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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 Lieberkiihn 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, I'V). 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
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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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ProSireni1 Sazetak

Morske mikrobne zajednice Cesto su istrazivane u kontekstu biogeokemijskih ciklusa,
primarne produkcije, ekologije 1 evolucije te su shodno tome bile ukljucene u tradicionalna
promisljanja o mikroorganizmima kao solitarnim i planktonskim stanicama. Danas znamo da
mikroorganizmi rijetko djeluju kao individualne stanice ve¢ da su ¢eS¢e dio kompleksnih
mikrobnih zajednica (Donlan i sur., 2002; Penesyan i sur., 2021). Spoj izmedu mikrobne
ekologije 1 klinicke mikrobiologije omogucio je nova saznanja o odnosu mikroorganizama 1
njihovih domacina te utvrdio da mikroorganizmi nisu uvijek pogubni za domacina ve¢ mogu
biti neutralni 1li pak korisni (McFall-Ngai 1 sur., 2013). Mikrobne zajednice u bliskoj vezi sa
svojim domacinima se zajednicki nazivaju mikrobiotom (skup mikroorganizama) i
mikrobiomom (zbir mikroorganizama i njihovih gena koji formiraju ,,teatar aktivnosti*) (Berg
isur., 2020). Termini mikrobiota i mikrobiom se Cestu vezu za vece jednostanicne i viSestani¢ne
domadine, ali se mogu koristiti 1 za opisivanje mikrobnih zajednica u staniStima koja su
fizikalno-kemijski dobro definirana; kao Sto su Lieberkiihnove kripte u malom crijevu ili
fikosfera mikroalgi (Berg i sur., 2021). Suprotno od kopnenih staniSta, morski domacini su
cijelo vrijeme wuronjeni u morski medij te kontinuirano izloZzeni 1 kolonizirani
mikroorganizmima. Visestani¢ni domacdini, kao §to su makroalge ili morska megafauna, koji
na svojim povrSinama nose mikrobne biofilmove bi se mogli smatrati ,srediStima
biodiverziteta® s obzirom da se globalni oceani Cesto smatraju ,,plavim pustinjama‘ na temelju
manje brojnosti mikroorganizama u stupcu vode (Polovina 1 sur.,, 2008). Osim S§to
mikroorganizmi nastanjuju slobodne povrSine morskih domacina, njihove zajednice tako mogu
snazno mogu utjecati 1 na njihovu fiziologiju (Apprill, 2017). U morskim ekosustavima
mikroorganizmi i njihovi domacini proucavani su u dobro opisanim sustavima kao $to su
bakterijske simbioze kod havajske lignje Euprymna scolopes 1 mnogocetinasa bez probavnog
sustava Ollavius algarvensis, te simbioza mikroalgi i koralja (Apprill, 2017). Naime, morski su
kraljeznjaci tek od nedavno postali vazan objekt istrazivanja u podrucju mikrobioma. Vaznost
istraZivanja ,,divljih“ mikrobioma odavno je prepoznata u konzervacijskoj i1 evolucijskoj
biologiji (Hird, 2017; Trevelline i sur., 2019). Sve intenzivnije posljedice klimatskih promjena
1 posljedicna devastacija staniSta u gotovo svakom biomu, dovele su do ubrzanih stopa
izumiranja vrsta (Stork, 2010), stoga je ocekivano da ¢e i mikrobiomi ugrozenih domacina biti

pod pritiskom nadolaze¢ih promjena. Glavate zelve (Caretta caretta) ugrozena su vrsta morskih
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kornja¢a koje obitavaju u svjetskim oceanima. Poznato je da su domacini raznim
makroorganizmima (rakovi vitiari i makroalge) i mikroorganizmima na kozi i oklopima.
Takoder, istraZivanja epibionata na kornjacama su se povijesno uglavnom oslanjala na
mikroskopiju ali danasnje metode neovisne o kultivaciji koje ukljucuju i sekvenciranje visoke
protocnosti se sve vise koriste, posebno u istraZivanjima endozojskih mikrobnih zajednica.
Tako su endozojske bakterijske zajednice opSirno proucavane ali samo u kloaki, distalnom
crijevu 1 fecesu, dok oralne mikrobne zajednice nisu istrazivane unato¢ poznatoj vaznosti u
zdravlju kraljeznjaka. Do nedavno nije bilo ni saznanja o mikrobnim zajednicama na kozi i
oklopu morskih kornjaca, ali danas je dostupno nekoliko istrazivanja na glavatim zelvama i
zelenim morskim kornjacama (Rivera i sur., 2018; Blasi i sur., 2020; Kanjer i sur., 2022).
Usprkos atraktivnosti 1 pristupacnosti generiranja velike koli¢ine podataka kroz metode
sekvenciranja visoke protocnosti, posljedicno i lakSeg pregleda mikrobnih zajednice,
istrazivanja u tom smjeru ¢esto nailaze na prepreke zbog manjka referentnih DNA sekvenci u
relevantnim podatkovnim bazama. Prepreke tog tipa naglasavaju vaznost viSestrukog pristupa
neistrazenim staniStima kao Sto su morske kornjace, te obavezno povezivanje kultivacije
mikroorganizama sa metodama neovisnim o kultivaciji.

Ciljevi ove disertacije su: 1) analiza sastava i raznolikosti endozojskih bakterijskih
zajednica glavatih Zelvi; ii) karakterizacija epizojskih zajednica dijatomeja 1 bakterija koze 1
karapaksa glavatih zelvi, s fokusom na bakterije usko vezane za dijatomeje; te iii) izolacija 1
identifikacija dijatomeja s koZe 1 karapaksa, uspostavljanje protokola za monokulture 1
opisivanje novopronadenih svojti dijatomeja.

U ovoj disertaciji, koja se sastoji od Cetiri znanstvene publikacije, mikrobne zajednice
dijatomeja 1 bakterija glavatih Zelvi istrazene su kroz sekvenciranje visoke protocnosti
kloroplastnih rbcL gena 1 ribosomalnih 16S rRNA gena te kroz kultivaciju. Rezultati
istrazivanja endozojske mikrobne zajednice divljih i kornjaca u rehabilitaciji ukazuju da oralna
mikrobiota reflektira okoli§ u kojem se kornjaca nalazi dok je kloakalna mikrobiota raznolika
ali stabilna tokom kratkotrajne rehabilitacije (Publikacija I). Epizojske zajednice dijatomeja i
bakterija su raznolike te se sastoje od mnostva jos uvijek neidentificiranih mikroba (Publikacija
IT). Dijatomeje s razli¢itih domacina (morskih kornjaca i sirena, tj. morskih krava) se mogu
neometano izolirati i kultivirati te su medu kultiviranim dijatomejama pronadene i nove svojte
(Publikacija II, III 1 IV). Kseni¢ne kulture dijatomeja takoder zadrzavaju bakterijski ,,potpis*
domacina s kojeg su izolirane te omogucavaju rast bakterijama koje se na domacinu nalaze u
niskim brojnostima kao §to su rodovi Alcanivoracax i Marinobacter (Publikacija II). 1z kultura

dijatomeja uspjesno je izolirano i kultivirano 127 sojeva bakterija, od kojih je 40 dalje
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identificirano pomocu 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 domacina izolirane te da je sklonost epizojskom stanistu evoluirala
nekoliko puta kroz evolucijsku povijest dijatomeja (Publikacija III). Nove vrsta dijatomeje
Craspedostauros legouvelloanus je opisana s glavate zelve, dok je vrsta Craspedostauros
alatus koja je prethodno opisana s muzejskih uzoraka zelene i Kempijeve zelve po prvi put
pronadena i na glavatim Zelvama u Jadranskom moru (Publikacija IV).

Znanstveni doprinos ove disertacije nalazi se u viSestrukom pristupu proucavanju
mikrobnih zajednica glavate zelve. Naime, u istrazivanjima predstavljenima u sklopu ove
disertacije obuhvaceni su 1 prokarioti i mikroeukarioti, te su kombinirani kultivacija
mikroorganizama i1 metodoloski pristupi neovisni o kultivaciji. Istrazivano je nekoliko
anatomskih regija glavatih Zelvi kako bi se obuhvatila endozojska i1 epizojska mikrobiota:
mikrobne zajednice u kloaki i po prvi puta, u usnoj Supljini te mikroorganizmi na kozi i
karapaksu. Metodoloski pristupi neovisni o kultiviranju mikroorganizama su u ovom slucaju
obogaceni upravo kultivacijom dijatomeja i bakterija iz kultura dijatomeja. Sekvencirana DNA
kultiviranih dijatomeja i1 bakterija znac¢ajno doprinosi referentnim databazama te na taj nacin
moze poboljsati buduce istrazivacke napore koji ukljucuju metabarkodiranje mikroorganizama.
Ova disertacija takoder donosi prve uvide u bakterijske zajednice usko vezane za dijatomeje
koje se nalaze na morskim kraljeZznjacima ¢ime se postavlja osnova za buduca istraZivanja
interakcija izmedu dijatomeja i1 bakterija na raznim domacinima. Takoder, o€uvanje mikrobne
bioraznolikosti jedinstvenih staniSta, kao S$to su morske kornjace, moze doprinijeti i buduéim
biotehnoloskim inovacijama. Predstavljeni rezultati u ovoj disertaciji snazno podrzavaju tezu
da su glavate zelve srediSta makro- i mikrobnog biodiverziteta u globalnim oceanima te se
dobiveni zakljucci mogu iskoristiti pri donosenju odluka o najboljim nadinima za ocuvanje i

rehabilitaciju ugrozenih 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, Ferriére, 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



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; Y oungblut
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



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).
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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



(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



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 [UCN
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
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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).



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

1s 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).



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, Gracan, 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, I1I, 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.

15



16



Publication I

17



18



Filek et al. anim microbiome (2021) 3:59

https://doi.org/10.1186/s42523-021-00120-5 An Ima I M ICro b lome

RESEARCH ARTICLE Open Access

) ) ®
Characterization of oral and cloacal St
microbial communities of wild and rehabilitated
loggerhead sea turtles (Caretta caretta)

Klara Filek!, Adriana Trotta?, Romana Gracan', Antonio Di Bello?, Marialaura Corrente? and Suncica Bosak'

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 165 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

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
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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

©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
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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//creativecommons.org/licenses/by/4.0/.
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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 Threatened 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). The 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].
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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].

The 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. The 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: The 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). The
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. The 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

The 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). The 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 um 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),
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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 (ThermoFisher). For
samples with low DNA vyield, 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 x 2 paired-end Illumina MiSeq v2
setup sequencing of the V3-V4 region of 16S rDNA with
primers 341F_ill (5-CCTACGGGNGGCWGCAG-3/)
and 805R_ill (5-GACTACHVGGGTATCTAATCC-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 naive 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. The 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]. The 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). The 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
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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
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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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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
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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
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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
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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
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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,
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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

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

Actinobacteria 0.52+£0.18 137+031 1.09+0.87
Bacteroidetes 21.74+2.16 33.88+2.43 30.26+4.33
Epsilonbacte- 2.48+0.63 2.02+0.57 4.15+3.36
raeota
Firmicutes 6.74+1.35 1.75+0.37 022+0.08
Kiritimatiellaeota  12.78 +£4.04 04640.39 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+1.06 063+061
Proteobacteria 48.60+6.21 56.08+3.19 58.62+1.56
Spirochaetes 3.30+1.47 044+0.14 0.01£0.01
Verrucomicrobia 0.03£0.01 0.30£0.14 1.14+0.97

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

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

Content courtesy of Springer Nature,

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

The 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,

terms of use apply. Rights reserved.
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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)

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 1.864+0.60 2.45+1.07
Bacteroides 2.09+0.61 1.73+£0.76
Marinifilum 1.56£0.55 4.23+1.87
Rikenellaceae; unclassified 3.03+1.29 1.10+£0.73
Flavobacteriaceae; unclassified 2.22+0.88 1.94£0.33
Bizionia ND 1.29£0.77
Flavobacterium 0.104+0.05 0.844+0.49
Tenacibaculum 0.3940.13 0.5040.15
Phylum Kiritimatiellaeota
WCHB1-41; unclassified 15.45+6.13 8.56+4.26
Phylum Proteobacteria
Rhodobacteraceae; unclassified 1.6940.98 1.084+0.24
Desulfovibrio 2.76 £0.65 1.54£059
Gammaproteobacteria; unclassified 11.03+5.02 22.691+6.90
Aeromonadales; unclassified 0.194+0.19 4.74+4.35
Aeromonas 3.56+3.46 0.01£0.01
Colwellia 0.21+£0.20 0.04+0.03
Pseudoalteromonas 2.16£1.55 294+1.12
Shewanella 1.544+0.55 7.15+2.07
Halieaceae; unclassified 0.0740.06 0.034+0.02
Bermanella ND ND
Pseudomonas 0.68£0.33 1.63£0.81
Vibrio 7.24+3.09 3.07+1.01
Phylum Spirochaetes
Treponema 2 3.12+2.29 2.22+1.02

2.214+0.28 0.1940.09 030+0.24
0.10£0.10 ND 013£0.13
1.37+054 0.7440.32 054+037
0.14£0.13 ND 003+£0.03
13.78£2.93 11.54+4.45 6.79+1.70
0.03+0.03 11.51+4.27 6.251+6.04
2.23+2.12 2.16+1.07 5.70+5.26
3.44+1.96 0.8140.24 2.77+2.18
0694061 0.0240.02 0.03+0.03
8.18+1.63 4.45+1.32 347+1.41
037+£0.15 007£0.07 0.08+0.08
13.83+2.50 3.33+2.01 2.96+2.10
ND 0.01£0.01 ND
0444044 ND 0.03+0.03
0.32£0.18 081040 3.29+2.94
1.70£1.04 19.52+7.69 3.13£2.19
1.76+£1.74 3.86+2.07 0.77+0.68
2.16+0.62 1.68+£0.92 0.0240.02
ND ND 6.20+£6.20
2.95+2.95 5.82+1.99 14.10+£7.58
1404050 8.43+4.17 1.09+044
0.12+0.11 ND ND

Values represent mean percentage =+ SE, with mean values above 2% in bold
ND not detected

incidentally caught during fishing activities. Thus, 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 Kreftt’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). This 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
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of phyla Planctomycetes and Patescibacteria which were
observed mostly in oral samples before hospitalization.
Therefore, 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,
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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]. The 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.

The 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. This
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].

The 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

Page 11 of 14

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.
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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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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 unwe.ighted weighted UniFrac
UniFrac
Groups n pseudo-F p-value pseudo-F p-value pseudo-F p-value pseudo-F p-value
CBvs.CR 15 1.120 0.284 0.200 0.931 1.094 0.278 0.492 0.804
CBvs.OR 13 2.490 0.008** 2.280 0.186 2.426 0.016* 4.227 0.013*
CBvs.OB 14 3.630 0.005%* 10.400  0.005** 3.890 0.003** 6.656 0.005%*
CRvs.OB 13 3.970 0.008** 12.270  0.005** 4.020 0.003** 7.487 0.005%*
CRvs.OR 12 2.400 0.005** 2.280 0.186 1.908 0.051 4.148 0.024*
OBvs.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 0.940 0.424 0.060 0.971 1.040 0.405 0.691 0.804
W vs. OB 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 first 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 biofilms 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 reflected 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 biofilms 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, dinoflagellates 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 beneficial, commensal, to harmful (e.g. By, 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 difficult 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
biofilms revealed the importance of diatom-bacteria interactions
(Amin et al. 2012, Durham et al. 2017, Osuna-Cruz et al. 2020) and
bacterial influence 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 biofilms 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 profiling (RuBisCO large subunit gene rbcL and 16S TRNA 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, profiling 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 biofilm 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 biofilms.

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 flippers) biofilms used for diatom cell isola-
tions were collected by sterile toothbrushes and resuspended in
50-ml conical sterile tubes containing filtered sea water (Table 1).
Individual turtles have a unique identification number prefixed
by "ID", while carapace and skin samples identification numbers
are prefixed 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 /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 flat bottom transparent 6- or 24-well plates (Guangzhou
Jet Bio-Filtration, China) and incubated at 18-20°C at 7-10 umol
m? s7!, 12 : 12 (light: dark) cycle.

Diatom isolation, culturing and identification
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 {/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-cm? cell culture flasks (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’ identification number
throughout this manuscript is prefixed by "DM", which stands for
"diatom monoculture”.

Diatom identification 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 KMnOg4
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 flame, and then washed
with distilled water until neutral pH (approximately five times).
Permanent slides were prepared by drying cleaned frustules on
22x22 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-um pore size (13 mm in diameter) nu-
cleopore polycarbonate membrane filters (Pleasanton, CA, USA)
before sputter-coating. Dried filters 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 identification 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-ul volume
reactions consisting of 1 ul of DNA template, 12.5 ul of Takara
EmeraldAmp Master Mix 2x (Takara Bio, Japan), 0.5 ul primers
rbcL40+ and rbcL1444- (0.2 uM final concentration) and 10.5 ul
of sterile dH,0, while nested PCR reactions were performed in 50
ul (double the reagents for the 25-ul 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, T, "2 =50°C
or Ty ested =50°C for 60 sec, 72°C for 2 min and final 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.

Filek et al. |

Time from
Diatom strain isolation to Bacterial
ID Turtle ID Source sample (ID) Scientific name Host relations harvest (days) isolates
DMO0150 D010 Carapace (TB139) Achnanthes squaliformis epizoic 388 yes
DMO0177 ID010 Carapace (TB139) Achnanthes squaliformis epizoic 332 yes
DMO0178 D010 Skin (TB140) Nitzschia sp. non-epizoic 343 no
DMO0179 1ID010 Skin (TB140) Entomoneis sp. non-epizoic 332 no
DMO0052 D034 Carapace (TB89) Achnanthes elongata epizoic 667 no
DMO0053 1D034 Carapace (TB89) Achnanthes elongata epizoic 682 yes
DMO0054 D034 Carapace (TB89) Achnanthes elongata epizoic 673 no
DMO0060 D034 Carapace (TB89) Achnanthes elongata epizoic 647 yes
DMO0070 D034 Carapace (TB89) Amphora sp. 1 non-epizoic 649 no
DMO0077 D034 Skin (TB90) Poulinea lepidochelicola epizoic 644 yes
DMO0123 1D047 Carapace (TB115) Diploneis sp. non-epizoic 503 no
DMO0129 1D047 Carapace (TB115) Diploneis sp. non-epizoic 507 yes
DMO0136 1D047 Carapace (TB115%) Diploneis sp. non-epizoic 512 no
DMO0147 D047 Carapace (TB115%) Fallacia sp. non-epizoic 495 yes
DMO0168 ID073 Carapace (TB155) Achnanthes elongata epizoic 365 no
DMO0170 D073 Carapace (TB155) Achnanthes elongata epizoic 367 yes
DMO0181 ID073 Carapace (TB155) Psammodictyon non-epizoic 340 yes
panduriforme
DM0182 ID073 Carapace (TB155) Amphora sp. 2 non-epizoic 356 no
DMO0183 D073 Carapace (TB155) Psammodictyon sp. non-epizoic 333 yes

xIn case of ID047 a second carapace sample was obtained a month after the initial one (TB115) and it did not undergo NGS sequencing.
xxHost 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 purified by the NucleoSpin
Gel and PCR cleanup kit according to the manufacturer’s instruc-
tions (Macherey-Nagel, Dueren, Germany). Purified products were
sent for Sanger sequencing with primers rbcL404+ and rbcL587-
to Macrogen (http://dna.macrogen-europe.com).

Diatom strains identified 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 profiling 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). Briefly, total
DNA was extracted using the DNeasy PowerSoil kit (Qiagen) fol-
lowing the manufacturer’s guidelines with several modifications
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
250x2 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 profiling (Tables 1 and S1). The strains were then
grown in duplicates in 75-cm? cell culture flasks 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
modifications: 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 filter for 5 min before centrifugation and final 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-cm? cell culture flasks (15-20 ml
f/2) in duplicate and, upon reaching sufficient 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 ul
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of sterile 0.9% NaCl solution and serially diluted. One hundred ul
of each serial dilution (from 10° to 10°) 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%
NacCl 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 Microbank™ vials (Fischer Scientific) 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 identification of the bacterial isolates 16S rRNA genes were
amplified by PCR using pA (8f) and pH (20r) (Edwards et al. 1989)
primers in 25-ul volume reactions. The PCR reactions contained 2
ul of alkaline lysis DNA template, 2.5 ul of dNTPs, 2.5 ul of Qiagen
PCR buffer 10x, 0.25 ul of 10 uM primers, 0.5 ul of Qiagen Tag DNA
polymerase and 17 ul 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 final exten-
sion of 72°C for 7 min. The products were inspected on agarose gel
and purified using Nucleofast PCR purification plates (Macherey-
Nagel, Dueren, Germa) according to the manufacturer’s instruc-
tions. For initial identification, the V1-V3 region was sequenced
with BLK1 primer (Cleenwerck et al. 2007) at Eurofins Genomics
(https://eurofinsgenomics.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 identified
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 TRNA
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 FASTgProcessor (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 specific 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
DADA?2 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 g2-feature-classifier (Bokulich et al. 2018, Robeson et al.
2021) classify-sklearn naive Bayes taxonomy classifier in SILVA v.
138 99% 505F-806R nb classifier (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 rarefied 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 g2-diversity plugin. Beta diversity was explored via g2-
diversity plugin on rarefied 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. Unrarefied data were analyzed through robust Aitchi-
son distance via g2-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 g2-
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, {giime2R} 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 TRNA gene sequences per bacterial isolate are available in
GenBank (rbcL OM686876-OM686892; 16S OM959184-0M959220
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-fil/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 identified 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 flask 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 flask
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. STA.

NGS of the rbcL marker gene amplicons in carapace and skin
source samples yielded 458 069 high quality rbclL sequences
(median=37 756.5) across 619 ASVs. The samples showed high
proportions of Nitzschia, Amphora, Halamphora and Navicula gen-
era along with unclassified ASVs based on Diat.barcode taxon-
omy classifications 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
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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,
DMO0053, DMO0054; A. elongata), Bacillariaceae (DM0060, DM0168,
DMO0170; A. elongata), Amphora spp. (DM0077; P. lepidochelicola and
DMO0150, DM0177 A. squaliformis) with low confidence 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 significant portion of the diatom
assemblage of the turtle-associated microbial biofilm. 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, Nyqr)=38) yielded 2 297 642 high quality 16S
rRNA gene sequences (median=63314.5) 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 filtering 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 specific 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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e

40 um

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 um 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
TB&9 and TB9O (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 unclassified 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 Oligoflexaceae) 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, Chloroflexota, 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 specific
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 identification 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., unclassified Rhodobacteraceae, Labren-
zia spp., Marinobacter spp., Methylophaga spp. and uncultured
Parvibaculales are commonly found in monocultures (75% of
samples). ASV 2509, classified 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 five 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 TB&9. 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-
fied 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 reflected 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, SSA and S5B),
while low abundance taxa tend to affect groupings in such a way
that samples start reflecting 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 significant 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 significantly 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, R?=0.34, Pr(>F)=0.042; robust Aitchison F-
model=13.8, R?=0.63, Pr(>F)=0.03) and ID034 vs. ID074 (general-
ized UniFrac F-model=3.1, R?=0.25, Pr(>F)=0.024; robust Aitchi-
son F-model=23, R?=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 five 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 classified as belonging to the genus
Actibacterium (Fig. 4).

Based on full 16S rRNA sequence we managed to obtain iden-
tification for ASVs that were classified differently by SILVA or had
assigned taxonomy only above genus level: several ASVs that were
assigned to Rhodobacteraceae by SILVA were identified 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 (confidence at 0.91 and 0.72), but we
identified them as belonging to Roseibium and Sulfitobacter genus,
respectively. Additionally, with SILVA two ASVs (824 and 974) were
assigned to genera Aquibacter and Winogradskyella, while full 16S
TRNA 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 lwofii) 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 biofilms 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
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Table 2. Shared ASVs within diatom genera originating from the same source sample with closest ASV identification for ASVs present

above 1% average relative abundance.

Relative
abundance of Closest ASV identification
Shared shared ASV (average relative abundance
Scientific name (source sample) Diatom strain ID ASVs Total ASVs within sample across selected samples)
Achnanthes elongata (TB89) DMO0052 5 68 24% Phycisphaera (11%),
DMO0053 38 15% Pseudophaeobacter (7%),
DMO0054 50 28% Marinobacter (4%),
DMO0060 53 27% Parvibaculales (1%); Maritalea
(<1%)
Achnanthes squaliformis (TB139) DMO0150 14 46 20% Algisphaera (3%),
DMO0177 43 21% Rhodobacteraceae (4%), PB19
(3%), Sulfitobacter (2%),
Alcanivorax (2%), Spongiibacter
(1%), Porticoccuks (1%)
Achnanthes elongata (TB155) DMO0168 13 56 42% Alcanivorax (34%), Maricaulis
DMO0170 23 45% (2%), Rhodobacteraceae (1%),
Labrenzia (1%), Porticoccus (1%)
Diploneis sp. (TB115) DMO0123 71 100 91.0% Neptuniibacter (31%),
DMO0129 101 90% 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) DMO0181 34 71 50% Alcanivorax (16%), Crocinitomix
Psammodictyon sp. (TB155) DM0183 58 63% (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 significance level is Pr(>F)<0.05

(in bold).
Generalized Unifrac Robust Aitchison
F-model R? Pr(>F) F-model R? 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
reflect the samplinglocality 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 biofilm 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
reflects diatoms’ source environment and genus
Similar to other benthic diatom-bacteria biofilms, 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 specific source

sample (C, D).

tat therefore allowing us to reveal potentially relevant diatom-
bacteria associations. Specific 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 find-
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,
Monnich 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: Sulfitobacter, 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 asitis possible that the diatom hosts produce organic nutri-
ents beneficial 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-
noflagellates (Denar