcanivo-
rax genus has not yet been reported in other diatoms in culture.
Even so, Alcanivorax has been reported in the phycosphere of di-
no"agellates (Denaro et al. 2021), it was isolated from commercial
Nannochloropsis cultures grown in plastic bags of ProviAPT reac-
tors (Giraldo et al. 2019) and was found to be a major constituent
of tidal bio!lms where it could consume diatom-produced hydro-
carbons (Coulon et al. 2012).

On the other hand, Planctomycetota phylum Phycisphaeraceae
members were enriched in only a subset of diatom strains (genera
Achnanthes and Poulinea). Diatom P. lepidochelicola harbored uncul-
tured Planctomycetota 028H05-P-BN-P5 and BD7-11, uncultured
Phycisphaera sp. and genera Blastopirellula and Gimesia, which have
been described previously as intimately associated with macroal-
gal surfaces (Lage and Bondoso 2014, Bondoso et al. 2017, Wiegand

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/10/fiac104/6693935 by O
U

P site access,  klara.filek on 10 O
ctober 2022

 
  



 

 47 

Filek et al. | 11

Figure 4. Relative relationships of bacterial isolates from diatom cultures and their matching ASV presence in diatom or source samples. Maximum
likelihood phylogenetic tree of full 16S rRNA gene sequences of bacterial isolates was constructed in IQ-Tree and modi!ed in iTOL (bootstrap values
shown). ASVs matched with bacterial isolates were identi!ed based on the V4 region of the full 16S rDNA of bacterial isolates. Their presence or
absence in the diatom and source NGS data is shown for each bacterial strain by !lled or empty circles, respectively. Diatom strain of origin for each
bacterial isolate is indicated by a black dot in the presence/absence matrix. As several bacterial isolates were matched with an identical ASV there is
repetition in rows of presence/absence data indicated by faded colors and numbers on the side of the matrix as follows: (1) ASV 2640, (2) ASV 2917, (3)
ASV 2615, (4) ASV 3692, (5) ASV 3270, (6) ASV 3272.

et al. 2020). Members of phylum Planctomycetota are known for
their uncommon traits: endomembranes, anammoxomes, repro-
duction by budding and good attachment abilities (Lage and Bon-
doso 2014 and the references therein) that might have facilitated
colonization or even just close association with diatoms exhibit-
ing high polysaccharide production during colony, chain and stalk
formation (as observed in Achnanthes and Poulinea cultures).

Bacterial isolates from diatom cultures revealed that several
bacterial taxa detected by NGS were readily cultured on MA, even
demonstrating the potential for new species discovery as sev-
eral bacterial isolates were recognized as potential novel genera
within the Flavobacteriaceae family. These results complement pre-
vious efforts in characterizing bacteria associated with diatom
cultures (Goecke et al. 2013, Stock et al. 2019, 2022). However,
our culturing efforts were limited to 10 out of 19 diatom strains
used in this study and biased both by diatom strain selection
and growth media selection. Ideally, expanding culturing efforts
to other diatoms from sea turtle surface could provide greater di-
versity of culturable bacteria as observed in a recently published
inventory of bacterial isolates from corals and skin of cetaceans
(Keller et al. 2021).

Potential factors responsible for shaping diatom
associated bacterial communities
Investigations focused on laboratory cultures cannot grasp the
complexities of microbial networks found in nature as bacterial
communities of cultures often differ strongly from those of single
cells (Crenn et al. 2018, Boscaro et al. 2022). It is rarely expected
that the epizoic benthic diatoms live as single cells during most
of their lifetime as they are found in bio!lms. Also, we cannot as-
sume diatom bio!lms on sea turtles are limited to a single species
but are often mixed. Consequently, there will be several layers and
modes of interactions between diatoms, bacteria and even other
microorganisms inhabiting bio!lms on sea turtles.

The importance of host anatomy and spatial structure of mi-
crobial communities is recognized in vertebrate microbiome, em-
phasizing the effects of spatiotemporal microbiome variability
from skin or gastrointestinal tract down to individual skin pores or
even crypts of Lieberkühn (Conwill et al. 2022 and the references
therein). Similar efforts to investigate anatomical sites and their
speci!c microbial communities are often undertaken in echino-
derms (Jackson et al. 2018), marine sponges (Hentschel et al. 2012,
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Verhoeven et al. 2017) and corals (van Oppen and Blackall 2019,
Keller et al. 2021). In this study there are several levels of host
anatomy: sea turtle carapace and skin, and diatoms either as
members of complex bio!lms on the turtle or as laboratory cul-
tures. The loggerhead sea turtle carapace is a hard bone shell cov-
ered by a living epidermis with a thick outer layer of keratin scutes
that are shed periodically. The macro- (position on the carapace)
and microanatomy (carapace scutes’ morphology) could affect
both diatom colonization, localization and their associated bacte-
ria composition through light and nutrient availability, probability
of mechanical removal via sea currents or turtle behavior and col-
onization by other turtle epibionts (Blasi et al. 2021). Here, we col-
lected the total microbial community from the carapace surface
or skin and as a result could not test macro- and microanatomy
effects on associated diatoms and bacteria. Additionally, at the
phycosphere level, diatom colony or cell morphology could poten-
tially affect the microbes that are in the near vicinity or attached
to diatom cells directly. Naturally, large diatoms have a greater cell
surface that could facilitate bacterial attachment in comparison
with small diatoms that could prove dif!cult to colonize individ-
ually (Amin et al. 2012, Seymour et al. 2017), which could provide
a possible explanation for the lowest number of observed ASVs
in Amphora sp. 2 and Nitzschia sp. (around 5 and 10 micrometers
long, respectively), but not in DM0170 A. elongata strain (around
35–40 micrometers long). Growth in colonies could further enable
diatom-bacterial associations through extensive diatom polysac-
charide production, cell-to-cell attachment, branching with mu-
cilage pad junctions and stalk formation that could fortuitously
provide extra surface and different "microanatomical" niches for
closely associated bacteria.

Exact mechanisms of microbial community assembly in di-
atom hosts were not the focus of this study, but it seems di-
atom strains investigated here are open to diverse colonization
rather than being restricted to a small number of bacterial sym-
biont taxa. Hosting a repertoire of diverse bacteria (and in turn
harboring their metabolic potential) could possibly prove ben-
e!cial to complex microbial communities in dynamic environ-
ments (Henry et al. 2021, P!ster et al. 2022). However, it is dif!-
cult to infer the functions and potential bene!ts, or lack thereof,
in microbial assemblages solely through marker gene ampli-
con sequencing data as marker gene sequences do not re"ect
the ecotypes and genomic diversity in microbes (Sjöqvist et al.
2021). Similarly, even though in our study most diatom strain
rbcL sequences were matched to rbcL ASVs in source samples,
taxonomic assignment of matched rbcL ASVs in source sam-
ples via Diat.barcode database did not parallel our morphology-
based identi!cation of novel diatom species (e.g. genera Achnan-
thes, Poulinea and Fallacia; see Fig. S1). Current rbcL databases still
lack sequenced representatives of diatom groups such as ben-
thic pennate diatoms, which leads to inconsistencies between se-
quencing and morphology data (Rivera et al. 2018). To investigate
lesser known diatom taxa (as in this study) and their communi-
ties, expanding diatom isolation, cultivation and marker gene se-
quencing efforts is necessary. Hence, comprehensive diatom and
bacteria community, and subsequently strain characterization, is
needed to gain insight into functions and metabolic exchanges
within epizoic diatom-bacteria communities. Even though study-
ing complex diatom bio!lms remains challenging, especially on
marine vertebrate hosts, a combination of culture-based and
culture-independent approaches focusing on individual diatom
taxa and their associated bacteria can provide a baseline for
discovering diatom-bacteria association patterns and hypothesis
generation.
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tion; Martina Galeković, Olga Chepurnova and Tine Verstraete for
support with laboratory procedures.

Supplementary data
Supplementary data are available at FEMSEC online.

Con!ict of interest statement. The authors declare no con"ict of in-
terest.

Funding
This work has been supported by the Croatian Science Foundation
under the project number UIP-2017–05-5635, European Union’s
Horizon 2020 research and innovation programme under grant
agreement No 730 984 ASSEMBLE Plus project and FEMS Research
and Training Grant FEMS-GO-2019–577. The work of doctoral stu-
dent K. Filek has been fully supported by the "Young Researchers’
Career Development Project—Training of Doctoral Students" of
the Croatian Science Foundation funded by the European Union
from the European Social Fund. The research was partially carried
out with infrastructure funded by EMBRC Belgium—FWO project
GOH3817N.

References
Amin SA, Hmelo LR, van Tol HM et al. Interaction and signalling be-

tween a cosmopolitan phytoplankton and associated bacteria.
Nature 2015;522:98–101.

Amin SA, Parker MS, Armbrust EV. Interactions between diatoms and
bacteria. Microbiol Mol Biol Rev 2012;76:667–84.

Andersen RA. Algal Culturing Techniques. Burlington, MA: Elsevier Aca-
demic Press, 2005.

Anderson MJ. A new method for non-parametric multivariate anal-
ysis of variance. Austral Ecol 2001;26:32–46.

Apprill A, McNally S, Parsons R et al. Minor revision to V4 region SSU
rRNA 806R gene primer greatly increases detection of SAR11 bac-
terioplankton. Aquat Microb Ecol 2015;75:129–37.

Arbizu PM. PairwiseAdonis: Pairwise Multilevel Comparison Using Adonis,
2017.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/10/fiac104/6693935 by O
U

P site access,  klara.filek on 10 O
ctober 2022

 
  



 

 49 

Filek et al. | 13

Ashworth M, Majewska R, Frankovich T et al. Cultivating epizoic di-
atoms provides insights into the evolution and ecology of both
epibionts and hosts. Sci Rep 2022;12:15116. https://doi.org/10.103
8/s41598-022-19064-0.

Barreto Filho MM, Walker M, Ashworth MP et al. Structure and long-
term stability of the microbiome in diverse diatom cultures. Mi-
crobiol Spectr 2021;9:e00269–21. https://doi.org/10.1128/Spectrum
.00269-21.

Behringer G, Ochsenkühn MA, Fei C et al. Bacterial communities of di-
atoms display strong conservation across strains and time. Front
Microbiol 2018;9:659.

Bisanz JE. qiime2R: importing QIIME2 artifacts and associated data
into r sessions. 2018. (15 April 2022, date last accessed)

Blasi MF, Rotini A, Bacci T et al. On Caretta’s shell: !rst spatial analysis
of micro- and macro-epibionts on the mediterranean loggerhead
sea turtle carapace. Mar Biol Res 2021;17:762–74.

Bokulich NA, Kaehler BD, Rideout JR et al. Optimizing taxonomic clas-
si!cation of marker-gene amplicon sequences with QIIME 2’s q2-
feature-classi!er plugin. Microbiome 2018;6:90.

Bolyen E, Rideout JR, Dillon MR et al. Reproducible, interactive, scal-
able and extensible microbiome data science using QIIME 2. Nat
Biotechnol 2019;37:852–7.

Bondoso J, Godoy-Vitorino F, Balagué V et al. Epiphytic Planctomycetes
communities associated with three main groups of macroalgae.
FEMS Microbiol Ecol 2017:!w255.

Bookstaver M, Godfrin MP, Bose A et al. An insight into the growth of
Alcanivorax borkumensis under different inoculation conditions. J
Pet Sci Eng 2015;129:153–8.

Boscaro V, Manassero V, Keeling PJ et al. Single-cell microbiomics un-
veils distribution and patterns of microbial symbioses in the nat-
ural environment. Microb Ecol 2022, https://doi.org/10.1007/s002
48-021-01938-x.

Callahan BJ, McMurdie PJ, Rosen MJ et al. DADA2: high-resolution
sample inference from Illumina amplicon data. Nat Methods
2016;13:581–3.

Chen J, Bittinger K, Charlson ES et al. Associating microbiome compo-
sition with environmental covariates using generalized UniFrac
distances. Bioinformatics 2012;28:2106–13.

Cirri E, De Decker S, Bilcke G et al. Associated bacteria affect sex-
ual reproduction by altering gene expression and metabolic pro-
cesses in a bio!lm inhabiting diatom. Front Microbiol 2019;10:1790.
https://doi.org/10/ghr39k.

Cirri E, Vyverman W, Pohnert G. Bio!lm interactions—bacteria mod-
ulate sexual reproduction success of the diatom Seminavis ro-
busta. FEMS Microbiol Ecol 2018;94:!y161. https://doi.org/10.1093/
femsec/fiy161.

Cleenwerck I, Camu N, Engelbeen K et al. Acetobacter ghanensis sp.
nov., a novel acetic acid bacterium isolated from traditional heap
fermentations of Ghanaian cocoa beans. Int J Syst Evol Microbiol
2007;57:1647–52.

Coenye T, Falsen E, Vancanneyt M et al. Classi!cation of Alcali-
genes faecalis-like isolates from the environment and human clin-
ical samples as Ralstonia gilardii sp. nov. Int J Syst Evol Microbiol
1999;49:405–13.

Conwill A, Kuan AC, Damerla R et al. Anatomy promotes neutral co-
existence of strains in the human skin microbiome. Cell Host &
Microbe 2022;30:171–82.

Coulon F, Chronopoulou P-M, Fahy A et al. Central role of dynamic
tidal bio!lms dominated by aerobic hydrocarbonoclastic bacte-
ria and diatoms in the biodegradation of hydrocarbons in coastal
mud"ats. Appl Environ Microbiol 2012;78:3638–48.

Crenn K, Duf!eux D, Jeanthon C. Bacterial epibiotic communities of
ubiquitous and abundant marine diatoms are distinct in short-

and long-term associations. Front Microbiol 2018;9:2879. https://do
i.org/10/gkf673.

Delacuvellerie A, Cyriaque V, Gobert S et al. The plastisphere in ma-
rine ecosystem hosts potential speci!c microbial degraders in-
cluding Alcanivorax borkumensis as a key player for the low-density
polyethylene degradation. J Hazard Mater 2019;380:120899.

Denaro R, Crisa! F, Smedile F et al. Microbiomes associated with cul-
tures of Gambierdiscus australes and Ostreopsis cf. ovata, two epiben-
thic dino"agellates from the NE Atlantic Ocean (Las Palmas, Gran
Canaria). Mar Ecol 2021;e12699.

Durham BP, Dearth SP, Sharma S et al. Recognition cascade and
metabolite transfer in a marine bacteria-phytoplankton model
system. Environ Microbiol 2017;19:3500–13.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res 2004;32:1792–7.

Edwards U, Rogall T, Blöcker H et al. Isolation and direct complete nu-
cleotide determination of entire genes. Characterization of a gene
coding for 16S ribosomal RNA. Nucleic Acids Res 1989;17:7843–53.

Fei C, Ochsenkühn MA, Shibl AA et al. Quorum sensing regu-
lates ‘swim-or-stick’ lifestyle in the phycosphere. Environ Microbiol
2020;22:4761–78.

Field CB, Behrenfeld MJ, Randerson JT et al. Primary production of
the biosphere: integrating terrestrial and oceanic components.
Science 1998;281:237–40.

Frick MG, Pfaller JB. Sea turtle epibiosis. The Biology of Sea Turtles.
Vol 3. CRC Press Taylor & Francis Group, LLC Boca Raton 2013;
329–52.

Giraldo JB, Stock W, Dow L et al. In"uence of the algal microbiome
on biofouling during industrial cultivation of Nannochloropsis sp.
in closed photobioreactors. Algal Research 2019;42:101591.

Gloor GB, Macklaim JM, Pawlowsky-Glahn V et al. Microbiome
datasets are compositional: and this is not optional. Front Micro-
biol 2017;8:2224. https://doi.org/10.3389/fmicb.2017.02224.

Goecke F, Thiel V, Wiese J et al. Algae as an important environment
for bacteria – phylogenetic relationships among new bacterial
species isolated from algae. Phycologia 2013;52:14–24.

Guillard RRL. Culture of phytoplankton for feeding marine inverte-
brates. In: Smith WL, Chanley MH (eds.). Culture of Marine Inverte-
brate Animals: Proceedings—1st Conference on Culture of Marine Inver-
tebrate Animals Greenport. Boston, MA: Springer US, 1975, 29–60.

Hasle GR. The inverted-microscope methods. Phytoplankton Manual.
Paris: United Nations Educational, Scienti!c, and Cultural Orga-
nization, 1978, 88–96.

Henry LP, Bruijning M, Forsberg SKG et al. The microbiome extends
host evolutionary potential. Nat Commun 2021;12:5141.

Hentschel U, Piel J, Degnan SM et al. Genomic insights into the marine
sponge microbiome. Nat Rev Microbiol 2012;10:641–54.

Hoang DT, Chernomor O, von Haeseler A et al. UFBoot2: improving
the ultrafast bootstrap approximation. Mol Biol Evol 2018;35:518–
22.

Hooper R, Brealey JC, van der Valk T et al. Host-derived population
genomics data provides insights into bacterial and diatom com-
position of the killer whale skin. Mol Ecol 2019;28:484–502.

Husnik F, Tashyreva D, Boscaro V et al. Bacterial and archaeal sym-
bioses with protists. Curr Biol 2021;31:R862–77.

Jackson EW, Pepe-Ranney C, Debenport SJ et al. The microbial land-
scape of sea stars and the anatomical and interspecies variability
of their microbiome. Front Microbiol 2018;9:1829.

Jin X, Gruber N, Dunne JP et al. Diagnosing the contribution of phy-
toplankton functional groups to the production and export of
particulate organic carbon, CaCO3, and opal from global nutri-
ent and alkalinity distributions. Global Biogeochem Cycles 2006;20:
GB2015.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/10/fiac104/6693935 by O
U

P site access,  klara.filek on 10 O
ctober 2022

 
  



 

 50 

14 | FEMS Microbiology Ecology, 2022, Vol. 98, No. 10

Kalyaanamoorthy S, Minh BQ, Wong TKF et al. ModelFinder: fast
model selection for accurate phylogenetic estimates. Nat Methods
2017;14:587–9.

Kanjer L, Filek K, Mucko M et al. Surface microbiota of
mediterranean loggerhead sea turtles unravelled by 16S and
18S amplicon sequencing. Front Ecol Evol 2022;10:907368. DOI:
10.3389/fevo.2022.907368.

Kasai Y, Kishira H, Sasaki T et al. Predominant growth of Alcanivo-
rax strains in oil-contaminated and nutrient-supplemented sea
water. Environ Microbiol 2002;4:141–7.

Katoh K. MAFFT: a novel method for rapid multiple sequence
alignment based on fast Fourier transform. Nucleic Acids Res
2002;30:3059–66.

Keller AG, Apprill A, Lebaron P et al. Characterizing the culturable
surface microbiomes of diverse marine animals. FEMS Microbiol
Ecol 2021;97:!ab040.

Koedooder C, Stock W, Willems A et al. Diatom-bacteria interactions
modulate the composition and productivity of benthic diatom
bio!lms. Front Microbiol 2019;10:1255. https://doi.org/10.3389/fm
icb.2014.00267.

Lage OM, Bondoso J. Planctomycetes and macroalgae, a striking asso-
ciation. Front Microbiol 2014;5:!w255. https://doi.org/10.3389/fmic
b.2014.00267.

Larsson A. AliView: a fast and lightweight alignment viewer and ed-
itor for large datasets. Bioinformatics 2014;30:3276–8.

Letunic I, Bork P. Interactive tree of life (iTOL) v5: an online tool
for phylogenetic tree display and annotation. Nucleic Acids Res
2021;49:W293–6.

Liu Y, Blain S, Crispi O et al. Seasonal dynamics of prokary-
otes and their associations with diatoms in the Southern
Ocean as revealed by an autonomous sampler. Environ Microbiol
2020;22:3968–84.

Lozupone C, Knight R. UniFrac: a new phylogenetic method
for comparing microbial communities. Appl Environ Microbiol
2005;71:8228–35.

Lozupone C, Lladser ME, Knights D et al. UniFrac: an effective
distance metric for microbial community comparison. ISME J
2011;5:169–72.

Majewska R, Ashworth MP, Bosak S et al. On sea turtle-associated
Craspedostauros (Bacillariophyta), with description of three novel
species. J Phycol 2020: jpy.13086.

Majewska R, Kociolek JP, Thomas EW et al. Chelonicola and Poulinea,
two new gomphonemoid diatom genera (Bacillariophyta) living
on marine turtles from Costa Rica. Phytotaxa 2015;233:236.

Majewska R, Stefano MD, Ector L et al. Two new epizoic Achnanthes
species (Bacillariophyta) living on marine turtles from Costa Rica.
Botanica Marina 2017;60:303–18.

Majzoub ME, Beyersmann PG, Simon M et al. Phaeobacter inhibens con-
trols bacterial community assembly on a marine diatom. FEMS
Microbiol Ecol 2019;95:!z060. https://doi.org/10/gh57j4.

Martino C, Morton JT, Marotz CA et al. A novel sparse compositional
technique reveals microbial perturbations. Msystems 2019;4:
1–13.

Mönnich J, Tebben J, Bergemann J et al. Niche-based assembly of bac-
terial consortia on the diatom Thalassiosira rotula is stable and re-
producible. ISME J 2020;14:1614–25.

Nguyen L-T, Schmidt HA, von Haeseler A et al. IQ-TREE: a fast and ef-
fective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol 2015;32:268–74.

Niemann S, Pühler A, Tichy H -V. et al. Evaluation of the resolving
power of three different DNA !ngerprinting methods to discrim-
inate among isolates of a natural Rhizobium meliloti population. J
Appl Microbiol 1997;82:477–84.

Oksanen J, Blanchet FG, Friendly M et al. Vegan: Community Ecology
Package 2020. (15 April 2022, date last accessed)

van Oppen MJH, Blackall LL. Coral microbiome dynamics, functions
and design in a changing world. Nat Rev Microbiol 2019;17:557–67.

Osuna-Cruz CM, Bilcke G, Vancaester E et al. The Seminavis robusta
genome provides insights into the evolutionary adaptations of
benthic diatoms. Nat Commun 2020;11:3320.

Parada AE, Needham DM, Fuhrman JA. Every base matters: assessing
small subunit rRNA primers for marine microbiomes with mock
communities, time series and global !eld samples. Environ Micro-
biol 2016;18:1403–14.

Pascoal F, Costa R, Magalhães C. The microbial rare biosphere: cur-
rent concepts, methods and ecological principles. FEMS Microbiol
Ecol 2021;97:!aa227.

P!ster CA, Light SH, Bohannan B et al. Conceptual exchanges for un-
derstanding free-living and host-associated microbiomes. Msys-
tems 2022:e01374–21.

Price MN, Dehal PS, Arkin AP. FastTree 2 - Approximately maximum-
likelihood trees for large alignments. PLoS One 2010;5:e9490. http
s://doi.org/10.1371/journal.pone.0009490.

Pruesse E, Quast C, Knittel K et al. SILVA: a comprehensive online re-
source for quality checked and aligned ribosomal RNA sequence
data compatible with ARB. Nucleic Acids Res 2007;35:7188–96.

R Core Team. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing, 2021.

Riaux-Gobin C, Ashworth MP, Kociolek JP et al. Epizoic diatoms on sea
turtles and their relationship to host species, behaviour and bio-
geography: a morphological approach. Eur J Phycol 2021;56:359–72.

Rimet F, Gusev E, Kahlert M et al. Diat.barcode, an open-access cu-
rated barcode library for diatoms. Sci Rep 2019;9:15116.

Rivera SF, Vasselon V, Ballorain K et al. DNA metabarcoding and mi-
croscopic analyses of sea turtles bio!lms: complementary to un-
derstand turtle behavior. PLoS One 2018;13:e0195770.

Robeson MS, O’Rourke DR, Kaehler BD et al. RESCRIPt: reproducible
sequence taxonomy reference database management. PLoS Com-
put Biol 2021;17:e1009581. https://doi.org/10.1371/journal.pcbi.1
009581.

Robinson NJ, Pfaller JB. Sea turtle epibiosis: global patterns and
knowledge gaps. Front Ecol Evol 2022;10:844021.

Seymour JR, Amin SA, Raina J-B et al. Zooming in on the phyco-
sphere: the ecological interface for phytoplankton–bacteria rela-
tionships. Nat Microbiol 2017;2:17065.

Shibl AA, Isaac A, Ochsenkühn MA et al. Diatom modulation of select
bacteria through use of two unique secondary metabolites. Proc
Natl Acad Sci 2020;117:27445–55.

Simonsen R. The Diatom Plankton of the Indian Ocean Expedition of
RV “Meteor” 1964 - 1965. Berlin, Stuttgart, Germany: Borntraeger,
1974.

Sjöqvist C, Delgado LF, Alneberg J et al. Ecologically coherent
population structure of uncultivated bacterioplankton. ISME J
2021;15:3034–49.

Stock W, Blommaert L, De Troch M et al. Host speci!city in diatom-
bacteria interactions alleviates antagonistic effects. FEMS Micro-
biol Ecol 2019;95:!z171.

Stock W, Willems A, Mangelinckx S et al. Selection constrains lottery
assembly in the microbiomes of closely related diatom species.
ISME COMMUN 2022;2:1–10.

Theriot EC, Ashworth MP, Nakov T et al. Dissecting signal and noise
in diatom chloroplast protein encoding genes with phylogenetic
information pro!ling. Mol Phylogenet Evol 2015;89:36.

Thompson LR, Sanders JG, McDonald D et al. A communal cat-
alogue reveals Earth’s multiscale microbial diversity. Nature
2017;551:457–63.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/10/fiac104/6693935 by O
U

P site access,  klara.filek on 10 O
ctober 2022

 
  



 

 51 

Filek et al. | 15

van Tol HM, Amin SA, Armbrust EV. Ubiquitous marine bacterium
inhibits diatom cell division. ISME J 2017;11:31–42.

Tréguer P, Bowler C, Moriceau B et al. In!uence of diatom diversity
on the ocean biological carbon pump. Nat Geosci 2018;11:27–37.

Vasselon V, Rimet F, Tapolczai K et al. Assessing ecological status
with diatoms DNA metabarcoding: scaling-up on a WFD moni-
toring network (Mayotte island, France). Ecol Indic 2017;82:1–12.

Verhoeven JTP, Kavanagh AN, Dufour SC. Microbiome analysis shows
enrichment for speci"c bacteria in separate anatomical regions
of the deep-sea carnivorous sponge Chondrocladia grandis. FEMS
Microbiol Ecol 2017;93:"w214.

Van de Vijver B, Robert K, Majewska R et al. Geographical variation in
the diatom communities associated with loggerhead sea turtles
(Caretta caretta). PLoS One 2020;15:1–20.

Wickham H. Ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag, 2016.

Wickham H, Averick M, Bryan J et al. Welcome to the tidyverse. J Open
Source Software 2019;4:1686. https://doi.org/10.21105/joss.01686.

Wiegand S, Jogler M, Boedeker C et al. Additions to the genus Gime-
sia: description of Gimesia alba sp. nov., Gimesia algae sp. nov.,
Gimesia aquarii sp. nov., Gimesia aquatilis sp. nov., Gimesia fumaroli
sp. nov. and Gimesia panareensis sp. nov., isolated from aquatic
habitats of the Northern Hemisphere. Antonie Van Leeuwenhoek
2020;113:1999–2018.

Yoon S-H, Ha S-M, Kwon S et al. Introducing EzBioCloud: a tax-
onomically united database of 16S rRNA gene sequences and
whole-genome assemblies. Int J Syst Evol Microbiol 2017;67:
1613–7.

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/10/fiac104/6693935 by O
U

P site access,  klara.filek on 10 O
ctober 2022

 
  



 

 52 

 
  



 

 53 

 
 

Publication III 
  



 

 54 

  



 

 55 
1

Vol.:(0123456789)

Scientific Reports |        (2022) 12:15116   | https://doi.org/10.1038/s41598-022-19064-0

www.nature.com/scientificreports

Cultivating epizoic diatoms 
provides insights into the evolution 
and ecology of both epibionts 
and hosts
Matt P. Ashworth1,17*, Roksana Majewska2,3,17, Thomas A. Frankovich4, Michael Sullivan5, 
Sunčica Bosak6, Klara Filek6, Bart Van de Vijver7,8, Michael Arendt9, Jeffrey Schwenter9, 
Ronel Nel10, Nathan J. Robinson11, Meagan P. Gary12, Edward C. Theriot13, Nicole I. Stacy14, 
Daryl W. Lam15, Justin R. Perrault16, Charles A. Manire16 & Schonna R. Manning1

Our understanding of the importance of microbiomes on large aquatic animals—such as whales, sea 
turtles and manatees—has advanced considerably in recent years. The latest observations indicate 
that epibiotic diatom communities constitute diverse, polyphyletic, and compositionally stable 
assemblages that include both putatively obligate epizoic and generalist species. Here, we outline 
a successful approach to culture putatively obligate epizoic diatoms without their hosts. That some 
taxa can be cultured independently from their epizoic habitat raises several questions about the 
nature of the interaction between these animals and their epibionts. This insight allows us to propose 
further applications and research avenues in this growing area of study. Analyzing the DNA sequences 
of these cultured strains, we found that several unique diatom taxa have evolved independently to 
occupy epibiotic habitats. We created a library of reference sequence data for use in metabarcoding 
surveys of sea turtle and manatee microbiomes that will further facilitate the use of environmental 
DNA for studying host specificity in epizoic diatoms and the utility of diatoms as indicators of host 
ecology and health. We encourage the interdisciplinary community working with marine megafauna 
to consider including diatom sampling and diatom analysis into their routine practices.

Abbreviations
POE  Putatively obligate epizoic
SEM  Scanning electron microscope
bs  Bootstrap support
pp  Posterior probability
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Common health indicators currently used to monitor cetaceans, sirenians and sea turtles include mortality rates, 
demographics, disease prevalence and frequency of stranding events. Since animal-associated microbiota may 
a!ect and be a!ected by their host, both internal and external microbiome composition at any given time could 
also re"ect mid- and longer-term e!ects of disturbances or stressors experienced by the  animal1. New health 
and #tness indices based on compositional changes in the native microbiomes could be a valuable addition to 
comprehensive health assessments for aquatic  vertebrates2.

Studies on the external microbiome of large aquatic vertebrates have typically focused on the bacterial and/
or viral components. In contrast, epizoic microeukaryotes remain poorly explored despite the observation of 
diatoms on whales over a century  ago3,4. Diatoms (Bacillariophyta) are a diverse group of largely photosynthetic 
microalgae characterized by their uniquely shaped siliceous thecae (frustules) and are commonly found in the 
plankton and benthos of many di!erent aquatic habitats. Recent studies have expanded the known diversity of 
epizoic diatoms through increased sampling of hosts to include sea  turtles5–22, sea  snakes23 and  manatees24,25.

Competition for limited resources among diatoms has led to niche partitioning and signi#cant habitat speci-
#city in some taxa. $e epizoic diatom communities growing on aquatic vertebrates appear to be formed by 
a combination of opportunistic surface-attached taxa and putatively obligate epizoic (POE) taxa. While the 
opportunistic taxa are shared across the benthic habitats of the local environment, the POE taxa thus far have 
only been observed in the epizoic  microbiome7,21,26,27. $is mixture of opportunistic and POE taxa is an intrigu-
ing assemblage, as it is potentially in"uenced by the host’s biology (e.g. physiology, anatomy and host-speci#c 
prokaryotic microbiome) and behavior (e.g. long-distance migrations, diving, basking, and terrestrial nesting 
which expose epibionts to extremes in temperature, pressure, irradiance, nutrient concentration and desicca-
tion) as well as the environment (e.g. mean temperature, salinity, nutrient load, local biocenoses). Moreover, 
the unique and highly speci#c diatom "ora composition can be documented long past the death of the diatom 
cells by the weathering-resistant inorganic frustules. $is has resulted in diatoms being utilized extensively for 
paleoecological reconstructions and bioindication in freshwater environments; for multiple reviews,  see28. Similar 
diatom-based health indices may be developed for the marine animals and their habitats.

However, before this can happen, at least two issues must be addressed:
1) We must expand upon our knowledge of the speci#c molecular, genomic and ecological nature of the 

interactions between POE diatoms and their host and environment.
2) We need to simplify the identi#cation of epizoic diatoms, which currently requires specialized equipment 

(such as electron microscopy) and literature that can be highly fragmented and incomplete, particularly in the 
case of marine diatoms.

Both of these issues could be addressed by metagenomic and metabarcoding techniques, respectively. Cur-
rently, however, the dearth of reference data—both in annotated genome and transcriptomes as well as vouchered 
DNA barcodes for diatoms—would limit the e!ectiveness of either e!ort. For example, a metabarcoding attempt 
on sea turtle  epi"ora29 failed to recover some of the diatom taxa identi#ed in microscopical surveys, including 
the dominant POE taxon Labellicula lecohuiana Majewska, De Stefano & Van de Vijver. $e authors acknowl-
edged that this failure was likely due to the lack of any relevant reference sequences for the genus Labellicula. 
Further, the position of Labellicula in the molecular phylogeny of diatoms is unknown. $is uncertainty signi#-
cantly hinders any bioinformatic e!orts to #nd sequence data even closely related to Labellicula among both the 
metabarcoding reads and the reference databases. Many other POE taxa have uncertain phylogenetic a%nities 
within the raphid diatoms, including Tursiocola Holmes, Nagasawa & Takano, Epiphalaina Holmes, Nagasawa & 
Takano and the “Tripterion complex”. $is latter assemblage of diatom genera (Tripterion Holmes, Nagasawa & 
Takano, Chelonicola Majewska, De Stefano & Van de Vijver, Poulinea Majewska, De Stefano & Van de Vijver and 
Medlinella Frankovich, Ashworth & M.J.Sullivan) is of particular taxonomic interest as they represent a radia-
tion of exclusively epizoic diatom taxa. $eir current taxonomy is not universally  accepted15, and distinguishing 
the genera can be di%cult without the use of electron microscopy due to a similar overall frustule morphology 
(heteropolar, stalked and septate or pseudoseptate) and relatively small size (< 20 um).

To address the aforementioned issues, we have cultured and sequenced DNA data from POE diatom taxa. 
$ese were isolated from sea turtles and manatees from the wild, rehabilitation and rescue centers as well as 
aquaria from the United States of America, $e Bahamas, Croatia, Italy and South Africa. While DNA sequence 
data from vouchered specimens alone would be useful for molecular identi#cation, the ability to maintain these 
diatoms away from their hosts facilitates the formulation of hypotheses and laboratory experiments to test the 
molecular nature of the relationship between the diatom and host.

Results
Culture success. We successfully cultured > 600 strains, both POE and opportunistic diatoms on the epizoic 
habitat. $is manuscript focuses on 76 of these sequenced strains (Table 1) and the sequences from the single-
cell DNA extractions of the non-photosynthetic Tursiocola spp. (Figs. 1, 2). Sequence data from 21 additional 
diatoms are included (Figs. S1, S2). While these additional sequenced diatom taxa were isolated from epizoic 
collections, they are known opportunistic taxa, occur in non-epizoic habitats, or their habitat preferences are 
unclear.

Target POE taxa. POE taxa were identi#ed based on the available literature and included diatom spe-
cies that have only ever been observed in association with the epizoic habit being found on multiple ani-
mal  specimens6,8,10,11,14–16,24,25,30. Among these were epizoic taxa typically reaching high relative abundances 
(> 25%)—Achnanthes elongata Majewska & Van de Vijver, Chelonicola costaricensis Majewska, De Stefano & Van 
de Vijver, C. caribeana Riaux-Gobin, Witkowski, Ector & Chevallier, Craspedostauros danayanus Majewska & 
Ashworth, Medlinella amphoroidea Frankovich, Ashworth & M.J.Sullivan, Poulinea lepidochelicola Majewska, 
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De Stefano & Van de Vijver, Tursiocola spp., as well as species o!en present on animals but never exceeding 10% 
of the diatom relative abundance—Craspedostauros alatus Majewska & Ashworth, C. macewanii Majewska & 
Ashworth, Proschkinia sulcata Majewska, Van de Vijver & Bosak and P. vergostriata Frankovich, Ashworth & M.J 
Sullivan. SEM images of some of these taxa sampled for DNA can be found in Fig. 3. #is list of POE taxa is not 
exhaustive as the full diversity of POE diatoms remains to be documented. Moreover, it does not include several 
probable POE species (e.g. Achnanthes squaliformis Majewska & Van de Vijver, Navicula dermochelycola Riaux-
Gobin, Witkowski, Kociolek & Chevallier), which have not yet been isolated and cultured.

Molecular phylogenetic results. #e currently recognized POE strains were predominantly located 
in two clades in the molecular phylogeny—Achnanthes sensu stricto + Craspedostauros (Fig. 1) and the clade 
containing the Tripterion complex, Tursiocola and Proschkinia (Fig.  2). With regards to Achnanthes, most of 
the sampled diversity comes from three species of sea turtles (green, Kemp’s ridley and loggerhead) and West 
Indian manatees sampled in the southeastern US. #ese strains formed a well-supported clade (ML bootstrap 
support [bs] = 100%, BI posterior probability [pp] = 1.0) sister to the rest of the sequenced Achnanthes spp. #e 

Table 1.  POE diatoms cultured in this study, sorted by host species. POE diatoms are abbreviated and followed 
by the number of strains cultured from the indicated host: Ae = Achnanthes elongata, Ca = Craspedostauros 
alatus, Cd = Craspedostauros danayanus, Cm = Craspedostauros macewanii, Cca = Chelonicola caribeana, 
Cco = Chelonicola costaricensis, Csp = Chelonicola sp., Ma = Medlinella amphoroidea, Pl = Poulinea 
lepidochelicola, Ps = Proschkinia sulcata, Pv = Proschkinia vergostriata, Td = Tursiocola denysii, Tg = Tursiocola 
guyanensis.

Host species Location Host status
POE Diatoms cultured (# of strains) 
[total cultures]

Chelonia mydas (Green Sea 
Turtle) Bahamas Wild animal: “turtle1” Cca (2), Td (2), Pv (1) 9

Chelonia mydas (Green Sea 
Turtle) Durban, South Africa Aquarium resident: “Calypso” Cco (1), Cm (3), Pl (2) 14

Chelonia mydas (Green Sea 
Turtle) Durban, South Africa Aquarium resident: “Wasabi” Ma (1), Pl (4) 12

Chelonia mydas (Green Sea 
Turtle) Florida, USA Wild animal: “FL noname” Ae (2), Tg (1) 6

Chelonia mydas (Green Sea 
Turtle) Florida, USA Rehabilitation animal: “Fleming” Ae (5), Pl (3), Pv (3) 22

Eretmochelys imbricata (Hawks-
bill Sea Turtle) Texas, USA Aquarium resident: “Einstein” Ca (2) 4

Eretmochelys imbricata (Hawks-
bill Sea Turtle) Durban, South Africa Aquarium resident: “Tripod” Ma (3) 11

Lepidochelys kempii (Kemp’s 
Ridley Sea Turtle) Georgia, USA Wild animal: “Z6” Ae (3) 12

Dermochelys coriacea (Leather-
back Sea Turtle) Kosi Bay, South Africa Wild animal: “ZA0019A/ZA1824E” Cd (1) 7

Caretta caretta (Loggerhead Sea 
Turtle) Durban, South Africa Aquarium resident: “Shiv” Pl (3) 6

Caretta caretta (Loggerhead Sea 
Turtle) Kosi Bay, South Africa Wild animal: “ZA00940/ZA10860” Ma (1) 4

Caretta caretta (Loggerhead Sea 
Turtle) Kosi Bay, South Africa Wild animal: “ZA1595E/ZA1826E” Pl (1) 10

Caretta caretta (Loggerhead Sea 
Turtle) Kosi Bay, South Africa Wild animal Csp (2) 10

Caretta caretta (Loggerhead Sea 
Turtle) Florida, USA Wild animal: “A2” Ae (7) 8

Caretta caretta (Loggerhead Sea 
Turtle) Florida, USA Wild animal: “CC032217a” Cca (2), Pv (2) 19

Caretta caretta (Loggerhead Sea 
Turtle) Florida, USA Wild animal: “FL Christine” Cca (2) 6

Caretta caretta (Loggerhead Sea 
Turtle) Brijuni Islands, Croatia Aquarium resident: “Lunga” Ps (1) 3

Caretta caretta (Loggerhead Sea 
Turtle) Bisceglie, Italy Rehabilitation animal: “Iracus” Pl (3) 38

Lepidochelys olivacea (Olive 
Ridley Sea Turtle) Long Beach, California Aquarium resident: “LoMain” Pl (1) 14

Lepidochelys olivacea (Olive 
Ridley Sea Turtle) Florida, USA Rehabilitation animal: “Harry” Ae (2), Pl (3) 10

Trichechus manatus latiro-
stris (West Indian Manatee) Florida, USA Wild animal: “FLMan40” Ae (2) 11

Trichechus manatus latiro-
stris (West Indian Manatee) Georgia, USA Wild animal: “CGA1605” Ae (1) 23
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Figure 1.  Maximum likelihood phylogenetic tree derived from a concatenated 3-gene DNA sequence dataset, 
representing the Achnanthes, Craspedostauros and Staurotropis clades (complete tree shown in Fig. S1). Support 
values (ML bootstrap support/BI posterior probability) shown above nodes; “*” = nodes with 100%/1.0 values. 
Taxon name followed by DNA extraction voucher number or strain ID. Taxa isolated from epizoic habitats 
followed by a diagrammatic representation of the host from which the strain was isolated, and metadata on the 
location and setting in which the host was sampled (A = aquarium, R = rehabilitation facility, W = wild).

POE Achnanthes clade also sorted by host, with strains collected from manatee (100%/1.0 bs/pp) and sea turtle 
(100%/0.74 bs/pp) hosts in their own clades. "e POE Craspedostauros taxa showed a di#erent pattern to the rest 
of the POE diatoms. "eir clade included both POE and non-POE species, with POE taxon C. danayanus sister 
to C. alyoubii and C. paradoxus (96%/0.99 bs/pp) rather than to the POE C. macewanii and C. alatus.

"e “Tripterion complex + ” clade (strains illustrated in Fig. 3a–d) was resolved with strong support (100%/1.0 
bs/pp). While we were able to sample taxa from the Chelonicola, Poulinea and Medlinella genera in this complex, 
we were unable to observe any taxa within Tripterion sensu stricto in our collections. "e “Tripterion complex + ” 
clade also contained the POE genus Tursiocola and Proschkinia Karayeva, which has both POE and non-POE 
species, as well as the non-epizoic genera Stauroneis Ehrenberg, Craticula Grunow, Parlibellus E.J.Cox, Fistulifera 
Lange-Bertalot and some monoraphid genera such as Schizostauron Grunow and Astartiella Witkowski, Lange-
Bertalot & Metzeltin. "e molecular data suggested no common origin for the POE clades; Tursiocola and the 
Tripterion complex are sister to non-POE taxa rather than each other, and the POE Proschkinia (P. vergostriata 
and P. sulcata) formed a clade sister (100%/1.0 bs/pp) to the rest of the Proschkinia spp.

Within Tursiocola, both nutritional types appear monophyletic, with the non-photosynthetic manatee-asso-
ciated taxa (T. alata, T. bondei, T. varicopulifera and T. ziemanii) and the photosynthetic sea turtle-associated 
taxa (T. denysii and T. guyanensis) in their own clades (100%/1.0 bs/pp for both clades). It should be noted, 
however, that there were only two photosynthetic Tursiocola taxa sampled. Tree topology in the Tripterion 
complex remained the same regardless of analysis, with Chelonicola costaricensis “Majewska21C” + Poulinea 
lepidochelicola (100%/1.0 bs/pp) sister to Medlinella amphoroidea + Chelonicola sp. “Majewska39A/40A” + C. 
caribeana (92%/0.74 bs/pp).

Only two clades in the Tripterion complex had any geographic variation: the Poulinea clade and Chelonicola 
caribeana clade. For Poulinea, strains collected in South Africa were not monophyletic, with “Majewska 17C” 
sister to the rest of the clade, which included strains isolated from the Adriatic, Florida, California and South 
Africa. It should be noted that the Florida clade represented strains collected from a single location—a reha-
bilitation facility—while the South African strains were isolated from collections of both wild and captive host 
animals. "e C. caribeana clade, on the other hand, contained strains isolated exclusively from wild host animals 
in South Africa, Florida and the Bahamas, with the South African strains (“Majewska39A/40A”) sister to the rest.

Discussion
Based on our molecular phylogeny, it appears that the epizoic habit has evolved several times and in several dif-
ferent raphid diatom morphotypes: elongate biraphid (Tursiocola and Proschkinia , Fig. 3f,g, respectively) and 
monoraphid frustules (Achnanthes, Fig. 3e), asymmetric, clavate biraphid frustules (Tripterion complex, Fig. 3a) 
and thin oval monoraphid frustules (Bennettella, Epipellis31). "ese independent gains of the epizoic habit could 
be driven by the host biology and evolution. "e various epizoic diatom lineages, if eventually resolved to be 
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Figure 2.  Maximum likelihood phylogenetic tree derived from a concatenated 3-gene DNA sequence dataset, 
representing the clade containing the Tripterion complex, Tursiocola and Proschkinia clades (complete tree 
shown in Fig. S1). Support values (ML bootstrap support/BI posterior probability) shown above nodes; 
“*” = nodes with 100%/1.0 values. Taxon name followed by DNA extraction voucher number or strain ID. 
Taxa isolated from epizoic habitats followed by a diagrammatic representation of the host from which the 
strain was isolated, and metadata on the location and setting in which the host was sampled (A = aquarium, 
R = rehabilitation facility, W = wild). Black host icon = POE taxon; white host icon = unclear habitat preference.
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closely linked to a speci!c type of host animal, might have diverged from non-epizoic taxa under di"erent eco-
logical and evolutionary constraints and at di"erent times corresponding to the emergence of various groups 
of marine megafauna.

Among others, the eco-physiological constraints shaping epizoic diatom speciation through adaptive radia-
tion would include the nature and character of the animal substrate. Variations of the dermal layer of sirenians 
and sea turtles including the ultrastructure, topology, physiology (e.g. shedding patterns), and biochemistry 
(e.g. enzymatic activity) would require di"erent attachment and colonization (and re-colonization) strategies, 
thus encouraging the development of speci!c adaptations. Such a speci!c adaptation is evidenced by Melan-
othamnus maniticola Woodworth, Frankovich & Freshwater, an epizoic red alga on manatees that has unique 
skin penetrating rhizoids that anchor the thallus to the deeper epidermis and permit the alga to persist as the 
host surface skin cells are  shed32. In marine reptiles, the carapace scutes are o#en shed periodically, while the 
skin scales are either shed continuously (sea turtles) or the epidermis is renewed completely in a process called 
ecdysis (sea  snakes33). $ese patterns di"er from those observed in marine mammals in which skin shedding 
may be regulated by external factors such as  temperature34. Similarly, animals with di"erent diving regimes may 

Figure 3.  Scanning electron micrographs of some of the POE diatom taxa successfully cultured and sampled 
for DNA. a = Poulinea lepidochelicola HK630, complete frustule. b = Chelonicola cf costaricensis Majewska 21C, 
valve exterior. c = Chelonicola sp. Majewska 40A, complete frustule. d = Medlinella amphoroidea HK600 (valve 
exterior above, interior below). e = Achnanthes elongata HK563 (valve exterior above, complete frustule below). 
f = Tursiocola denysii HK633 (valve exterior above, complete frustule below). g = Proschkinia vergostriata HK552, 
complete frustule. All scale bars = 1 µm.
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host diatoms with di!erent physiological and metabolic adaptations as various stages of photosynthesis will be 
di!erently a!ected by changes in hydrostatic pressure related to the depth, duration, and frequency of  dives35.

Moreover, the diversi"cation dynamics in POE diatoms may be linked to the host animal behavior and life-
style. #e niche heterogeneity, biodiversity, productivity, and nutrient concentrations typical of shallow-water 
habitats occupied by sirenians and some sea turtles may increase colonization rates by new species and favor 
benthic diatom immigration to the epizoic community, thus spurring the observed diversity of diatom forms 
associated with  manatees24,25 or sea turtles using neritic foraging habitats (e.g. loggerheads;21). #e opposite 
phenomenon could explain low epizoic diatom diversity on leatherback sea  turtles5,30, and pelagic sea  snakes23 
that spend signi"cant time feeding in the pelagic zone rather than on benthic  organisms36. #is follows the gen-
eral pattern of low macro-epibiotic diversity on  leatherbacks37. Epizoic diatom diversity might also be driven by 
intrinsic biotic factors, such as gregariousness and range of the host species as both factors may a!ect the new 
species encounter and colonization rates. However, in these systems in which epizoic diatom species richness is 
driven mainly by speciation rates as opposed to benthic species immigration, the total epizoic diatom diversity 
may remain low. #e higher number of diatom taxa observed on neritic megafauna species as compared to open-
water animals seem to support this  hypothesis20.

Currently, taxon sampling is still scattered, and while strains were isolated from multiple geographic locali-
ties, much of the strain diversity in species-level clades come from a single collection. #e Florida Poulinea 
lepidochelicola clade, for example, represents strains isolated exclusively from the Turtle Hospital rehabilitation 
facility in Marathon, Florida. Among the South African P. lepidochelicola strains, six strains (Majewksa 14C, 
Majewska 20C, HK630, HK638, HK639 and HK640) came from collections from three turtles at the uShaka Sea 
World facility in Durban, and likely represent one population. However, a morphological di!erence does exist 
between the sequenced Medlinella amphoroidea strains from South Africa and the type population of Florida 
Bay. #e valve areolae of the former appear to be occluded by hymenes (Fig. 3d) as opposed to the volae of the 
type  population14. Whether this corresponds to a genetic, and perhaps species di!erentiation remains to be seen, 
once the Florida Bay population is sequenced.

While we do not yet have enough information to assign any sort of host speci"city to certain POE diatom 
taxa, we have enough DNA sequence data to suggest that some genetic di!erentiation among POE diatoms is 
occurring. While we do not know if the genetic distance between the Florida, Mediterranean and South African 
Poulinea strains is driven by speciation or intraspeci"c biogeography, they are genetically distinct. Data collected 
from loggerheads suggests little mixing between sea turtle individuals across ocean  basins38, with the Mediter-
ranean population being distinct from the northeast Atlantic one, which is then distinct from northwest Atlan-
tic (including the Gulf of Mexico) population. Even within closer geographic boundaries, such as the western 
Atlantic, there is demonstrated genetic distance between POE strains (C. caribeana of Florida and the Bahamas; 
Achnanthes elongata of Florida and Georgia) in DNA sequence markers which are generally considered too 
conserved to show intraspeci"c variation in  diatoms39,40.

#e collection of molecular information from a larger number of POE diatom strains may reveal whether 
genetic diversity in epizoic diatoms re%ects biogeographic, ecological, and behavioral patterns observed in the 
host animal populations. For example, it was demonstrated that sea turtle phylogeography is shaped by the sea 
turtle species thermal regime and habitat  preference41. Provided the close relationship between epizoic diatoms 
and sea turtles holds up under the scrutiny of increased data sampling, it may be expected that POE diatoms 
associated with the cold-tolerant leatherbacks, which are able to use the southwestern corridors to migrate across 
the oceans, will be characterized by lower genetic diversity than diatom taxa growing on tropical species such 
as green turtles, hawksbills, and olive ridley sea turtles, whose Atlantic and Indo-Paci"c populations appear 
to be genetically  distinct42. #is knowledge may signi"cantly advance our understanding about evolutionary 
relationships between diatoms and their animal hosts as well as shed more light on the mechanistic processes of 
divergence and adaptive evolution of diatoms and other marine microbes.

#is study lays the groundwork for biodiversity and biogeographical work in marine epibioses by starting the 
development of a database of DNA sequence data from 16 of the known POE diatom species for sea turtles and 
manatees. #ese sequences will also be useful in not only identifying more POE taxa, but searching for potential 
refugia of these taxa in non-epizoic habitats. Large areas of the world’s marine shallow benthic environment are 
poorly studied for diatoms, and therefore we cannot exclude the possibility that the POE taxa do exist outside of 
epizoic habitats. Even in localities that are relatively well-studied for benthic diatoms, variation in the composi-
tion and relative abundance in an assemblage due to substrate speci"city and seasonality make the assembly of 
an exhaustive diatom %ora extremely di&cult. Environmental DNA surveys, such as metabarcoding, have an 
advantage over microscope-based surveys with regards to relatively small-sized taxa. Based on the molecular 
phylogeny of the Tripterion complex, it is easy to see how these taxa might have remained undetected in a 
bioinformatic summary of OTUs by sequence similarity, as there is signi"cant genetic di!erence between the 
Tripterion complex and the only other sequenced representatives of the Rhoicospheniaceae—the freshwater taxon 
Rhoicosphenia abbreviata (C.Agardh) Lange-Bertalot. In fact, there are no morphological characters exclusive to 
the taxa in the molecular clade containing Tursiocola and the Tripterion complex that would cause a diatomist to 
expect a close match in sequence identity to the POE taxa. With curated sequence data now available for the most 
common POE taxa, we may "nd evidence for their occurrence in non-epizoic habitats through eDNA studies.

One of the stated goals of this study was to generate additional DNA sequence data from POE diatom taxa on 
sea turtles and sirenians. #is goal was greatly aided by our ability to culture many of these POE diatoms away 
from their hosts, which raises several questions about the ecological requirements and adaptations of epizoic 
diatoms. #e isolated strains of POE diatoms, which can be maintained in arti"cial conditions and without the 
animal hosts, provide opportunities to further study the molecular, genomic and physiological nature of the 
unique relationship between the diatoms and marine megafauna in a laboratory setting. For example, we can 
examine how di!erent species may be a!ected by di!erent conditions or possess speci"c adaptations to epizoic 
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lifestyle. It is possible that some trade-o! in obtaining those adaptations makes the POE taxa less competitive in 
non-epizoic benthic environments. We know little about the extent to which the microbes associated with the 
diatom (“phycosphere”) might a!ect the competitive ability of diatoms, and/or whether the phycosphere may 
itself manufacture some critical compound only in an epizoic community. Since all cultured POE diatoms were 
maintained as non-axenic cultures, it is yet unclear what role the bacterial strains played in the development and 
survival of the targeted diatom species and whether the long-term maintenance of axenic POE strains would 
be feasible. Future studies may also determine the number of evolutionary leaps to the epizoic habitat and the 
number of host switches, shedding more light on the co-evolution of diatom-animal relationships.

Methods
Cultures and microscopy. Diatoms were collected from the skin of West Indian manatees and the skin and 
carapace of six species of sea turtles (see Table 1 for details). #ese collections were made following the protocol 
outlined by Pinou et al.43. Wild sea turtles were either sampled on nesting beaches a$er oviposition (as to not 
disturb the nesting process) or from turtles captured in water via a rodeo  method44. #e seven sea turtles resi-
dent at the uShaka Sea World in Durban (South Africa) were sampled during feeding. #e Adriatic Sea turtles 
were sampled upon arrival to the rescue center a$er being caught accidentally during trawling (Iracus) or dur-
ing rehabilitation in an outdoor pool with freely circulating seawater (Lunga). Manatees were sampled during 
annual health assessments conducted by the USGS Sirenia Project.

Individual diatom cells were isolated by micropipette into sterile f/2 culture  medium45 with a salinity match-
ing that of the collection area. Strains isolated from the Bahamas, and the US were maintained under natural 
light in a north-facing window at UT Austin at room temperature (between 20 and 24 °C). South African strains 
were lit by natural light from a south-facing window and maintained at a temperature of 20–24 °C at the Unit of 
Environmental Sciences and Management in Potchefstroom. #e strains isolated from the Adriatic were grown 
at 18–20 °C at 7–10 μmol  m2  s−1, 12:12 (light:dark) cycle .In the case of non-photosynthetic taxa (like some 
Tursiocola species), individual cells were documented by light micrograph (“photovouchered”) and isolated into 
WGA whole-genome ampli'cation  cocktail25.

Cultures were harvested into separate pellets for microscopy preparation and DNA sequencing. Pellets for 
microscopy were cleaned with hydrogen peroxide and nitric acid, rinsed to neutral pH and dried onto 22 × 22 mm 
and 12 mm coverslips for light microscopy (LM) and scanning electron microscopy (SEM), respectively. Perma-
nent mounts for the LM slides were made with Naphrax® mounting medium (Brunel Microscopes, www. brune 
lmicr oscop essec ure. co. uk) and micrographs were taken with a Zeiss Axioskop. Coverslips for SEM were coated 
with iridium by a Cressington 208 Bench Top Sputter Coater (Cressington Scienti'c Instruments, Watford, 
UK) and micrographs taken with a Zeiss SUPRA 40 VP scanning electron microscope (Carl Zeiss Microscopy, 
#ornwood, NY, USA). Additional micrographs of the strains are available from the authors.

DNA isolation, amplification and sequencing. Pellets for DNA sequencing were extracted using the 
DNeasy Plant Minikit, with an extra 45 s incubation in a Beadbeater (Biospec Products, Bartlesville, OK, USA) 
with 1.0 mm glass pellets for colony and frustule disruption. #e nuclear-encoded ribosomal SSU and chlo-
roplast-encoded rbcL and psbC markers were ampli'ed by PCR using the primers outlined in #eriot et al.46 
in 25 µL reactions with 1–3 µL of template DNA, 0.5 µL of each primer, 0.25 µL of Taq polymerase, 12.5 µL of 
pre-mixed FailSafe Bu!er E (Lucigen Corporation) and 8.25–10.25 µL of sterile water. PCR conditions were 
identical for rbcL and psbC: 94 °C for 3.5 min., 35 cycles of (94 °C for 30 s, 48 °C for 60 s., 72 °C for 2 min.), and 
a 'nal extension at 72 °C for 15 min. PCR conditions for SSU were: 94 °C for 3.5 min., 35 cycles of (94 °C for 
30 s., 51 °C for 60 s., 72 °C for 3 min.), and a 'nal extension at 72 °C for 15 min. #e amplicons were puri'ed 
using an EXO-SAP protocol: a 3 µL of an EXO-SAP solution containing 0.5 µL of shrimp alkaline phosphatase, 
0.25 µL of exonuclease I and 2.25 µL of sterile water were added to the PCR products and incubated at 37 °C for 
30 min. followed by 80 °C for 15 min. Puri'ed products were then sequenced on an ABI 3730 DNA Analyzers 
using BigDye Terminator v3.1 chemistry.

Sequence data were added to a dataset of raphid and araphid pennate diatoms, with Asterionellopsis glacialis 
used as an outgroup (see Table S1 for GenBank accession numbers). SSU data were aligned by the SSUalign 
program, using the covariance model outlined in Lobban et al.47. Data were initially partitioned by gene, by 
paired and unpaired sites in SSU secondary structure and codon position in rbcL and psbC. Model testing and 
grouping of partitions were performed by PartitionFinder  248 using all nucleotide substitution models, linked 
branches, and rcluster  search49 settings for trees inferred by RAxML  850. #e best model was chosen using the 
corrected Akaike information criterion (AICc). Maximum Likelihood and Bayesian Inference based phylogenies 
were inferred using IQ-TREE version 1.6.12 for  Linux51 with partitioned  models52 and multi-threaded MPI 
hybrid variant of ExaBayes version 1.553, respectively. Nodal support for the maximum likelihood phylogeny was 
assessed using 1000 bootstrap replicates via IQ-TREE. ExaBayes analyses included four independent runs with 
two coupled chains where branch lengths were linked. Convergence parameters included an average deviation 
of split frequencies (ASDSF) of less than or equal to 5% with a minimum of 10,000,000 generations. Bayesian 
nodal support was assessed using posterior probabilities, with the 'rst 25% of the trees removed as “burn-in”.

Data availability
DNA sequence data generated for this study are published on the NCBI GenBank online sequence depository 
under the accession numbers listed in Table S1. Additional micrographs and cleaned voucher material from the 
sequenced cultures are available from lead author MPA.
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Supplemental Figure S1. Complete Maximum Likelihood phylogenetic tree derived from a 
concatenated 3-gene DNA sequence dataset. Support values (ML bootstrap support) shown above 
nodes. Taxa isolated from epizoic habitats followed by a diagrammatic representation of the host from 
which the strain was isolated, and metadata on the location and setting in which the host was sampled 
(A = aquarium, R = rehabilitation facility, W = wild). Black host icon = POE taxon; white host icon = 
unclear habitat preference. 

Supplemental Figure S2. Complete Bayesian Inference phylogenetic tree derived from a concatenated 
3-gene DNA sequence dataset. Support values (BI posterior probability) shown above nodes. Taxa 
isolated from epizoic habitats followed by a diagrammatic representation of the host from which the 
strain was isolated, and metadata on the location and setting in which the host was sampled (A = 
aquarium, R = rehabilitation facility, W = wild). Black host icon = POE taxon; white host icon = 
unclear habitat preference. 

Supplemental Table S1. Taxa, strain voucher ID and GenBank accession numbers for strains used in 
the DNA sequence data phylogenetic analysis. Collection site for sample of original strain isolation, or 
culture collection strain number, is also included (where known). Ingroup taxa (raphid pennates) 
provided first in the table; outgroup taxa (araphid pennates) follow after table break. Taxa are listed 
alphabetically. If species unknown, authority for genus is listed. 
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The current study focuses on four species from
the primarily marine diatom genus Craspedostauros
that were observed growing attached to numerous
sea turtles and sea turtle-associated barnacles from
Croatia and South Africa. Three of the examined
taxa, C. danayanus sp. nov., C. legouvelloanus sp.
nov., and C. macewanii sp. nov., are described based
on morphological and, whenever possible,
molecular characteristics. The new taxa exhibit

characters not previously observed in other
members of the genus, such as the presence of
more than two rows of cribrate areolae on the
girdle bands, shallow perforated septa, and a
complete reduction of the stauros. The fourth
species, C. alatus, itself recently described from
museum sea turtle specimens, is reported for the
first time from loggerhead sea turtles rescued in
Europe. A 3-gene phylogenetic analysis including
DNA sequence data for three sea turtle-associated
Craspedostauros species and other marine and
epizoic diatom taxa indicated that Craspedostauros is
monophyletic and sister to Achnanthes. This study,
being based on a large number of samples and
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animal specimens analyzed and using different
preservation and processing methods, provides new
insights into the ecology and biogeography of the
genus and sheds light on the level of intimacy and
permanency in the host–epibiont interaction within
the epizoic Craspedostauros species.

Key index words: barnacle; Chelonibia; Craspedostau-
ros; epizoic diatom; leatherback; loggerhead; phy-
logeny; Platylepas; sea turtle

Abbreviations: BS, bootstrap support; CRW, compar-
ative RNA Web; ML, maximum likelihood

Diatom communities inhabiting both the skin and
the carapace of marine turtles are composed largely
of species not reported from other biotic or abiotic
substrata (Frankovich et al. 2015, 2016, Majewska
et al. 2015a,b, 2017a,b, Robinson et al. 2016, Azari
et al. 2020, Majewska 2020, Riaux-Gobin et al. 2020).
These observations suggest a certain level of host-
specific evolutionary adaptations used by sea turtle-
associated diatoms. Although intimate relationships
between animals and microbes are common and
extensively studied, reports of truly epizoic microal-
gae are generally rare (Ezenwa et al. 2012, Redford
et al. 2012, Apprill 2017). Perhaps due to the fact
that ubiquitous photosynthetic organisms, such as
diatoms, are not immediately perceived as an essen-
tial element of any vertebrate microbiome, these
new findings are particularly noteworthy. Based on
their high frequency of occurrence and the high rel-
ative abundances recorded from various sea turtle
species and geographic regions, as well as a lack of
records from other types of substrata, several of the
newly described sea turtle-associated diatom taxa are
currently believed to be strictly epizoic or even sea
turtle-specific. While this may be the case, many
other diatoms present in samples from sea turtles
are likely to be opportunistic species that attached
to biofilm in the later stages of its development
(Majewska et al. 2015b, 2017b, 2019, 2020, Kaleli
et al. 2020, Van de Vijver et al. 2020). Although
opportunistic taxa often dominate specific epizoic
habitats in terms of diversity, they rarely reach high
relative abundance, which may suggest they lack
some key functional adaptations to the epizoic
lifestyle.

The present study focuses on the sea turtle-associ-
ated diatom species belonging to the genus Craspe-
dostauros. At present, the genus comprises ten
validly described species including one, Craspedostau-
ros alatus, described from museum specimens of
sea turtles (Cox 1999, Sabbe et al. 2003, Van de
Vijver et al. 2012, Ashworth et al. 2017, Majewska
et al. 2018). Craspedostauros is a predominantly mar-
ine genus, although C. laevissimus is described as “a
widespread endemic species restricted to the Antarc-
tic Continent” and may be of brackish or freshwater
origin (Sabbe et al. 2003, Van de Vijver et al. 2012).

The typical morphological characters of the genus
include cribrate areolae, numerous doubly perfo-
rated girdle bands, two fore and aft chloroplasts, and
a usually narrow stauros. The latter is reduced or
strongly reduced in two species, C. alyoubii and
C. paradoxus*. Molecular phylogenetic analysis indi-
cated that the genus is closely related to Achnanthes
and Staurotropis (Ashworth et al. 2017). Both taxa, as
well as another marine genus Druehlago, which has yet
to be characterized using molecular approaches,
share several morphological similarities with Craspe-
dostauros (Cox 1999, Ashworth et al. 2017). For exam-
ple, all the above-mentioned taxa possess valves and
girdle bands perforated by cribrate areolae. Craspe-
dostauros and Druehlago share the general frustule
morphology, including frustules with central constric-
tion (Ashworth et al. 2017), while the fore and aft
arrangement of chloroplasts, typical of Craspedostau-
ros, can be observed in several Achnanthes species
(Cox 1999).
Three previously undescribed species, Craspe-

dostauros danayanus Majewska et Ashworth sp. nov.,
C. legouvelloanus Majewska et Bosak sp. nov., and
C. macewanii Majewska et Ashworth sp. nov., were
found in the course of an ongoing survey on sea
turtle-associated diatoms and are described in the
current paper. Moreover, a population of C. alatus
is for the first time reported from Europe. The large
number of samples analyzed along with the differ-
ent preservation and processing techniques applied
allowed us to document the ultrastructure of the
frustule and, whenever possible, the morphology of
the plastids as well as the colony type and attach-
ment mode of the cells. These observations were
supplemented by a 3-gene phylogenetic analysis
including DNA sequence data for three sea turtle-as-
sociated Craspedostauros species and other marine
and epizoic diatom taxa.
*The specific epithet in Craspedostauros paradoxa

should be changed to “paradoxus” following the rec-
ommendations of the International Code of
Nomenclature for algae, fungi, and plants (Articles
23.5 & 62; Turland et al. 2018).

MATERIALS AND METHODS

Material collection and preservation. Diatom samples were
collected from captive and wild sea turtles from Croatia and
South Africa (Fig. 1). All biofilm samples from carapace and
skin were taken using single-use sterile toothbrushes follow-
ing the sampling protocols suitable for diatom culturing and
standard morphology-based diatom analysis of Pinou et al.
(2019). In Croatia, single skin and carapace samples were col-
lected from each of 38 loggerhead sea turtles, Caretta caretta,
rescued and rehabilitated at the Marine Turtle Rescue Centre
in Aquarium Pula between 2016 and 2019, on the day of or
shortly after their arrival at the facility. In South Africa, single
skin and carapace biofilm samples were collected from each
of 78 loggerheads and 20 leatherbacks, Dermochelys coriacea,
nesting in Kosi Bay (Indian Ocean) over two nesting seasons,
in 2017/2018 and 2018/2019. In addition, 6-mm skin biopsy
punches were taken from either front or rear flippers of 30
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loggerheads and six leatherbacks and preserved in 4%
formaldehyde solution in seawater immediately after collec-
tion. Samples of the sea turtle-associated barnacles Chelonibia
testudinaria from 100 + loggerheads and Platylepas coriacea
from 15 leatherbacks were taken using a plastic paint scraper
or a blunt knife over four nesting seasons, from 2015/2016
to 2018/2019. Barnacle samples comprised of more than one
specimen were divided into two parts and either frozen
(!20°C) or fixed with 4% formaldehyde solution in seawater.
Single-specimen barnacle samples were frozen (!20°C).
Finally, skin and carapace samples were collected from three
loggerheads, three green turtles, Chelonia mydas, and one
hawksbill, Eretmochelys imbricata, resident at the uShaka Sea
World in Durban on June 28, 2019.

Material collection was performed by, or under close
supervision of, qualified field researchers, and the applied
techniques and procedures respected ethical principles of the
Declaration of Helsinki (World Medical Association 2013) as
well as all applicable national laws.

Type slides and unmounted diatom material used in this study
are deposited in the following herbaria: South African National
Diatom Collection (SANDC), Croatian National Diatom Collec-
tion (HRNDC), and Meise Botanic Garden Herbarium (BR;
Index Herbariorum, http://sweetgum.nybg.org/science/ih/).

Material processing and microscopy. Diatoms were detached
from the frozen barnacles using a Transsonic T310 (Elma,

Singen, Germany) ultrasound bath as described by Majewska
et al. (2020). Diatom biofilm from the sea turtle skin, cara-
pace, and barnacles was cleaned from organic matter using
either a rapid digestion with a mixture of concentrated
HNO3 and H2SO4 (at a ratio of 2:1) following von Stosch’s
method (South African and Croatian samples; Hasle and
Syvertsen 1997) or heated 37% H2O2 with addition of
KMnO4 (Croatian culture strain; van der Werff 1953).
Cleaned material was mounted on slides using Naphrax (Bru-
nel Microscopes Ltd, Chippenham, UK; Croatian samples)
and Pleurax prepared following von Stosch (1974; South Afri-
can samples). The slides were examined using a Nikon
Eclipse 80i light microscope with Differential Interference
Contrast (DIC) and a Nikon DS-Fi1 5MP digital camera
(Nikon Instruments Inc., Melville, NY; South African sam-
ples) as well as a Zeiss Axio Imager A2 with DIC and an Axio-
cam 305 digital camera (Carl Zeiss, Jena, Germany; Croatian
samples). In addition, fresh material containing living dia-
toms attached to the sea turtle scutes and skin flakes was
stained with blue writing ink (Scheaffer !) to reveal the colo-
nies of the diatom-associated bacteria.

For scanning electron microscopy (SEM), the oxidized sus-
pension was filtered through 1-µm or 1.2-µm IsoporeTM

(Merck Millipore, Darmstadt, Germany) or 3-µm Nucleopore
(Nucleopore, Pleasanton, CA, USA) polycarbonate membrane
filters. Formalin-preserved skin and barnacle samples were

FIG. 1. Sampling locations for Craspedostauros danayanus (1), C. legouvelloanus (2), C. macewanii (3), and C. alatus (4).
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dehydrated in an alcohol series (30%, 50%, 60%, 70%, 80%,
90%, 95%, 99.9%) followed by critical point-drying in an
E3100 Critical Point Dryer (Microscience Division, Watford,
UK). Subsequently, the samples were mounted on aluminum
stubs with carbon tape and sputter-coated with either gold-
palladium using Cressington 108Auto and Cressington
208HR sputter-coaters (Cressington Scientific Instruments
Ltd., Watford, UK), palladium using a Precision Etching and
Coating System, PECS II (Gatan Inc., Pleasanton, CA, USA),
or iridium using Emitech K575X (Emitech Ltd., Ashford,
Kent, UK) and Cressington 208 Bench Top sputter-coaters.
Diatom specimens were analyzed with JEOL JSM-7800F, JEOL
JSM-7001F (JEOL, Tokyo, Japan), FEI Quanta Feg 250 (FEI
Corporate, Hillsboro, OR, USA), Zeiss Ultra Plus (Carl Zeiss,
Oberkochen, Germany), and Zeiss SUPRA 40 VP (Carl Zeiss
Microscopy, Thornwood, NY, USA) scanning electron micro-
scopes at 3–10 kV. To determine the relative abundance of
the new species, 400 diatom valves were counted and identi-
fied in each sample along arbitrarily chosen transects using
SEM. The morphology and frustule ultrastructure of the new
taxa was compared with those of all known Craspedostauros
species worldwide. Taxonomic terminology follows that used
in the previous studies focused on this genus (Cox 1999,
Sabbe et al. 2003, Van de Vijver et al. 2012, Ashworth
et al. 2017, Majewska et al. 2018). The term “rectelevatum”
(Van de Vijver et al. 2010) is used to describe the internal
central thickening formed by partially fused central helic-
toglossae, which was present in all the novel taxa, either with
or without an additional central knob-like structure.

Culturing. Living diatoms from the fresh material (unpre-
served samples containing sea turtle biofilm and filtered sea-
water; Pinou et al. 2019) were isolated using a glass pipette
with a tip pulled and thinned over a flame into
16 9 100 mm glass culture tubes (South African strains) or
plastic culture flasks (Croatian strains) filled with 34 PSU
(South African strains) or 38 PSU (Croatian strains) f/2
growth medium (Guillard 1975). Strains were lit by natural
light from a south-facing window (South African strains) or
white fluorescent light with a photoperiod of 12 h (Croatian
strain) and maintained at a temperature of 20–24°C. The
well-grown cultures were divided into two parts, one of which
was used for DNA extraction. The remaining part was cleaned
with a mixture of 30% H2O2 and 70% HNO3 and rinsed with
distilled water until near-neutral pH was reached in the fluid
phase. The Croatian strain (PMFTB0003) was cleaned using
saturated KMnO4 solution and ca. 30% HCl following a pro-
tocol modified slightly from Simonsen (1974). Permanent
microscopy slides and SEM stubs were prepared as described
above.

DNA preparation and phylogenetic analysis. The cultures were
harvested as cell pellets using an Eppendorf 5415C centrifuge
(Eppendorf North America, Hauppauge, NY, USA) for 10 min
at 8,000 rpm. The QIAGEN DNeasy Plant Mini Kit (QIAGEN
Sciences, Valencia, CA, USA) was used for DNA extraction fol-
lowing the manufacturer’s protocol, with the addition of an ini-
tial cell disruption by 1.0 mm glass beads in a Mini-Beadbeater
(Biospec Products, Inc, Bartlesville, OK, USA) for 45 s.

PCR-based DNA amplification and di-deoxy Sanger sequencing
of small-subunit nuclear rRNA and the chloroplast-encoded
rbcL and psbC markers followed Theriot et al. (2010).

Phylogenetic analysis of the DNA sequence data was con-
ducted using a three-gene dataset: nuclear-encoded small-sub-
unit (SSU) rRNA, and plastid-encoded rbcL and psbC.
Alignment of the SSU sequences, accounting for secondary
structure, was carried out using the SSUalign program
(Nawrocki et al. 2009), with the covariance model based on
the 10 diatoms included with the program download, plus 23
additional diatoms from the CRW website (Cannone
et al. 2002). Post alignment, SSU sequences were concate-
nated with the chloroplast sequences into a single matrix
(Table S1 in the Supporting Information). Eight separate
partitions were created for the data (SSU paired and
unpaired sites, plus the first, second, and third codon posi-
tions of each of rbcL and psbC). This dataset and partitioning
scheme were run under maximum likelihood (ML) using
RAxML ver. 8.2.7 (Stamatakis 2014) compiled as the pthread-
AVX version on an Intel i7-based processor, using the
GTR + G model. Twenty-five replicates, each with 500 rapid
BS replicates, were run with ML optimizations. Bootstrap sup-
port was assessed using the BS replicates from the run with
the optimal ML score.

RESULTS

The analyzed biofilm samples contained three
previously undescribed species of Craspedostauros as
well as C. alatus. These species and populations are
described below.

Craspedostauros danayanus Majewska &
Ashworth sp. nov. (Figs. 2 and 3)

Diagnosis. Valves linear and narrow; stria density
high (≥49 in 10 lm); stauros, internal central knob,
and external central lip-like silica flaps absent.
Accession numbers of sequence data representative
of this taxon (but not the holotype): MT432485
(rbcL) and MT432505 (psbC).
Holotype. Permanent slide SANDC ST012 (pre-

pared from sample ZA0019A/ZA1824E).
Type locality. Mabibi Beach, Elephant Coast,

South Africa (27°21ʹ30ʺ S, 32°44ʹ20ʺ E). Collected
from the barnacle Platylepas coriacea growing on an
egg-laying leatherback sea turtle (tag numbers:
ZA0019A, ZA1824E) by R. Majewska, December 7,
2018.
Etymology. The epithet honors Danay A. Stoppel

(North-West University, Potchefstroom, South
Africa), who made the first observations of the new
taxon, in recognition of her contribution to the sea
turtle diatom project in South Africa.

FIG. 2. Craspedostauros danayanus. (a) Living cells of C. danayanus and Cylindrotheca sp. attached to the leatherback skin scales (light
microscopy). (b) Stained colony of C. danayanus and associated bacteria on the leatherback skin scales. (c) Valve view of a living cell (cul-
tured strain). (d) Girdle view of a living cell (cultured strain). (e–j) Scanning electron micrographs of C. danayanus attached to its original
substratum. (e) Monospecific colony growing among the flaking skin of leatherback (dorsal side of the hind flipper). (f) Extremely deli-
cate and fragile cells of C. danayanus attached to the leatherback skin (dorsal side of the hind flipper). (g) An overview of the leather-
back-associated barnacle, Platylepas coriacea, colonized by C. danayanus. (h) A detail of the external part of the barnacle with a sheath of
host sea turtle tissue overgrown with C. danayanus. Arrows indicate some of the monospecific clumps of C. danayanus colonies. (i) A detail
of the moveable plates of the barnacle overgrown with C. danayanus. (j) A single cell of C. danayanus among dense colony of Cylindrotheca
sp. attached to the folds in the moveable plates of P. coriacea. Scale bars: 10 µm = panels b–d, f and j; 50 µm = panel a; 100 µm = panels
e, h and i; 1 mm = panel g.
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Description. Cells with two fore and aft H-shaped
chloroplasts (Fig. 2, a–d). Frustules extremely deli-
cate and very lightly silicified (Figs. 2, e–j; 3, a–e).
In girdle view, frustules rectangular, moderately con-
stricted at the center (Fig. 2, d, f, and j). Valves nar-
row, linear, very slightly constricted in the valve
middle, with bluntly rounded apices (Figs. 2c and 3,
a–e).

Light microscopy (Fig. 3, a–e): Valve dimensions
(n = 30): length 28–61 lm, width 2–2.5 lm,
length/width ratio: 14–30.5. In cleaned (acid-di-
gested) material, partially dissolved valve margins
barely noticeable (Fig. 3, a–e, arrows), intact frus-
tules absent. Striae indiscernible (Fig. 3, a–e).
Raphe-sternum thickened, clearly visible (Fig. 3, a–
e). Thickenings at both central and terminal raphe
endings (Fig. 3, a–e).

Scanning electron microscopy (Fig. 3, f–m): Externally:
In cleaned material, valve face appearing flat, with
very shallow mantle and straight margin (Fig. 3, f
and g). Striae uniseriate, 49–51 in 10 lm, parallel,
becoming radiate toward the apices, alternate or
opposite, composed of up to eight areolae (Fig. 3, f
and g). Areolae largely similar in size, becoming
somewhat smaller around the central area, squarish
to roundish, externally occluded by cribra (Fig. 3, f–
h). Each cribrum perforated by 2–8 pores (Fig. 3f).
Axial area narrow (Fig. 3, f and g). Raphe-sternum
not raised (Fig. 3, f–h). Raphe branches straight
(Fig. 3g). Central area large, symmetrical, fusiform
(Fig. 3, g and h). Central raphe endings straight,
elongated, slightly expanded (Figs. 3, g and h). Ter-
minal raphe endings disappearing under somewhat
triangular silica flaps extending from the raphe-ster-
num, giving the impression of unilaterally bent ter-
minal raphe fissures (Fig. 3, f and g). A large,
irregular depression present at the apical flap fold
(Fig. 3, f and g, arrowheads). Shortened striae com-
posed of cribrate areolae radiating around the
apices beyond the apical silica flaps (Fig. 3f). Asym-
metrical pore-free area present beyond the terminal
raphe endings in the immediate vicinity of the api-
cal flap fold (Fig. 3f).

Internally: Raphe slit opening laterally onto the
more or less uniformly thickened and distinctly
raised raphe-sternum (Fig. 3i). Stauros absent
(Fig. 3, i and j). Central area mirroring the external
structure in size and shape (Fig. 3, i and j). Central
raphe endings elongated, very slightly unilaterally
bent, terminating onto weakly constricted

rectelevatum (Fig. 3, i and j). Terminal raphe end-
ings positioned somewhat laterally on a large and
rounded apical part of the raphe-sternum, terminat-
ing in helictoglossae (Fig. 3, i and l). Asymmetrical
thickening extending from the apical part of the
raphe-sternum toward the valve margin, correspond-
ing to the external apical silica flaps (Fig. 3l, arrow-
heads). Areolae externally occluded with cribra
(Fig. 3, j–l).
Cingulum composed of numerous (14+) open

copulae, bearing two rows of typically squarish,
roundish, or elongated areolae, ca. 50–60 in 10 lm
(Fig. 3, g, l, and m). Areolae occluded externally by
cribra (Fig. 3, l and m).
Taxonomic notes and comparison to other Craspe-

dostauros species. Craspedostauros danayanus is most
similar to C. paradoxus, sharing the general valve
outline and lacking the stauros. However,
C. danayanus differs from the latter in being dis-
tinctly smaller (28–61 lm vs. 80–85 lm) and more
slender (2–2.5 lm vs. 6.5–9 lm), possessing a
higher stria density (49–51 vs. 36–40 in 10 lm), and
lacking the lip-like silica flaps (externally) and the
central knob (internally) present in C. paradoxus
(Table 1).
Ecology: Epizoic on carapaces of adult leatherback

sea turtles and on leatherback-associated barnacles
Platylepas coriacea growing on adult leatherbacks
from Kosi Bay (South Africa). Attaching to the ani-
mal surface through one end of the valve, motile in
culture.
The taxon was found in 12 leatherback skin sam-

ples (out of 20 examined) and in all Platylepas cori-
acea samples examined (n = 15) reaching relative
abundances of 35% (skin samples) and 79% (barna-
cle samples). It was found in neither loggerhead
nor loggerhead-associated barnacle samples from
the same location (Kosi Bay, South Africa). Leather-
back skin samples containing Craspedostau-
ros danayanus were dominated by Navicula
dermochelycola, Tursiocola neliana, and Poulinea spp.
The new taxon was dominant in most of the P. cori-
acea samples along with Cylindrotheca sp. Both taxa
colonized various anatomical parts of the barnacle
showing preference for rough surfaces and cavities.
The extremely lightly silicified frustules may be an
adaptation to the pelagic lifestyle of the host, as the
open ocean waters contain significantly lower con-
centrations of dissolved silica than coastal habitats
(Tr!eguer et al. 1995).

FIG. 3. Craspedostauros danayanus. (a–e) Valve view (light micrographs). Arrows indicate the barely noticeable valve margins. (f–m) Scan-
ning electron micrographs. (f) Detail of the apical part of the valve (external view). Arrowheads indicate the large irregular depression at
the fold of the apical silica flap. (g) Frustule with partially detached girdle bands (external view). Arrowheads indicate the large irregular
depression at the fold of the apical silica flap. (h) Detail of the central part of the valve (external view). (i) Internal valve view. (j) Detail
of the central part of the valve (internal view). (k) Cribrate areolae (internal view). (l) Detail of the apical part of the valve (internal view).
Arrowheads indicate the asymmetrical thickening extending from the apical part of the raphe-sternum toward the valve margin. (m)
Detail of the girdle bands. Scale bars: 10 µm = panels a–e, g, i; 1 µm = panels f, h, j–m.
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Craspedostauros legouvelloanus Majewska &
Bosak sp. nov. (Figs. 4 and 5)

Diagnosis. Valves linear to linear-lanceolate; valve
margin centrally expanded; stria density high (≥40
in 10 lm); valve areolae uniform, with four pores
per cribrum; external central lip-like silica flaps
well-developed; stauros narrow; internal central
knob present; girdle bands with shallow septa.
Holotype. Permanent slide SANDC ST003 (pre-

pared from sample ZA0762D/ZA0763D).
Paratype. Permanent slide HRNDC 000150 (pre-

pared from sample TB13).
Isotypes. Permanent slides BR 4601 and BR 4602.
Type locality. Kosi Bay, South Africa (26°59ʹ39ʺ S,

32°51ʹ60ʺ E). Collected from the carapace of an
egg-laying loggerhead sea turtle (tag numbers:
ZA0762D, ZA0763D) by R. Majewska, December 15,
2017 (holotype).

Marine Turtle Rescue Centre, Pula, Croatia
(44°50ʹ07ʺ N, 13°49 ʹ58ʺ E). Collected from a semi-
adult female loggerhead named “Mimi” by K. Gobi!c
Medica, May 28, 2019 (paratype).
Etymology. The epithet honors Dr Diane Z. M. Le

Gouvello du Timat (Nelson Mandela University,
Port Elizabeth, South Africa), who assisted during
the type material collection, in recognition of her
invaluable help and ongoing support and contribu-
tion to the sea turtle diatom project and sea turtle
research in South Africa.
Description. Light microscopy (Fig. 4, a–f): Intact

frustules lying almost always in girdle view (due to
large cell depth/valve width ratio), slightly con-
stricted in the middle (Fig. 4, a, b, and d–f), with
several girdle bands (Fig. 4, b, d, and f). Valve mar-
gin expanded at the center (Fig. 4, a, d, and f).
Frustules lightly silicified and delicate. Valves nar-
row, linear to linear-lanceolate, slightly constricted
at the central area, with bluntly rounded apices
(Fig. 4c). Valve dimensions (n = 30): length 18–
34 lm, width 3–5 lm, length/width ratio: 5.6–9.4.
Striae indiscernible (Fig. 4, a–f). Stauros narrow
(Fig. 4, a, c–f), widening toward the biarcuate valve
margins (Fig. 4f, arrows). Raphe-sternum clearly visi-
ble (Fig. 4, a–f). Raphe straight, biarcuate in girdle
view (Fig. 4, a, b, d, and f).
Scanning electron microscopy (Fig. 4, g–p): Externally:

Valves somewhat convex, with no clear valve face-
mantle junction (Fig. 4, g–i). Valve margin clearly
expanded at the center beyond the stauros (Fig. 4i).
Striae uniseriate, 46–49 in 10 lm, parallel through-
out the valve center, becoming convergent near the
apices, alternate or opposite, composed of up to 13
areolae (Fig. 4, g, h and n). Areolae similar in size
throughout the entire valve, squarish, externally
occluded by cribra (Fig. 4, g–i and n). Each cribrum
perforated by 4 pores (Fig. 4, g–i and n). Axial area
very narrow (Fig. 4, g and h). Raphe-sternum very
slightly raised (Fig. 4, g–i). Raphe branches more or
less straight (Fig. 4g). Central area forming a

narrow rectangular fascia (Fig. 4, g and n). Central
raphe endings covered entirely by rimmed lip-like
silica flaps extending from one side of the axial area
(Fig. 4, g and n). At the apices, axial area expand-
ing into somewhat triangular silica flaps covering
the terminal raphe endings giving the impression of
unilaterally bent terminal raphe fissures (Fig. 4, g–
i). An oval or irregular depression present at the
apical flap fold (Fig. 4g, arrows). Shortened stria
composed of regular areolae and simple puncta
radiating around the apices beyond the terminal
raphe endings (Fig. 4, g–i).
Internally: Raphe slit opening laterally onto the

uniformly thick and clearly raised raphe-sternum
(Fig. 4, k and l). Stauros raised, very narrow, broad-
ening abruptly at the mantle expansion and merg-
ing with the pore-free area at the valve margin
(Fig. 4, l and o), slightly more expanded on the
side corresponding to the external lip-like silica
flaps (Fig. 4l, arrowheads, o and p). Central raphe
endings straight or slightly unilaterally bent, termi-
nating onto rectelevatum (Fig. 4, k, l, o, and p). A
blunt cylindrical knob with a small central cavity
present between the raphe endings (Fig. 4, k, l, o,
and p). Areolae externally occluded by cribra,
appearing sunken, especially close to the stauros
(Fig. 4, o and p). Stauros-adjacent virgae appearing
hollow, suggesting a more complex valve structure
in that area (Fig. 4o, arrowheads). Terminal raphe
endings positioned somewhat laterally on the raphe-
sternum, terminating onto prominent helictoglos-
sae. At the apices, raphe-sternum expanded laterally
toward the valve margin, merged with pore-free area
corresponding to the external apical silica flaps
(Fig. 4, l and m).
Cingulum composed of numerous (12+) open

copulae, bearing two rows of typically squarish or
elongated areolae, ca. 50–60 in 10 lm (Fig. 4, h–k).
Areolae occluded externally by cribra with 4–12
pores per cribrum (Fig. 4, h–k). Valvocopula
curved, distinctly narrower, and pore-free beside the
stauros (Fig. 4i, arrowheads). An internal ridge (sep-
tum) perforated by puncta present in each copula
except for valvocopula (Fig. 4, i–k, arrowheads).
Adriatic population (Fig. 5, a–g). Specimens resem-

bling Craspedostauros leguovelloanus were found on
the carapace of six loggerhead sea turtles sampled
on the Croatian coast of the Adriatic Sea. Most of
the morphological features observed in the Adriatic
population (Fig. 5, a–g) agreed well with those
found in C. legouvelloanus. The cells possessed two
fore and aft H-shaped chloroplasts (Fig. 5a, arrows)
as observed previously in other Craspedostauros spe-
cies (Cox 1999, Ashworth et al. 2017, Majewska
et al. 2018). The specimens were slightly longer
(23–39 lm) and wider (3.5–6 lm, length/width
ratio: 5.2–7.8, n = 25) than those from the South
African population, and their stria density was lower
(40–44 in 10 lm vs. 46–49 in 10 lm; Table 1). In
general, the frustules showed a relatively high
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degree of irregularity in the areolae structure and
the size and shape of stauros, axial area, and facia
(Fig. 5, b–e).
Taxonomic notes and comparison to other Craspe-

dostauros species. Currently, Craspedostauros legouvel-
loanus is the only known Craspedostauros species with
septate girdle bands, although this may be an arti-
fact of incomplete morphological descriptions that
rarely mention or present the internal girdle band
structure. Valves of C. legouvelloanus differ from
those of all known stauros-bearing Craspedostauros
species in possessing a very high stria density (above

40 in 10 lm). Although a similarly high or higher
stria density was observed in C. alyoubii (~40 in
10 lm) and C. danayanus (49–51 in 10 lm), the two
species are larger (83–105 lm and 28–61 lm) than
C. legouvelloanus (18–34 [39] lm) and their general
morphology differs considerably from that of the
current taxon in, for example, possessing a reduced
or strongly reduced stauros (Table 1). Several of the
characters of C. legouvelloanus, such as largely uni-
form valve areolae with four pores per cribrum and
internal central knob, agree with the description of
C. australis (Cox 1999). However, the new species

FIG. 5. Craspedostauros legouvelloanus. (a) Living cells in culture (light microscopy). Arrows indicate the H-shaped chloroplasts with one
lobe pressed against each valve, a feature characteristic of the genus. (b) External valve view (wild population). (c) External valve view
(cultured strain). (d) Internal valve view (wild population). (e) Internal valve view (cultured strain). (f) Detail of a girdle band showing
internal thickening (septum) with perforations. (g) A single girdle band (external and internal view). Scale bars: 10 µm = panels a–e;
1 µm = panels f and g.

FIG. 4. Craspedostauros legouvelloanus. (a–f) Light micrographs. (a, b, d–f) Girdle view. (a) Valve with two girdle bands attached. (d and
e) Frustules with detached valves. (b and f) Complete frustules. Arrows indicate the biarcuate valve margin. (c) Valve view. (g–p) Scanning
electron micrographs. (g) External valve view. Arrows indicate depressions at the apical flap-fold. (h) Detail of the apical part of the frus-
tule (external view). (i) Valve with attached girdle bands (girdle view). (j) Detail of the girdle bands (internal view). Arrowheads indicate
the internal thickening (septum). (k) Valve with partially detached girdle bands (internal view). (l) Internal valve view. Arrowheads indi-
cate the slight expansion of the stauros on the side corresponding to the external lip-like silica flaps. (m) Detail of the apical part of the
valve (internal view). (n) Detail of the central part of the valve (external view). (o and p) Detail of the central part of the valve (internal
view). Arrowheads indicate the hollows in the stauros-adjacent virgae. Scale bars: 10 µm = panels a–g, i, k and l; 1 µm = panels h, j and
m–o; 500 nm = panel p.
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can be easily distinguished from the latter by its
clearly centrally expanded valve margin and well-de-
veloped lip-like silica flaps externally covering the
central raphe endings, features that are absent in
C. australis (Table 1).

The specimens from the Adriatic population of
Craspedostauros legouvelloanus exhibited numerous
irregularities in the shape and size of taxonomically
important characters such as areolae, striae, stauros,
and central area. However, overall, they did not dif-
fer significantly from the type population. High
morphological plasticity and polymorphy in diatoms
have been reported from both epizoic and non-epi-
zoic habitats (Cox 2011, De Martino et al. 2011,
Riaux-Gobin et al. 2014, 2017, Urb!ankov!a
et al. 2016, Edlund and Burge 2019), and it is con-
ceivable that the morphological differences
observed between the two populations could be
induced by environmental triggers, such as differ-
ences in salinity or nutrient concentrations (Schultz
1971, Czarnecki 1994, De Martino et al. 2011, Cox
2014). Unfortunately, the Croatian strain
PMFTB0003 (Fig. 5, a, c, e, and f) isolated from
sample TB13 did not survive and its DNA could not
be obtained at the time of this study. Therefore, in
the light of the current lack of any additional infor-
mation about the phylogenetic relationships
between the two populations, they should be consid-
ered conspecific until otherwise proven.
Ecology: Epizoic on carapaces and skin of adult

loggerhead sea turtles and on loggerhead-associated
barnacles Chelonibia testudinaria growing on adult
loggerheads from Kosi Bay (South Africa) and the
Adriatic Sea (Croatia). Attaching to the animal sur-
face through one end of the valve, motile in culture.

Although the taxon was present in numerous sam-
ples, its relative abundance rarely exceeded 4% of
the total diatom number. Samples with Craspedostau-
ros legouvelloanus from both locations were each
dominated by Poulinea spp., Berkeleya spp., Halam-
phora spp., and Nitzschia spp., with addition of Ach-
nanthes elongata, Cyclophora tenuis, Proschkinia spp.,
Navicula spp., Licmophora spp., and Haslea spp.

Craspedostauros macewanii Majewska &
Ashworth sp. nov. (Fig. 6)

Diagnosis. Valves linear to linear-lanceolate; valve
margin straight, not expanded centrally; stria den-
sity 28–31 in 10 lm; valve face-mantle junction

distinct; external central lip-like silica flaps rudimen-
tary; apical hyaline zone extended; stauros and
internal central knob present; girdle bands with up
to five rows of squarish areolae. Accession numbers
of sequence data representative of this taxon (but
not the holotype): MT432486-MT432488 (rbcL) and
MT432506 (psbC).
Holotype. Permanent slide SANDC ST242 (pre-

pared from sample ST242/USW).
Type locality. uShaka Sea World, Durban, South

Africa (29°52ʹ02.79ʺ S, 31°02ʹ45.29ʺ E). Collected
from the carapace of a captive juvenile loggerhead
named “Bubbles” by R. Majewska, June 28, 2019.
Etymology. The epithet honors Tony McEwan, the

uShaka Sea World director, whose scientific enthusi-
asm and support to the sea turtle diatom project
are highly appreciated and acknowledged.
Description. Light microscopy (Fig. 6, a–g): Cells with

two fore and aft H-shaped chloroplasts (Fig. 6, a
and d). Frustules delicate and lightly silicified
(Fig. 6, a–g). In girdle view, frustules rectangular,
moderately to strongly constricted at the center
(Fig. 6, a–c). Cingulum composed of several girdle
bands (Fig. 6, b, and c). Valves narrow, linear to lin-
ear-lanceolate, slightly constricted at the central
area, with bluntly rounded apices (Fig. 6, d–g).
Valve margin straight (Fig. 6b, arrow). Valve dimen-
sions (n = 20): length 26–51 lm (up to 65 lm in
culture), width 4.5–5.5 lm (up to 6 lm in culture),
length/width ratio: 5.4–11.3. Valve face-mantle junc-
tion visible on each side of the raphe (Fig. 6, e–g,
arrows). Striae barely discernible, 28–31 in 10 lm
(Fig. 6, e–g). Central area narrow, bow tie-shaped
(Fig. 6, e–g). Raphe-sternum thickened (Fig. 6, e–
g). Raphe straight (Fig. 6g) with thickenings at the
terminal raphe endings (Fig. 6, e–g).
Scanning electron microscopy (Fig. 6, h–o). Externally:

Valves slightly concave at the center, with distinct
valve face-mantle junction marked by a narrow pore-
free area (Fig. 6h and j). Valve face flat (Fig. 6h).
Mantle very deep (Fig. 6h). Valve margin straight,
with narrow pore-free area at the mantle edge
(Fig. 6, i and j). Striae uniseriate, parallel through
most of the valve, becoming convergent near the
apices, alternate or opposite, composed of up to 21
areolae (2–8 on the valve face and up to 13 on the
mantle; Fig. 6, h–k). Areolae similar in size, squar-
ish, externally occluded by cribra (Fig. 6, i–k). Areo-
lae bordering the narrow axial area usually only
slightly larger and somewhat irregular in shape

FIG. 6. Craspedostauros macewanii. (a–g) Light micrographs. (a–d) Fresh (unpreserved) material. (a and d) Living cells. (a) Girdle view.
(d) Valve view. (b and c) Damaged cells in girdle view with the cell content (including plastids) spilling beyond the cell wall. (b) Arrow
indicates the straight valve margin. (e–g) Cleaned material. Detached valves in valve view. Arrows indicate the distinct valve face-mantle
junction. (h–o) Scanning electron micrographs. (h) External valve view. (i) Detail of the apical part (external valve view). (j) Detail of the
central area (external valve view). (k) Detail of the apical part (external girdle view). (l) Internal valve view and partially detached valvo-
copula. (m) Detail of the apical part (internal valve view). Arrowheads indicate several small areolae present at the end of the curved
thickening. (n) Detail of the central area (internal valve view). (o) Detail of the valvocopula (internal view). Scale bars: 10 µm = panels a–
h and l; 1 µm = panels i–k and m–o.
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(Fig. 6, i–k). Each cribrum perforated by highly vari-
able number of pores (up to 13+; Fig. 6, i–k).
Raphe branches more or less straight (Fig. 6h).
Central area in the form of a narrow bow tie-shaped
fascia (Fig. 6, h and j). Central raphe endings cov-
ered by small lip-like silica flaps extending from one
side of the axial area (Fig. 6, h and j). Apices pore-
free (Fig. 6, h, i, and k). Terminal raphe endings
covered by triangular silica flaps giving the impres-
sion of unilaterally bent terminal raphe fissures
(Fig. 6, h, i, and k). An oval or irregular depression
(Fig. 6, h, arrowhead, i and k) with several small
areolae (Fig. 6, i and k, arrowheads) present at the
apical flap fold. Shortened striae composed of a sin-
gle areola (occasionally with additional puncta) radi-
ating around the apices beyond the terminal raphe
endings (Fig. 6, i and k).

Internally: Raphe slit opening more or less cen-
trally onto the uniformly thick raphe-sternum
(Fig. 6, l–n). Stauros raised, narrow, tapering toward
the valve face-mantle junction and widening signifi-
cantly on the valve mantle toward the mantle edge
(Fig. 6, l and n). Central raphe endings straight,
elongated, terminating onto rectelevatum (Fig. 6, l
and n). A flatly ended cylindrical knob present at
the central nodule (Fig. 6, l and n). Areolae exter-
nally occluded by cribra, appearing sunken, espe-
cially close to the raphe-sternum (Fig. 6, m and n).
Terminal raphe endings terminating onto promi-
nent helictoglossae within an expanded and thick-
ened pore-free area corresponding to the curvature
of the external silica flaps (Fig. 6, m). Several small
areolae present at the end of the curved thickening
(Fig. 6m arrowheads).

Cingulum composed of numerous open copulae
bearing up to five (6?) rows of cribrate squarish or
elongated areolae divided by a central pore-free
area, ca. 38–45 in 10 lm (Fig. 6, h, l, and o). Adval-
var part of valvocopula pore-free beside the stauros
(Fig. 6l).
Taxonomic notes and comparison to other Craspe-

dostauros species. The morphological character pat-
tern in Craspedostauros macewanii is most similar to
C. australis and C. capensis. The three species share
several features such as the presence of a bow tie-
shaped fascia, rudimentary lip-like silica flaps
extending from the raphe-sternum and partially cov-
ering the external central raphe endings, valve mar-
gin straight at the center, and internally, a single
knob at the central nodule (Table 1). Moreover,
valve dimensions of C. macewanii (26–51 lm long,
4.5–5.5 lm wide) overlap with those reported for
C. australis (35–78 lm long, 4–6 lm wide) and
C. capensis (25–35 lm long, 4.5–5.5 lm wide). In
C. macewanii, however, the stria density (28–31 in
10 lm) is significantly higher than in C. capensis
(~19 in 10 lm) and lower than in C. australis (35 in
10 lm). In addition, C. macewanii can be distin-
guished from both C. australis and C. capensis by the
presence of a distinct valve face-mantle junction

running as a narrow, though clearly visible, pore-
free ridge from apex to apex. Craspedostauros mace-
wanii differs further from C. capensis in possessing
areolae of a similar size throughout the entire valve
(variable in C. capensis), and from C. australis in hav-
ing convergent stria at the apices (parallel in C. aus-
tralis) and extended apical hyaline zone (Cox 1999).
The new taxon is also the only Craspedostauros spe-
cies with girdle bands perforated by up to five rows
of squarish areolae instead of the two rows of usu-
ally transapically elongated areolae observed in
other species. This, however, may again be an arti-
fact of the lack of detailed information regarding
the girdle structure and ornamentation in several
other Craspedostauros species (Cox 1999).
Ecology: Epizoic on skin and carapaces of captive

loggerheads and green turtles. Attaching to the ani-
mal surface through one end of the valve, motile in
culture.
The taxon was found on two captive loggerheads

(a juvenile named “Bubbles” and an adult female
named “DJ”) and two captive green turtles (a suba-
dult named “Calypso” and an adult male named
“Napoleon”) each time reaching relative abundance
of 0.5%–1%. All carapace samples containing C.
macewanii were dominated by the so-called “marine
gomphonemoids”: Poulinea spp. and Chelonicola spp.,
accompanied by Amphora spp., Nitzschia spp., Ach-
nanthes elongata, and A. squaliformis, whereas the
most abundant taxa in the four skin samples were
Tursiocola spp., Medlinella sp., and the two previously
mentioned Achnanthes species.

Craspedostauros alatus Majewska & Ashworth
(Fig. 7)

Craspedostauros alatus was found on the carapaces
of several loggerhead sea turtles sampled at the Mar-
ine Turtle Rescue Centre in Pula, Croatia. The
taxon co-occurred with C. legouvelloanus. As in the
case of the latter, relative abundance of C. alatus
was low (ca. 1–3% of the total diatom number).
The observed morphological features of the Adriatic
population agreed with the original description of
the species (Majewska et al. 2018; Fig. 7, Table 1).
The examined specimens were 26–34 lm long and
3–5 lm wide (length/width ratio: 6.3–8.8), with stria
density 24–27 in 10 lm (n = 20), and possessed all
species-specific features, including a very distinct
valve face-mantle junction and deep mantle (Fig. 7f,
arrows, g–i), wing-like silica flaps at the apices
(Fig. 7h), and rectelevatum with central cavity
(Fig. 7, k and l).

DNA-BASED PHYLOGENY

The genus Craspedostauros is monophyletic based
on DNA sequence data generated from cultured
material to date (Fig. 8), though not with strong
bootstrap support (bs < 50%). Regarding the taxa
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FIG. 7. Craspedostauros alatus (Adriatic population). (a–f) Light micrographs. (a, d and e) Valve view. (a) Broken frustule with both
valves lying in valve view. (b) Single valve with attached girdle bands. (c and f) Girdle view. Arrows indicate the clear valve face-mantle
junction. (g–l) Scanning electron micrographs. (g) Frustule with partially detached girdles bands (external view). (h) Detail of the apical
part of the frustule with the winged-liked silica flaps, a feature typical of the species (external view). (i) Frustule with partially detached
girdles bands (external girdle view). (j) Internal valve view. (k and l) Detail of the central part of the valve (internal view). Scale bars:
10 µm = panels a–g, i and j; 1 µm = panels h and k; 500 nm = panel l.
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described here, Craspedostauros macewanii is sister to
the reminder of the clade (except C. amphoroides)
with high support (bs = 96%), while C. danayanus is
sister to C. alyoubii and C. paradoxus (bs = 71%).

Consistent with other molecular phylogenetic
studies which include the genus (Ashworth et al.
2017), the position of the Craspedostauros clade can
be found in a poorly supported (bs < 50%) assem-
blage containing the Staurotropis clade and a clade
of marine Achnanthes species. This assemblage, in
turn, forms a clade with the Bacillariales (Fig. S1 in
the Supporting Informations), though the relation-
ship between the Staurotropis + Achnanthes+ Craspe-
dostauros clade and the three Bacillariales clades is
poorly resolved. For taxa, strain voucher ID and
GenBank accession numbers for strains used in the
analysis see Table S1.

DISCUSSION

The three new species described in the current
study share most of the morphological characters typ-
ical of the genus Craspedostauros, such as squarish or
rectangular areolae occluded by cribra on the valve
and girdle bands, multiple copulae with at least two
rows of perforations, and two fore and aft chloroplas-
ts. Their linear or linear-lanceolate valve outline and
the central constriction of the cell seen in girdle view
resemble previously described species. Two of the
new species, C. macewanii and C. legouvelloanus, pre-
sent features not previously observed in any other

member of the genus. The former possesses more
than two rows of cribrate areolae on the girdle bands,
while the latter shows shallow perforated septa. The
leatherback-associated C. danayanus, in turn, presents
a complete reduction of the stauros being the sec-
ond, after C. paradoxus, member of the genus lacking
this character.
It is interesting to note that as the number of

character states, such as the reduction/loss of the
stauros (Craspedostauros paradoxus and C. danayanus)
or addition of septate copulae (C. legouvelloanus),
within Craspedostauros changes, the molecular data
remain constant in their support (however tenuous)
of monophyly for the genus. Cox (1999) ascribed
the constricted girdle view to the presence of the
stauros. However, the frustules of the two species
lacking the latter still show the central constriction,
which may indicate that the lack of stauros is a sec-
ondary loss. One of the morphological features of
the genus which has been maintained, regardless of
newly described diversity, is the cribrate areolar cov-
ering. While the degree of cribrum poration might
change among species, the overall gestalt ultrastruc-
ture remains unchanged. This cribrum ultrastruc-
ture is also seen in Staurotropis and the Achnanthes
species, which are typically found (again, somewhat
tenuously) sister to the Craspedostauros clade in
molecular phylogenies. While there are general
morphological similarities between the three gen-
era, such as the stauros (though missing in some
species of Craspedostauros and Achnanthes) and the

FIG. 8. Maximum likelihood (ML) phylogram based on the 3-gene dataset (nuclear-encoded ribosomal SSU, chloroplast-encoded rbcL,
psbC markers). For clarity, only the clade of raphid diatoms containing Staurotropis, Craspedostauros, and Achnanthes is presented in the fig-
ure. The ML tree presenting the complete taxon sampling can be viewed in Figure S1.
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fore and aft H-shaped or plate-like chloroplasts
(missing in Staurotropis and some species of Achnan-
thes), the cribrate areolae ultrastructure remains
constant. In this context, the phylogenetic position
of the genus Druehlago, which shares the same cri-
brum ultrastructure and the same chloroplast mor-
phology as Staurotropis and Achnanthes longipes, but
thus far lacks a stauros-bearing taxon, is all the
more intriguing (Ashworth et al. 2017).

Microscopical analyses of the fresh and critical
point-dried sea turtle skin pieces and barnacles
revealed the mode of attachment and growth form
of Craspedostauros danayanus that attaches to the ani-
mal substratum through one pole of the cell. A simi-
lar mode of attachment to the natural substratum
was observed in several members of the genus (R.
Majewska, pers. obs.) suggesting that these taxa can
either develop as firmly attached, sessile colonies, or
remain motile in less favorable conditions (e.g., in
culture tubes).

In the course of the ongoing surveys on sea tur-
tle-associated diatoms, a recently described taxon,
Craspedostauros alatus, was observed growing on the
carapaces of several loggerhead sea turtles rescued
in Croatia. Craspedostauros alatus was originally
described from museum specimens of juvenile
Kemp’s ridleys (Lepidochelys kempii) and a juvenile
green turtle found cold-stunned and beyond recov-
ery on a New York (USA) beach during various sea-
sons between 2012 and 2014 (Majewska et al. 2018).
Although the relative abundance of C. alatus did
not exceed 5.5% (current study, Majewska et al.
2018), observations of this taxon on a sea turtle
from the Adriatic Sea may indicate that a) C. alatus
is not an uncommon element of the sea turtle dia-
tom flora, and b) being associated with highly
migratory animals such as sea turtles its geographi-
cal range is likely linked to that of its hosts.

A similar conclusion can be drawn based on the
records of Craspedostauros legouvelloanus. The species
occurred on several of the Adriatic loggerheads as
well as on dozens of loggerheads and their associ-
ated barnacles sampled on the eastern coast of
South Africa. Even though the diatom was found in
two different ocean basins, it cannot be excluded
that the sea turtles acted as vectors that facilitated
its dispersal among the various seas and oceans.
There is strong observational and molecular evi-
dence that the Indian Ocean loggerheads interact
and mate with the Atlantic members of the species
(Bowen et al. 1994, Bowen and Karl 2007, Le Gou-
vello et al. 2020). Thus, it is conceivable that any
diatom able to endure the changing conditions dur-
ing the migrations of their hosts and survive in com-
petition with native flora would inoculate all
appropriate and available media and substrata
encountered. With the exception of C. danayanus,
the sea turtle-associated Craspedostauros species,
although common on sea turtles, were never among

the dominant taxa, and it is still unclear whether
the animal body surface is their preferred or an
alternative habitat as yet they have not been
recorded from non-sea turtle substrata. It is possible
that the occurrence of these species in the sea turtle
biofilm samples is linked to the presence of some
other sea turtle epibionts (e.g., barnacles, sponges,
and bryozoans).
Craspedostauros danayanus, in turn, dominated

most of the leatherback skin and barnacle samples
that were analyzed, and it is likely that this taxon is
highly adapted to the conditions provided by the
smooth body of the largest of the sea turtles. Being
associated with both the skin and the leatherback-
specific barnacle species, Platylepas coriacea, its rela-
tionship with the host may be obligatory. Leather-
backs, contrary to other extant sea turtles, show a
fully oceanic developmental pattern spending most
of their lives in highly homogenous open-water envi-
ronments devoid of refugia (Bolten 2003). They are
unique among modern reptiles in being endother-
mal (Frair et al. 1972). This ability allows them to
survive in both tropical and near-freezing waters
(James et al. 2006). They are also significantly faster
swimmers and deeper divers than other sea turtles
(Eckert 2002, Doyle et al. 2008). Therefore, micro-
habitats provided by these animals, and thus diatom
communities contributing to their microbiomes,
would differ substantially from those present on
other sea turtles. Under such unique conditions, far
from the diverse, species-rich shallow-water ecosys-
tems, specific eco-physiological adaptations may be
required to survive, and fewer diatom species would
manage to thrive on the demanding substratum. An
analogous phenomenon is reported from marine
cetaceans that seem to be colonized by only a few,
highly specialized, diatom taxa (e.g., Nemoto 1956,
Holmes et al. 1993, Ferrario et al. 2018). Future
studies will likely reveal a more complete picture of
the diversity and biogeography of sea turtle-associ-
ated Craspedostauros and other diatom taxa.
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Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1.Maximum likelihood tree based on
the 3-gene dataset (nuclear-encoded ribosomal
SSU, chloroplast-encoded rbcL, psbC markers)

with bootstrap values from 1,000 pseudoreplicates
over the corresponding nodes. The araphid pen-
nate taxon Asterionellopsis socialis was used as the
outgroup.

Table S1.Taxa, strain voucher ID and GenBank
accession numbers for strains used in the DNA
sequence data phylogenetic analysis.
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3. Discussion 

 

 

 

 

3.1. Loggerhead sea turtles harbor diverse microbial communities 

Aims and hypotheses of this doctoral thesis were successfully addressed by the included 

publications. The first aim “Analysis of the composition and diversity of endozoic bacterial 

communities of loggerhead sea turtles”, was contributed to by the Publication I that 

encompassed characterization of oral and cloacal microbiota of wild and rehabilitated 

loggerhead sea turtles in the Adriatic Sea by 16S rRNA gene amplicon sequencing. It expands 

on the previous studies of loggerhead gut microbiome in the Mediterranean Sea (Abdelrhman 

et al., 2016; Arizza et al., 2019; Biagi et al., 2019) by combining data from wild and 

rehabilitated sea turtles. The immediate novelty of Publication I is in the description of the oral 

microbiota of loggerheads by amplicon sequencing for the first time. At the time of 

Publication I oral microbial communities of sea turtles were described only in cold stunned 

Kemp’s ridley sea turtles, and in wild Kemps and green sea turtles (McNally et al., 2021a, 

2021b). The second aim “Characterization of epizoic diatom and bacterial communities of the 

skin and carapace of loggerhead sea turtles, with a focus on diatom-associated bacteria” was 

directly contributed to by Publication II, as it included an amplicon-based survey of loggerhead 

carapace and skin diatom communities by sequencing the chloroplast rbcL gene, and bacterial 

communities by sequencing the 16S rRNA gene. The analysis of bacterial communities of 

carapace and skin in Publication II is performed on several turtles from the Kanjer et al. (2022) 

study. Additionally, it contributes to the third aim “Isolation and identification of diatoms found 

on the skin and carapace of the loggerhead sea turtle, establishment of monoculture protocols, 

and description of newly found diatom taxa” as 19 diatom strains were isolated and cultured, 

as well (Publication II). Diatom-associated bacteria in individual strains were examined by 

16S rRNA gene amplicon sequencing, contributing to the second aim, and by culturing bacterial 

isolates thus contributing directly to the third aim. This is the first time that the bacteria 
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associated with epizoic diatoms were investigated and cultured, contributing to the efforts in 

describing the phycosphere of planktonic and benthic diatoms (Amin et al., 2015; Barreto Filho 

et al., 2021; Stock et al., 2022). Publications III and IV directly contributed to the third aim, by 

establishing culturing protocols for epizoic diatoms across sea turtle hosts, including the 

loggerheads in Publication II, and describing new species in the potentially epizoic diatom 

genus Craspedostauros: Craspedostauros alatus Majewska & Ashworth was reported to be 

found on loggerhead sea turtles in the Adriatic Sea, and Craspedostauros legouvelloanus 

Majewska & Bosak was described as a novel species in Publication IV. 

3.1.1. Oral and cloacal microbiome of loggerhead sea turtles 

Investigations in the endozoic microbiome of vertebrates hold promises of detangling 

healthy states from dysbiosis, improved treatment and conservation as it is known that the 

microbiome can greatly impact the physiology of the host (McFall-Ngai et al., 2013). 

Pioneering studies focused on characterizing the gut microbial assemblages presented data on 

microbial community composition but the clear connections between the gut microbiome and 

sea turtle physiology are still lacking (Abdelrhman et al., 2016; Ahasan et al., 2017; Samuelson 

et al., 2020). Even though oral microbiomes have elsewhere been recognized as crucial in host’s 

physiology (Bik et al., 2016), in reptiles they just recently started garnering the attention of 

microbiome researchers (Zancolli et al., 2015; McNally et al., 2021b, 2021a).  

The microbial community composition of the buccal cavity of loggerheads, first 

described in Publication I, strongly reflects the environment of the turtle. As several of the 

loggerhead sea turtles in Publication I were sampled before admission to the rescue center, their 

microbiomes were considered “wild” or at least a close representative. Once the turtles were 

admitted to the rescue center, they were housed in large plastic tanks and immersed in filtered 

recirculating seawater or non-circulating artificial saltwater. Conditions in the tanks differ from 

those in the wild (e.g., constant temperatures, variation in macro- and micronutrients, fecal 

contamination) which also affects the tank water (environmental) microbial community 

composition and functions. The oral bacterial communities differed between “wild” and turtles 

in rehabilitation as indicated by beta diversity metrics (Bray Curtis and unweighted and 

weighted UniFrac) and pairwise PERMANOVA results, while there were no differences 

detected between the oral microbiota of turtles in rehabilitation and their tank water 

(Publication I). The turtles that were sampled for oral microbiota stayed in rehabilitation up to 

13 days which is considered short-term (Biagi et al., 2019; Publication I), so the results 

represent the shift from “wild” to “in rehabilitation” microbiota in a very short time. The 
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recirculating seawater tank bacterial community was often grouping closer to the “wild” oral 

bacterial communities in the PCoA results. Members of the Planctomycetota phyla and 

Patescibacteria group were highly abundant in recirculating tank seawater and in oral samples 

before admission to the center, indicating that the recirculating tank water could present a more 

natural marine habitat in comparison to the tanks with artificial seawater. The composition of 

microbes shows that genus Pseudoalteromonas was more abundant in oral samples in turtles 

undergoing rehabilitation, and other potentially transient taxa like Vibrio and Shewanella (from 

cloaca), and Pseudomonas and Bizionia (from tank water) were often found. Members of the 

Halieaceae genus, however, were more abundant in all oral samples than in any other sample 

type which indicates they could be specific for buccal mucosa. The only other studies 

characterizing oral microbiome of sea turtles include cold-stunned juvenile Kemp’s ridley sea 

turtles (McNally et al., 2021a) and wild juvenile Kemp’s ridley and green sea turtles (McNally 

et al., 2021b). Both studies were published at the time Publication I was undergoing review, so 

they were not included in the initial discussion. The oral microbiota of loggerheads overlaps 

with the Kemp’s ridley sea turtles only in relative abundances of Flavobacteriaceae and 

Rhodobacteraceae families, while there are no similarities with the oral microbiota of green 

sea turtles (McNally et al., 2021a, 2021b; Publication I). McNally et al. (2021a) included 

samples of the boat surface where the turtles were sampled and the surrounding seawater, but 

contrastingly to Publication I they did not detect significant overlaps in environmental and oral 

microbes. In the case of Halieaceae spp., McNally et al. (2021a) detected the genus in sea water 

at lower relative abundance but have not mentioned it in the rest of their results. In loggerhead 

sea turtles, however, this group was consistent in oral samples but rare or non-existent in cloacal 

and tank water samples (Publication I). This indicates there could be some members of the 

Halieaceae genus recruited to the mucosa of loggerheads but no other sea turtles. In cold-

stunned Kemp’s ridley sea turtles undergoing rehabilitation the oral microbiota upon intake 

resembled the “wild” microbiota, and there was a significant shift in microbial community 

composition after four weeks of rehabilitation in tanks with filtered saltwater, regardless of the 

antibiotic treatment (McNally et al., 2021a). In that study the authors did not obtain tank water 

samples to track the potential exchange of microbes between the turtle and the environment, 

but their results emphasize the impact of captivity on oral microbiomes, similar to findings in 

Publication I. 

The gut microbiota of loggerheads was studied in feces (Abdelrhman et al., 2016; Arizza 

et al., 2019; Biagi et al., 2019), and in distal colon and cloaca (Scheelings et al., 2020; 

Publication I). Phyla Firmicutes (Bacillota corrig. phyl. nov.), Proteobacteria (Pseudomonadota 
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corrig. phyl. nov.) and Bacteroidota were observed as dominating the fecal microbiota along 

with Clostridia in stranded turtles (Abdelrhman et al., 2016; Arizza et al., 2019). In a wide range 

of short- and long-term rehabilitated turtles the feces consisted mostly of Firmicutes (Bacillota 

corrig. phyl. nov.) and Fusobacteria (Fusobacteriota corrig. phyl. nov.), rich in Cetobacterium 

spp. (associated with plastic ingestion) and Clostridium spp., and with a low exchange of 

microbes with the surrounding tank water (Biagi et al., 2019, 2021). In Publication I the 

exchange of microbes with the environment seemed one directional, meaning the cloacal 

microbes were expectedly found in the tank water probably due to fecal contamination. Cloacal 

microbiota of loggerheads in the Publication I mainly consisted of Proteobacteria 

(Pseudomonadota corrig. phyl. nov.), Bacteroidetes (Bacteroidota corrig. phyl. nov.), 

Kiritimatiellaeota (Kiritimatiellota corrig. phyl. nov.), Spirochaetes (Spirochaetota corrig. phyl. 

nov.), and Firmicutes (Bacillota corrig. phyl. nov.) which coincides with other studies on 

loggerheads that sampled the distal colon rather than feces (Scheelings et al., 2020b, 2020a). It 

is known that the gut consists of anatomical niches with differing microbial communities, 

specifically the fecal microbiome that is a better representative of gut lumen microbiome and 

is affected by food composition (Bloodgood et al., 2020) while the mucosal microbial 

communities consist of microbes intimately attached to the host with possible greater impacts 

on the physiology than the lumen microbes (Ingala et al., 2018). The differences between 

loggerhead fecal and cloacal or distal gut microbial communities could be explained by 

differences in anatomical sites sampled, but also the turtle population properties as there could 

be differences between wild healthy and stranded turtles, females and males, juveniles or adults. 

Since the Adriatic loggerheads share a similar ecological niche and foraging habitats, the non-

Proteobacteria (Pseudomonadota corrig. phyl. nov.) dominated microbiome in initial studies is 

probably connected to the turtle’s health status, changes in immune response, rehabilitation 

treatments, diet, and sampling feces rather than the intestine or cloaca (Biagi et al., 2019; 

Publication I). Compared to the other sea turtle species, the loggerhead sea turtle nesting 

females’ distal gut microbiome clusters with those of Hawksbill, flatback and olive ridley sea 

turtles on the interspecies level (Scheelings et al., 2020a), but on the intraspecies scale exhibits 

differences between geographically distinct populations (Scheelings et al., 2020b). The 

interspecies patterns could be explained by similarities in physiology, habitats, evolution and 

diet preferences across several species, while interspecies differences might reflect the 

immediate availability of food in a certain habitat (oceanic vs. neritic). Taken together, the 

results presented in Publication I show that the oral microbiota consists of transient microbial 

taxa, and taxa potentially specific for mucosa and rarely found in other sources, while the 



 

 93 

cloacal microbiota is stable during short-term rehabilitation confirming the first hypothesis 

stating that “oral microbiota of loggerhead sea turtles is dynamic and reflective of but also 

distinct from the environment, while the cloacal community is more stable”. 

 In studies on other sea turtle species, feces or sections across the gut were usually the 

preferred sample type for microbial analyses. However, in recent studies on Kemp’s ridley and 

green sea turtles the results obtained from cloacal swabs were sufficient to detect shifts in 

microbial communities of turtles in rehabilitation, and to discern between wild Kemp’s ridley 

and green sea turtles (McNally et al. 2021a). Along with Publication I, this work shows that 

cloacal swabs might be sufficient to describe microbial communities as a proxy to feces and 

intestinal samples, which would allow for wider and less invasive sampling of loggerheads and 

other sea turtle species. Cloacal sampling could therefore mitigate difficulties connected with 

the unpredictability of sampling feces in wild animals. 

3.1.2. Carapace and skin microbiome of loggerhead sea turtles 

As mentioned in the introduction, the loggerhead skin bacterial microbiome was mostly 

investigated through traditional culturing methods associated with intact skin and wounds that 

identified bacteria well known for being opportunistic pathogens like Escherichia, 

Pseudomonas, and Klebsiella rich in genes conferring antibiotic resistance (Alduina et al., 

2020; Trotta et al., 2021b). Recently, Blasi et al. (2021) reported on crustaceans and algal 

growth in carapaces of ten loggerhead sea turtles in the Mediterranean Sea, along with 

characterization of bacterial communities in three out of ten turtles. There was an increase in 

algal coverage from anterior to posterior scutes that is probably related to drag and resistance 

generated during the turtle’s swimming (Blasi et al., 2021). The three turtles were sampled on 

their anterior and posterior carapace scutes and the dominant phyla were Firmicutes (Bacillota 

corrig. phyl. nov.) and Proteobacteria (Pseudomonadota corrig. phyl. nov.) while other taxa 

were present at less than 1% relative abundance (Blasi et al., 2021). Contrastingly, a recent 

study including 16S and 18S rRNA gene sequencing of the carapace and skin samples of 26 

loggerheads in the Adriatic, Ionian, Tyrrhenian and Aegean Seas revealed highly diverse 

prokaryotic and microeukaryotic communities (Kanjer et al., 2022) that reflected the turtle’s 

locality and anatomy. Kanjer et al. (2022) showed that Proteobacteria (Pseudomonadota corrig. 

phyl. nov.), Bacteroidota, Bdellovibrionota and Cyanobacteria are the most abundant groups 

on the turtle skin and carapace. The total microeukaryotic community consisted mostly of 

Alveolata and Stramenopiles, with dominant classes being Oligohymenophorea, 

Bacillariophyta and Labyrinthulomucetes, Phyllopharingea, among whom the core taxa were 
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ciliate Zoothamnium and diatom Nitzschia communis according to 18S rRNA gene sequences 

(Kanjer et al., 2022). Loggerhead sea turtles investigated in Publication II were a part of the 

Adriatic Sea cohort studied in Kanjer et al. (2022) and their carapace and skin contained 36 

bacterial phyla and exhibited high alpha diversity. Opportunistic pathogens were usually not 

found or were below 1% relative abundance in skin and carapace samples (Kanjer et al., 2022; 

Publication II) implicating such bacteria could be localized to breaches in the skin barrier and 

diseased areas (Trotta et al., 2021b). Sampling the whole carapace instead of being limited to 

two sublocations encompassed all the micro niches available at the carapace, rather than 

localized patches of microorganisms. The total community approach showed to be beneficial 

in capturing the biodiversity available on the carapace and skin, but it does lack insight into 

specific niches that can be found within carapace scutes or around crustacean or algae growth. 

Areas rich in macroepibionts could be facilitating the formation of their own microbial 

consortia that are supported by the crustacean or algal byproducts (Amin et al., 2012; Durán et 

al., 2022; van der Loos et al., 2022; Publication IV). 

Furthermore, the carapace and skin samples from loggerhead sea turtles in 

Publication II were analyzed for diatom communities by rbcL gene amplicon sequencing that 

provided first insights into diatom communities on loggerheads via metabarcoding. Van de 

Vijver et al. (2020) described diatom communities in the Mediterranean loggerheads solely 

based on morphology and reported clustering of samples based on turtle geography. Based on 

morphology, the highest number of taxa was found in genera Mastogloia, Nitzschia, Amphora, 

and Navicula that were present in all samples, with most frequently occurring species including 

Nitzschia CRO sp. 2, Amphora crenulata, Nitzschia cf. inconspicua, and Cocconeis lineata. 

The metabarcoding data (Publication II) showed that, based on rbcL sequences, the highly 

abundant genera were Nitzschia, Amphora, Halamphora, Navicula, and unclassified 

Bacillariophyceae which coincides with the morphology data by Van de Vijver et al. (2020). 

However, by using the rbcL DNA marker of 19 isolated diatom strains it seems that the epizoic 

diatoms (genera Achnanthes and Poulinea) were often misassigned to Amphora or Nitzschia 

genera, or to the Bacillariaceae family. Therefore, a proportion of sequences attributed to the 

most common diatom taxa mentioned above could easily belong to other diatom taxa without 

representative sequences available in the databases. Most of the diatoms isolated from carapace 

or skin in Publication II were present in amplicon sequencing data but at lower relative 

abundance (< 1%), with the exception of Amphora sp. 1 in one carapace sample that reached 

up to 50% relative abundance and Poulinea lepidochelicola on one skin and one carapace 

sample that reached 32% and 6% relative abundance, respectively. A study that was conducted 
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on green sea turtles of the Mayotte Island north of Madagascar combined the morphology-based 

methods and sequencing to show that the diatom assembly was different based on the approach 

(Rivera et al., 2018). Nevertheless, the loggerhead sea turtles harbor diverse assemblages of 

diatoms, with the community consisting of presumably non-epizoic generalist diatom taxa and 

putative epizoic diatoms (Publication II). The skin seems to get colonized by epizoic diatoms 

in higher abundance than the carapace which means skin could be a preferred habitat for some 

of the putative epizoics. However, as Van de Vijver et al. (2020) notes, the true breadth of 

epizoic diatom taxa diversity remains to be determined.  

3.1.3. Cultivation of epizoic microorganisms 

Diatoms inhabiting marine megafauna, like the sea turtles or manatees, can be 

successfully isolated and grown in culture (Publications II, III, and IV). As mentioned before, 

19 diatom strains were isolated and cultivated within the scope of Publication II, out of which 

two were determined as potential new species (Fallacia sp. and Amphora sp. 2). Several other 

diatom strains require deeper analysis before determining if they belong to an already described 

species or could represent novel taxa. Since the diatoms in Publication II were isolated from 

the total carapace or skin sample by manual pipetting, and washed through several rounds of 

sterile medium, it is considered that only intimately associated bacteria from the phycosphere 

continued to grow together with the diatom in culture. In that way an inventory of diatom-

associated bacterial taxa could be described for each diatom culture (Publication II). Bacteria-

diatom interactions are important and often complex but were so far described mostly in 

planktonic diatoms or tidal mudflats (Koedooder et al., 2019; Stock et al., 2019, 2022; Fei et 

al., 2020; Shibl et al., 2020). Diatom-bacteria associations or interactions have not yet been 

described in habitats related to vertebrate hosts. Publication II provides first insights into 

bacterial communities intimately associated with diatoms from the sea turtle enabling further 

focused investigations in diatom and bacterial taxa of interest. Importantly, the phycosphere 

habitat enriched bacterial taxa rarely observed or even not detected in initial samples (carapace 

and skin) like Alcanivorax spp., Marinobacter spp., and Phycisphaera spp. (Publication II). 

Still, diatoms isolated from the same host retained the bacterial signature of their host-of-origin 

in cultures that were maintained for more than one year, and subcultivated several times prior 

to harvest for DNA isolation (Publication II). These findings support the second hypothesis 

stating that “the phycospheres of diatom strains isolated from loggerhead sea turtles maintain 

the bacterial signature of the host they originated from”. Based on research in mechanisms of 

diatom phycosphere bacterial community assembly (Stock et al., 2022) it could be possible that 
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turtle-associated benthic diatoms follow similar patterns and recruit microbes in their 

immediate environment based on net positive (or neutral) interactions resulting in varying 

abundances of diatom specialist, generalist or transient taxa over time (personal communication 

with Amaranta Focardi at ISME18).  

Additionally, 125 bacterial strains were cultivated from 10 out of 19 diatom cultures, 

out of which 40 unique bacterial strains were characterized by 16S rRNA gene sequencing and 

cryopreserved for future inquiries into their physiology, metabolism, and biotechnological 

potential (Publication II). Among sequenced bacterial isolates, several bacterial strains were 

identified as potential novel genera in the Flavobacteriaceae family (Publication II). Since the 

culturing was performed only on Marine Agar, it seems that the expansion of culturing efforts 

on multiple nutritional and environmental conditions (incubation temperature and time) could 

yield even more diverse and interesting microbial groups (Keller et al., 2021). 

Diatom cultivation from sea turtles and manatees yielded representative sequences for 

several putative epizoic diatoms (Achnanthes spp., Poulinea lepidochelicola, Proschkinia spp. 

Tursiocola spp., Medlinella amphoroidea, Chelonicola spp.) (Publication III). Phylogenetic 

analyses had shown that the Achnanthes spp. separate into two clades depending on the host 

they were isolated from (Publication III). Also, epizoic diatoms are polyphyletic which means 

that the epizoic habitat evolved several times in diatom evolution and in different diatom 

morphotypes (Publication III). It seems possible that epizoic diatoms emerged from generalist 

diatom taxa and evolved to endure a dynamic host habitat. Multiple diatom strains identified 

only to the genus level (with several species suggestions) in Publication III could, upon detailed 

inspection, be determined as novel species (similar to Publication II). In Publication IV, three 

novel diatom species in the Craspedostauros genus were described from sea turtles: 

Craspedostauros danayanus Majewska & Ashworth from barnacles Platylepas coriacea 

growing on a leatherback sea turtle, Craspedostauros macewanii Majewska & Ashworth from 

loggerhead sea turtle carapace, and Craspedostauros legouvelloanus Majewska & Bosak also 

from loggerhead sea turtles. C. danayanus and C. macewanii were successfully isolated and 

cultured from their respective source samples so their DNA was sequenced and used for 

phylogenetic analyses. Unfortunately, the C. legouvelloanus culture that was isolated from the 

Adriatic loggerhead sea turtle was maintained in culture only for a short time before death, 

making it impossible to sequence the DNA. The death of diatom cells in culture might have 

been due to sub-optimal culturing conditions for that specific diatom, rather than the 

impossibility of growing in culture as the related species can indeed be cultured (Publication III 

and IV). Furthermore, C. legouvelloanus was found together with previously described 
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Craspedostauros alatus (Majewska et al., 2018; Publication IV) on loggerhead sea turtles in 

the Adriatic Sea. C. alatus was initially described from the museum specimens of juvenile green 

and Kemp’s ridley sea turtles (Majewska et al., 2018), and Publication IV was the first to report 

it on a loggerhead sea turtle from the Adriatic Sea. Interestingly, C. alatus and C. 

legouvelloanus are found in lower abundance on the sea turtle carapace (up to 3% and 4%, 

respectively) and are often found within diatom assemblages dominated by other epizoic like 

Achnanthes elongata and Poulinea spp., along with diatoms expected to be generalists like 

Nitzschia, Navicula and Halamphora genera (Majewska et al., 2018; Publication IV). The 

Craspedostauros clade is monophyletic and sister to Achnanthes (Publications III and IV) and 

similarly to Achnanthes elongata, Craspedostauros spp. attach to the sea turtle surface by one 

end of the cell and are motile in culture. However, it is not yet clear if the turtle habitat is 

preferred or if these diatoms can be found in other habitats in future studies. Taken together, 

potential new diatom and bacteria species (Publication II and III), and the newly described 

diatom taxa (Publication IV) support the third hypothesis stating that “the microbial 

communities associated with loggerhead sea turtles are a source of novel microbial taxa”. 

3.2. Integrating the findings on loggerheads’ microbiota 

The approach to the turtle microbiome within this thesis was not limited to a single 

microbial group but is multifaceted and included both prokaryotes and microeukaryotes. 

Multiple anatomical sites of the host were included to encompass the gut (oral and cloacal 

microbiota) and the skin and carapace as they are the organs or anatomical regions first to 

interact with the turtle’s environment. Culture independent approaches were enriched by 

cultivation of both diatoms and diatom-associated bacteria. The sea turtle, abundant both in 

diatoms and bacteria, was deemed as a good host to obtain first insights about vertebrate 

associated diatoms and their bacteria.  

From the turtle-centric perspective, the sea turtle harbors diverse and rich microbial 

communities both on its surfaces and in the gastrointestinal tract. The microbial assemblages 

of the loggerhead sea turtle holobiont are strongly affected by the environment and most 

probably the turtle’s behavior and physiology. The sea turtle host has, therefore, a reservoir of 

microbes out of which some could be proven to be neutral or beneficial, with potential 

detrimental effects if the turtle host is impaired as that can allow for the progression of 

opportunistic pathogens. The “hotspot” of microbial diversity on the loggerhead sea turtle could 

also harbor microbes capable of producing various compounds that facilitate multiple levels of 
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host-microbe or microbe-microbe interactions. As sea turtles are reptiles, they have developed 

immune systems with innate and adaptive responses with subtle differences from other 

vertebrate groups (Zimmerman, 2020). In mammals the microbiota of the skin and mucosa is 

crucial in establishing the barrier from potential infections and immune system education and 

maturation however, knowledge on mucosal immunity in reptiles is lacking. Surface biofilms, 

oral and cloacal microbiota, and their products could be important factors in future studies on 

reptilian immune responses. A novel study on loggerhead sea turtle nests and associated 

microorganisms has established a framework to start examining the effects of microorganisms 

on hatchling health, microbiome seeding sources, and the transmission of microorganisms from 

the mother to the hatchlings (Vecchioni et al., 2022). If the microbial community on the sea 

turtle mother is in a dysbiosis state with higher incidences of pathogens, the opportunistic 

pathogens could possibly be transferred to the eggs and presumably non-contaminated nests 

thus affecting the hatchlings and their development.  

To better understand the sea turtle holobiont, studies focusing on one specific 

anatomical site or trait should be combined and analyzed all together. Meta-analyses could then 

elucidate the dynamics of microbial colonization of the host, potential exchange of 

microorganisms between the environment and the external or internal microbiome, and pinpoint 

the importance of specific microbial taxa in host biology. For example, Planctomycetota 

phylum members are known for extensively colonizing the surfaces of macroalgae (van der 

Loos et al., 2022) and have been described in microalgae phycosphere (Lage, Bondoso, 2014; 

Publication II). Planctomycetota have also been observed in the bacterial communities of the 

oral mucosa where similar lifestyle strategies (attaching to living surfaces) could be useful, 

however the source of Planctomycetota can still be from food, the environment, or the sea turtle 

surface microbiome. Deeper investigation in the specific members of Planctomycetota and 

potential other microbial taxa shared between the epizoic and endozoic microbiome could 

deliver new insights into the biology of the host and the importance of microbial diversity 

associated with marine megafauna. To address specific host-microbe-environment interactions, 

the findings of existing studies need to be integrated to coordinate focused sampling efforts of 

host and the environment in future studies. 

The barrier to investigating the sea turtle epizoic and endozoic microbiomes by culture-

independent approaches that yield vast amounts of data is often in the lack of reference 

sequences in databases for both prokaryotes and eukaryotes. Lack of reference sequences can 

impair best efforts in either amplicon-based surveys or metagenomic genome assemblies. High 

abundance of unassigned Gammaproteobacteria in oral and cloacal microbiota (McNally et al., 
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2021a, 2021b; Publication II) indicate high unrecognized diversity, already observed in several 

in other reptilian microbiomes (Levin et al., 2021). The unassigned sequences overwhelmed 

the epizoic microbiome dataset as well, both at the 16S rRNA and 18S rRNA gene level, or in 

the rbcL gene sequences. The culture-independent approach can give a broad overview of the 

community and its dynamics but cannot necessarily inform on the lifestyle of the 

microorganisms without proper sequence assignment and knowledge on the biology of detected 

microbes. While in bacteria the unassigned sequences often represent yet undiscovered or 

uncultured taxa, in diatoms, a large proportion of unassigned sequences reflects the gaps in 

obtaining representative sequences of already described taxa, potential cryptic species, and 

general undiscovered diversity of benthic diatoms.  

Based on cell morphology, however, diatom communities can still be characterized, but 

without insights into (semi-)cryptic diversity. Scanning electron micrographs (SEM) of 

microbial biofilms can visually inform on the lifestyle of diatoms and bacteria directly on the 

carapace rather than inferring traits from sequencing data. In SEM images like Figure 3 and in 

Publication IV it is visible that common epizoic diatoms are attached to the turtle by one pole 

of the cell and that they produce mucilage appendages and stalks, sometimes in dense 

assemblages surrounded with bacteria, under smaller pieces of keratinous scutes that can allow 

them to avoid drag in water and resist abrasion. Moreover, if cultured, some of the lifestyle 

strategies of epizoic diatoms can be examined over time in a controlled environment. For 

example, Poulinea lepidochelicola and Achnanthes spp. cells form colonies and branch out on 

stalks, or by connected cells, which lifts them above the surface they are attached to, both in 

culture and as observed in SEM images of the loggerhead sea turtle carapace. The more 

generalist or opportunist taxa like Amphora spp. or Navicula spp. will often stay close to the 

surface and not branch out which shows different strategies in colonizing host surfaces. The 

issue with morphology-based approach of analyzing diatom communities is that silica frustules 

can stay present in the sample even after cell death. Consequently, the diatom assemblage data 

obtained through morphology alone would then not represent the actual living community 

present in that habitat. Furthermore, morphology-based methods can be difficult and time 

consuming, requiring highly skilled diatom taxonomists that might not be always available. The 

best approach to studying peculiar and uncharacterized habitats such as the sea turtle is, when 

possible, to complement traditional methods, based on morphology and microscopy, with 

culturing and high-throughput culture-independent approaches. 
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4. Conclusions 

 

The main findings of this thesis can be summarized in the following conclusions: 

 

• Oral microbial communities of loggerhead sea turtles reflect the environment but also 

contain microbial taxa specific for buccal mucosa, which indicates that the enclosure 

environment during rehabilitation affects the oral microbiome and should be 

considered when deciding on rehabilitation protocols. On the other hand, the cloacal 

microbiota is confirmed to be stable during short term rehabilitation as described in 

previous studies on loggerhead fecal and cloacal microbiota. 

• Samples obtained by swabbing the cloaca or oral mucosa can detect shifts in microbial 

community with high efficacy. This can be utilized in fieldwork for fast and relatively 

noninvasive sampling as opposed to distal gut swabs or feces collection that can be 

difficult and unpredictable in wild animals. 

• Epizoic microbial communities of sea turtles harbor diverse bacterial and diatom 

communities with a high potential for discovery of novel microbial taxa. 

• Isolation and cultivation of diatom strains from the epizoic habitat is possible and can 

provide DNA reference data for future metabarcoding studies. Along with better 

linking of metabarcoding- and morphology-based diatom community studies, 

additional reference sequences can lessen the need for highly skilled and trained 

taxonomists and expand the use of DNA-based approaches for diatom community 

surveys associated with marine vertebrates. 

• Diatom strains isolated from a specific turtle host seem to recapitulate their host of 

origin both in phylogeny and in phycosphere bacterial community composition. 

• Culturing diatoms in xenic cultures also enables isolation of bacterial taxa that are 

otherwise rare in the total turtle-associated biofilm community; possibly by providing 

more suitable conditions or nutrients needed by those specific bacteria. 
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