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• Cetaceans are pivotal apex predators in 
all marine ecosystems. 

• In cetaceans, the gut microbiome shows 
signs of phylosymbiosios. 

• Diet may also shape microbiome di-
versity in toothed and baleen whales. 

• Anthropic impact in the sea can be 
inferred through zoonotic parasites 
detection.  
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A B S T R A C T   

Despite their critical roles in marine ecosystems, only few studies have addressed the gut microbiome (GM) of 
cetaceans in a comprehensive way. Being long-living apex predators with a carnivorous diet but evolved from 
herbivorous ancestors, cetaceans are an ideal model for studying GM-host evolutionary drivers of symbiosis and 
represent a valuable proxy of overall marine ecosystem health. Here, we investigated the GM of eight different 
cetacean species, including both Odontocetes (toothed whales) and Mysticetes (baleen whales), by means of 16S 
rRNA-targeted amplicon sequencing. We collected faecal samples from free-ranging cetaceans circulating within 
the Pelagos Sanctuary (North-western Mediterranean Sea) and we also included publicly available cetacean gut 
microbiome sequences. Overall, we show a clear GM trajectory related to host phylogeny and taxonomy (i.e., 
phylosymbiosis), with remarkable GM variations which may reflect adaptations to different diets between baleen 
and toothed whales. While most samples were found to be infected by protozoan parasites of potential anthropic 
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origin, we report that this phenomenon did not lead to severe GM dysbiosis. This study underlines the impor-
tance of both host phylogeny and diet in shaping the GM of cetaceans, highlighting the role of neutral processes 
as well as environmental factors in the establishment of this GM-host symbiosis. Furthermore, the presence of 
potentially human-derived protozoan parasites in faeces of free-ranging cetaceans emphasizes the importance of 
these animals as bioindicators of anthropic impact on marine ecosystems.   

1. Introduction 

The gut microbiome (GM) has been extensively studied in many 
species of terrestrial mammals (Ley et al., 2008; NIH HMP Working 
Group, 2009; McFall-Ngai et al., 2013; Xue et al., 2015; Moeller et al., 
2016; Shiffman et al., 2017; Brice et al., 2019; Perofsky et al., 2019; Song 
et al., 2020; de Jonge et al., 2022), but few studies have been conducted 
on marine mammals, especially in the free-ranging state (Sanders et al., 
2015; Soverini et al., 2016; Erwin et al., 2017; Godoy-Vitorino et al., 
2021; Suzuki et al., 2019; Abdelrhman et al., 2020; Glaeser et al., 2022; 
Tian et al., 2020; Bai et al., 2021; Bai et al., 2022; Brown et al., 2022; Li 
et al., 2022a; Wang et al., 2022). Among marine mammals, the Cetacea 
infraorder (which comprises two parvorders, i.e., Odontocetes and 
Mysticetes) includes only exclusively aquatic species fully adapted to the 
aquatic environment, representing an ideal model for studying the 
evolutionary drivers of symbiosis between the GM and its host (Gatesy 
et al., 2013). 

The emergence of the first cetaceans dates back to the Paleogene and, 
initially, they were classified within their dedicated order (Graur and 
Higgins, 1994; Gatesy et al., 1996; Gatesy et al., 2013). Following new 
molecular evidence – which suggested the origin of cetaceans from the 
artiodactyls – cetaceans were included within the Artiodactyla order, 
with the Hippopotamidae family encompassing their phylogenetically 
closest living relatives (Nikaido et al., 1999; Gatesy et al., 2013). The 
adaptation of cetaceans to the marine environment has naturally 
resulted in important ecological and morphological changes, following 
evolutionary convergence with different marine organisms (Gatesy 
et al., 2013; Foote et al., 2015). Particularly, for cetaceans, life in the 
marine environment required the acquisition of peculiar dietary habits, 
which represent an exception within their order. While terrestrial ar-
tiodactyls have an exclusively or predominantly herbivorous diet, ce-
taceans mainly feed on crustaceans, molluscs, and fish, with mysticetes 
feeding on more chitin-rich organisms (e.g., crustaceans and molluscs) 
compared to odontocetes (Langer., 2001; Sanders et al., 2015). In this 
regard, recent research has shown that cetacean guts exhibit functional 
and morphological similarities both to terrestrial carnivores, e.g., in 
terms of GM genes for protein digestion and biosynthesis, and to their 
herbivorous terrestrial relatives. They indeed possess a multichambered 
foregut and the microbiome functions for carbohydrate metabolism, 
combining carnivores and herbivores features as a possible adaptive 
response to their peculiar dietary niche in the marine environment 
(Herwig et al., 1984; Langer., 2001; Sanders et al., 2015). In this context, 
research has been performed aiming at comparing GM changes between 
mysticetes (baleen whales) and odontocetes (toothed whales), whose 
important differences in feeding apparatus led to a marked trophic 
separation (Ley et al., 2008; Thewissen et al., 2011; Gatesy et al., 2013). 
Studies suggested a general diversification of the cetacean GM according 
to parvorders (Muegge et al., 2011; Sanders et al., 2015; Bik et al., 2016; 
Erwin et al., 2017; McKenzie et al., 2017). Indeed, even if they rely on a 
carnivorous diet, mysticetes need to gain energy from chitin-rich foods 
(i.e., crustaceans and molluscs), requiring further adaptations, also in 
terms of the GM, for the extraction of energy from complex poly-
saccharides (Herwig et al., 1984; Langer., 2001; Sanders et al., 2015). 
On the other hand, the GM of odontocetes shows more carnivore-like 
features. For instance, the bottlenose dolphin (Tursiops truncatus), i.e., 
a fish and cephalopods-feeding species (Blanco et al., 2001), shows 
higher GM similarities with carnivorous marine fish compared to 
phylogenetically closer baleen whales (Soverini et al., 2016; Song et al., 

2020; Wang et al., 2022). 
Even if findings are promising and suggest the possible importance of 

the cetacean GM in the adaptation to marine life and in the specializa-
tion of the two cetacean parvorders (Wang et al., 2022), most studies are 
observational and do not provide an evolutionary perspective on the 
microbiome-host symbiosis. Therefore, further studies specifically 
focused on the discovery of evolutionary trajectories in GM-host sym-
biosis in cetaceans are needed. 

Increasing attention has been recently drawn to the health status of 
cetaceans as a relevant proxy in monitoring the health of entire marine 
ecosystems (Marangi et al., 2021). Cetaceans play a central ecological 
role in marine habitats as bioindicator sentinels for ocean health, being 
long-living apex predators as well as primary and secondary consumers 
within the marine food web (Roman and McCarthy, 2010; Bik et al., 
2016). In this scenario, investigating the distribution of pathogenic 
microorganisms, such as enteric parasites, in cetaceans, as well as their 
influence on gut health and GM structure, could act as a key strategy to 
monitor the well-being of these species and of the habitats they thrive in. 
In fact, the increase of anthropic pressure within coastal areas (e.g., from 
agricultural, animal, and human waste), together with global climate 
change, have heightened the rate of infectious diseases in marine envi-
ronments, many of which can also be zoonotic (Marangi et al., 2022). 

In our study, we investigate the GM of both toothed and baleen 
whales with a double goal: firstly, we want to provide some glimpses on 
the possible co-evolutionary dynamics between cetaceans and their 
hosted microbial communities. Secondly, we aim to assess the presence 
of enteric protozoan parasites potentially linked to anthropogenic ac-
tivities. For this purpose, we explored and compared the GM composi-
tional structure of apparently healthy, free-ranging individuals 
belonging to eight different species of cetaceans, including both mysti-
cetes and odontocetes, sampled for the purpose of this study (Pelagos 
Sanctuary), as well as retrieved from the literature. Further, for the 
samples collected in the present study, we carried out a parasitological 
investigation in the animals' faecal samples considering three enteric 
zoonotic protozoan parasites, namely Blastocystis sp., Giardia duodenalis 
and Cryptosporidium spp. These are emerging pathogens of water and 
foodborne origin that can infect humans and a wide range of animals 
(Xiao and Feng, 2017), including marine wildlife, and have recently 
been reported for the first time in the Mediterranean Sea (Würsig, 2020; 
Marangi et al., 2022). 

2. Materials and methods 

2.1. Study area 

The Pelagos Sanctuary is a marine protected area extending 
>87,500 km2 in the North-Western Mediterranean Sea between the 
Italian peninsula, France and the Island of Sardinia, encompassing 
Corsica and the Tuscan Archipelago (Fig. 1). The Sanctuary waters 
include the Ligurian Sea and parts of the Corsican and Tyrrhenian Seas, 
and contain the internal maritime (15 %) and territorial waters (32 %) of 
France, Monaco and Italy, as well as the adjacent high seas (53 %). 
Within the Sanctuary area, the continental shelf is wide only in corre-
spondence of limited coastal plains, i.e. eastern Corsica and Tuscany. 
Elsewhere, it is mostly narrow and disseminated with steep, deeply-cut 
submarine canyons (Notarbartolo-di-Sciara et al., 2008). Notably, this 
marine area is affected by anthropogenic stressors of high ecological 
impact. The Pelagos Sanctuary is close to the highly urbanized and 
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industrialized coasts of the Ligurian Sea, with a consequent high amount 
of waste in the waters (Vietti et al., 2010), and to the coasts of Tuscany, 
where numerous permanent and small-scale farming systems are present 
as a possible sources of release of enteric microorganisms by oral-faecal 
route through wastewater (Filippini et al., 2018; Guardone et al., 2020); 
moreover, the Tyrrhenian Sea is intensely used for aquaculture purposes 
(Glaeser et al., 2022). 

2.2. Sampling 

In the framework of a research project on the ecology of cetaceans, 
faecal samples of 18 individuals of sperm whale (Physeter macrocephalus, 
Physeteridae, Odontocetes), 5 individuals of long-finned pilot whale 
(Globicephala melas, Delphinidae, Odontocetes) and 11 individuals of fin 
whale (Balaenoptera physalus, Balaenopteridae, Mysticetes) were 
collected across the Ligurian waters of the Pelagos Sanctuary (Fig. 1). 
During several summer boat surveys, photo identification and floating 
faeces were collected using a fine nylon mesh net, avoiding direct con-
tact and any disturbance of the animals (Marangi et al., 2021). Faecal 
samples were collected as quickly as possible upon defecation, imme-
diately placed inside labelled sterile Falcon tubes and stored at −80 ◦C 
upon arrival to the laboratory until genomic DNA extraction. Faeces 
from one individual of Cuvier's beaked whale (Ziphius cavirostris, Ziphi-
dae, Odontocetes) were also retrieved from a freshly stranded individual 
right after it was found dead along the Ligurian coast. For clarity pur-
poses, we will be referring to these 35 samples as ‘present study’ sam-
ples. Sampling details of the present study are summarized in 
Supplementary Table S1. 

2.3. 16S rRNA gene amplification and sequencing 

Genomic DNA was extracted from the present study faecal samples 
(approximately 200 mg) by using the QiaAMP DNA Stool Mini Kit 
(Qiagen, Hilden, Germany) according to the manufacturer's instructions 
and then eluted in 200 μL of TE buffer. Extracted DNA was processed for 
16S rRNA gene amplification and sequencing for prokaryotic 

community characterization. Library preparation was performed 
following the Illumina 16S Metagenomic Sequencing Library Prepara-
tion protocol (Illumina, San Diego, CA, USA). The V3–V4 hypervariable 
regions of the 16S rRNA gene were PCR amplified in a 50 μL final vol-
ume containing 25 ng of microbial DNA, 2× KAPA HiFi HotStart 
ReadyMix (Roche, Basel, Switzerland) and 200 nmol/L of 341F (5’- 
CCTACGGGNGGCWGCAG-3′) and 785R (5′-GACTACHVGGGTATC-
TAATCC-3′) primers with Illumina adapter overhang sequences added 
(Klindworth et al., 2013). The PCR thermocycle consisted of 3 min at 
95 ◦C, 25 cycles of 30 s at 95 ◦C, 30 s at 55 ◦C and 30 s at 72 ◦C, and a 
final 5-min extension step at 72 ◦C (Turroni et al., 2016). PCR products 
were then purified with Agencourt AMPure XP magnetic beads (Beck-
man Coulter, Brea, CA, USA). Indexed libraries were prepared by 
limited-cycle PCR, using Nextera technology (Illumina), and cleaned-up 
as described above. Libraries were quantified using the Qubit 3.0 fluo-
rimeter (Invitrogen, Waltham, MA, USA), normalised to 4 nM and 
pooled. The sample pool was denatured with 0.2 N NaOH and diluted to 
a final concentration of 4.5 pM with a 20 % PhiX control. Sequencing 
was performed on an Illumina MiSeq platform using a 2 × 250 bp 
paired-end protocol, according to the manufacturer's instructions 
(Illumina). 

2.4. Data acquisition 

In order to integrate our dataset with already available data, we 
downloaded 16S rRNA gene data of cetacean GM from free-ranging and 
apparently healthy individuals. In particular, we took into account the 
previous works from Sanders et al. (2015) (MG-RAST database, acces-
sion code mgp3854), Glaeser et al. (2022) (NCBI Sequence Read Archive 
SRA, BioProject PRJNA627228) and Sherrill-Mix et al. (2018) (NCBI 
Sequence Read Archive SRA, BioProject PRJNA397174). From Sanders 
et al. (2015), we downloaded the 16S rRNA gene sequences of gut 
associated microbiomes of 7 North Atlantic right whales (Eubalaena 
glacialis), 1 sei whale (Balaenoptera borealis) and 4 humpback whales 
(Megaptera novaeangliae). From Glaeser et al. (2022), we downloaded 
the sequences of 1 individual of sei whale (Balaenoptera borealis), 2 blue 

Fig. 1. – Sampling area and overall sampling summary of the present study. Location of the Pelagos Sanctuary in the Mediterranean Sea (https://www.wwfmmi. 
org/what_we_do/wildlife/the_pelagos_sanctuary/). The total number of samples collected for the present study from each cetacean species is reported. 
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whales (Balaenoptera musculus), 10 fin whales (Balaenoptera physalus) 
and 4 sperm whales (Physeter macrocephalus). From Sherrill-Mix et al. 
(2018), we downloaded the sequences of 1 individual of fin whale 
(Balaenoptera physalus). Besides cetacean sequences, we downloaded 
from Sherrill-Mix et al. (2018) and from Sanders et al. (2015), respec-
tively, the 16S rRNA gene sequences of gut associated microbiomes of 4 
different species of sharks (i.e., 5 bull sharks Carcharhinus leucas; 5 
sandbar sharks Carcharhinus plumbeus; 2 tiger sharks Galeocerdo cuvier; 1 
lemon shark Negaprion brevirostris) and 4 individuals of hippopotamus 
(Hippopotamus amphibius). All of these sequences were retrieved and 
integrated with the present study dataset. A schematic summary of the 
entire sample set (including both the present study samples and the 
publicly available sequences) is provided in Table 1. 

2.5. Parasitological molecular analyses 

Extracted genomic DNA was also used for parasitological molecular 
analyses focusing on 3 protozoan parasites, i.e., Blastocystis sp., Giardia 
duodenalis and Cryptosporidium spp. For the molecular and genetic 
characterization of Blastocystis sp., part of the 1800 bp SSU-rDNA (600 
bps) was amplified following the PCR protocol as described in Scicluna 
et al., 2006 and Marangi et al., 2021. For the molecular and genetic 
characterization of Giardia duodenalis and Cryptosporidium spp., part of 
the TPI gene (~ 530 bps) and of the GP60 gene (~ 358 bps) was 
amplified following the nested-PCR protocol as described in Giangas-
pero et al., 2014 and Marangi et al., 2022. 

The PCR fragments were run on 1.2 % agarose gel and positive 
samples were purified with Exonuclease I (EXO I) and Thermosensitive 
Alkaline Phosphatase (FAST AP) (Fermentas) enzymes according to the 
manufacturer's instructions. Purified amplicons were directly sequenced 
in both directions using the ABI PRIMS Big Dye Terminator v. 3.1 Cycle 
Sequencing Kit (Applied Biosystems, Foster City, California, USA) with 
the same primers as the respective PCR reaction, according to the 
manufacturer's instructions. Obtained sequences were determined on an 
ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, USA) and the 
chromatograms were inspected by eye using the Finch TV software. 
Primer regions, as well as bad-quality regions, were removed. 

Once the sequences had been cleaned up, each sequence was 
compared with the Blastocystis, Giardia and Cryptosporidium homologous 
nucleotide sequences available in GenBank databases using the Blastn 
program (https://blast.ncbi.nlm.nih.gov). Then, the obtained sequences 
corresponding to Blastocystis SSU-rDNA gene portion, Giardia TPI and 
Cryptosporidium GP60 genes were gathered in a fasta file and aligned 
using the ClustalW implementation of the BioEdit software v. 7.0.5, and 

the alignment was adjusted manually, when necessary. Following this, 
we compared the sequences here obtained with those available on the 
GenBank database in order to determine the species. The presence or 
absence of any of these enteric protozoan parasites in the stools of the 
individuals of the present study is reported in Supplementary Table S2. 

2.6. Bioinformatics and statistics 

For the 16S rRNA gene analysis, raw sequences for a total of 35 
cetacean samples from the present study and 47 samples from other 
studies were processed separately, according to the study of origin, using 
a pipeline combining PANDAseq (Masella et al., 2012) and QIIME 2 
(Bolyen et al., 2019). High-quality reads were retained using the “fastq 
filter” function of the Usearch11 algorithm (Edgar, 2010) and clustered 
into amplicon sequence variants (ASVs) using DADA2 (Callahan et al., 
2016). Normalisation was performed to the lowest number of reads per 
sample in each study and to 2485 reads per sample for the present study. 
Taxonomy was assigned using the VSEARCH classifier (Rognes et al., 
2016) and the SILVA database (December 2017 release) as a reference 
(Quast et al., 2012). All sequences assigned to eukaryotes or unassigned 
were discarded. Overall, an average sequencing depth of 7.6 ± 6.6 
thousand high-quality reads per sample was obtained, resulting in a total 
of 887 ASVs for the present study. For the samples retrieved from 
Sanders et al. (2015), 20.3 ± 7.9 thousand high-quality reads per sample 
were obtained, for a total of 3057 ASVs. From the study of Glaeser et al. 
(2022), 10.6 ± 4.5 thousand high-quality reads per sample were ob-
tained, for a total of 1203 ASVs. Finally, for the samples retrieved from 
Sherrill-Mix et al. (2018), 34.6 ± 14.8 thousand high-quality reads per 
sample were obtained, resulting in a total of 1151 ASVs. Data from the 
different studies were merged at the different taxonomic levels (i.e., 
phyla, families, and genera) and subsequently normalised to the lowest 
relative abundance value of the present study, this being the one with 
the lowest normalisation value of reads per sample. 

All statistical analyses were performed using R software (R Core 
Team; www.r-project.org), v. 4.1.2, with the packages “made4” (Cul-
hane et al., 2005), “vegan” (Oksanen, 2013; https://CRAN.R-project. 
org/package=vegan), “vegan3d” (https://CRAN.R-project.org/package 
=vegan3d), “scatterplot3d” (Ligges and Mächler, 2002), “plot3D” 
(https://CRAN.R-project.org/package=plot3D), “rgl” (https://CRAN. 
R-project.org/package=rgl), “ggplot2” (Wickham et al., 2016), “Maas-
lin2” (Mallick et al., 2021), “reshape2” (Wickham, 2007), “RColor-
Brewer” (https://CRAN.R-project.org/package=RColorBrewer), “facto 
extra” (https://CRAN.R-project.org/package=factoextra) and “mixO-
mics” (Rohart et al., 2017). Alpha diversity was calculated as bacterial 
richness at the genus level using the function “estimateR” of the vegan 
package. The Wilcoxon rank-sum test was used to assess significant 
differences in alpha diversity distributions. Beta diversity was estimated 
by computing the Bray-Curtis distances and data separation in the 
Principal Coordinates Analysis (PCoA) was tested using a permutation 
test with pseudo-F ratio (function “adonis” in the vegan package). P- 
values, when necessary, were corrected for multiple testing using the 
Benjamini–Hochberg method, with a false discovery rate (FDR) ≤ 0.05 
considered to be statistically significant. For parasitological analyses, 
weighted and unweighted UniFrac distances are shown in PCoA plots. In 
this case, alpha diversity is represented by means of 3 different metrics, 
namely Faith's Phylogenetic Diversity, number of observed ASVs and 
Shannon index. 

The linear discriminant analysis (LDA) was performed through the 
tool LEfSe (Segata et al., 2011), which aimed to identify discriminant 
bacterial genera between the two cetacean parvorders (i.e., mysticetes 
and odontocetes) and the hippopotamus, retaining only microbial taxa 
with LDA score threshold of ±2 (on a log10 scale) and p-value ≤0.05. 
The PICRUSt2 tool (Douglas et al., 2020) was used to infer 
carbohydrate-active enzymes genes (CAZymes) within the ASVs 
assigned to the bacterial genera characteristic of the two cetacean 
parvorders and hippos, and previously identified by LEfSe, according to 

Table 1 
Entire set of samples analyzed in this article.  

Species Study of origin Samples analyzed (N) 

Present study 
• Physeter macrocephalus Present Study 18 
• Globicephala melas Present Study 5 
• Ziphius cavirostris Present Study 1 
• Balaenoptera physalus Present Study 11   

Tot 35 
Publicly available data 
• Eubalaena glacialis Sanders et al. (2015) 7 
• Balaenoptera borealis Sanders et al. (2015) 1 
• Megaptera novaeangliae Sanders et al. (2015) 4 
• Hippopotamus amphibius Sanders et al. (2015) 4 
• Balaenoptera borealis Glaeser et al. (2022) 1 
• Balaenoptera musculus Glaeser et al. (2022) 2 
• Balaenoptera physalus Glaeser et al. (2022) 10 
• Physeter macrocephalus Glaeser et al. (2022) 4 
• Balaenoptera physalus Sherrill-Mix et al. (2018) 1 
• Carcharhinus leucas Sherrill-Mix et al. (2018) 5 
• Carcharhinus plumbeus Sherrill-Mix et al. (2018) 5 
• Galeocerdo cuvier Sherrill-Mix et al. (2018) 2 
• Negaprion brevirostris Sherrill-Mix et al. (2018) 1  
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the CAZy database (http://www.cazy.org/Glycoside-Hydrolases.html). 
The heatmap of presence/absence of these genes was created by means 
of the heatmap.2 function in R (ggplot package in R), reporting ASVs 
ascribed to each bacterial genus in rows and CAZymes EC numbers in 
columns. 

The phylosymbiosis analysis was performed following the phyloge-
netic and microbial diversity trees construction. The gene-based 
phylogenetic tree of host samples was based on the mitochondrial cy-
tochrome oxidase subunit 1 (COI) retrieved from NCBI; the alignment of 
sequences was performed by means of the MUSCLE tool (Edgar, 2004). 
Then, the gene-based tree was created through FastTree2 (Price and 
Dehal, 2010) and rooted on FigTree v. 1.4.4. (Rambaut, 2018). The 
microbiome diversity tree was an output of the QIIME2 pipeline for the 
microbial diversity metrics. The congruence between the two trees was 
then analyzed through a matrix correlation method (Mantel test with 
Pearson's correlations; p-value ≤0.05). Significant phylosymbiotic signal 
was calculated for each node by implementing probabilistic models in 
the Count program (Csűrös, 2010), that was originally designed to 
model the evolution of gene families through gene gain and loss. 

3. Results 

3.1. Microbiome community structure of odontocetes and mysticetes 

Here, we performed a meta-analysis including a total of 65 GM 
samples belonging to 8 different cetacean species, of which 35 were 
newly sequenced in the present study and 30 were derived from public 
databases. The considered species were: B. physalus, B. borealis, 
B. musculus, M. novaeangliae, E. glacialis, P. macrocephalus, G. melas and 
Z. cavirostris (Supplementary Fig. 1). Alpha and beta diversity were 
computed comparing the two parvorders and the eight cetacean species. 
Notably, the cetacean GMs clearly segregate by both parvorder and 
species in the Bray-Curtis-based PCoAs (permutation test with pseudo-F 
ratio, p ≤ 0.001) (Fig. 2). Additionally, alpha diversity shows signifi-
cantly higher values for mysticetes compared to odontocetes (Wilcoxon 
rank-sum test) (Fig. 2). The study of origin does not seem to exert a 
strong influence on the overall GM profile of the cetaceans considered in 
this meta-analysis (permutation test with pseudo-F ratio), as demon-
strated comparing the GMs of the two most widespread cetacean species 
(i.e., P. macrocephalus and B. physalus) across different studies (Supple-
mentary Fig. 2). 

Differences between odontocetes and mysticetes can be seen at all 
taxonomic ranks. More specifically, at the phylum level, mysticetes are 
characterized by two dominant phyla, namely Firmicutes and Bacter-
oidetes, while the sub-dominant phyla are Actinobacteria, Proteobac-
teria and Spirochaetae. Odontocetes included also Proteobacteria 
among the dominant components, with Proteobacteria, Firmicutes and 
Bacteroides being co-dominant in P. macrocephalus (mean relative 
abundance ± SD, 10.0 ± 21.2 %, 39.5 ± 22.5 % and 35.6 ± 22.7 %, 
respectively) and in Z. cavirostris (60.0 %, 11.1 % and 26.8 %, respec-
tively), while Proteobacteria (39.4 ± 33.7 %), Firmicutes (27.7 ± 37.4 
%) and Actinobacteria (17.4 ± 20.3 %) dominate the GM of G. melas. 

At the family level, mysticetes are characterized by several dominant 
taxa. These include: Clostridiaceae 1, with the highest mean abundance 
value (43.6 ± 25.5 %) in E. glacialis, Ruminococcaceae, with the highest 
mean abundance value (36.6 ± 38.1 %) in M. novaeangliae, Pre-
votellaceae, with the highest mean abundance value (16.3 ± 18.2 %) in 
B. borealis and Rikenellaceae, with the highest mean abundance value 
(12.1 ± 17.0 %) in B. musculus. The sub-dominant families in mysticetes 
include Bacteroidaceae, Pasterullaceae, Spirochetaceae and Erysipelo-
trichaceae. The dominant gut microbial families in odontocetes are: 
Rikenellaceae (20.1 ± 19.9 %), Ruminococcaceae (15.8 ± 9.9 %) and 
Bacteroidales BS11 gut group (10.2 ± 9.8 %) in P. macrocephalus, Plano-
coccaceae (20.4 ± 40.8 %) and Burkholderiaceae (14.4 ± 28.3 %) in 
G. melas, and Enterobacteriaceae (34.8 %), Bacteroidaceae (26.8 %) and 
Pasterullaceae (23.0 %) in Z. cavirostris. The sub-dominant families in 

odontocetes include Lachnospiraceae, Christensenellaceae, Vibrionaceae 
and Micromonosporaceae. 

At lower taxonomic ranks, the cetacean GM showed recognizable 
species-specific differences. The dominant bacterial genera in mysticetes 
show a high degree of species-specificity. In the genus Balaenoptera, for 
instance, Clostridium sensu stricto 1 is the most dominant genus, with the 
highest mean abundance value (35.3 ± 49.9 %) in B. musculus. 
E. glacialis and M. novaeangliae, on the other hand, show the bacterium 
Sarcina as the most abundant genus (40.7 ± 23.3 % and 27.4 ± 33.0 %, 
respectively). Furthermore, in M. novaeangliae, the genus Ruminococca-
ceae UCG-005 is among the most dominant taxa (19.5 ± 29.1 %). In 
mysticetes, sub-dominant genera also mirror species-specific patterns, 
and these include: Bacteroides, Ruminococcaceae UCG-005 and Rumino-
coccaceae UCG-014. The bacterial genera found to be dominant in 
odontocetes are also species-specific. In P. macrocephalus, Rikenellaceae 
RC9 gut group is the dominant genus (17.9 ± 20.1 %). Dominant genera 
characterizing G. melas are Lysinibacillus (16.2 ± 32.4 %) and Bur-
kholderia-Paraburkholderia (14.2 ± 28.5 %), while the ones character-
izing Z. cavirostris are Bacteroides (26.8 %), Morganella (25.8 %) and 
Actinobacillus (13.1 %). The sub-dominant genera in odontocetes are 
Christensenellaceae R-7 group, Photobacterium, Actinoplanes and Escher-
ichia-Shigella, again showing a certain degree of specificity in relation to 
the host species. 

We applied linear discriminant analysis (LDA) effect size (LEfSe) 
(Segata et al., 2011), aiming to highlight the bacterial taxa that 
discriminated between mysticetes and odontocetes. According to LEfSe 
(Fig. 3), genera associated with odontocetes were Rikenellaceae RC9 gut 
group, Christensenellaceae R-7 group, Dethiosulfovibrio, Staphylococcus, 
Tyzzerella 3, Enterococcus, Sphaerochaeta, Pyramidobacter, Escherichia- 
Shigella, Petrimonas, Ruminococcus 2, Gordonibacter, Anaerovorax, 
Lactobacillus, Anaerorhabdus furcosa group and Bilophila. 

On the other hand, mysticetes samples were enriched in Rumino-
coccus torques group, Eubacterium fissicatena group, Anaerofustis, Pepto-
coccus, Anaeroplasma, Hydrogenoanaerobacterium, Ruminococcaceae 
UCG-009, Prevotellaceae UCG-004, Prevotella 1, Lachnospiraceae AC2044 
group, Eubacterium brachy group, Family XIII UCG-001, Atopobium, Fae-
calitalea, Granulicatella, Ruminococcaceae UCG-002, Oscillibacter, Sutter-
ella, Ruminiclostridium 9, Treponema 2, Alloprevotella, Bacteroides, 
Ruminococcaceae UCG-005, Sarcina and Clostridium sensu stricto 1. 

3.2. Inferred profile of carbohydrate-active enzymes for chitin and 
lignocellulose degradation in the GM taxa characterizing odontocetes and 
mysticetes 

In order to provide some glimpses on the possible functional impli-
cations connected to the observed GM variations between odontocetes 
and mysticetes, the ASVs corresponding to the discriminant genera re-
ported in Fig. 3 were obtained from the 35 cetaceans samples sequenced 
in the present study (see Supplementary Table S3 for a complete list of 
the bacterial ASVs). For each of the retrieved ASV, the matching profile 
of CAZymes for the degradation of lignocellulose and chitin was infer-
red. Specifically, for lignocellulose degradation enzymes, eight glyco-
side hydrolases (GHs), 17 carbohydrate esterases (CEs), 13 
polysaccharide lyases (PLs) and 10 enzymes linked to auxiliary activities 
(AAs) were considered, while, for chitin degradation, eight enzymes 
belonging to the GH family and three belonging to the CE family were 
included (Supplementary Table S4). To provide an evolutionary 
perspective to our analysis, the ASVs corresponding to the taxa char-
acterizing the Hippopotamus amphibius GM were also obtained from 
Sanders et al. (2015), and the matching profiles of lignocellulose and 
chitin degrading CAZymes were recovered as indicated above. In Fig. 4, 
we provide the heatmap of the obtained CAZymes profiles for the ASVs 
being discriminant of the GM of the hippopotamus, odontocetes and 
mysticetes. According to our findings, the ASVs characterizing the three 
different host species showed detectable differences in the profile of the 
CAZymes functions for the degradation of lignocellulose and chitin 
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Fig. 2. – Microbiome community structure of odontocetes and mysticetes. (A) Representation of the entire set of samples (present study and publicly available) by 
Principal Coordinates Analysis (PCoA) based on Bray-Curtis distances of odontocetes (orange) and mysticetes (light blue) (permutation test with pseudo-F ratio, p ≤
0.001; left part of the image); the first and second principal components (PCoA1 and PCoA2) are plotted and the percentage of variance in the dataset explained by 
each axis is shown. On the right we show the corresponding boxplots of alpha diversity according to the bacterial genera richness in all samples (Wilcoxon rank-sum 
test, *p ≤ 0.05). (B) Representation of the entire set of samples (present study and publicly available) by Principal Coordinates Analysis based on Bray-Curtis dis-
tances of the eight species considered in this article, namely Physeter macrocephalus (yellow), Globicephala melas (orange), Ziphius cavirostris (red), Balaenoptera 
physalus (white), Balaenoptera musculus (gray-blue), Balaenoptera borealis (light blue), Megaptera novaeangliae (blue) and Eubalaena glacialis (dark blue) (permutation 
test with pseudo-F ratio, p ≤ 0.001; left part of the image); the first and second principal components (PCoA1 and PCoA2) are plotted and the percentage of variance 
in the dataset explained by each axis is shown. On the right we show the corresponding boxplots of alpha diversity according to the bacterial genera richness in all 
samples (Wilcoxon rank-sum test, *p ≤ 0.05; **p ≤ 0.01). 
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biomasses. As a parsimonious approach, we considered a set of host- 
specific ASVs as positive for a given CAZyme family only if least two 
ASVs were providing correspondent function. Consistent with this 
threshold, several CAZymes – such as pectin methylesterase, rhamno-
galacturonan acetylesterase, UDP-3-O-acyl N-acetylglucosamine deace-
tylase, N-acetylglucosamine-6-phosphate deacetylase, β-glucosidase, 
mannase, cellulase, chitin disaccharide deacetylase (RE), and β-hexos-
aminidase – were represented in all the discriminant ASVs, irrespective 
of the host. On the contrary, a specific set of lignocellulose degrading 
enzymes, such as cephalosporin-C deacetylase, α-glucuronidase, endo- 

1,4-β-xylanase, and rhamnogalacturonan endolyase, were only shared 
by the ASVs characterizing hippos and mysticetes. The only enzyme 
exclusively represented in the ASVs characterizing mysticetes was 
chondroitin-sulfate ABC endolyase (AA), while the GH enzymes 
β-glucuronidase and mannosyl-glycoprotein endo-β-N-acetylglucosami-
nidase were specific of the ASVs discriminating odontocetes, being 
involved, respectively, in lignocellulose and chitin degradation. The 
only enzyme exclusively detected in ASVs characterizing both cetacean 
parvorders was eparin-sulfate lyase/heparin lyase III. Finally, the en-
zymes chitin deacetylase, involved in the degradation of chitin, and 

Fig. 3. – Discriminating genera between mysticetes and odontocetes. Linear discriminant analysis (LDA) scores of discriminating cetacean GM genera between the 
two cetacean parvorders, with mysticetes in red and odontocetes in green (the logarithmic threshold for discriminating features was set to 2.0 with p ≤ 0.05). Plots 
were obtained by LDA effect size (LEfSe) analysis. 
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diacylglycerol O-acyltransferase, involved in the degradation of ligno-
cellulose, were specific for the hippo-characterizing ASVs. 

3.3. Phylosymbiotic trajectories in the cetacean GM 

In order to emphasize possible congruence between microbiome 
variations and host phylogeny, we carried out a phylosymbiotic anal-
ysis. To this aim, a phylosymbiosis tree was constructed, specifically 
assessing the degree of congruence between the microbiome diversity 
and the hosts' phylogenetic relationships (Brooks et al., 2016; Lim and 
Bordenstein, 2020). For the phylosymbiosis assessment, four species of 
sharks were added as outgroup and the genus Hippopotamus was also 
considered for the construction of the tree, hippos being the closest 
living terrestrial relatives to cetaceans. The resulting phylosymbiotic 
tree (Fig. 5) showed different values of phylosymbiotic signals. The 

presence of a strong phylosymbiotic signal in almost all nodes of the 
tree, except for those marked with a black dot, is visible. Notably, the 
phylosymbiotic signal in our tree progressively increased for cetacean 
sub-clades, with most values of phylosymbiosis probability >90 % 
within the mysticete clade (Supplementary Table S5). As for cetaceans, 
the only weak signal was detected for the node that sees Z. cavirostris as 
sister taxon of all the other species, while the strongest phylosymbiotic 
signals in cetaceans can be found supporting all the sub-clades nested 
within the mysticetes. Furthermore, in Supplementary Table S5, bacte-
rial taxa showing a high phylosymbiotic signal, with a maximum 
probability of phylosymbiosis higher than 50 % within the cetacean 
clade in our tree, are listed. Considering the common ancestor of all 
cetaceans analyzed in this article, the microbiome components showing 
the strongest phylosymbiotic signal were Bacteroides (56 %) and Rumi-
niclostridium 9 (53 %). 

Fig. 4. – Different CAZymes layout between hippos, toothed, and baleen whales. Heatmap showing the presence/absence of different CAZymes families devoted to 
the deconstruction of complex biopolymers, namely lignocellulose (LC) and chitin (CH), in Mysticetes and Odontocetes from the present study (+ Hippopotamus from 
Sanders et al., 2015). Columns represent all CAZymes families grouped by the corresponding functional class (with EC number at the bottom and legend on the top- 
left), while discriminating ASVs taxonomy is listed in rows. 
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3.4. Parasitological assessment 

Next, faecal samples collected in the present study were subjected to 
molecular analyses for the detection of 3 enteric protozoan parasites, 
namely Blastocystis sp., Giardia duodenalis and Cryptosporidium spp. The 
cetacean species surveyed were P. macrocephalus, G. melas, and 
Z. cavirostris (Odontocetes) and B. physalus (Mysticetes). 

Out of 30 individuals subjected to parasitological analysis, 20 (66.6 
%) were found to be infected with one protozoan parasite (Table 2). 
Interestingly, none of the samples harbored more than one type of 
parasite. According to our data, the most widespread parasite was 
Giardia duodenalis (8 infected individuals), followed by Blastocystis sp. (7 
infected individuals) and finally by Cryptosporidium spp. (5 infected in-
dividuals). Mysticetes, which in this case included only B. physalus, 
harbored one single parasite, i.e., Giardia duodenalis (5 infected in-
dividuals out of 9). On the contrary, Odontocetes seemed to be infected 
by all protozoans we searched for. Specifically, out of 16 individuals of 
P. macrocephalus, 11 were infected: 4 by Blastocystis sp., 4 by 

Cryptosporidium spp., and 3 by Giardia duodenalis; among G. melas 
samples, only one individual was parasite-free, with the others showing 
faecal presence of either Blastocystis sp. (2 individuals) or of Cryptospo-
ridium spp. (1 individual); finally, Z. cavirostris was also infected by 
Blastocystis. 

After molecular characterization of protozoan parasites sequences, 
C. parvum sequences were obtained for all the infected individuals. 

As for microbial community structure in response to parasitosis, no 
significant differences were found (p > 0.05) when comparing infected 
and non-infected samples, both in terms of alpha diversity (Wilcoxon 
rank-sum test) and beta diversity (permutation test with pseudo-F ratio) 
(Fig. 6A; Fig. 6B and Supplementary Fig. 3). In order to deepen our 
understanding of potential protozoan parasite-driven GM dysbiosis, we 
also report bacterial families in cetacean GMs whose relative abundance 
significatively shifts when comparing infected versus non-infected ce-
taceans (Wilcoxon rank-sum test, p ≤ 0.05), namely Marinifilaceae, 
Clostridiaceae and Akkermansiaceae (Fig. 6C). In particular, the Mar-
inifilaceae family was the only bacterial taxon overrepresented in 

Fig. 5. – Phylosymbiosis tree showing evolutionary relationships among marine cetaceans and their gut microbial community. (A) The tree was created from the 
phylogenetic host tree, based on COI genes. (B) The microbial diversity tree was derived from the QIIME2 pipeline. Congruence between the trees was analyzed 
through the Mantel test with Pearson's correlation (p-value ≤0.05) and significant phylosymbiotic signal was calculated through the Count program. In panel A, the 
strength of the phylosymbiotic signal is highlighted by the color code on the left; black dots next to the tree nodes indicate the presence of weak phylosymbiosis. 

Table 2 
Summary of enteric parasites infection in samples of the present study.    

Mysticetes (n. 9) Odontocetes (n. 21)   

Balaenoptera 
physalus 
(n. 9) 

Physeter 
macrocephalus 
(n. 16) 

Globicephala 
melas 
(n. 4) 

Ziphius 
cavirostris 
(n. 1) 

Infected individuals based on parasite 
species 

Blastocystis sp. 0 4 2 1 
Giardia duodenalis 5 3 0 0 
Cryptosporidium spp. 0 4 1 0 

Overall infected samples 

Infected samples according to the species 5 out of 9 11 out of 16 3 out of 4 1 out of 1 
Infected samples according to the 
parvorder 5 out of 9 15 out of 21 

Infected samples in all cetaceans 20 out of 30  
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infected individuals (p = 0.04), while Clostridiaceae and Akkermansia-
ceae were more abundant in uninfected samples (p = 0.01 for both 
families). 

4. Discussion 

This study provides some insights into the microbiome structure and 
biodiversity of eight cetacean species, with a focus on GM-host phylo-
symbiotic relationships, which are still poorly known, as well as on the 
GM CAZymes repertoire comparing both toothed and baleen whales. 
Furthermore, we report on the occurrence of 3 zoonotic enteric proto-
zoan parasites in faecal samples from fin, sperm, pilot and Cuvier's 
beaked whales collected across the Pelagos Sanctuary (North-Western 
Mediterranean Sea). 

We highlight a strong phylosymbiotic footprint for almost all nodes 
of the COI-based phylogeny of cetaceans, providing new clues on the co- 
evolutionary dynamics of the GM in both odontocetes and mysticetes. 
Since a sharp phylosymbiosis signal was clearly detected in cetaceans, 

especially within the mysticetes clade, we assume that host phylogeny 
and phylogenetic inertia have played a substantial role in the evolution 
of GM-host symbiosis across the biological history of Cetacea. These 
findings are in line with previous work that investigated how host 
phylogeny influences the skin microbiota of marine mammals, consid-
ering Physeteridae, Delphinidae (Odontocetes), Balaenopteridae (Mysti-
cetes) and Phocidae (Pinnipedia) (Apprill et al., 2020). They describe 
that mysticetes show an overall stronger GM phylosymbiosis degree 
compared to odontocetes, suggesting the presence of more strict con-
straints in GM diversification within this parvorder. On the contrary, 
given difficulties in detecting phylosymbiosis at nodes characterized by 
greater phylogenetic distance (Lim and Bordenstein, 2020), we see weak 
signals in cetacean outgroups in our tree. However, the absence of a 
strong phylosymbiotic signal in the node representing the common 
ancestor of all cetacean species could be related to the use of only one 
sample of Cuvier's beaked whale in the present study. 

Strengthening these observations, we found significant differences in 
cetacean GM structure when exploring the microbial communities in 

Fig. 6. – Cetacean GM structure and potential dysbiotic shifts following protozoan parasites infection. Principal Coordinates Analyses (PCoAs) based on weighted (A) 
and unweighted (B) UniFrac distances of the GM of infected (Positive; orange-red) vs non-infected (Negative; yellow) cetaceans from the present study (permutation 
test with pseudo-F ratio, p > 0.05). The first and second principal components (MDS1 and MDS2) are plotted and the percentage of variance in the dataset explained 
by each axis is shown. (C) Boxplots showing the distributions of bacterial gut families whose relative abundance varied significatively when comparing parasitized (P, 
positive) versus non-parasitized (N, negative) cetaceans. The central box represents the distance between the 25th and 75th percentiles. The median is marked with a 
black line. Whiskers identify the 10th and 90th percentiles. P-values are reported below each boxplot (Wilcoxon rank-sum test controlled for multiple testing 
using FDR). 
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terms of both alpha and beta diversity, as evidenced before for the 
cetacean skin, blow and faecal microbiomes (Apprill et al., 2020; Vendl 
et al., 2020; Marangi et al., 2021, respectively). According to our find-
ings, these differences can be highlighted both for cetacean parvorders 
as well as for cetacean species. In particular, alpha diversity of bacterial 
genera shows significantly higher values for mysticetes compared to 
odontocetes. The bacterial genera characteristic of mysticetes, as 
elucidated by LEfSe, encompass taxa generally associated with high 
loads of complex carbohydrates in the diet. These include, for instance, 
Ruminococcaceae, Lachnospiraceae, Eubacterium, Ruminiclostridium, Fae-
calibacterium (Firmicutes), Prevotella and Bacteroides (Bacteroidetes), 
among others (Schwiertz et al., 2002; Lam et al., 2012; Precup and 
Vodnar, 2019; Houtman et al., 2022; Xie et al., 2022; Xu et al., 2022; 
Martín et al., 2023). The enrichment of these microorganisms in mys-
ticetes could be related to the necessity for these animals to acquire a full 
set of GM functionalities for the digestion of the vast array of bio-
polymers which make up their broad diet, mainly consisting of chitin- 
rich Euphausiacea and Copepoda (Crustacea), various other plank-
tonic organisms, but also shoaling fish which are engulfed while filter 
feeding (Kawamura, 1980). The increased relative abundance of Pro-
teobacteria in odontocetes compared to mysticetes (especially in 
G. melas and Z. cavirostris), on the other hand, may reflect an evolu-
tionary adaptation of odontocetes to active predatory behaviour and a 
diet based mostly on fish and cephalopods, such as squids (Soverini 
et al., 2016). Proteobacteria enriched in odontocetes GM include, for 
instance, the Escherichia-Shigella group. Besides, also within the phylum 
Firmicutes, odontocetes are characterized by some bacterial taxa pre-
viously reported in carnivorous animals (e.g., Enterococcus and Lacto-
bacillus) (Soverini et al., 2016). To deepen our understanding of GM-host 
evolutionary dependencies and dynamics, we looked into the cetacean 
GM CAZymes asset, with a focus on both lignocellulose and chitin 
degradation, in both toothed and baleen whales. For sake of comparison, 
we included in this analysis also Hippopotamus amphibius. Indeed, 
lignocellulose and chitin represent the most abundant polymers on Earth 
(Raimundo et al., 2021) and are a part of the cetaceans' diet, as they are 
the basis of most planktonic organisms and as such widely distributed 
across all marine habitats (Agregán et al., 2022). Notably, we see that 
mysticetes, odontocetes and hippos share several GM lignocellulose and 
chitin degradation functions. As a matter of fact, despite some host- 
specific GM CAZymes which might be involved in fine-tuning diges-
tive functions in relation to the diet of the animals, the chitin-rich 
nourishment of mysticetes and, to a minor extent, odontocetes, did 
not seem to strongly affect the GM CAZymes repertoire when compared 
to hippos. Moreover, the GM CAZymes similarities that we highlighted 
in mysticetes and odontocetes may lead to a reassessment of the role of 
chitin-containing organisms in odontocetes diet and of lignocellulose as 
a nourishment for both parvorders, suggesting a significant importance 
of these carbohydrates in odontocetes and mysticetes despite their 
different trophic niches. Shotgun metagenomics, in the future, will be 
pivotal to confirm these results more solidly. 

Finally, the investigation on the occurrence of protozoan parasites 
Blastocystis sp., Giardia duodenalis and C. parvum in cetacean faeces from 
the Pelagos Sanctuary highlights a marked presence of these zoonotic 
protozoans across the sampled individuals (prevalence: 66.6 % of the 
total). Interestingly, all the infected individuals always show only one 
parasite in their stool, and this is in accordance with findings reported 
elsewhere within the Delphinidae family as well as in two different sea 
turtle species (Marangi et al., 2022). Moreover, we see that mysticetes, 
represented here by B. physalus, seem to be less susceptible to different 
protozoan infections than odontocetes, being positive only to 
G. duodenalis. Previously, other authors have investigated the presence 
of protozoan parasites, such as G. duodenalis and C. parvum, in cetacean 
specimens stranded and dead on the north-western coast of Spain (Eu-
ropean Atlantic coast) (Reboredo-Fernández et al., 2015) and in com-
mon dolphins (Delphinus delphis) stranded along the Galician coast 
(Northwest Spain) (Reboredo-Fernández et al., 2014). Furthermore, the 

protozoan parasite Blastocystis sp. has been already detected in free- 
ranging fin and sperm whales (Marangi et al., 2021). Thus, this is the 
first study highlighting the occurrence of Blastocystis sp. in long-finned 
pilot whales and in the Cuvier's beaked whale. These results therefore 
extend the known host range of these zoonotic protozoan parasites. 

Alpha and beta diversity analysis of the GM comparing infected and 
non-infected cetaceans underlines no strong signs of parasite-induced 
GM dysbiosis, except for three bacterial families whose members 
significantly differ in abundance between the two health states; these 
are Marinifilaceae, Clostridiaceae and Akkermansiaceae. The Mar-
inifilaceae, found more abundant in infected individuals include anaer-
obic, sulfur-reducing taxa capable of both organic fermentation and 
anaerobic respiration (Li et al., 2022b). Clostridiaceae and Akkerman-
siaceae, on the contrary, are less represented in infected individuals. The 
Clostridiaceae family includes some well-known carbohydrates-fer-
menting and short chain fatty acids-producing microorganisms 
providing the host with pivotal nutritional and immunological sub-
strates such as butyrate (Stoeva et al., 2021). The Akkermansiaceae are 
indeed mucin degraders contributing to the turnover of the mucus layers 
of the intestinal epithelium and are associated with metabolic health 
benefits for the host, including improved glucose metabolism and 
reduced inflammation (Walsh et al., 2014). Given the crucial role of 
these bacteria for the holobiont health, the effects of protozoan parasites 
on the GM of cetaceans deserve further investigation. Notably, the 
spread of these protozoans, possibly derived by human activities (Mar-
angi et al., 2021; Maestrini et al., 2022; Moratal et al., 2022; Berrilli 
et al., 2023), across different cetacean species portrays a worrying pic-
ture of anthropic impact on marine mammals living in the Mediterra-
nean Sea, even within the borders of a marine protected area. We thus 
state that monitoring the presence of these protozoans in cetaceans, as 
well as in other marine apex predators, may be a valuable proxy to assess 
the overall health of overexploited marine ecosystems, aiming to mini-
mize, in a One Health perspective, the impact of anthropogenic activities 
and the spread of zoonotic microorganisms in the sea. 

5. Conclusion 

Our results clearly demonstrate that the cetacean GM, in terms of 
both taxonomic and functional characteristics, has been shaped over 
evolution by a vast array of drivers, including host phylogeny, envi-
ronment as well as dietary habits, and this can be highlighted in the 2 
parvorders that encompass all the present-day cetacean species, namely 
Odontocetes (toothed whales) and Mysticetes (baleen whales). As far as 
we can tell, this is the first work exploring the phylosymbiotic re-
lationships of gut microbial communities within the Cetacea clade. To 
the best of our knowledge, this is also the first study analysing the 
cetacean GM structure in relation to the presence of zoonotic protozoan 
parasites and conducted on a large number of free-ranging individuals of 
3 different cetacean species, hinting at cetaceans as proper bioindicators 
of overall ocean health in highly human-impacted marine habitats. 
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